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This book is devoted to the machining of hardened struc¬ 

tural alloy steels. It sets forth the results of investiga¬ 

tions and data on progressive industrial experience in the 

turning, end-milling, drilling, rose and flute reaming, and 

cutting of threads in hardened steels. It contains practical 

recommendations on tool design and geometry selection, and 
I 

cutting routines. 
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The book is designed for use by the engineering and tech¬ 

nological personnel of machine-building enterprises. It may 

also be valuable to the scientific personnel and students of 

institutes oí rachine-building technology and polytechnic 

institutes in the field. 
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PREFACE 

26 

Today, machine-building is characterized by an effort to expand to the mxiinum 

the number of parts of machines and mechanical devices made of heat-treated high- j 
* ! I 

hardness steels. However, the proportion of such parts to the whole is as yet in- 
j 

significant and does not correspond to the great potentials for utilization of the 

mechanical properties of hardened steels. 

Earlier concepts of the mechanical properties of hardened steels have under- 

gone a fundamental change. It has been established by Ta.B.Fridman (Bibl.Z*) that ' 
-a—: i 

- high-hardness heat-treated steels which are highly brittle to tensile testing prove 
20-, 

ductile in other tests, such as torsion testing. The studies of B.D.Grozin (Bibl.5) 
22—' ' j J 

have revealed that such steels display plastic deformation when subjected to un- 
_J i 

equal universal compression. 
:36-1 

!38_ 
The need for a considerable expansion of the use of hardened steels in the 

manufacture of machinery is also confirmed by investigations of surface properties. 
40—j I ¡ 

These show that machining of hardened steel parts results in a microgeometry of the 
42—J ! 

surface and in physical and mechanical properties of the surface layer that give 
■14 

46—j 

48. 

50 

22 —j 

51. 

these parts very high service characteristics. 

The hardening process causes strains in parts subjected to it, resulting in 
i 

distortion of the geometric form. This makes it necessary that, after heat- 

treatment, such parts be subjected to a removal of the allowance, which comes to 
I ' t 
3 - 4 mm and more per diameter. 

58_ 

58 -. 
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Until recently only one method of machining high-hardness steels was knowni 
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_ grinding. Thia seriously inhibited any * ¿tension of the field of application of 

2-j ! 
hardened parts in machines and mechanical devices.___ __ 

t J 
Subsequently, it was shown by research and production experience that a steel 

I 

brought to any degree of hardness may be machined successfully by means of cermet 

8_j 
cutting tools. Designers now have more latitude in specifying hardened parts in 

\o J 
their machines and mechanical devices, without fearing the difficulties involved in 

machining such parts. I 

14 4 
The process of manufacturing these parts - prior to the final heat treat- 

ifi J . 
ment - should provide allowances for quenching strains. Machining by cermet tools 

18 j 
permits a substantial reduction in the allowance to be removed by grinding, or even 

20..I ; , 
to omit this operation in its entirety. In both cases, a considerable saving is 

0*1 

achieved. 
24 - 

The use of cermet tools to machine hardened steels i «suits in a high surface 

2UH ! 
finish. At average rates of feed, the surface finish achie-ved by mere turning of I 

hardened steels corresponds to that attainable by rough grinding and, at slow rates j 

30_ 
of feed, to that attainable by finish-grinding. 

32.. . J i i 
The surface finish attainable by end-milling of hardened steels is also not in- 

‘mJ 
ferior to that of finish-ground surfaces. 

3tJ_| 
The investigations, showing that treatment of hardened steels by cermet tools 

38-2 ' 1 
results in surface layers of a considerably better quality than that produced by 

40—I 
grinding, are of major significance. 

42 -\ 
Not long ago the entire literature on the machining of hardened steels was con- 

14 J 
fined to a small number of articles in journals and magazines. The situation has 

1Ü.i 
- now changed. In addition to K.F.Romanov»s book on rose and flute reaming (Bibl.68), 

43.. J 
P.A.Markelov»s book on end-milling (Bibl.60)* and the author»s papers on turning and 

50 J . J 
thread cutting (Bibl.53, 50» brief treatments of various methods of machining hard- 

51- ! *P.A.Markelov*s book devoted to high-speed end-milling of steels with cermet tools- 
gives some space to the machining of hardened steels. 

38- ! . 
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ened steels will be found in the standards for high-speed cutting routines issued by 
\ I the former Ministry of Machine-Tool Manufacture (Bibl.27,66).___ 

Interesting studies have been published by N.S.Logak on fine-turning (Bibl.ZL)^ 

by N.N.Zorev on the cutting force in turning (Bibl.27, 70, by M.N.Larin on the 

turning of hardened steels with introduction of electric current into the cutting 

zone (Bibl.56). Moreover, the essentials of theses for the degree of Candi, ate in 

Engineering Sciences dealing with the turning of hardened steels, submitted by 

10. J 

1« 

20. 

V.S.Mamayev, A.A.Maslov, A.D.Makarov and Ye.A.Belousov (Bibl.18, 24, 26, 30) have 

been published^ A paper by A.V.Silantfyev (Bibl.40) on profile turning and one by 

V.I.Zhikharev (Bibl.51) on turning hardened steels with cermet cutters, have been 

published. 

The literature has given adequate treatment to the turning of hardened steels. 

Experimental findings and industrial experience in this field make it possible con- 
20 —i j 

fidently to offer recommendations with respect to determination of tool geometry 

24 

2«. 

30. 

24. I 

36-4 

3d- 
I 

40 _J 

42- 

14- 

4(i_ 

48-_i 

50- 

and machining conditions. 

The number of investigations into other forms of machining of hardened steels 
• . '1 
has been considerably lower. Despite the substantial significance of the cited 

'1 ! 
papers by K.F.Romanov and P.A.Markelov, the data they contain cannot serve as the 

basis for the development of entirely dependable recommendations. 

Information on the drilling of hardened steels is limited entirely to the works 

of B.G.Levin (Bibl.65) and B.A.Ignatov (Biibl.67). J 
The foregoing will explain the limited nature of the data on end-milling, rose 

1 Í 
and flute reaming and particularly drilling - all as compared to turning - in the 

standards of the Scientific Research Bureau for Engineering Standards (NIBTN). Con¬ 

tinuation of research in these fields is an important objective in the further 

development of the machining of hardened steels. 
! t 

The need to systematize the theoretical and practical data accumulated to this 

58 

“T 
moment on various methods of machining hardened steels, and to compile them in a 

T 
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_ - single handbook, is evident. This is the objective of the present study. 

,1 Chapter I, containing data on alloy steels presents today’s concepts on th*_ 

(j_i. 

8_J 

10 

12 J 

II 

10 

lö 

mechanical properties of hardened steels, j 
Chapter II contains data on cermets, hard alloys, and mineral ceramics. An 

understanding of the process of machining hardened steels requires a knowledge of 
i 

all the peculiarities of hard alloys. An attempt has been made by the author to 

compile all available latest data in this Chapter, so as to make it unnecessary for 

the reader to refer to other sources. The Chapter also contains a description of 

foreign brands of hard alloys. 

Chapters III-VIII discuss the present status of scientific and practical knowl- 

edge in this field and give manufacturing suggestions on choice of design and the 

geometric parameters of the cutting part of the tool. 
** * —j I 

Chapter IX offers a series of generalizing conclusions on the data in this book 
‘.U.—.4 

m and considers the problem of the physical nature of high-speed machining, based on Í 

30 analysis of the process of machining hardened steels. The results of an investi-j 

,!2 gation by N.N.Zorev of the cutting force in the turning of hardened steels is of 

considerable theoretical interest. 
;U 

3(3- The author will welcome all comments and information on shortcomings found in 

38 1 
J 

40_j 
J 

.l4* 1 ■i**, —^ 

id 

46.] 

48 J 

50 J 
-J 

52--1 

this work. 
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MECHANICAL PROPERTIES OF HARDENED STRUCTURAL ALLOY STEELS 

10 J 

lb'_4 
J 

1. Classification of Alloy Steels 

Alloy steels are usually classified in accordance with one of the following 
...j ! 

characteristics; *-1 

j' a) Structure in the normalized condition, resulting from accelerated cool- 

20 J ingî 
—; ¡ 

b) Structure in the annealed state, resulting from slow cooling; 

20-J c) End us«» ¡ 
Z} I 

32- Under the first of these, alloy steels are broken down into five classes; 
„...J * 

; ! austenitic, martensitic, pearlitic (the former being the major classes), carbidie, 

and ferritic. 
1 

C-ill Determination of whether a given steel falls into one of these major clashes is 

i_■ arrived at by heating specimens of 15 - 20 mm thickness to the austenitic state and 
i 

then cooling them in the air. If the test steel acquired an austenitic or marten- 

sitie structure under these conditions, it is classified correspondingly. Steels of 

" pearlitic as well as of sorbite or troostite structure are ¿rouped in the pearlitic 

48 class. 
J 

The characteristic of steels in the carbidie class is not the basic structure 
! 

of the cooled aperimen, but the presence of a considerable volume of alloying car- 
j 

bides which are formed only when the steel, has an adequate level of carbide-forming 
-li j 

elements and carbon. _:_______ 

58 
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o 
The ferritic class includes alloy steels containing a considerable nunber of 

2~j ! 

elements constricting the snne of Y-solid solution. At low carbon content (which 
4. J 

enlarges the Y-zone), allotropie transformations will be absent in these steels. 
H _L 

J 
«1 

2«. 

34 J 

Fig.l - Regions of Existence of 
Various Classes in Ternary Sys¬ 
tems "Iron-Carbon-Alloying Ele¬ 
ment” for Elements Constricting 

the Y-Zone 

a) Content of alloying element; 
-3- b) Ferritic; c) Semiferritic; 

d) Hypoeutectoid; e) Hypereutec- 
toid; f) Ledeburitic; g) Carbon 

—I content, % 
40_i 

Fig.2 - Regions of Existence of 
Various Classes in Ternary Sys¬ 
tems "Iron-Carbon-Alloying Ele¬ 
ment" for Elements Expanding 

the Y-Zone 

a) Content of alloying element; 
b) Austenitic; c) Semiaustenitic; 
d) Hypoeutectoid; e) Ledeburitic; 

f) Hypereutectoid; g) Carbon 
content, % 

44 

which will, at all temperatures up to fusion, be in the state of «-solution, i.e., 

they will constitute alloyed ferrite. 
i i 

Under the second heading, alloy steels are subdivided into hypoeutectoid, 

hypereutectoid, and ledeburite classes. The structure of hypoeutectoid steels con- 

'2 tains excess (hypoeutectoid) ferrite, the structure of hypereutectoid steels con- 
i f 

32 tains excess carbides (secondary; precipitated from the austenite), while the struc- 
r ~| i 
r ! ture of ledeburitic steels contains primary carbides (as eutectoids of the- 

—I 
r;' ledeburite type in the cast condition, and in the fora of isolated inclusions in the 

KCL-A06/V 
60- 



—forged and rolled condition)» I 

H 
—u The carbon steels fall into the following categories, depending upon the "iron; 

4 ...j 
carbon" diagram: at a carbon content below 0.83Í, into the hypoeutectoid class; at I 

tj____ _______ ___ 
carbon content above 0.83^ (in practice, 1.0 - 1.7^ C), into the hypereutectoid 

8— 
class; at a carbon content above 1.7¾ - to the ledeburite class. The majority of 

10.4 ! 
alloying elements shift the S point (corresponding to 0.83¾ C) and the E point 

1L’.J 
(corresponding to 1.7¾ C), and consequently the boundaries between these classes, to 

H 
the left, in the direction of a carbon content lower than that of carbon steels. 

10 ......j 
In steels having a high content of the alloying elements which narrow the 

18 -j 
T-zone (Cr, Mo, Si, W, Ti, and others) and a low carbon content, ae» y changes do 

1Í0 . , 

not occur upon heating (cooling), or occur only in part. Steel that has a stable 
no 

T-phase at all temperatures up to that of fusion is termed ferritic, and that which 
"4 _4 

undergoes partial a Y transformation is termed semiferritic. 
i>o j 

Thus, in the case of steels alloyed by elements narrowing the Y-region, the 

following five classes are possible: hypoeutectoid, hypereutectoid, ledeburitic, 
30—, 

ferritic and semiferritic. i 
32. 

34 

36 . 

38- 

40- 

12 

44 

46. 

46 

SO 

52 

54. . 

56. 

58 

CO. 

In steels having a high content of alloying elements tending to enlarge the 

Y-region (Ni, Kn), a ** Y transformations may not occur at all temperatures at which 

the alloy is in the solid state. In such steels the Y-phase is stable. They are 

termed austenitic, or semiaustenitic in the case of partial a ** Y transformation. 

Consequently, in the case of steels alloyed by elements tending to expand the 
"i 
Y-region, the following five classes are possible: hypoeutectoid, hypereutectoid, 

I 
ledeburitic, austenitic, and semiaustenitic. 

i ■ I 
Figure 1 presents a general diagram of the regions in which the different 

classes exist in the iron-carbon-alloying element system for an element that narrows 

the Y-region, while Fig.2 shows the same for an element expanding the Y-region. 

1 
Alloy steels may be classified into three groups, by end use: 

MCL-406/V 
i__ 

1) Structural steels (machine-building) employed in the making of parts for 

3 



., _ CK 

‘1 _ ^ 

4-T 

ü_|—. 

8._ 

10 Í 
i 

U! ^ 

11 ,_j 

10. i 

18 ...j 

20 i 

machines and mechanisms; 

2) Tool steels, from which various types of tools are manufactured; __ 

3) Steels with special properties; stainless, acid-resistant, heat- 

resistant, etc. Structural steels fall chiefly into the pearlitic class, 

tool steels into the carbidic, steels with special properties into the 

austenitic or ferritic. 

Structural alloy steels are classified as follows; 

1) Low-alloy steels, in which the total content of alloying elements does 

not exceed 2%i 

2) Medium-alloy steels, in which the total content of alloying elements is 'l 

between 2 and 5Í; 

3) High-alloy steels, in which the total content of alloying elements 

exceeds 5%. 
f ! I ! 

Structural Alloy Steels | 

30—I ¡ 
I I 

,, General Data ! 
:2 - ¡ 

—- 
'M 1 

Structural steels are usually subjected to tensile and impact testing (of 

notched specimens on the Charpy machine). The results of these tests provide a 
I 

general idea of the mechanical properties of the given steel and make it possible ' 
~! I i 

I ' to estimate its quality, as well as the heat treatment it has undergone. However, 

they are inadequate for judging the behavior of steel under real service conditions, 
— 4 1 

II 
since steel parts function under considerably more complex conditions of loading 

—j I 

than is the case in the usual tensile and impact tests. 

1 S ' 
Moreover, the nature of the loading and the type of the resultant stressed 

' state in the steel have a great influence upon its mechanical properties. For ex- 
r O 
•- ample, the indices of the resistance of steel to deformation (ot, oT), ductility 

(6, <0, and particularly noten toughness (ak) change over a wide range in accordancK 
n I 

with temperature, the presence of notches in the test specimen, rate of loading;- 

58 ! 
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L’-j 

4 ■ 1 

dimensions of the specimen, etc, T 

s._. 

10 

IL- 

H 

It' 

1H 

3Ö 

:m .j 

In order to maki it possible to judge more completely the properties of struc¬ 

tural steels under various conditions, they are subjected not only to the usual : 

tensile and impact tests, but to fatigue, -wear, offset, or notch tensile testing, 

etc. These special mechanical tests are widely utilized in research.» 

A very important property of steels is the tendency to brittle failure. This 

property is determined by a series of impact tests according to N.N.Davidenkov. The 

toughness of common structural steels usually drops with any drop in temperature. 

Therefore, a steel that ia ductile at room temperature may be brought to a brittle ! 

state by cooling to below 0°C. Impact tests of steel at gradually declining temper¬ 

atures may be used tc determine the temperature at which this steel begins to change 

over (or completely changes over) into a brittle state. These temperatures may 

serve as a criterion for the tendency of a steel toward embrittlement. When meas- : 

ured against the temperature at which the steel is worked (usually atmospheric tem- ; 

perature), they constitute indices of the residual ductility of the steel. 

3d. 

Purpose of Alloying 

i 1 j 
The major purpose of alloying structural steels is to improve their mechanical | 

~~\ I 
qualities. Optimum ratios of mechanical properties are achieved by proper selection 

'1 " ‘ 
of the type of heat treatment of the steel. By way of example. Table 1 presents 

indices of mechanical properties depending upon the type of heat treatment for 

^ ACKh steel, which is widely employed in machine-building. 

, j The Table shows that the best indices of mechanical properties are achieved in 

, - combined heat treatment: hardening, followed by high or low tempering. 
1 .1 
[)0 ~ Characteristic of low tempering are exceedingly high indices of resistance to , 

I I 
:,. deformation oT and ot at satisfactory ductility; whereas high tempering is character- 

I ' j 
- / ized by medium values of oT and ot at elevated toughness ak and little tendency to ! 

~ brittle failure. 

58 / 
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o 

^.i 
Alter a single heat treatment (annealing or normalization), the overall complex 

of mechanical properties of steel will be lower. 
I ........* """" . 

Table 1 

Mechanical Properties of /*CKh Steel Relative to Various Heat Treatments 

I 

Heat Treatment i» Kf/mm- Í C #11 u 0 m u u cm 

Température " 
of Embrit¬ 
tlement in 
0'J, Deter¬ 
mined by 
Impact Test 

Annealing at 850 - 860°C 2'J,5 58,5 1 22,0 53,4 (),2 00 
Normalization from 
850 - 860°C (rods 15 mm 
in diam) 

30,0 09,2 19,3 57,3 8,7 — 75 

Hardening from 85O - 
860°C, tempering at 
180 - 200°C 

102,3 189,1 8.3 33,7 5,6 — 93 

Hardening from 850 - 
- 860°C, tempering at 
600 - 6Í0°C ^ 

78,2 95,2 21,2 03,1 14,3 — 125 

20.:. 
In the case of other types of structural steels, the effect of heat treatment ' 

32 .. : 
upon changes in their mechanical properties is in general of the same nature as 

21 .1 i 
for AOKh steel. Therefore, structural alloy steels are most frequently subjected ! 

to hardening followed by high or low-temperature tempering. 
.r , 

An important purpose in the alloying of structural steels is that of increasing 

their hardenability* to a point that will produce optimum mechanical properties as 

the result of heat treatment. 
14 

Alloying of structural steels also has the purpose of reducing their tendency 
4 0. 

to brittle failure. The data in Table 2 show that the tendency of structural steel 
•IS ^ 

to brittle failure is related to the alloying elements it contains. The two steels 

i>n ' „ 
differ only little in terns of o^., o^, 6» «P, and a^ at room temperature. At the 

r ; *The hardenahility of steel is determined by the depth from its surface to which 
a heat-treated steel may be hardened to martensite. 

55 _[ 

58 1 
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.Jsame time, the first steel (medium-alloy) changes to a brittle state more rapidly 
2- ! 

with a reduction in temperature than does the second (high-alloy). The firat at eel 
■i 4 

has a considerably smaller reserve of ductility than the second and a greater tend¬ 

ency to brittle failure under actual service conditions. 

The various alloying elements have different effects upon the reserve ductility 
1’' i 

of structural steel. Nickel has the most favorable effect in this respect, and cop- 
1 '2 J 

per and silicon act to some degree in this manner (in low-tempered steels). Chro- 
i 

.1 ^ 
mium, tungsten, and molybdenum have a positive but very slight effect, whereas large 

amounts of manganese act negatively. 
18 J 

j I 
20-1 Table 2 

22 - Mechanical Properties of Chromium-Manganese-Molybdenum and 
Chromium-Nickel-Kolybdenum Steels in the Improved State 

Chemical 
Composi¬ 
tion of 
the Steel 

in % 

— 

Heat 
Treatment 

—j 

°T 
•n 

Vj/wite* mat - 
m o u lie •< „ 

in kg-m/cm^ at the 
Temperatures 

f 20* 
_ 

- 73" -1'.1'-* - ISO" — IMO” 

0,28 C; 
1,45 Mn; 

1,40 Cr; 

0,30 Mo 

Hardening 
and 

Tendering 
at 

62*0 - 
- 660°C 

70,8 86,3 17,9 63,8 15,6 8.1 1,8 0,4 0,4 

0,20 C; 

1,58 Cr; 
4.01 Ni; 
0, 39 Mo 

73.2 93,4 16,3 58,1 ' 5,6 12,6 10.5 8,6 7,0 

Mechanical Properties and Brittleness in Tempering of Alloy Steels 

48_! 

Unlike straight carbon steels, structural alloy steels display two types of 
f.O 

temper brittleness. 
52 —j j 

r t ' First Type of Temper Brittleness. Figure 3 gives a typical diagram of the 

changes in the mechanical properties of structural alloy steel relative to the teo- 

!V3 ! 
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1 

f 
ering temperature. As indicated in the diagram, starting at temperaturas of the 

4 

8 

10 

h j 

10 

18 J 

20._1 

order of 200°C, corresponding to the Intensive decomposition of martensite on tern- 
j I 

pering, this steel displays a gradual diminution in and oT with a simultaneous 

rise in 6 and 4-. When the tendering temperatures are 550 - 600°C, the steel retains 

significant strength. j 

The toughness varies in accordance with a different regularity. Unlike in 

20 - 

28 _J 
..t 

30- 

32_1 

34 

33-2 

1 — 

J 
__2^l 

//, 

..4 

J.- 

! 
_ rn 

<r) 

'¿o 

d) 
m 

Fig.3 - Change in the Mechanical Properties of Alloy 
Steel (0.2635 C, 1.25¡£ Cr, 0.21$ Mo) Upon Tendering 

a) Tensile strength o^, kg/mm2; b) Yield point, o-p, kg/rnm^; 
c) Elongation 6. Necking d) Toughness a^, kg-m/cm2; 

e) Tempering temperature, °C 

38- 

40. 

I 

•10 

4a 

50 

structural straight carbon steelc, in which the malleability rises continually with 

temperature, a break occurs hers in the ductility curve, i.e., a sharp reduction in 

the value of ak after tempering in a given temperature interval (in the given in- 
'I 
stance, the 250 - 1*00°C interval causes embrittlement of the steel). 

This brittleness, depending solely upon the temperature of tempering, is per- 
I 

manently retained in the steel if the temperature corresponds to the region of the 

"dip" in the curve. Therefore, this type is called irreversible temper brittle¬ 

ness. 
54.....-]. 

55., 

58 

09.. 

Depending upon the composition of the structural alloy steel, the irreversible 
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o 
—temper brittleness nay vary in degree. Sometimes, and in certain steels, two in- 

2-1 I 
tervals of brittleness appear: one at 250 - Z4.00°C and one at 500 - 550^0. The apr.._ 

-I 
pearance of brittleness in the first interval is not accompanied by any significant 

increase in hardness. In the second interval, it frequently denotes some rise in t 

8_I 
hardness. 

10 ^ 
The appearance of irreversible brittleness on tempering is prevented by avoid- 

12 J 
ing the tempering of structural alloy steels in the 250 - Z*00°C temperature inter- 

11 .. 
val. However, if the steel is also subject to brittleness on tendering in the 

16_| 
500 - 550°C interval, tendering in this temperature interval is also avoided. 

18 _-i 
Second Type of Temper Brittleness. Many structural alloy steels reveal another 

type of brittleness upon tempering, but only at high temperatures (above i*50°C). 
* '*> 

2Ü - 
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Fig.4 - Effect of Cooling Rate after High-Temperature Tempering 
- upon the Toughness of Steel (0./,356 C, 1./,8^ Cr, 3»105t Ni) 

a) Toughness, a^, kg-m/cm2; b) Quenching in oilj c) Cooling 
-! in the furnace; d) Tempering temperature, °C 

Í 

1 
This type of brittleness is related to the rate of cooling after the reheating for 

tempering (Fig./,). If cooling is slow, the toughness diminishes and brittleness 

appears. If cooling is rapid, the toughness remains at a high level. 

A characteristic of this type of brittleness is its reversibility. The brit- 

MCL-A06/V 9 



Table 3 

Classification of Constructional Alloy Steels Under COST 4543-43 

Group 
No. Group of Steels 

Limits of Carbon and Alloying Elements 
(in the Various Grades) 

1 Chroirdum 0.12 0.55% C; 0.7-1.1% Cr 

2 Chroire-vanadium 0,12-0,54% C; 0.8—1.1"',, Cr; 0.10 0,20% V 

3 Molybdenum 0,10 --0,34% C, 0,40—0,55"',, Mo 

4 C hromium-mo lybd enum 0,1_0,4%C; 0.8 -].9"',, Cr; 0,15—0,55% Mo 

5 Chromium-silicon 0,29—0.45% C; 1,3-1 .fv1',, Cr; 1,0-1,6^,,81 

6 Chromium-manganese 0.12-0,45"',,C; 0.1—1,2lV„ Cr. 0.9 - 1.9% Mn 

7 Chromiuro-manganese- 
titanium 

0.16—0,24"'„C; 1.0 -1,.3"'„ Cr; 0.8—1.1"’,, Mn; 
0.08-0.15"’„Ti 

8 Chroirium-manganese- 
nralybdenm 

0,16-0,15%C; 0,9—1.2"',,Cr; 0,9-l,2"’0Mn; 
0,2-0.3% Mo 

9 Silicon-manganes e 0,22-0.40"',, C; 1,1--1.4"', Si; 1.1 —M0'nMn 

10 Chromium- sili con- 
manganese 

0,15—0,10"'„C; 0.8-1,4% Cr; 0.9—1.4% Si; 
0,8-1,1% Mn 

11 Chromium-aluminum 
and chromium- 
mo lybdenum-aluminu 

0.3! —0,42%C; 1,35-1.65"'„Cr;0.15-0,25"',, Mo; 
0,7-1.2" „AI 

a 

12 C h rorrium-mo lybdenun- 
vanadium 

0,22-0.38%,C; 1,0—l,8"'„Cr; 0.2-0.31',, Mo; 
0,1—0.3%, V 

13 Nickel 0,20—0,35% C; 0,5— 1.2" Ni 

14 Nickel-mo lybde num 1 0,10—0.45% C; 1,5—2,0 " o Ni; 0.2-0,.3",'0 Mo 

15 Chromium-nickel ! 0,H_o..l5'»'nC;0,15-1.70"'nCr; 1.0i)—1.7.V>/nNi 
9 

16 C hromium-nl c k el- 
vanadium 

• 0.16—0,21" „C; 0,7 —1,1"'„Cr; 3.7.5-4,25% Ni; 
¡ 0,15 —0,30" „ V 

17 Chromium-nickel- 
tungsten 

1 0.11—0,28%, C; 1,35— 1.65" Cr; 4.0-4,5"'n Ni; 
I 0,8-1,2% W 

18 Chromium-nickel- 
molybdenum 

1 0,10-0,11%, C; 0,60 -1.75% Cr; 1,25-3,75%Ni; 
0.15—0,30% Mo 

19 Chromium-ni ckel- 
irolybdenum-vanadi urn 

I 0.26—0.50" „C; 0,6—1.1% Cr; 1.3-2,5% Ni; 
I 0,2—0,3% Mo; 0,1—0,3°'o V 

MCL-4O6/V 10 
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- -tleness arising in the process of slow cooling of steel may be eliminated by rapid 

2 _ J I 
cooling when the steel is again tempered. Brittleness may again appear in this_ 

•I I 

« 

8 

10.j 

1 *2 

1 / 

16. 

18 

20 

‘26 

28- 

30. 

32- 

66—I 
I 

3.8--, 

4' 

steel if it is heated once more, followed by slow cooling. 

This type of brittleness is sometimes observed upon slow cooling after the 

heating of normalized and even of tempered steel to 500 - 700°C. However, it usual¬ 

ly appears upon the tempering of hardened steels. Therefore, this type is termed 

temper brittleness or reversible brittleness upon tendering. 

Alloying elements have differing effects upon the tendency of steels toward 

temper brittleness. Manganese and chromium sharply increase the sensitivity of 
Í ! 

steel to thi3 form of brittleness. Other elements act in the same direction, but 

less strongly. Only molybdenum and tungsten significantly reduce the sensitivity 

of steel to temper brittleness, and may even eliminate this completely. 

In industrial practice, two methods of counteracting the appearance of temper j 
' ! j 
brittleness are employed: j 

1) Addition of molybdenum (¢,25 - 0.4550 or tungsten (0.6 - 1.2^) to the 

, i 
steel; 

' ! ! 
2) Rapid cooling of the steel after high-temperature tempering by quenching 

6 ; 
in water or oil, when stretcher strains do not constitute a limiting factorJ 

Simultaneous use of both methods permits a complete elimination of tenper 
! ’ i 

brittleness in properly alloyed steels. ¡ 

46 

48. 

5! 

56 

Influence of Alloying Elements Upon the Hardenabllity of Steel 

Í 

All alloying elements other than cobalt reduce the critical speed of steel 
! 

1 ! . 

hardening and increase the hardenability. The most important alloying elements may 

be arranged in the following series of diminishing influence upon the hardenability 

of steels: Mo, Mn, Cr, Ni, Cu, Si. j 

The carbide-forming elements result in an increase in the hardenability of 

steel only if they are dissolved in the austenite. When these elements an enclosed 

MCL-406/V 11 
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in carbides, they do not increase the hardenability but merely facilitate an ac- 

f I 
celerated decomposition of austenite on cooling of the steel, ---- 

If the steel contains a number of alloying elements, the quantitative influencé 

of each of the elements upon the hardenability of the steel will rise. 

Alloying makes it possible, at a comparatively small total content of these 

elements, to achieve a hardenability cf steel in water attaining a critical diameter 
J 
of hundreds of millimeters. In carbon steel, however, the critical diameter is 

about 25 mm. 

* 
Government Standards for Structural Alloy Steels 

J 1 

The classification of the structural alloy steels manufactured in +he USSR, as 

well as of their specifications, are standardized by 00ST U5L3-U&» This Standard 

covers the 19 groups of steel* presented in Table 3» 
--. j 

The system of designation of structural alloy steels, adopted by the Government 

Standards of the USSR, permits a ready identification of the chemical composition ¡ 

of any given steel. In this system, the alloying elements in the steel are denoted 

by the (Russian) initials of these elements: Kh - chromium (Cr), N - nickel (Ni), 

K - molybdenum (No), T - titanium (Ti), K - cobalt (Co), V - tungsten (W). 

The following arbitrary designations constitute exceptions to the foregoing: 

G - manganese (Kn), S - silicon (Si), F - vanadium (V), Yu - aluminum (Al), D - cop¬ 

per (Cu). 

The quantitative content of alloying elements and carbon is denoted by digits, j 

The first two digits in the grading of a steel represent average carbon content in 

hundredths of one percent. The digits after the letters indicate the percentage 

content of the given element in whole numbers, if it exceeds 1.5*. If the content 

of the given element is less than 1.5*, nc digit is provided. 
.' i 

At the end of the grading, the letter A is added to denote high-quality steel, 

purer than quality steel in terms of sulfur and phosphorus, and having better 

KCL-Í.06/V 12 
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— mechanical properties* 

2--) ! ____ 

,3 vrr^t. of Alloy^n. Elements on the Mechanical Properties of Structural Steels 

" * Tempered at High iWerature | _ -j 

J The sorbite state of steel after thennal l^ove-ent (harde^ng to Barteoeite). 

:• followed by high-teirperature tendering) is characterited by an optimum combinatl 

pf mechanical properties for the „a.lorit, of cases of steel utilization: high ten¬ 

sile strength (=t - 75 - HO kg/»»2) and high ductility (ak - 04 to 7 kg-m/c«2). 

in Therefore, themal improves.ent is uidely ençloyed in structural steels. 

1' “ In order to achieve the required mechanical properties of steel in the sorbitiJ 

state, it is necessary to develop the required volume of carbides having the optimum 

1- degree of dispersion «hile maintaining the specific properties of the ferritic base. 

The strength of this steel is related chiefly to the quantity and degree of dispel j 

in ~sion of the carbides, and the toughness is also dependent upon the ferritic base. ^ 

- J The relative quantity of carbides in alloy steel is deteroined chiefly by ^ 

-7 'carbon content. Theoretically, this depends upon the content of alloying element. ; 

’""as well, but the latter factor is of subordinate significance. Me learn from | 

practical experience that the maximum permissible quantity of carbides in medium- j 
■'■r alloy structural steel tempered at high temperature is limited to a carbon content 1 

;J£Jor the order of 0.45 - 0.5«. * further Increase in the carbide phase and the car- | 

“’bon content to over 0.45 - 0.50Í causes the ductility to drop to a level impermis- j 

-- sible for structural steels <ak - 3 kg-m/cm2). At the same time, any excessive re- 

:• auction in the carbon content of the steel (to less than 0.M) «ill result in a 

«"sharp reduction in its strength. Therefore, the structural alloy steels, employed 

«"in the sorbitic state, most often contain 0.25 - 0.45Í carbon. 

In order to prevent carbides from coagulate to dimensions that «ould sharply j 
r.f "jrohooe ot and oT, alloying elements are introduced to fom carbides that coagulai, j 
M ^th difficulty upon tempering in the 550 - 65CPC temperature interval.. The alloy- 

:-. 'mg element most frequently introduced is 0.8 - 1.7% chromium. Chromium stesl.- 

I isTJ 
KCL-4O6/V 13 
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H 
(15Kh, 2OKh ... 5CKh) have come into wide use in the machine manufacture. 

4 

H. 

“> 

10 

1 L' 

14 

10 

1 3 

However, chromium steels do not possess high hardenability or a high ductility i 

reserve. The hardenability of these steels is improved by additional alloying with 

molybdenum and manganese. Vanadium is sometimes introduced to provide a fine-grain 

structure. These steels are represented in GOST U5U3-L8 by grades 30KhM, !*CKhG, 
■I 

/.CKhFA, and others. 

Chromium-nickel-molybdenum and chromium-nickel-tungsten steels are the best 

structural steels presently available. At a high nickel content, these steels 

harden to depths of 200 mm and more. Moreover, they are little subject to brittle 

failure, and as a result, parts made of such steels behave well under impact. 

Table 4 

L'd 

') 

;1 y 

31 

in 

4C 

■IS 

no 

Structural Alloy Steels Employed in the Sorbitic (High-Tempered) State 

Grade 
Chemical Composition, % 

c Cr Nl Mu 

/+0Kh 
hOKhNKA 
37KhN3A 

/.OKhGM 

38KhNYuA 
(ni- 
trided) 

0,35-0,45 

0,36-0.14 
0,33—0,41 

0.37—0,45 

0,35-0,42 

0,8-1,1 

0,6-0,9 

1,2-1,6 

0,9-1,2 

1,35-1,65 

< 0,4 

1,25-1,75 

3.0-3,5 

<0,4 

< 0,4 

0,15-0,25 
— 

0,2-0,3 

0,15-0.25 

Guaranteed Me¬ 
chanical Prop¬ 
erties (per GOST) 

Other 
elements 

0,5-0.« Mn 

0.5-0,8 Mn 

-0,55 Mr 

-1,2 Mn 

-1,1 A! 

81) 

85 

100 

80 

85 

Í 

.1 
w** 

100 

100 

115 

100 

100 

50 

45 

50 

i 
.*• 

•I i 
<?[ 

6 

10 

(i 

9 

9 

“b 

'•8 

rn 

The high cost of these steels, due to the presence of nickel, molybdenum, and 

tungsten, has resulted in the development of substitutes. In some cases, a certain 

portion of the nickel is supplanted by copper or manganese. Introduction of 
1 
vanadium, or an increase in the content of chromium in these steels (to 2.8^) some¬ 

times permits reducing the molybdenum and tungsten content. The resultant steel is 
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-just as good, in terms of tensile strength, after tempering at high temperature. 
\ ! 

Table 4 presents typical grades of modem structural alloy steels that have _ 
] 
undergone heat treatment. The mechanical properties indicated in the Table are 

those prescHbed by GOST. In this list, Z*CKhC3i steel is an example of a substitute 

for a chromium-nickel-molybdenum steel. 

It is evident that all these grades of steel have high strength and consider¬ 

able ductility. Despite the great difference in the cheirdcal composition of these 

steels and, particularly, in the nickel content ratio, their mechanical properties 

differ but little. From this it follows that nickel has no serious effect upon the 

mechanical properties of steel tempered at high temperature, and its function con¬ 

sists chiefly of ensuring the required hardenability of steel of a given cross sec¬ 

tion. 

< 

U' Effect of Alloying Elements upon the Kechanical Properties of Structural Steels 
in the Low-Tempered (Hardened) State 

The martensitic state of structural steels is distinguished by very high hard¬ 

ness and tensile strength (o^ = 120 - 210 kg/mm,^), but diminished toughness (ak “ I 

■=8-3 kg-m/cm^). 

' 

Heat treatment of alloy steels to achieve the martensitic state has the purpose 

of providing high hardness and tensile strength. In actual practice, these steels 
I 

are then tempered at low temperature, so as to avoid any significant changes in 

hardness and tensile strength but improve somewhat the toughness and diminish the 

residual strains of the hardening process. Steels so treated have come to be called 

"hardened". In reality, these are steels that have been subjected to hardening and 

subsequent tempering at low temperature. | 

The content of alloying elements in a given steel should result in complete 

hardenability to martensite. However, excessive alloying may even have a negative 

effect, since the considerable amount of retained austenite leads to a reduction in 

hardness of the hardened steel. The mechanical properties of hardened alloy steels - 
1 

I 
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are determined primarily by their carbon content. 

Influence of Carbon 

! 

' ►. . . . . I 

Table 5» compiled for medium-alloy hardened steels, confirms the strong influ¬ 

ence of carbon content upon the me- 
Table 5 

Effect of Carbon upon Mechanical 
Properties of Hardened Structural 

Steels 

Carbon Con¬ 
tent of 

Steel, in % 

Tensile 
Strength^ 
in kg/mm“ 

Toughness, 
in 

kg-m/cm^ 

0.18 

0.35 

0,45 

0.00 

120 

175 

200 

210 

8,0 

5,0 

3,0 

1.5 

chanical properties of steel. A carbon 

content of about 0.45Í produces approx¬ 

imately the maximum tensile strength 

in steel. Any further increase in car¬ 

bon content results in an insignifi¬ 

cant increase in tensile strength, but 

in a greater reduction in ductility. 

When the carbon content is 0.18¡£ or 

less, hardened steel does not possess! 

high tensile strength and hardness. ; 

The structural alloy steels employed In the hardened state contain 0.2 - 0.j$ ! 

carbon. The carbon content is reduced to 0.12 - 0.25^ in carburized steels with a 

ductile core. 
j ; I 
J j 

General Nature of the Influence of Alloying Elements 

1 '1 

i 

The effect of alloying elements upon the tensile strength and the yield point Í 

of a hardened steel is negligible. These characteristics are determined chiefly byj 

the carbon content of the steel, and not by the quantity of alloying elements there-i 

in. The latter have an important influence upon the notch toughness and the due- j 

tility reserve of a steel. 

Table 6 presents the mechanical properties of variously alloyed hardened steel« 

1 1 I 
of identical carbon content. It will be seen that, despite the considerable quanti¬ 

tative and qualitative difference in the content of the alloying elements, the yield 
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Doir.ts and tensile strengths of these steels are approximately equal. Nor is there' 

I t 
any great difference in the influence of the alloying elements upon elongation per 

unit length. Only with respect to notch toughness is there any great difference 

between manganese and other steels. 

The nature of the influence of various alloying elements upon the mechanical 

Table 6 
I 

Mechanical Properties of Hardened Constructional Steels Alloyed 
by Various Elements 

Steel 

Mn 

Cr--Mo 

Si-Cr-Mo 

Mn-Cr-N’i 
Mo Cu 

Total 
Alloying 
Elements, 

in % 

2,40 

2,51 

3,70 

7.17 

Chemical Composition, in % 

o 

0,34 

0.32 

0,31 

Si Mn r.t 1 Ni ! Mo Cu 

l 
l 

•* * 
« ï 

0,50 

0,10 

1,42 

0,34 i 0,32 

2,10 

0,42 

0,33 

l.HI 

1,42 

I ,(>0 

1,41 

110 

lit 

109 

172 

12,0 

12.5 0,30 

- - ! 0,3.5 

2,43 0,28 0,H9¡ 140 ! 17« ¡16.4 

152 1«0, 15,2 

2.5 

5.2 

0.0 

5.5 

10 

42 

14 

4 0 

h0 

properties of alloy steels is retained to some degree in multiple-component steels. 

Alloying elements have little influence upon the strength and hardness of hardened j 

steels. Some elements have a noticeable influence upon the notch toughness and 
J ) ' ! 
ductility reserve of steels. , 

\ ! 

Carbon is decisive in determining the mechanical properties of hardened struc- í 

tural steels. Despite this fact, structural carbon steels with 0.2 - 0.U% C are not 

j ! 
employed in the hardened condition. This is explained by the superiority of struc- 

- 
tural alloy steels. 

1 I The major advantage lies in the fact that the critical hardening rate of alloy 

steels is lower, and therefore both hardenability at the surface and depth of hard- ; 
I I 
ening are better. Low-carbon unalloyed steel, particularly of large section, can¬ 

il _! 
not be hardened to martensite. Moreover, alloy steels have less of a tendency to 

58 

C0- 

1 ■ 
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grain growth, i.e., to overheat, than do unalloyed steels. 

I ! I 
Another major advantage of alloy steels over unalloyed steels Is the possibil-j 

ity of achieving a substantial degree of toughness in the hardened (low-tempered) 

state. Hardened carbon steels are brittle. 

Let us examine the alloying elements employed in hardened structural steels. 

Silicon. Silicon is added to constitute 1.0 - 1.6% of the steel. This element 

has a positive influence upon the notch toughness and the ductility reserve of the 

steel, reduces its sensitivity to overheating, and considerably increases the tem¬ 

perature at which martensite converts to troostite in the tempering of steel. This 

makes it possible to raise the temperature at which low-temperature tempering is 

performed and to reduce temper strains. 

However, silicon has little effect upon the hardenability of steel. In harden- 

ability, silicon steels differ little from ordinary straight carbon steels. There¬ 

fore structural steels are alloyed not only with silicon but with also other ele- j 

menta. 
j I 

Chromium. Chromium is usually added to constitute 1.0 - 1.8^ of the steel. 

Chromium-silicon steels have high mechanical properties and little tendency to over¬ 

heat, but are low in hardenability. 

Manganese. Manganese is added to chromium-silicon steels for hardenability, 

and constitutes 0.8 - l.U% of the product. The presence cf manganese in a steel 

results in some reduction in notch toughness and ductility reserve, but the harden-{ 
' 

ability rises sharply and the mechanical properties remain at a fairly high level. 

Steels containing approximately the same amount of chromium, silicon, and 

manganese (1.0 - 1.5Í) are called chrorcansils. They have acquired wide popularity 

as structural alloy steels hardenable up to martensite. 
. 

Sometimes 0.15 - O.UO% molybdenum is added to chromansil and chromium-silicon 

steels to Increase the hardenability and reduce the tendency to grain growth upon ! 

heating. 

' 
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Nickel. The addition of nickel markedly increases the hardenability of 
-.. I 

chromium-silicon steels and chromansils. The resultant steels are widely employed, 

in the making of large-diameter parts. Chromium-nickel-molybdenum steels are em¬ 

ployed for the same purposes. However, the field of application is being narrowed 

down in favor of silicon steels. Steel for parts subject to carburization consti- 

Table 7 

Typical Structural Alloy Steels Employed in the Hardened State 

1:(} 

Chemical Composition, % 

Approximate Mechan¬ 
ical Properties 

Steel 

Mn Si 

15KhA, 
carburizable 

12KHN2A, 
carburizable 

0,12—0,11 

0,11--0,17 

0,28 -0,3' 
30KhGSA, non- 
carburizable 
ShKhl5, 
ball-bearing 1),95-1.0 

),3-0.0 

0,3-0.0 

0,8-1.1 0,9-1.2 

Cr 

0,7-1.0 

0.6—0.9 

0,8-1.1 

1,3—1.0 

<0,i 

1,5-2.0 

<0.4 

50 

00 

130 

t 

70 

80 

155 

50 

50 

40 

>02 

Cl¬ 

io 

K »ï 

: i 

4 u 

•48 _ 

59 . 

;32 

51 - 

56 

S3 

60- 

tutes an exception. Chromium, nickel, chromium-nickel, and chromium-nickel- 

molybdenum steels are the types most widely used for this purpose. 
“*4 

Special note should be taken of the high-carbon chromium steel ShKhl5* 

(0.95 - l.OíS C, 1.3 - 1.5Í Cr) which is employed in the hardened (martensitic) 

state. This steel is used in making parts for ball and roller bearings, which op¬ 

erate under service conditions requiring high resistance to abrasion. Thanks to the 

high carbon content (which is typical of tool rather than structural steels), 

ShKhl5 steel acquired a hardness of Hj^, £ 62 after hardening and tempering at low j 

- *This is not a 00ST but an industrial designation. However, it has become firmly 

entrenched. 
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temperature. 

Table 7 presents carburizable and non-carburizable grades of alloy steels em- j 

ployed in the low-tempered (martensitic) state. As may be seen, carburizable steels 

are distinguished by high notch toughness in the hardened state. This is explained 

by their low carbon content. | 

Noncarburizable steel 30KhGSA has come into wide use. Thanks to its high 

mechanical properties and the absence of expensive alloying elements, this steel has 

gradually come to replace more expensive chromium-nickel and chromium-nickel- 

molybdenum steels that had previously been employed in the hardened state. Due to 

its comparatively low hardenability (critical diameter 60 - 80 mr upon quenching in 

water), this steel is not used for large sections. Under these conditions, more 

nickel is usually added. 

i j I 
5. Present Concepts on the Mechanical Properties of Hardened Steels 

Until recently, the mechanical properties of hardened steels had been charac¬ 

terized by hardness H0(B.H.N. or %<,) and tensile strength ot (both being indexes ¡ 

of resistance to deformation), elongation per unit length 6, or necking <|< (indexes 

of ductility), and notch toughness a^ (index of toughness). The ductility and 

toughness indexes are so low in the case of high-hardness hardened steels (close to 

zero) that such steels are usually regarded as completely brittle materials. 

Ya.B.Fridman (Bibl./J holds the view that brittleness is characteristic of 

hardened steels only in particular states of stress (tension, bending) at which the 
1 I 

percentage of tensile stresses is sufficiently high. However, torsion testing, 

which is almost never used, makes it possible to discover new properties in hardened 
4H J 

steels, net discoverable or not subject to quantitative measurement in tensile 
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testing. j 

In the opinion of Ya.B.Fridman, the very possibiUty of measuring Brinell hard¬ 

ness shows that unlike still more brittle materials (for example, many glasses and 
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silicates), hardened steels are capable, under particular conditions of stress, of 
! 

undergoing quite considerable plastic defonrations. ___ _ 
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The ratio of the maximun tensile stresses to the maximum tangential stresses in 

torsion is only one half as great as in tension. Many hardened steels that are en¬ 

tirely brittle in tension display significant plastic strains in torsion. 

By way of example, Ya.B.Fridman cites chromansil (0.3SÍ C, 1.06^ Cr, 0.89^ Mn, 

and 1.06^ Si), oil-quenched from 880°C without subsequent tempering. Whereas this 

steel is entirely brittle in tension (elongation being virtually equal to zero), it 

reveals substantial ductility to torsion (actual elongation per unit length e - 2QÍ), 

Ya.B.Fridman holds that the ductility of hardened steels of high hardness, 

which are wholly brittle to tension, may be determined easily and with sufficient 

dependability, by torsion testing. 

B.D.Grozin (Bibl.5) has determined, by investigations of the mechanical proper-j 

ties of hardened steels, that when hardened steels and brittle materials in general | 

are subjected to unequal compression from all sides, they will undergo plastic de¬ 

formation. 

The mechanical properties of hardened steels are characterized chiefly by hard¬ 

ness, which i? determined by impressing a penetrator into the test material (the 

penetrator being a ball, a cone, or a pyramid). This causes some degree of plastic 

deformation in the metal. The deformed metal is in a stressed state of all-round 

uneven compression. 

B.D.Grozin has developed a method of testing the mechanical properties of hard¬ 

ened steels, based on the idea that the deformable portion of the test specimen is 
- , I 

in a stressed state throughout, similar to that of a metal subjected to denting by 

a penetrator during hardness testing. 

A cylindrical test specimen is squeezed into a cylindrical ring of a ductile 

material (No.20 steel), whose diameter is 3*6 times as large as the diameter of the 

specimen. The faces of the sample and ring are then ground. 
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eilicates), hardened steels are capable, under particular conditions of stress, of 
I 
undergoing quite considerable plastic deformations. - 

The ratio of the maximum tensile stresses to the maximum tangential stresses in 

torsion is only one half as great as in tension. Many hardened steels that are en¬ 

tirely brittle in tension display significant plastic strains in torsion. 

By way of example, Ya.B.Fridman cites chromansil (0.38^ C, 1.06^ Cr, 0.89Í Mn, 

and 1.06;i Si), oil-quenched from 880°C without subsequent tempering. Whereas this 

steel is entirely brittle in tension (elongation being virtually equal to zero), it 

reveals substantial ductility to torsion (actual elongation per unit length e - 20%), 

Ya.B.Fridman holds that the ductility of hardened steels of high hardness, 

which are wholly brittle to tension, may be determined easily and with sufficient 

dependability, by torsion testing. 
! 

B.D.Grozin (Bibl.5) has determined, by investigations of the mechanical proper¬ 

ties of hardened steels, that when hardened steels and brittle materials in general 

are subjected to unequal compression from all sides, they will undergo plastic de¬ 

formation. 

The mechanical properties of hardened steels are characterized chiefly by hard¬ 

ness. which is determined by impressing a penetrator into the test material (the 
* Í 

penetrator being a ball, a cone, or a pyramid). This causes some degree of plastic I 

deformation in the metal. The deformed metal is in a stressed state of all-round | 

1 ¡ 
uneven compression* 
.J 

B.D.Grozin has developed a method of testing the mechanical properties of hard-j 

ened steels, based on the idea that the deformable portion of the test specimen is 

in a stressed state throughout, similar to that of a metal subjected to denting by 

I . I 
a penetrator during hardness testing. 

A cylindrical test specimen is squeezed into a cylindrical ring of a ductile 

material (No.20 steel), whose diameter is 3-6 times as large as the diameter of the 

specimen. The faces of the sample and ring are then ground. 
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The cempoaite cylindrical specimen is then subjected to axial compression up t¿ 
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1 various levels of plastic deformation: from very slight to very great. This sub- j 
f- j 

*ects the specimen of the steel being tested to unifonn and omnilateral compression. 
; ; ..j 

Experiments have shown that when an axial compressive stress of 500 to 

700 kg/mm2 i3 applied, the plastic deformation of hardened steel is 8 - 12%. 

‘Brittleness, i.e., failure under very low deformation, disappears at lateral 

pressures as low as 1000 atm. ( 

Diagrams for unequal omnilateral compression of hardened steels, obtained in 
i 
this investigation, make it possible to detr ;Tnine the major indices of their mechan¬ 

ical properties. 

B.D.Grozin holds that in the case of parts, operating with contact load appli¬ 

cation and universal stress, indices for the mechanical properties of the hardened | 

~ steel of which the part is made,, derived in the manner developed by him, correspond j 
I 
more fully to their real operating conditions than do any other indices obtained 

~ in two-dimensional stressing, or the conventional hardness indices. ; 

These data confirm the great potentialities inherent in the utilization of the j 

mechanical properties of high-hardness steels in machine manufacture. 
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IL’ CHAPTER II 

CERMETS, HARD ALLOYS, AND MINERAL CERAMICS 

16 
6. General Data 

Id .j ~ 

. aChieVeMntS in the field irachlning have been aacng the factcre 

•: responsible for the development and constant improvement of cermet, need for cutting 

L'i tools. 

. Th' grMt s“Perfori^ »ard alloys (in the sense of their cutting propertie.) 

: - over other tool material, has contributed to the development and extensive expansion 

- in high-speed machining, a, „ell as the possibility of machining (by turning, thread 

’ cutting, milling, drilling, reamlng, and of s,eels h^ht t<> ^ ^ j 

ness and °f »then difficultly machinable steel,. 

,b.] The pr'sent Chapter fives fondamental data on cermets of Scriet and foreign 

N .0rlein• DaU are alSO on a new tool material - mineral ceramics - which - 

°ffCr5 Pr0SPertS 0f ]-Ee-,cale industrial use. Mineral ceramics are beginning to 

be employed in the machining of hard steels. 

The output capacity of a cutting tool is largely dependent upon the ability of 

' ; its material to retain the cutting properties for an extended period of time. The 

cutting properties of a tool material are dependent chiefly upon hardness, resist- ¡ 

anee to wear, ductility, heat conductivity, impact toughness, and transverse rupture 

;i- strength. j 
j 

FOr eJ!e'ution °f th0 “Chining process, the cutting tool must be harder •' 

than the material being machined. In the cutting process, the working edges of the 
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o 
tool are subject to wear (abraded). The wear occurs continually, during the entire 

cutting process, at all thicknesses of removed chip, at all machining speeds, and_ 

at any physical and mechanical properties of the materiel of the tool and of the ¡ 

part being machined. The greater the resistance of the tool material to wear, 

the greater its wear resistance, the higher will be its cutting properties. 

The cutting process is accompanied by an emission of heat, which causes the 

:vi 

'(i.' 
_| 

4 S 
' I] 

50 

Table 8 

Properties of Some Refractory Metals and Carbides Employed in 
Hard Alloys (Cemented Carbides) 

Metals 

Type 

3 o 
a> 
(0 

• o 

2¾ 
o • c 
O -H 
4) 

rt ÍX 
« cn 

■p 
c ■H 
O cu 
Ù0 
-5 o 
-P o rH .—■ ■■ 
®COt0 -H s rc 

n 'i 

Refractory group 

Type 

Tungsten 

Titanium 

Tantalum 

Columbium 

Vanadium 

Zirconium 

Molybdenum 

Chromium 

Cobalt 

Nickel 

W 

Ti 

Ta 

Nb 

V 

Zr 

Mo 

Cr 

19.5 

4,5 

16.6 

7.4 

5.« 

6.5 

10,3 

6.7 

3360 

1730 

3030 

2500 

1720 

1X60 6,5 

Iron group 

Co 

Ni 

8,7 

8.9 

2620 

1920 

1 180 

1 150 

Carbides 

ftf «0 U ri 
T) 3 

> 
2 
o . c 
O -H 

X o & » 
of»- 1^3 ^ 

¿Vi. 
3 c •H 
C 

c 
<0 © 
O -P 

•H 
S. 
U) 

-¾ o 

« c 
X -H 

O <0 
X X 

Tungsten 
carbide 

Same 

Titanium 
carbide 

Tantalum 
carbide 

Coxumbium 
carbide 

Vanadium 
carbide 

Zirconium 
carbide 

Molybdenum 
carbide 

Chromium 
carbide 

Same 

\VC 

w,c 

TiC 

TaC 

NbC 

VC 

ZrC 

MojC 

Cr4C 

Cr;Ca 

15,7 

17,2 

4.5 

14,0 

7.5 

5,3 

7.9 

8.9 

7,2 

6.5 

6,12 

3,16 

20,00 

6,21 

11,42 

19,05 

11,65 

5,88 

2870 

2700 

3140 

,3880 

3500 

2830 

3530 

2690 

5,45 

9,00 

1780 

1700 

>9 
8-9 

9 

9 

>9 

8—9 

7-9 

7 

7 

M I 

layer of metal being removed and forming the chip, as well as the cutting instrument 

itself, to become heated in the cutting area. When the work is performed at the 

high cutting speeds typical of modern machining, the cutting edges of the tool are 

—J 
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heated to 80Ö°C and more 1 

The capacity of the tool material to retain its cutting properties, chiefly J 

H 

10 

; - 

! i 

16 

1 r: 

L'-l 

'2ti 

30 

32 

21 

hardness and wear resistance at high temperatures, is termed hot-hardness. 

The output of a cutting tool is higher, the greater its hardness, resistance 

to wear, hot-hardness, toughness, mechanical strength, and thermal conductivity and 

the lower the brittleness of the tool material of which the cutting edge is made. 

Good cutting properties are achieved with hard alloys by the fact that they are 

mostly carbides of refractory metals, characterized by high hardness, wear resist¬ 

ance, and melting point. In hard alleys, a comparatively small number of metals can 

be used. Only three metals are employed in the industrial grades of Soviet hard 

alloys: tungsten, titanium, and cobalt. Table 8 presents data or some properties 

of the metals and carbides utilized in the production of hard alloys. The high 

hardness and melting point of the carbides of the refractory metals becomes obvious I 

on a comparison with that of iron carbide - cementite (Fe^C) whose hardness reaches 

7 on the Kohs scale, and whose melting point is 1560^8. 

As indicated, the carbides of the refractory metals constitute those components 

of hard alloys that give them their high hardness, resistance to wear, and hot hard- 

•jp 

31 

*0. 

■A 

ness. However, it is impossible to produce hard alloys exclusively from carbides. 

since the product would be excessively brittle and weak. In order to give hard 

alloys the necessary strength, metal, is added so as to cement the carbide particles 

into a solid body. Cobalt is the metal normally employed for such cementing pur- 
■j 
poses. 

j 

7. Soviet Hard Alloys (Cemented Carbides) 

.18~1 

■ i 
Classification of Cemented Carbides 

r. i j 

Contemporary Soviet cemented carbides are divided into -two major groups by 

chemical compositions---!-—- 

l) Cemented tungsten single carbides consisting of grains of tungsten car- 
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f) -1 

8 — 

1<' J 

! 

i ,i 

I.) . 

bide (WC) cemented by cobalt (Co 

2) Cemented titanium-tungsten double carbides consisting of grains of a — 

solid solution of tungsten carbide in titanium carbide (TiC) and excess 

grains of tungsten carbide cemented by cobalt, or only of grains of a solid 

solution of tungsten carbide in titanium carbide, cemented by cobalt. 

The USSR has standardized the grades of cemented carbides, the shapes and 

assortment of the blanks, and the technical specifications for cemented carbides. 

Government Standards GOST 3302-53» replacing GOST 3882-1*7 and 2209-1*5» and 

OST TsN-201-39 have set up thirty standard grades of cemented carbides (Table 9). ¡ 
i 

The shape and size of cemented carbide blanks have been standardized by 

GOST 2209-55. Table 10 presents the classification of bar shapes. 

Formerly, cemented carbides were designated under OST TsM-201-39 as indicated 

in Table 9: the cemented tungsten carbides as RE, and the titanium-tungsten as a. 

The present system of designation is based on the following considerations: 

1) VK denotes cemented cobalt tungsten carbides. Digits to the right of 

the K indicate the percentage content of cobalt. Thus, VK3 means a ce- 

I 
mented tungsten carbide with 3% cobalt; 

2) TK denotes cemented titanium-tungsten cobalt carbides. Digits after 

the T indicate the percentage content of titanium carbide (TiC). Digits 

after the K indicate the percentage content of cobalt. Thus, T15K6 means: 

cemented titanium-tungsten carbide with 15^ TiC and 6% cobalt, with the re¬ 

mainder tungsten carbide. 

GOST /*872-52 regulates the specifications for cemented carbide blanks for 
¿t,. j 

cutting tools, the rules for employment of and methods of testing the blanks, as 

well as marking, packaging, and documentation. 
50 .. _ 

Cemented-carbide blanks have to be tested for transverse rupture strength and 

r } hardness, as well as for machinability. In addition, the specific gravity must be 

1M 

JÜ 

30 

32 - 

31 

36-0 
j 

■10—, 

*¡2 -.j 

■14 -. 

56 

58 

60—! 

checked (to an accuracy of 0.05^), as must gross structure, and linear and angular 

j .. ...J... . ~ 
] 
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Table 10 
I ... 

Classification of Shapes of Cemented Carbide Bars Under GOST 2209-55 

1G . 

1* 1 
j 

'H 

30-. 

32-.. 

O t « ' ‘1 .- 

:)d- 

38— 

H)_ 
.J 

J 

■18- 

50 

Conven¬ 
tional 
Number 

01 

Diagram Purpose (Approximate) 

JypiA T’y pt 0 

r_^ 
_ . . . — 1 •.J 

For turning tools (straight 
and bent shank), for vdde- 
finishing, boring, and 
slotting. 

02 Iff* A TyptB 

/-_'s 
1 ’ 

¡ : 
i....... . - -j 

For punching (straight and 
bent shank), broad-finishing, 
boring, and slotting cutters 
on which the greatest wear 
is at the flank 

03 
For bent shank turning tools 
under heavy loads 

01 
i i 

! ! 
\J 

For straight shank turning 
tools 

06 
For facing and boring tools 
in the boring of blind 
holes 

07 

L 

For facing and turning 
tools 

OS 

—j 

54 

58. 
I 

5.0 
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For boring and turning tools 
in which ? * 60°, and also 
for the tools of milling 
heads 
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Table 10 (cont'd) 
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.J 
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•M J 
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—4 
•18.J 
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r. *» I 
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54 
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53 
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j Conven¬ 
tional 
Number 

1U 

11 

12 

13 

14 

Diagram 

ryptO 

tt 
11 
11 
• I 
11 a 

□ 

29 

Purpose (Approximate) 

For automatic cutters 

For turning d boring tools, 
and the tee; ., of end mills 
and facing tools 

F'r finishing and threading 
cutters 

For cup-shaped cutters 
(fillets and tires) 

For cutting-off and necking 
tools 

For twist and straight- 
fluted drills 

1 
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1. 

lu 

3d 
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32 

34 

36_! 
I 

33 _* 
I 

4 0_¡ I 
4 2~.j 

14 J 
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J 
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Table 10 (cont'd) 

18 

20 

21 

V 
24 

25 

Conven¬ 
tional 
Number 

Diagram Purpose (Approximate) 

15 
h 

sjr 
*S * S 

V 

For bevel cutters and dove¬ 
tail slotters 

16 / s** / 

J 
For fillet and tire cutters 

17 
l\ 

For drilling of nonmetals 

For round chamfer cutters 

For end mills and counter^ 
sinking 

For end and spline mills, 
for rose reamers to make 
blind holes, and for coun¬ 
ts rsinkers 

For end and side mills and 
T-slot cutters, and also for 
shell end mills on multista¬ 
tion machines 

¡ For rose reamers making 
' through holes 
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dimension». I 1 

2-J 1 
The transverse rupture strength of the bar is determined by means of a special1 

4. j 
lever apparatus for specimens of square cross section measuring 5 * 5 x 35 mm, made 

fi . Í. 
of a mixture prepared at the same time as the bars in the given lot. 

8_J 
The Rockwell scale A hardness of the bars has to be checked on its broad edge, 

1 n j 
protected to a depth of 0.2 mm, by a grinding wheel of green silicon carbide 

12 ! 
(ceramic binder, 80-mesh grain, hardness SM2). The nardness of the bar has to be 

M , 
checked at three points at equal distances from one another along a diagonal, and 

Id ] 
from the vertices of the angles. 

Id , 
The manufacturing plants must indicate the grade of the cemented carbide by 

20 
stamp or roller on the top of each blank (or on any other surface, except that on 

O* » 

which it rests). Blanks may also be identified by a single colored strip not more 
‘ 

** ‘ .. I 
than 5 nan wide. The following color identifications have been assigned to the vari- 

20 J 
ous grades of cemented carbides: 

28. J 

30. 

32 

3! 

38.. 

38 

40 

4 2 

44 

id 

48 

f'0 

VK3a.black 

VX6.blue 

VK6a ..violet 

VK8.. . . . red 
1 

j T5K10.yellow 

J I 
J T15K6 . . . . . . green 

i 

’ T30K4.light blue 

J 

o 
Blanks of 0.5 cm or snaller surface area do not have to be identified individ¬ 

ually. Their identification is shown on the crate. 

The identification of cemented carbide blanks is of major practical importance. 

It should be remarked that this important rule is not always followed by the manu- 
r »> 

facturing plants. Therefore, it is not uncommon for the enterprises utilizing then 

to mix up the blanks of various grades, leading to improper utilization of cemented 
58 ., L.. .. ,, ..-.......-______ 
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Fig.5 - Flow Sheet for Manufacture of Cemented Tungsten Carbides 
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carbide tools. I 
I 

Sumnary of the Process of Manufacturing Cemented Carbides 

I. . . .-.I 
Cemented carbides cannot be called alloys in the usual meaning of the term. 

Their manufacture differs fundamentally from that of the production of straight car- 

bon, alloy, and high-speed steels, which consists of melting in furnaces, followed 

by rolling. The manufacture of cemented carbides falls into the category of powder 

metallurgy. Cemented carbides are produced by sintering, because fusion, due to 

the decomposition of tungsten carbide, does not yield satisfactory results. 

Figures 5 and 6 present flow sheets of the processes of manufacture of cemented 

carbides from raw material to the finished product. The most important starting 

materials for the manufacture of cemented carbides are tungsten trioxlde (or tung¬ 

stic acid, ammonium paratungstate), tungsten powder, titanium dioxide, cobalt oxide ! 

(or cobalt powder) and carbon powder. 

The carbides are made either directly from the metal oxides or from the metal 

powder obtained as an intermediate. The individual carbides or the ready combined ! 

I i 
carbide are mixed with the cobalt powder and milled wet until a completely homoge- 

- ‘ f J 

neous fine carbon mixture results. The wet mixture is dried, reduced if necessary, j 

and then pressed into rous, finished bars, or articles of any desired shape. 

Certain products are made as followsr 

Large blanks are first sintered at 800 - 1000°C and then cut into the required 

shapes. 

The shapes produced in this - or some other - manner are then sintered in & 

protective atmosphere in electric furnaces. 

Cemented carbides do not require any further heat treatment such as hardening, 

tempering, etc. 

1 * 
Major Properties of Cemented Carbides------- 

.1 
Hardness. The most characteristic and valuable property of cemented carbides - 
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-is their high natural hardness, due to the fact that they contain a large volume of 

\ 
carbides of the refractory metals. The chemical composition of the cemented carbide, 

1 
its grain size and structure influence its hardness. The hardness of the cemented 

carbide is proportional to total carbide content, the degree of dispersion of the 

crystals and the carbide content of the solid solution. The hardness of cemented 

titanium tungsten carbides is as a rule greater than that of cemented tungsten car¬ 

bides, due to the formation of a denser carbide shell and the fact that the complex 

carbide is harder than tungsten carbide. 

The hardness of the cemented carbide today in use for tipping cutting tools 

reaches He * 93 (T30K/+ alloy). Table 9 presents the minimum hardnesses of the 
A 

cemented carbides now being manufactured. Their actual hardness usually exceeds the 

indicated limits by 1.0 - 1.5 units. 

I I 
When compared to high-speed steel, the cemented carbides show 10 Rockwell units 

more hardness on the C scale (at room temperature). It is obvious that the machin¬ 

ing of steels of high hardness (hardened steels) is possible only with cemented 

carbide tools (and thanks to powder metallurgy). 

There is an intimate relation between the cobalt content and the hardness 

of cemented tungsten carbides, made under identical conditions. The hardness di¬ 

minishes with rise in the cobalt content. Thus, VK2, containing 2% cobalt, has 

an HpA hardness of 90, whereas the %A of VK15 with 15^ cobalt content is Hra - 86. 
i 

The hardness of cemented titanium tungsten carbides rises with the titanium 

carbide content. In these cemented carbides, as in the tungsten ones, hardness 

diminishes as cobalt content rises. i 

1 
Transverse Rupture Strength. Transverse rupture strength, or is one of the 

j 
most important mechanical properties of cemented carbides. This property makes it 

-i 
possible to judge the ductility of the cemented carbide. The transverse rupture 

1 
strength of cemented tungsten carbides rises with the cobalt content, whereas in 

cemented titanium-tungsten carbides it diminishes as the titanium carbide content 

I 

j 
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-rises. Table 9 shows that when the cobalt content of cemented tungsten carbides 

-.] 
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rises from 2% (VK2) to 15Í (VK15), the transverse rupture strength °r rises by 60St. 

(from 100 to 160 kg/mm^). In ceCT:ented titanium-tungsten carbides, an increase in 

titanium carbide content from (T5K10) to 60% (T6CK6) causes the transverse rup¬ 

ture strength or to diminish from 115 to 75 kg/rara^. 

Cemented titanium-tungsten carbides are weaker and less ductile than tungsten. 

In practice, the average values of or are 10 - 15% higher than indicated in Table 9. 

In general, cemented carbides are considerably inferior to high-speed steel in terms 

of transverse rupture strength, which is or “ 370 kg/mm^ for that steel. 

It has been found (Bibl.6) that, in cemented carbides containing less than 

10% cobalt, bending reveals no residual deformation prior to rupture. Deformation 

of this type becomes detectable only when the cobalt content exceeds 20%, 

Compressive Strength. The compressive strength of cemented tungsten carbides 

oc is greatest at a cobalt content of 3 - $%• With a further increase in the cobalt; 

content, oc declines sharply. This value also drops with increasing titanium car- | 

bide content in the cemented titanium tungsten carbides. 
'1 I • I 

Today’s cemented carbides are distinguished by high compressive strength. In , 

the case of T15K6, oc “ 440 kg/mm2 (whereas for R18 high-speed steel, o c » 

* 380 kg/mm2). 
’1 i 

Tensile Strength and Elongation per Unit Length. Due to the brittleness of 

cemented carbides, it is very difficult to determine their tensile strength. Ex¬ 

periments (Bibl.6) have established that rupture without plastic yielding occurs in 

cemented tungsten carbides with less than 10^ cobalt after negligible elastic de- 

1 I 
formation. In the case of a cemented tungsten carbide whose bending strength 

was or = 144 - 165 kg/mm2, the tensile strength proved to be 36 - 62 kg/mm2. 

In the case of cemented tungsten carbides, the ratio of ot to oc is about 0.3 

(whereas it is 0.7 for high-speed steel) while the ratio of ot to or is about 0.5. 

In industrial grades of cemented carbides the elongation per unit length on ten- 
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=i Impact Strength. The brittleness of cemented carbides is responsible for theiri 

Hi 
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no 

L'4 

2fi 

Lb 

CO. 
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low resistance to impact loadings and vibration during the cutting process. This 

causes crumbling-out of the cemented-carbide bar and shortens the service life of 

the cutting tool. , 

The relative impact strength of notched specimens ak, which is termed impact 

strength for short, may be employed to characterize the resistance of cemented car¬ 

bides to shock loads. 
1 1 

Generally, is not determined in the mechanical testing of cemented carbides. 

•i I 
Table 11 

I 

Percentage Reduction of Cemented Carbides at a 1000 kg/cm^ Load 

Cemented Carbide 

Percentage Reduction at 
Temperatures, in °C 

VK6 
VK15 

T15K6 

High-speed steel, ot 60 kg/mm2 

WXl 

0 

0 
0 
7 

iKW 

0 
0.12 

0 

50 ■ 

UXKJ 

0.3 

0.65 

0.1 

60 

1 KM) 

1.5 

2.5-3,0 

0,8 
80 

38- 

■M 

40 

‘18. 

50 

Nevertheless, the results of investigations made by I.S.Brokhin are of considerable 

interest (Bibl.7). He found the impact strength of cemented tungsten carbides to 

be higher than that of titanium-tungsten: a^ *= 0.3 - 0.4 kg-m/cm^ for VK8, where¬ 

as ajç » 0.20 - 0.25 kg-m/cm2 in the case of T21K6. When a cemented tungsten carbide 

is heated to 300°C and a cemented titanium-tungsten carbide is brought to 400^0, a 

pronounced rise in a^ is observable: In the former instance it doubles, and in the 
I 

latter it more than trebles. With a further increase in the temperature to 600°C, 

the impact strength of both cemented carbides drops to a level corresponding to that 

r>8 

a 

at room temperature. In the case of a cemented tungsten carbide, the impact 

r. ".. 
KCL-406/V 39 
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— strength renains at the same level until 800°C is reached. In the case of a ce- ] 

- ■ 
merited tiUnium-tungsten carbide, a further slight rise in ak ie observable in the J 

•1 . J 

600 - 800°C interval. 

,j-.i.! 

By way of comparison, it is of interest that the impact strencths of carbon 
Ö—, 

and high-speed steels are higher than of cemented carbides, being ak - 0.89 kg-m/cm2. 

Ductility. Cemented carbides are characterized by very low ductility. This 

1-! 

iß 

Id 

2Ü ..J 

l'tí 

-, 

''1 — 

:3 tí- 

‘ 

J 
•io_J 

is evident from Table 11 which presents comparative data on cemented carbides and 

high-speed steels. 

Pesistance to Wear. The problem of the wear resistance of cemented carbides 

; ! 

has had little study despite its great importance. All the no re interesting, then, 

is the detailed study trade by G.I.Granovskiy (Bibl.8) of the wear resistance of 

various tool materials. The fundamental conclusions resulting from this study are 

presented below. 

Special equipment was used in these experiments. This made it possible, under 

conditions approximating real conditions of friction and wear in the cutting proc¬ 

ess, to determine the wear resistance of specimens made of various tool materials, 

I 
under friction with various machined materials. 

I 

The wear resistance B is characterized by the work required to abrade 1 mg of 

material: 

I 

1 

d Tl. 
0 ~ XvT 

11 where T is the force of friction, in kg; 

L is the length of the friction track, in m; 
. ..„„.j 

1 Si ! 
AM is the mass of abraded material, in mg. 

The investigation determined that wear resistance is not a definite and con- 
-1 

52 stant property of tool material. For one and the same material, the wear resist- 

--anee B will be dependent, at changes in the conditions of friction and wear, upon— 

"''- ■the velocity of friction v. Figure 7 presents the experimentally-determined rela~- 

58 - J 
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tionohip between resistance to wear and velocity of friction for various grades of 

hard alloys and R18 high-speed steel. Friction and wear of specimens was deter¬ 

mined against No./*5 carbon steel. The friction path L for all specimens, at all 

speeds of friction, was 2000 m. 

Figure 7 shows that all the tool materials studied have a common relationship 

between change in resistance to wear B with change in velocity of friction v. In 

Fig.7 - Ratio of the Wear Resistance B of the Tool Material to 
the Velocity of Friction v in Dry Friction and Wear of 
No./+5 Steel. Normal stress p * 10 kg/mm2. Friction 

zone: 0.75 to 3.0 mm2. 

i 
1 - Steel R18; 2 - Cemented carbide T15K6; 3 - Alloy T6CK6* 

4 - Alloy T3CK4; 5 - Alloy VK8 

a) Wear resistance B, kg-m/mg; b) Velocity of friction v, m/ndn 

J ¡ : 

the interval of low velocities of friction (not over 10 m/min), there is some 

diminution of the wear resistance B of all materials with an increase in v. The 

lowest B corresponds to a velocity of friction v » 10 - 20 m/min. As v rises to 

over 20 m/min, the wear resistance rises, and at some definite velocity,-which dif¬ 

fers among the various tool materials, it attains its maximum. With further rise- 

) 

KCL-406/V i^x 

I 



-in V, wear resistance again diminishes, and the curves always reveal a tendency to 
2- \ 

approach asymptotically the abscissa axis. -..-.. .-. ..-. 
4 ! 

Although a general regularity for the various tests of tool materials does 
t) I . ... . .. - -. - ■■ . * . . ; 

exist, there is a considerable scatter both of the maxiimm values for wear resist- 
8 

anee B and for the velocity of friction at which maximum wear resistance is achieved, 
m ^ 

as well as of the nature of the further behavior of the curves. 
] 2 -.-4 

The curve of wear resistance for high-speed steel differs sharply from those 

for cemented carbides. At velocities of friction up to 90 m/min, the wear resist¬ 

ance of high-speed steel is higher than that of all the grades of cemented carbides 

investigated. At v > 100 m/min, the relationship changes in favor of the latter. 
1Í' ^ 

The maximum value of wear resistance of high-speed steel exceeds that of the ce- 
12 Li_ 

mented carbides severalfold. 

Of the grades of cemented carbides tested, T15K6 steel shows the highest wear 
. I 
resistance, when its velocity of friction is about 250 m/min. Cemented carbides of ^ 

Ld. _ 
other grades can be arranged in an order of declining maximum wear resistance as 

follows: T60K6 (at v = 180 m/min), T30K/* (at v « 150 m/min), and VK8 (at v - 
32. - i 

» 80 m/min). In the interval of rates of friction v ranging from 190 to about 

310 m/min, T15K6 alloy has a higher wear resistance than T30KI* and T60K6. 

A different picture is obtained for cemented titanium-tungsten carbides when I 
os—: ; . 

the velocity of friction exceeds 350 m/min. In this zone of velocity of friction, j 
•10__ 

the most wear-resistant alloy is T60K6. In wear resistance, the alloy T15K6 is In- 
•12 —i 

ferior to the alloy T30KZ*, their wear resistance becoming virtually identical only 
•14 .-. 

at v > 500 m/min. 
40 —; : 

Based c" the experimental data obtained (Fig.?), G.I.Granovskiy came to the 
43—! 

conclusion that the principal initial physical property of resistance of a cutting | 
50 

tool is the wear resistance of the tool material of which its cutting elements are ! 
52 -.. t 

manufactured. He bases his conclusion on a comparison of the curves in Fig.? with 

the curve in Fig.8, reflecting the general regularity of change in the serviceUvea 
Ot")-—-- ---- • - •— •— - -*. .. .. * . 

58 -i , „ 
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of hard-alloy cutters with changes in cutting speed, as found by a number of in¬ 

vestigators* .—_______j 

There is complete identity between the nature of the change in wear resist¬ 

ance B due to the velocity of friction and change in the service life of the cut¬ 

ter T due to cutting speed. The service life T, reflecting the rate of increase in 

the wear of the cutting elements of the 

cutter indirectly expresses the wear re¬ 

sistance of the tool material used for the 

cutting edge. Variations in cutting speed 

bring about a corresponding change in the 
I 
velocity of friction at the contact areas 

of the cutting elements of the cutter sub¬ 

ject to wear. From this it follows that 

the general law of change in the service 

life of a cutter with changes in cutting ! 

speed, illustrated in Fig.8, has to be in 

direct ratio to the law of change in the wear resistance of the cutting portion of 

the cutter relative to the velocity of friction. 

The work of G.I.Granovskiy provides a theoretical confirmation of practical 
""i i i 

procedures in the employment of cemented carbide tools and of the results of various 

investigations on the service life relationships. We know that the VK8 cemented j 
tungsten carbide cannot be efficiently used to machine steels of low and medium 

hardness, and that high-speed tools are successfully employed for the machining of 

steels at cutting speeds v “ 30 - 80 m/min. Cemented titanium-tungsten carbides car 

be efficiently employed in the machining of steels only in a specific range of cut¬ 

ting speeds: 150 - 350 m/min for T15K6, 300 - 600 m/min for T30K/», 300 - 1200 m/min 
! 1 

for T60K6. However, in the machining of steels for which ot < 100 kg/mm2, cemented | 

titanium-tungsten carbides do not yield the desired results at v < 50 m/min, becaus« 

1 : 
KCL-Zv06/V U3 

Fig.8 - Ratio of Cutting Speed 
to Service Life of a Cemented- 

Carbide Cutter 

a) Service life of cutter I, min; 
b) Cutting speed v, m/min 
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of their high rate of wear. 1 
\ x ! 

Experimental data (Bibl.8) show that the wear resistance of tool materialb also 

depends upon the strength of the steel relative to friction and wear. Conditions of 

abrasion being equal, the wear resistance rises with any decrease in the strength 

of the steel being machined. 
•4 

Let us further consider the question of the coefficient of friction, which has 

Fig.9 - Effect of Velocity of Friction v on the Coefficient of 
Friction p in Dry Friction with No./*5 Steel. Normal 
stress p = 10 kg/nm2. Friction zone from 0.75 to 3»0 mm^ 

1 - Steel R18; 2 - Cemented carbide VK8; 3 - Alloys T15K6, T3CK4, T6CK6 

a) Coefficient of friction p; b) Velocity of friction v, m/min 

31 

■10. 

‘12 

14 

l'> 

4 a 

DO 

D2 

tl. 
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80- 

been investigated by G.I.Granovskiy (Bibl.8). Figure 9 gives curves for the rela- 

tionship between the coefficient of friction -p-) where P is the nonnal 

force, and the velocity of friction for high-speed steel R18 and the cemented car- | 

bides VK8, T15K6, T3OK/4., and T6OK6 in friction with No.45 carbon steel. It will be 

seen that the coefficients of friction of the high-speed steel R18 and the cemented 
i I 
carbide VK8 are almost identical. The coefficients of friction of all the cemented 

titanium-tungsten carbides investigated were identical but were considerably lower 
i : 
than that of VK8. 

Whereas the coefficient of friction p first rises, then declines, and then 
”1 t 
rises again with an increase in the velocity of friction (Fig.9), the experimental 

data (Bibl.8) show that it is in a simpler relationship to changes in normal 

KCL-4O6/V U 
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12 

11 

stress p. Other conditions being equal, the coefficient p diminishes vith increase, 
o 

in the stress p from 5 to 1*0 kg/mm . ! _ J 
Figure 10 presents curves expressing the regularities of change in the wear 

resistance B, coefficient of friction p, and temperature B in accordance with the 

velocity of friction. The curves are plotted on the basis of data of experiments 

(Bibl.8) performed under identical conditions of friction and wear, with specimens 

made of T15K6 and T30KZ* alloys. ( 

There is no direct and unique functional relationship between the wear resist- 

10 

18 

20 

*1*1 

24 

20 
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30 . 

32 
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• > . OO - 

to. 

•12 . 

•14 

40 
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6 lO1* 

ktO“ 

?10U 

Fig.10 - Effect of Velocity of Friction v on the Coefficient 
of Friction p, Temperature 0, and Wear Resistance B 

a) Coefficient of friction p; b) Temperature 9, °C; c) Wear re¬ 
sistance B, kg-m/m2; d) Velocity of friction v, m/min 

anee B and the coefficient of friction p, or between the wear resistance B and the 

temperature of the specimen subject to wear on the one hand, and between the coeffi- 

1 
cient of friction p and the temperature 9 on the other hand. 
I 

Hot-Hardness. Hot-hardness is one of the most imj>ortant properties of tool 

materials. This property has acquired decisive importance in very recent times. 

when high cutting speeds have resulted in temperatures in the cutting interval 
r <f 
, > Ü 

1 

58 

60- 
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Of 800°C and more. The high hot-hardness of cemented carbides, which substantially 

exceeds that of high-speed steel, is one of the principal factors that has caused^ 

'this tool material to become so popular in machining. 
,. .. 

A study of the effect of the temperature to which they are heated upon th« 

hardness of carbides has been the subject matter of a number of investigations. 

Table 12 

Hardness of Cermets (Cemented Carbides) and Mineral Ceramics when 
Heated to Various Temperatures (Data due to A.I.Betaneli; 

:0) . 

L’K _ 

:;o 

32, 

13 G __ 

:33..- 

40..- 

* o 
‘t w- - 

44 . 

4 G 

43 

no 

Tool Material 

Temperature to which Heated, in °C 

20 200 [ A00 1 600 800 1000 

Hardness 

Cemented 
carbides 

VK2 
VK6 

VK8 

T5K10 

T1/*K8 

T15K6 

T30KA 

T60K6 

Mineral ceramic 

TsM-332 

1370 

1160 

1130 

1200 

1250 

1280 

1370 

1300 

1370 

1210 

1010 

1000 

1030 

1080 

1120 

1200 

1230 

1250 

1050 

860 

820 

830 

880 

010 

1000 

1050 

11 30 

900 

700 

650 

640 

680 

720 

800 

820 

1010 

700 

500 

160 

420 

500 

540 

620 

570 

900 

500 

3(H) 

260 

250 

300 

370 

140 

380 

7 »0 

54 - 

V.Ya.Riskin (Bibl.9) found a relationship between the hardness of cemented 

carbides and the temperatures to which they heat, and determined that the hardness 

remains unaffected even at temperatures of 900 - 1200°C. Other conclusions were 

arrived at by A.I.Betaneli (Bibl.10) and N.F.Kazakov (Bibl.ll), who made detailed 

studies of this question. The results of their work are presented in Table 12 and 

Fig.11. 

A.I.Betaneli ran his tests on a special device. The specimens under study were 

4 

heated to the required temperature in an electric furnace mounted on the head of 

the lift screw of a Brinell hardness-testing machine. For protection against oxida- 

MCL-1*06A 
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lion when being heated, the carbides were subjected to a protective treatment by 

chemicals and heat. The carbide tips were made in the form of rectangular pyramids 
I 
with a vertex angle of 136°. Since the temperature of the tips was lower than that 

of the specimens, some temperature drop occurred in the process of measuring the 

impressions, which distorted the results of the tests. This distortion was taken 

d 

Fig.11 - Variation in Hardness of Specimens of Cermets and 
Mineraloceramics Heated in Vacuum: 

1 - Minéraloceramic TsM-332; 2 - Cemented carbide VK2; 
3 - Alloy T6CK6; U - Alloy T3CKÍ*; 5 - Alloy T15K6; 

6 - Alloy VK8; 7 - Alloy T5K10; 8 - Alloy VK15 

a) Pyramid hardness Hn; b) Temperature to which specimens 
were heated, °C 

M 

56. 

58 

into consideration by a correction factor. The H-jj^ hardness was determined by 

dividing the load of 375 kg by the area of the impression remaining in the test 

MCL-/4OÓ/V 
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specimen after it was cooled. 

The hardness of the mineralocerairdcs was tested on tips made of the sane 

terial under a load of 250 kg. 

N.F.Kazakov ran his tests on a special instrument permitting measurement of the 

hardness of various alloys when heated 

in vacuum to a temperature of 1100 C. 

The diamond tips employed were in the 

form of a square-based pyramid with a 

vertex angle of 136°. The hardness num¬ 

ber Hn of the pyramid was determined by 

means of the usual formula for a 1 kg 

load. 

Table 12 and Fig.11 show that at | 

room temperature (20°C)t the sequence of 

the various grades of hard steels, ob¬ 

tained by N.F.Kazakov proved to be the 

same as that obtained b> A.I.Betaneli. 

However, as is more obvious from 

Table 13, their data for cemented 
: I 

titanium-tungsten carbides, particularly 

at high temperatures, differ substan¬ 

tially with respect to the degree of in¬ 

fluence exercised by the temperature of 

heating upon reduction in the hardness 

of cemented carbides. I 

It follows from these data that the 

Fig.12 - Changes in Hardness of 
Cemented Carbides upon Heating; 

1 - Alloy T15K6; 2 - Alloy VK6; 
3 - Alloy T5K10; U - Alloy VK15; 

5 - High-speed steel 

a) Pyramid hardness Hn; b) Tempera¬ 
ture to which specimen is 

heated, °C 

hardness of carbides diminishes sharply with rising temperature. The lower the 

cobalt content of the carbide, the higher its hardness at the given temperature, and^ 

eo- 
ÍíCL-406/V 48 
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¡vice versa. At temperatures below 300°C, the cemented titanium-tungsten carbide 

1 
,T6QK6 is harder than T15K6, whereas at temperatures above 90(rC the hardness of the 

two alloys is approximately equal. A.I.Betaneli offers the explanation that, at 
i • 

temperatures below 900°C, the titanium carbide content affects the hardness of the 

in J 

12.} 

product, whereas at higher, temperatures, when the cobalt binder has softened, the 

hardness of the product depends only upon the cobalt content, which was identi- 

U 

16 

cal - 6% - for the two alloys. i 
' 

VK8 and T5K10 are characterized by virtually identical hardness in the heated 

condition. The T15K6 and T30K4 cemented titanium-tungsten carbides are harder at 
Id -j ! 

all temperatures than the tungsten carbides VK6 and VK8. At the same time, tungsten 
20, 

carbide VK2, which contains little cobalt (2%), has a higher hardness at ail tempeiv 

atures than T30K/+ and T15K6. The min éralo ceramic TsM-232 is of even higher hard- j 

ness. 
20 J 

2d_ 
Figure 12 presents the data by R.Kieffer and P.Schwarzkopf (Bibl.6). They 

differ from those by A.I.Betaneli and N.F.Kazakov. According to Kieffer and 
30—, i 

Schwarzkopf, the hardness of both tungsten and cemented titanium-tungsten carbides 
32_J j 

diminishes at a slower rate with increase in temperature than is indicated by the 
34 

3(J—I 

38-3 

other investigators. Table 13 show that, if the hardness of the cemented carbides 

at room temperature is taken at 10C$, the hardness of, for example, the alloy VK6 a . 

40— 

42-J 

a temperature of 1000°C will be as follows: 55%, according to Kieffer and 

Schwarzkopf, but only 26% according to Betaneli. Likewise, for the alloy T15K6, the 

44 
figure is 51% according to Kieffer and Schwarzkopf, 29^ according to Betaneli, and 

H 
I 21^ according to Kazakov. 

46_j \ 
J These data indicate that there is as yet no basis for believing that a solution 

48.- 
has been found for the question of the influence of the temperature of heating upon 

50-1 
the hardness of cemented carbides. To achieve more precise definition of this most 

important question it will be necessary to perfect further the methods of determin- 
>4 _J_ 

56_ 
Ing ths hardness of cermets and minerait'.eramics at high temperatures. 

58-J 
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o 
Thermal Conductivity» The high thermal conductivity of a cemented carbide is 

8—; 

10 ^ 

12 
* 

14 

^ -ja factor favorable to the cutting process. Any reduction in thermal conductivity., 

impairs the heat dissipation from the chip and from, the cutting portion of the tool] 

causing thermal stresses to develop in the cemented carbide bar, vihich not infre¬ 

quently results in cracks. 

The data in Table 9 show that the heat conductivity of cemented tungsten car¬ 

bides is not dependent upon their cobalt content. The heat conductivity of cemented 

titanium-tungsten carbides is considerably lower than that of tungsten carbides, 

and diminishes with increase in TiC content. 
I ¡ 

The lower heat conductivity of cemented titanium-tungsten carbides than of the 

tungsten alloy is due to the fact that the TiC + WC hard solution has a lower heat 

conductivity than the WC. 

The heat conductivity of cemented titanium-tungsten carbides approximates that 
- 

of high-speed steel R18, which is 0.06 cal/cra»sec«°C. 

Sticking. The term "sticking" defines the ability of the tool material to 
" \ I 
bond (weld) with the machined material (or chip) during the cutting process. A high I 

resistance to adhesion (low sticking) is a positive property of hard carbides. They; 
I . I 
are highly superior to high-speed steel in this respect. 

The resistance of a hard carbide to wear depends to a significant degree upon 
i I i 

the temperature at which it adheres to the material being machined. The higher this 

temperature, the higher the resistance of a carbide to wear. 
j : 

The temperature at which sticking occurs diminishes with increase in the cobalt 
I 
content of the tungsten carbides: 

16H 

Id _! 

20. 

24 - 

26.. 

28- 

30- 

32 _ 

34- 

‘36. 

33- 

40- 

42 

14 

46 

4sn 

-1 

50 

5 

r 4 I 
Z)t_l 

56. 

58 

C0- 

Cobalt content, in 0 1 5 20 

Temperature of adhesion, in °C: 1000 775 685 625 
j 
\ 

The carbides of the refractory metals have a higher temperature of adhesion 

than the cemented carbides based on them: 
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11 _ 

16_ 

18 , 

20- 

2(i 

28 

JO. 

T.r> 

Titanium carbide (TiC) • ..U25°C 

Tantalum carbide (TaC) .. 1200°C 

Niobium carbide (HbC) j. 1250°C 

. 

A significant point of superiority of cemented titanium-tungsten carbides over 

the tungsten products is their higher resistance to sticking. This is seen as the 

reason for the longer life of cemented titanium-tungsten carbides than of tungsten 

1 i I 
alloys in the machining of steel. It is held that the heating in the course of the 

4 
cutting process results in the formation of a thin oxide film on the surface of the 

cutting portion of the tool, and that this protects the leading edge of the tool 

I ; 
against direct contact with the chip. Moreover, titanium oxide has the same crystal 

i I 
lattice as titanium carbide iuself, or the TiC ♦ VJC solid solution, and therefore 

! i 
the oxide film adheres tightly to the tool, protecting it from contact with the 

chip. In the case of single tungsten carbides, the tungsten oxide formed drops off | 

1 ! 
readily, since crystal lattice differs from, that of the tungsten carbide. 

I I 
Specific Gravity. Specific gravity, or density, is an important characteristic 

of the quality of cemented carbides. The density of a carbide depends upon its 

od- 

lO. 

chemical composition and sintering property. In practice, the density of an alloy 

1 ' ' • 
is lower than the theoretical value because of the pores that are always present. 

Pores occupy up to of the entire volume of the alloy. The density of an alloy 

14 

4t 

48. 

diminishes with increasing cobalt content an 1 porosity. The values for the specific 
i 
gravity of various grades of cemented carbides, shown in Table 9, represent the 

1 ower limits of this property. In practice, the specific gravity is 0.1 - 0.2 above 

i 
these limits. Thé higher the specific gravity of a hard carbide, the better its 

00- 

I 
resistance to impact. 

j.. 

58. 

New Grades of Hard Carbides 

The All-Union Institute for Hard-Alloy Research has developed new grades of 

58 i 
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Comparative Usefulness of Cemented Carbides 

J 
j 
HC1^06/V 

Grade of 
Hard 

Carbide 
Useful Properties 

J 

Comparative 
Cutting 
’roperties 
I Cuttin« 

Speed; 

VK2 
and 
VK3 

Cemented Tungsten Carbides 

High hardness and wear resistance. Limit¬ 
ed cutting strength. Sensitive to shock and 
vibration. Permits higher cutting speeds 
than other grades of cemented tungsten car¬ 
bides and yields higher output. 

1.2 - 1.3 

VK6 Adequate hardness and wear resistance, but 
lower than that of VK2 and VK3. Cutting den¬ 
sity higher than that of these alloys. Less 
sensitive to shock and vibration. Cutting 
speeds must be lower than with VK2 and VK3» 
but may be higher than with VK8. 

1.08 - 
- 1.12 

VK8 Hardness and wear resistance lower than 
with VK6 but higher than with VK11. High 
strength in cutting metals. Good resistance 
to impact loading. Resistance to vibrations 
higher than that of the alloys VK2, VK3, 
and VK6. i 

Requires lower cutting speeds than VK2, 
VK3, and VK6. Considerable toughness per¬ 
mits use of VK8 for heavy roughing of steels, 
whereas the use of cemented titanium-tungster 
carbides results in crumbling of the cutting 
edge of the tool. 

1.0 

VK11 Hardness and wear resistance lower than 
with VK8. Substantial cutting strength - 
- higher than that of any of the cemented 
tungsten carbides. High resistance to shock 
and vibration. Requires lower cutting speed 
than the alloy VK8. 

0.75 - 
- 0.80 

T5K10 

Cemented Titanium-Tungsten Carbides 
i 

Greater cutting strength than that of 
other grades of cemented titanium-tungsten 
carbides in cutting metals; highest resist¬ 
ance to shock, vibration and crumbling out, 
but less hardness and wear resistance than 
others. Permits cutting speeds 15 - 2(¾ high 
er than that of VK8. 

0.6 - 0.7 

53 
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(cont*d) 

Grade of Comparative 
Cutting 
Properties 
(Cutting 

Speed) 

Hard 
Carbide 

Useful Properties 
- 
1 

TÜK8 Hardness and wear resistance higher than 
T5K10. High strength in cutting metals and 
high resistance to shock and vibration, but 
lower than that of T5K10. Permits higher 
cutting speeds than T5K10. 

0.7 - 0.8 

T15K6 Hardness and wear resistance higher than 
T5K10 and Tl/JiS. Moderate resistance to 
shocks and vibration. Cutting strength high¬ 
er than that of T30K4 and T60K6. The tool 
shows good resistance to crumbling if the 
system machine tool - workpiece - cutting 
tool is highly rigid. Permits higher cutting 
speed than T14K8. 

1.0 

T15K6T Due to size difference of the carbide 
grains, hardness and wear resistance are 
higher, and cutting strength is somewhat 
lower than with T15K6. Moderate resistance 
to shock and vibration. Cutting strength 
higher than that of T30K4 and T6CK6. Permits 
higher cutting speed than T15K6. 

1.15 - 
- 1.20 

T3CKi^ High hardness and wear resistance. More 
sensitive to shocks and vibrations than 
T15K6 and T15K6T. Low strength in cutting 
metals, but higher than that of T6CK6. Per- 
mitSxïi^her cutting speeds than T15K6 

1.4 - 1.5 

T60K6 Has the highest resistance to wear of all 
the cemented titanium-tungsten carbides. 
Particularly sensitive to shocks and vibra¬ 
tions. Strength in cutting lower than that 
of T30KL. Permits considerably higher cut¬ 
ting speeds than T30K4. 

1.7 - 1.8 

48_ 
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cemented carbides with cutting properties improved over those of the now available 

grades. These include the cemented tungsten carbide VKi* which is successfully used 

o in place of VK8 in heavy roughing of cast iron (Bibl.12). The new VN3K3 carbide has 

I demonstrated its superiority over VK6 in the semifinishing of cast iron (Bibl.13). A 

..^Lumber of experimental grades of cemented titanium-tungsten carbides developed for 

'1 
58- 
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Cemented Carbides Recommended for the Machining of Hardened Steels 

Type of Machining, 
and Conditions 

Rigidity of 
System Machine 
Tool - Work- 
piece - Cut¬ 
ting Tool 

Comparative 
Evaluation 
of Cemented 
Carbides as 
to Output 

Recommended 
Grade of 
Cemented 
Carbide 

Send finish- and finish- 
turning, interrupted 
cutting process 

High i 
Normal 
Subnormal 

Best 
Average 
Below 
average 

T1AK8 
T5K10 
VK8 

Sendfinish- and finish- 
turning, uninterrupted 
cutting process 

High 

Normal 

Subnormal 

Best 

Average 
Below 
average 

T15K6, VK2, 
VK3 
T1AK8 
T5K10 

Fine turning High 
Normal 
Subnormal 

Best 
Average 
Below 
average 

T30K4 
T15K6T 
T15K6 

Finishing in milling High 
Normal 
Subnormal 

1 

Best 
Average 
Below 
average 

T30K4 
T15K6 
T12*K8 

Drilling through holes High 1 
Normal 
Subnormal 

1 

Best 
Average 
Below 
average 

VK6 
VK8 
VK8 

Hole enlargement by 
drilling 

High 1 
Normal 
Subnormal 

Best 
Average 
Below 
average 

VK2, VK3 
VK6 
VK8 

Final rose reaming High I 
Normal 
Subnormal 

Best 
Average 
Below 
average 

T15K6 
TI/4K8 
T1ÍJÍ8 

Flute reaming High 
Normal 
Subnormal 

Best 
Average 
Below 
average_ 

T30KA 
T15K6T 
T15K6 

f CL-406/V 55 
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Îmaking heavy cuts, are now being tested for their cutting properties (Bibl.H). 
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In practice, cemented titanium-tungsten carbides are employed to machine 
1 

steels, and cemented tungsten carbides to machine iron, nonferrous metals, and non- 
j ! 
metals. The major shortcoming of titanium-tungsten carbides - high brittleness - 

I 
somewhat limits the field of application of the good machining grades of these car¬ 

bides, even in the machining of steels. The alloy T15K6 is rarely employed in im- 
1 I 
pact roughing. In these uses, T5K10 which is not as good in output is to be pre¬ 

ferred (the cutting properties of the alloy T5K10 are inferior to those of the al¬ 

loy T15K6). 

All grades of cemented titanium-tungsten carbides listed in Table 9 are manu- 
I 

factured solely for cutting tools to be used in the machining of steel. The alloys 

-VK3, VK6, and VK8 are used, in addition, to make drawing dies, to drill various 

types of rock, to make machine parts subject to rapid wear, etc. The alloys VK10 

and VK15 are not used in metal-cutting tools. VK11 may be used for machining spe- 

W™—e^, VK2 is used only to tip cutting tools* 

Table Ik presents data on the useful properties of various grades of cemented 

carbides employed in tipping cutting tools. Table 15 gives recommendations on the 

I I 
selection of the grade of cemented carbide for various types of machining of hard- 

i 
I 

ened steels. 

—I 

54. 

58. 

58 

60 

H 
8. Cemented Carbides in Other Countries 

The major centers of production of cemented carbides for machining aro West 

Germany, Austria, and the USA. As before the war, the owner of the moat important 

patents for the manufacture of cemented tungsten carbides is the Krupp Co. in Essen, 

whereas the major patent* for cemented titanium-tungsten carbides are held by tho— 

Deutsche Edelstahlwerke (DEW, Krefeld). Certain less important patents fox-the pro- 
J 

KCL-A06/V 56 
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H 
duction of canented carbides employing other components are held by the Austrian 

firm of Boehler. All the other West German and Austrian firms manufacture cemented 
4.. 4 

carbides under license from the Krupp and DEW Cos. 

8_! 

IT. 

10.J 

Id 

20 

M 

In 1936, all German plants manufacturing cemented carbides viere combined into 

a hard-carbide cartel. Austrian firms were also attached to it. This cartel stand- 
^ ■ ! 
ardized the composition of the various cemented carbides, as the result of which all 

grades were of identical quality regardless of the manufacture. This standardization 

was carried further by the fact that all the smaller firms used mixtures of starting 

powders provided by Krupp and DEW. They were thus essentially enterprises for 
-j 
shaping and sintering of hard carbides. The sintering processes were standardized 

I " i 
and differed only as to the size and system of sintering equipment used. 

' ! 
The same system of organization continues to exist, essentially, to the present 

2(3 

2a _ 

30- 

day. For example, the Austrian plants, and particularly the largest of them - the 
. i 
Planseewerke of Tyrol produces German hard carbides to German specifications. 

The carbides manufactured in West Germany and Austria for machining have both 
j 

standard designations and their own company symbols, such as Widia, produced by 
32- J 

34. 

33— j 

N European Cemented Carbides 

Krupp at Essen, or Titanite produced by DEW and its virtual subsidiary in Reuthe, 
Í ! 
the Planseewerke. 

40 1 
n 

42 . 

44 

4o 

Table 16 presents the characteristics of cemented carbides produced in West 

4M.J 

Germany, Austria, and Sweden. Let us compare these with the data in Table 9 on 
i 

cemented carbides currently manufactured in the USSR. To begin with, it should be 
4 I 
noted that Austrian, German, and Swedish cemented carbides, like the Soviet prod- 

50..; 
ucts, encompass both single carbides (WC - Co) and double carbides (WC - TiC - Co). 

The list of Soviet carbides, particularly in the tungsten group, is somewhat larger 
52 _i 

K4 
04 -+ 

than the German (we include the Austrian) and the Swedish lists. Grades Gl, G2, 

56. 

58 

60- 

and G3, which correspond approximately to the Russian VK6, VK11, and VK15, exhaust 

1 
MCL-A06A 57 

! 



—I 

i 
in 

12..-] 

—i 
11 .1 

loZj 
.~~4 

1« .4 
J 

20— ¡ 

2Ö 

28- 

30, 

32. 

r, * o4! . 

36. 

33- 

40 ,1 

■14_ 

4öZ 

48- 

50 - 

Country 

Chemical C 
position 

îom- 
Ln % 

Physical and Mechanical 
Properties 

Grade WC TiC Co 
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 o
r

# 
in
 

kg
/m

m
2 M 

West 
Germany 
and 
Austria 

01 

02 

03 

04 

G5 

06 

Cerner 

94.3 

89.3 

85,5 

80,0 

75,0 

70,0 

ited 'ungs 

5,7 

10,7 

14,5 

20,0 

25,0 

30,0 

iten Ci 

1500 

1.300 

1200 

1100 

1050 

950 

irbide 

90,0 

88.5 

87,0 

86,0 

85,0 

83.5 

a 

14,8 

14.2 

13.7 

13,4 

13,1 

12.7 

160 

210 

240 

260 

270 

280 

580 

465 

415 

3?0 

330 

Sweden j CeKO-1 

Ccko-3 

94,0 

94,0 ... 

6,0 

6.0 

— 91,0 

90,5 

14.5 

14.6 

150 

130 
— 

West 
Germany 
and 
Austria 

Ceme 

S3 

S2 

SI 

FI 

F2 

nted 

88,0 

77,3 

77,2 

70.5 

34.5 

Titai 

5,0 

14,7 

17,1 

24,0 

60,0 

lium- 

7,0 
8.0 

5.7 

5.5 

5.5 

■Tungs 

1550 

1600 

1700 

1750 

1850 

ten Ca 

90,5 

91.0 

92,0 

92,0 

93,0 

rbidei 

13.3 

11.3 

11.2 

9.9 

6,8 

s 

150 

140 

110 

80 

60 

500 

460 

Sweden | 
Ccko-5 

Ccko-6 

CeKO-2 

85,0 

81,0 

79,0 

6,0 

8.0 

15,0 

9.0 

11,0 

6.0. 

— 89.5 

90.0 

90.5 

12,6 

11,6 

14,6 

140 

135 

120 
; 

ro 
'2—■! 

54 

56- 

the list of German cemented carbides in the tungsten group* The alloys G4.# G5, 
I 

and G6 are designed for a special purposes the machining of graphite electrodes* Th« 

Swedish Ceko-1 and Ceko-3 correspond to the Russian VK6. In addition, GOST 3882-53 

provides for the wide use of VK8 alloy which has been highly satisfactory particu- 

53 ^ 
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sir 

larly in the machining of iron, as well as VX2 and VK3 which have particularly high 

cutting properties and which have shown good results in the turning of hardened_ 

steels. 

F2 and T60K6. However, whereas the tungsten carbide content of the T30K4 alloy 

is 66%, the WC content of FI is 70.5#. There is also a slight difference in the 

chemical composition of the other pairs of hard carbides listed above. 

J I 
The Swedish grades Ceko-2 and Ceko-5 correspond very closely to the Soviet 

The numbers of different grades of cemented titanium-tungsten carbides, made 
8_j 

in Germany and in the Soviet Union, coincide. There is approximate coincidence be- 

10 4 I 
tween the following grades: S3 and T5K10, S2 and T1¿*K8, SI and T15K6, FI and T30K/*, 

12 ' 

14 

10 

1« 

20 J 

24 _ 

20. J 

28— 

of testing for transverse rupture strength shows the values of o_ to be comparable 
304 j 

in Soviet and West European hard carbides.! 
32-J ] 

24 

36—j 

33_ 

40. 

grades T15K6 and T5K10. The grade Ceko-6 has no counterpart either among the German 
- 
or the Soviet grades. 

! ! 
’ I 

Let us turn to the important mechanical property of carbides of transverse 

rupture strength, or. It should be noted at the outset that the established method 

44. 

50 

52 

51. 

56. 

58 

60. 

The situation is different with respect to the American cemented carbides. 

The or of these and the Sovie. carbides are not always comparable. 
I 

Moreover, it must be borne in mind that GCST 3882-53 specifies a minimum or, 

~ ^—«j- 

It will be seen that the transverse rupture strength of German cemented tung- 
4 ' j 
sten carbides is higher than that of the corresponding Soviet carbides. For example, 

1 I ’ 
the German G1 has a transverse rupture strength of or *= I6O kg/mm2, whereas that of 

•J 
the corresponding Soviet product VK6 is 120 kg/mm2. The Swedish Ceko-1 also ex- 

4 
ceeds the VK6, which corresponds thereto, in oP. 

* 

-i The same is true for the cemented titanium-tungsten carbides T5K10 and T1AK8, 

1 I 
Which correspond to the German S3 and S2 and the Swedish Ceko-5. 

However, the Soviet grades T15K6, T30K1V, and T6OK6 are typified by an equal or 

KCL-4O6/V 5? 
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Table I? 

American Cemented Tantalum-Tungsten Carbides 

Chemical Composition, % 

wc 

93 

91,5 

«? 

75 

70 

84 

81 

74 

60 

T»C (NbC) 

0.7 + (0.3 VC) 

1+(0,5 VC) 

2.5 

5 

5 

10 
10 
20 

27 

Co 

7 

5,5 

20 

25 

6 

9 

6 

13 

Physical and Mechanical Properties 

Hardness, 

Hn 

1600-1700 

1650-1750 

1600-1700 

1100-1200 

950-1050 

1500-1600 

1400-1500 

1450-1550 

1200—1300 

Hardness, 

Hra 

91-91,5 

91,5-92 

91-92 

84-86 

82-84 

89-90 

88-90 

88-89 

86-88 

Specific 
Gravity 
T, ln 

gm/cm* 

14,6- 

14,5- 

14.8- 

13,1- 

12.8- 

-14,8 

-14,7 

-15,0 

-13,3 

-13,0 

14,5-14,7 

14.3— 14,5 

14.4— 14,6 

13,7-13,9 

ransverse 
Rupture 
Strength, 

140-160 

135-150 

140-160 

210-240 

200-230 

140-160 

160-180 

150-170 

180-210 

Table 18 

! 
American Cemented Tantalo-Titano-Tungsten Carbides 

Chemical Com¬ 
position, % 

wc TtC T«C 
(NbC) Cc 

Physical and Mechanical Properties 

Tränst 
Hardness, 

Hn 

85 

80.5 

77 

59 

76 

73.5 

72.5 

71.5 

62 

59 

69.5 

4 

5 

6.5 

7 

7.5 

10 
10 

10 

12 

12 
12.5 

70,5 13,5 

1 

5.5 

9 

22 
6.5 

8 
8 
8 

18 

18 

8 

7.5 

10 
9 

7.5 

12 
10 

8.5 

9.5 

10.5 

8 
11 

10 

8,5 

1350- 

1400- 

1550- 

1X0- 

1350- 

1450- 

1400- 

1350- 

1600- 

1400- 

1450- 

1500- 

1450 

1500 

1650 

■1400 

1450 

-1550 

-1500 

-1450 

-1700 

-1500 

-1550 

-1600 

Hard¬ 
ness, 

hRa 

Spec. 
Grav.y, 

in 
©n/cm3 

89- 90 

90- 91 

91- 92 

89-90 

89- 90 

90,5-91,5 

90- 91 

89- 90 

91- 92 

90- 91 

90,5-91,5 

91- 92 

13.2- 

13.1- 

12,5- 

12.3- 

12,0- 

11,8- 

11.7- 

11.7- 

11.7- 

11.4- 

11.2- 

11.1- 

verse 
Rupture 
Strength 

Com¬ 
pressive 
Strength 

°s¿4£2 

■15,4 

-13,3 

■12.7 

■12,5 

■12,2 
-12,0 
-11,9 

-11,8 

-11,9 

-11,6 
-11,4 

-11,3 

170—190 

170—200 

140-160 

160-180 

170—200 

140—160 

150-175 

160—190 

120-140 

IX—150 

140-170, 

130-150 

450 

Heat Con¬ 
ductivity 

A, in 
cal/cm • 
. sec • °C 

0,134 

0,127 

0,113 

510 

400 

470 0,068 

CL-A06/V 60 
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152 J 

14 J 

16 

igiven in Table 17. 

2H 
4lp Th' *lidiUon of Untal™ «■‘bld. act., as do., titanios, carbld., to lncrMa._ 

0^th* "“r «»«"t« tungsten carbld.. and th.ir r..i,t.nc. to .ticking 

8^ln th. machining of .t..l,. sine. TaC* 1, considerably inferior to TIC ln hardn... 

(under a 50 g» load, th. microhardnes. of TIC 1. 3200 kg/ms,2, «hile that of TaC 

1. 1800 kg/mm2 (Bibl.6)], th. Uf. of W - TaC (KbC) - Co hard carbld.. 1. Inferior 

to th. Ilf. of WC - TIC - Co and WC - TIC - TaC (NbC) - Co carbld... Thl. «plain, 

the failure of any effort, to Introduce pur. alloy, of tantalum with cobalt or 

nickel, manufactured in the USA under the name "Ramet". 

j Cemented tantalum-tungsten carbides containing 0.75 - 3.5* TaC and j 

;0,1 ‘ °-8* VC “Ve bcen rouM satisfactory In th. machining of hlgh-hardn... lro„. 

*t content, of 5 - 1« TaC and 6* Co, they ar. useful a, universal alloy, for th. j 
machining of Iron and .teel. However, tantalum-tungsten carbide, containing « Co, | 

and th... .am. carbide, with a content of 20 - 3« TaC, ar. employed only in th. I 

machining of low- and medium-hardness steels. j 

The cemented tantalum-tltanlum-tung.ten carbide. (Table 18) have gained wide ! 

popularity In th. US* and have virtually driven the tantalum-tungsten carbide, out 1 

18 J 

20.. 

*»o 

L’4_j 

1¾.....1 

30- 

32_ 

34.. 
3 of the market. It should be observed that the WC - TIC - TaC (WbC) - Co carbides, 

are somewhat more costly, particularly thos. with a high TaC content, than th. 

WC - TIC - Co product.. , 

- Table 19 present, data making it possible to com. to a Judgsent with respect 

to th. Influence of tantalum carbld. (columbium carbide) upon th. hardness and 

transverse rupture strength of cemented titaniu^tungsten carbides. *s ..al¬ 

though their hardnes. is about th. sam,, cémented carbide, containing TaC ar. ,u- 

SO }'rl0r' ln tranSVt'r" n,pt',r' to th, same product, without TaC. An addl- 

cIrtídê1wMcí:lnan''"t2-Mde “!2ll72rtalns 1 «"«“'«Wl« Amoont of columbium 

M-tantal^ carbld.. Th.ref^for'îh.'.^.'Âi'tr^riulS te/L’t«!- 
58. I 

38 

10. 

42 

14 - 

48 

48 

58 H 
KCL-/t06/V 

CO J-. 
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greater transverse rupture strength than the corresponding German alloys Si, FI, 

'and F2. 
q 

ti 

8 

10 

1L'. j 
.j 

! 1 Anerican Cemented Carbides 

n 

The German, Austrian, and Swedish hard carbides are applied in the same fields 

as the corresponding Soviet grades: the tungsten carbides for the machining of iron, 

nonferrous metals and alloys, and nonmetals; the titanium-tungsten products for the 
I 

machining of steels. 

I'M 

18 

20_J 

...> I 

In the USA, with the exception of the tungsten Carboloy A-55 (87Í WC and 13¾ 

Co) used for rough machining of iron, the cemented carbides differ fundamentally in 

I 

Table 19 

□ 

30_ 

32 i 

34 J t 

36_I 

38 

4M 
.. . - 

•iM 

14—1 
_I 

16_ 

48* 

60 

Effect of Addition of TaC (NbC) Upon the Properties of 
Cemented Titanium-Tungsten Carbides 

Chemical Composition of the Alloy, in % 
Hardness, 

"«A 

Transverse 
Rupture 
Strength,or, 
in kg/mm2 TiC TaC (NbC) WC Co 

40,5 
38 

0 
5 

53 
50,5 

6,5 
6,5 

92-93 
92 

80-90 
95-105 

20,5 
18 

0 
5 

72 
69.5 

7.5 
7.5 

91,5 
91 

115-125 
130-140 

15 
13 

0 
4 

76.5 
74.5 

8,5 
8,5 

90 
90 

130-145 
155—165 

7.5 
5 

0 
5 

83,5 
81 

9 
9 

89 
89 

150-160 
175—190 

7 
4 

0 
6 

86.5 
83.5 

6.5 
6.5 

91 
91.5 

130-140 
150-170 

—4 ; . 

chemical composition from the European grades. They are based on WC - TaC (NbC) - 

-L Co or VÍC - TiC - TaC (NbC) - Co. The characteristics of the former group are 
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t j 

ti 

tion ot U - t>% TaC raises the transverse rupture strength by 12 - 18*. 1| 

Cenr.ented tantalua-titanium-tungsten carbides have recently been employed with 
, 1 

success in European countries in place of titanium-tungsten products. They are lese 

brittle and more dependable. 

j Kew Experimental Grades of Cemented Carbides 

1L’ 

14 

13—j 

20 

Anong the scientific investigations conducted abroad in the field of cemented 

carbides for the machining of metals, those dealing with the possibility of replac¬ 

ing cobalt by other binders, and also those seeking to eliminate the use of tungsten, 

i ! 
are of interest. I 

J : I 
Efforts have been made to replace cobalt in tungsten carbides (cobalt being the 

iM-j 

23 J 
-j 

28—' 

no o «*. —— 

ob — —< 
i 

38—! 

40_j 

42_] 

14-, 
! 

16 

48 

Table 20 

Cemented Titanium-Molybdenum Carbides 

r»o 

52 

54 

56.,. 

58 

60- 

No, 

Chemical Composition, in * 

1 
2 
3 
4 
5 
6 

7 

8 
9 

10 
11 

12 
13 

Molyb¬ 
denum 

Carbide 

I 

42.5 
30 
20 

12 

8 
3 

35 
15 
15 
17.6 
17.2 
44 
43 

Titanium 
Carbide, 

TiC 

42.5 
55 
65 
73 
77 
82 
35 
58 
63 

70.1 
68.8 

44 
43 

Binder 
Metals 

Physical and Mechanical 
Properties 

Spec.Grav. 

1^3 

15Ni 
15N1 
15N1 

lóNI 
lôN'i 

15N1 

28Ni -f 2Cr 
25N1 -f 2Cr 
20Ni + 2Cr 

12Ni 
14Ni 
12Ni 
1 IN' 

6.9 

6.1 
6.2 

6.1 

6.0 

5.2 
7.1 

6.1 
5.9 
5.8 

5.9 
6.9 
7.0 

Hardness 

%a 

91 
91.5 

92 
92 
92.5 
92 

86 

87 
87.5 

90.5 
90 

89.5 
89,5 

Transverse 
Rupture 
Strength 
or, kg/mm¿ 

90 

85 
80 

70 
“**70 

70 
110 

100 

100 
98-108 

102-112 

98-106 
102-110 

MCL-406/V 63 



9__ Table 21 
_]__ .... 

Cemented Titardxjm-Vanadium Carbides 

10.- 

11’ 

-f ,1 

in 

w 

Chemical Composition, in % Physical-Mechanical Properties 

Vanadium 

Carbide, 

VC 

Titanium 
Carbide, 

TiC 

Nickel 

Ni 

Spec. 

?rav’/23 in gu/nis 

Hardness, 

% 

Transverse 
Rupture 
Strength or, 

kg/nni2 

25 

45 

65 

65 

45 

25 

10 

10 

10 

5,05 

5,15 

5,25 

93.5 

92.5 

92 

90-100 

90-100 

70—80. 

most expensive component) by other binder metals and alloys: iron, nickel or nickel- 

copper, nickel-chromium, nickel-molybdenum, cobalt-tungsten alloys, etc. None of 

these efforts have yielded positive results. For example, the use of nickel and 

32- J 

■M 

3SH 

33- : 
I 

40 

Table 22 

Non-Tungsten Cemented Double Carbides 

1 

44 - 

40. 

48' 

50 

52 

54. 

50. 

58 

U W ' 

iron instead of cobalt causes a sharp decline in the transverse rupture strength 
....—--- 

MCI^06/V * 
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H 
M 

(/*05?)• The extensive patent literature contains references to various binder metals 
I 

and alloys. However, none of these is capable of serving as an adequate substituto.- 

for cobalt. However* many new experimental grades of cemented carbides make use of 

nickel and nickel-chromium, iron-nickel, or iron-nickel-chromium as substitutes for 

cobalt. I 
10 J I 
^ j Economic factors and, to some degree, a shortage of tungsten, have led to nu¬ 

merous efforts at complete or partial substitution of other carbides or other hard 

substances for tungsten carbide. These investigations are proceeding in two direc- 
H* 

It) 
tions: 

.'j.j 

i’y.j 

30_^ 

32_j 

1) Substitution of WC by other non-carbide hard substances, such as 
I ' 

nitrides, borides, silicides, oxides (corundum) and nonmetallic carbides 

(silicon carbide, boron carbide); 
j 

2) Substitution of WC by carbides of other refractory metals and solid 
I 

solutions thereof. 
j 

Thus far, only the second category has yielded promising results. 
I 

Table 20 presents the characteristics of cemented carbides based on Mo2C - Ticj 

In view of the fact that molybdenum is presently not in short supply, these carbides 

^ today represent the fastest non-tungsten cemented carbides and offer the best pros- 

pects. 

~ The Table shows that all the carbides but three are of high hardness. Low 
‘»J—. 

transverse rupture strength is characteristic of the carbides Nos.3 - 6, for which 

- this property is at the level of the Soviet T60K6 - the most brittle of the modem 
14 —; 

cemented carbides of the titanium-tungsten group. In terms of strength, the alloys 
- i i . 

-jNoa.l and 2 approximate the alloy T3CKÜ*, and Nos.7 - 13 approximate the alloys VK2, 
4a— 

:>o 

52 
i 

VK3 and T15K6. In all of these, nickel or nickel-chromium is used instead of co¬ 

balt. 

^ Table 21 describes non-tungsten cemented carbides based on VC - TiC. Cutting 

- tests have shown that the first two alloys are not inferior to T15K6 in speed, for 
i — *. .,» . — .__. 

58- 1 
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Table 23 
1 

Non-Tungsten Cemented Triple Carbide» 

8—! 

.i in i 

M 

iO — 

18 

20- 

*>•> 

21. 

2(il 

No. 

Chemical Composition, in % 

•HT) 
c-ho 
n)XI;H 
+J 
•ri ctl HO 

72 

45 

18 

61.0 

59.5 

61.6 

60.9 

[3 © 

nlÆO 

>o 

17.6 

17 

17.6 

8.7 

CJO 

0 

15 

24 

8.8 

1.5 

8,8 

17.4 

^ V 
r-tT) 

5- HO 

12 

,30 

18 

u « 
•ë'à 

CQ X 

Physical and Mechanical 
Properties 

2 Ccn 
^ g 
o « 
» H 
a co 

n 
« 

S 

•< ocT 
X 

lOCo 

lOCo 

lOCo 

9Fe + 3Ni 

llFe+INi 

12Co 

9Fe -J- 3Ni-f- lCr 

5.7 

6.6 

7.7 

6.3 

6.3 

6.3 

5.6 

91.5 

90.5 

90 

92.5 

92 

93 

90.5 

Si 3 c «1 

85-100 

80—90 

75-85 

80-90 

80-90 

70-80 

60-70 

30- 

32. 

34 

36—j 

od¬ 

io. 

44 

16 

48 __i 

50 

roughing and finishing. The third alloy also permits, in the finish-machining of 

steels, achievement of the speeds characteristic of T15K6. 

Of the other cemented double carbides, those based on the following combina¬ 

tions are of some practical value in the finish—machining of steels* TiC — ZrC, 
-j 1 
TiC - NbC, TiC - TaC, and TaC - Mo2C (Table 22). 

i j i 
In terms of strength, these non-tungsten carbides are, generally speaking, con¬ 

siderably inferior to those based on M02C - TiC and VC - TiC. The transverse rup- 
1 

ture strength of the cemented tantalum-molybdenum carbide is even less than that 

of T6OK6 alloy. 

Table 23 presents the properties of triple carbides whose practical usefulness 

52 —i 

\ 

has been experimentally proved. As we see, the hardness of these cemented carbides 

is quite high. In transverse rupture strength, Nos.l, 2, U$ and 5 correspond ap¬ 

proximately to T3CK4, and Nos.3 and 6 to T6OK6. No.7 is not as strong as T6OK6. 

“i—.—/T"' : r _ _V. — M M V. mm**. M "I M M Vk «kAai-t 4 «m«r A r* 4 4 4* A/4 SS I Cemented non-tungsten quadruple carbides have also been investigated. Those 

sed 
_]mCI^A06/V 
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«a 
8-.I 

10 j 

12 i 

14 

10 

18 J 

based on TiC - VC - NbC - MopC are of practical significance. The carbide contain- 
I 

ing 53* TiC, 20* VC, 10* NbC, 5* M02C and 12* binder metal in the iron group ap-__ 

proximates the alloy T15K6 in wear resistance. Having high hardness (HRa - 91 - 92) 

this alloy is superior to T30K/* in transverse rupture strength (or - 90 - 

- 105 kg/mm2). j 

Attempts have recently been made in other countries to create new hard alloys 
j 
'which, in transverse rupture strength, would be midway between the present hard al- 

■ 

loys (or < 160 kg/nm2) and high-speed steel (cr * 300 kg/mm2 or more) and would at 

the same time have a hardness and a wear resistance characteristic of the present 

20 - ! 

, cemented carbides. 
. 

These include: TTA alloy (West Germany), the Austrian alloy SZfT, the Swedish S5 

and S/*H and S6HL alloys (German Democratic Republic). 
24 —j I 

—J Í 
9. Mineral Ceramics 

28 

30 

- 
General Data i 

.j., The cutting properties of the best modern tool materials - the cemented car- 

3I~ bides - may be deemed to have reached their limits under conditions of high-speed 

30 

38 
“J 

machining in which the temperature in the cutting zone attains 800 - 900°C. 
' 

Further progress in the field of machining requires a search for tool material! 

40- 
superior to the cemented carbides in cutting properties, particularly in terms of 

¡2* heat resistance, and at the same time not containing the expensive alloying element! 

14 . found in the carbides (tungsten, cobalt, etc.). 

4<; In I95I-52, many of our machine-building enterprises actively undertook the 

4^ production of new tool mat'.-rials - mineral ceramics - which are very high in heat 
I 

SC resistance and at the same time contain no components that are expensive or in short 
I I 

-,2 supply. Large-scale industrial testing of the following mineral ceramics was under-i 

1,1 taken with this purpose: 

_ T 

58 1 

- -f 60_i~ 
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2d _ 

30_ 

32-2 

a) TsM-332 (microlite), produced by the Koscow Hard-Alloy Combínate; and 

! 

b) TV-48 (thernrcorundum) manufactured by the Leningrad Experimental_ 

d-i 

33—J 
I 

38—j 

4oZ| 

42_j 

44 _j 
1 

48-J 

50 —! 

Abrasives Works of the All-Union Abrasives and Grinding Research Institute 

(VNIIASh). 

The tests showed TsM-332 to be considerably superior to thermocorundum TV-AÄ 

and all other grades of the latter [TV-13 (TsV-13), TV-U (TsV-li*), TeV-18 and 

TV-/2*], formerly manufactured by the VNIIASh Abrasives Works and taken out of pro¬ 

duction as being inferior to TV-/*8. 

Despite the satisfactory results of laboratory tests of bars made under labor*- 
j 

atory conditions, these industrial tests yielded negative results in the majority 

I I 
of cases. The mineral-ceramic billets were found to be short-lived; their cutting 

properties varied even within single batches, and cleavage and breakage of the bars 

during the cutting process was quite common. As a result, the production managers 

i 
lost confidence in this new tool material* 

In 1953 and 195U, steps were taken to improve the strength of nminerocerainics"¿ 

and also to perfect the design and technology of mineroceramic cutter manufacture. 

1 ! 
As a result, the introduction into industrial practice of cutting tools tipped 

] j 
with TsM-332 mineroceramics has been successfully resumed in the last few years. 

Kineroceramics also find application in machining abroad. Despite the fact 
I 

that tool ceramics is not a very recent development, it has been applied in practice 

due to unsuccessful experiments of the war years in Germany and England. 

Recent investigations in this field have been successful, and the newer foreign 

literature contains numerous papers on the positive result- of utilizing mineroce- 

I 
ramies for the machining of steel and cast iron, and on its considerable advantages 

i 
over high-speed and cermet tools in terms of permissible cutting speeds and tool 

life. 
>2_j 

A _L 
Cheap bauxites are the point of departure for the production of ndnerocerandcs. 

The processing of bauxite yields aluminum oxide (AI2O3). Mineroceramic bars are 
53_ 1 

CO-1 
MCL-AO6/V 68 —.4- 
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o 

d 

d 
made from a mixture of finely-ground white corundum (one of the modifications 

of AI2O3) and a very small amount of chromium oxide (Cr^O^). The pulverized mix-_ 

ture is shaped and briquetted under high pressure in special steel dies of suitable 

size and shape. The process of bar manufacture is completed with sintering 

at 1000°C. 

d.1 

8 J 

ID.. 

1-’ Shape of Mlneroceramic Bars 

M 
-"-J ( 

The Moscow Hard-Alloy Combínate makes about AO shapes and sizes of mineroce- 
16 _| 

ramie bars for machining use. The majority correspond to the cermet bars defined 

in GOST 2209-55, designed for turning, boring, slotting, and cutting-off tools. The 
20- 

20 

28' 

LO— 

32. J 

34.-1 

3(3 Zj 
! 

33—! 

Combínate makes cermet bars of other shapes on special order, the customer being 

required to provide the dies. 

I 

I 
Physical and Mechanical Properties of Mlneroceramics 

I 
Experiments have established that variation in the specific gravities of 

mlneroceramics in the range of T - 3*80 - 3»91 have no great effect upon the wear 
j 

resistance under conditions of continuous turning. An increase in y causes an in¬ 

significant rise in the wear resistance of the tool material. In batch turning, 

with frequent insertion and withdrawal of the cutter, the specific gravity of a 

mineroceramic exerts a significant influence upon the strength of the cutting edge 
40—1 ! ■ . 1 

of the tool, this strength rising sharply with specific gravity. 
4 

44_j 

46—j 
_ 

48.-j 

' 
50 

52. 

54. 

58_ 

58 J 

The specifications of the Hard-Alloy Combínate stipulate a specific gravity of 

mineroceramics of not less than y ■ 3*83 g®/cm3. 
í 

Hardness. The hardness of a mineroceramic influences its cutting properties. 
; 

Experiments show that a reduction in the hardness of a mineroceramic from 88 to 

82 reduces the life of the cutter by five-sixths. Under the specifications of the 
t 

Hard-Alloy Combínate, the hardness of mineroceramic bars for cutting tools must be 

not less than Hf^ ■ 90. 

.MCL-AO6/V 
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Tranivarse Hunlurc Strength. Mineroceramlc» aro greatlj inferior to other . 

tool materials in terms of transverse rupture strength. The transverse ruptura 

strength =r of min.roceranlc. is tuo-third. to four-fifth, louer than that of ___ 

I'cemete. Koreover. the or of minerecerasdc. fluctuates uideljr from lot to lot and 

' even uithin a single lot. Under the specifications of the Hard-Alloy Combinat., 

! „ineroceraiTdc bar with or > 30 kg/mm2 are deemed acceptable. 

Experiments have shown that in continuous turning, a range of \ • 19.6 - 

i . ^.1 hg/mm2 has no significant effect upon the wear resistance of the tool. Hou- 
' ever, in periodic turning, an increase in the transverse nfpture strength or of the 

J mineroceramlc bar will mean greater etrength of the cutting edge of the tool and 

greater wear resistance. 

Hot-Hardness. The most valuable property of a mineroceramlc la its hot- 

- hardness, which substantially exceeds that of cennets. Tables 12 and Hg.ll show 

that, at room temperature, the hardness of a mineroceramic differs insignificantly | 

from that of the cemets VK2, T6«6, and T3CKA. However, as the temperature ri...,j 

the difference in hardness widens in favor of the mineroceramic (Table 13). Whereas 

at 800°C, the hardness of ths T6CK6 cermet is Ui of its hardness at 20“C, a 

mineroceramic maintains 66¾ of its original hardness (according to A.I.Betaneli). 

M.F.Kasakov gives the respective figures as 55* against 31,¾. 

} woo. Resistance. In order to compare the wear resistance of the mineroceramic 

'tsH-332 and of various grades of cermets, experiments wers run (Blbl.18) by the 

method discussed earlier in the text. The steel 60 with et - 80 kg/«2 -a. tested 

at a constant specific pressure of 10 kg/nun2. The mineroceramic bare tested had a 

-specific gravity of r - 3.89 » Wariness H^ of 91, and a transversa ruptura 

"-strength or of 35 kg/mm2. The velocity of friction varied in the rang, of v - 5 to 

,600 m/min. The ratio of wear resistance B to velocity of friction v, for all tested 

"tool materials, was similar In nature to that obtained in the investigation, wheat 
54 

•resulta are given in Fig.7. 

58 

60- 
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Experimental data show that the maximum wear resistance of a mineroceramic 
I 

corresponds to a velocity of friction of the order of 300 m/ndn, while for cemented 

4 

fi 

8-J 

10 J 

11' ] 

u ...j 

in : 

i 
Id i 

titanium-tungsten carbides it corresponds to velocities of the order of 200 m/ndn* 
I 

The cermet T60K6 exhibited the higuest wear resistance maximum. This was followed 

by the cermet T30K/+, the mineroceramic TsM-332, and the alloys T15K6, T1Z4Í8, and 

] I 
T5K10. Cemented tungsten carbides show a maximum wear resistance only 1/2 to 1/8 

as great as that of cemented titani’im-tungsten carbides and mineroceramics. 

At velocities of friction in the range of v - 300 - 600 m/min, the wear resist¬ 

ance of mineroceramic TsK-332 was higher than that of the cemented titanium-tungsten 

•>o 

1M 

2«J 

carbides. The following declining order of wear resistance was observed: T60K6, 

T3CKA, T15K6, T1/*K8, T5K10. 

The data presented here show that, at high cutting speeds, the minerocemet 
I 

TsH - 332 has a higher resistance to wear that the cermets of the titanium-tungsten' 

group, for which a very high wear resistance in the machining of steels is charact- 

! 
eristic. 

30 _J 

CWear of Mineroceramic Tools 

■M ...J 

36 .-J 

Because of the high brittleness of mineroceramics, a characteristic of the 

wear of such cutters is fine crumbling out of the cutting edge at the beginning of 
! 
the machining process and, as a result, fairly extensive rounding of the edge and 

"ï i 
considerable initial wear on the flank (- 0.1 mm). Therefore, the use of minerocer- 

'"] ! 
amies for fine-turning is not recommended. 

M 

4f 

In the machining of steels, the wear of tools tipped with mineroceramics pro¬ 

ceeds both at the flank and the face, with crater formation. The wear is accompa- 

48 J 
nied by the appearance of characteristic cracks on the contact areas of the working 

50 J 
faces of the cutter, the workpiece, and the chip. 

The intensity of cutter wear increases with increase in the hardness of the 

51 J_ 
workpiece. 

56.j 

58 1 
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It should also be noted that the nature of the wear of minero ceramic-tipped 

1 tools has been little studied*-i--- ■ 

Grinding and Lapping of Kineroceramic Cutter» 

Proper grinding is the prime requisite for rational «nployment of a mineroc*- 

K . 

i f. 

IB 

20- 

2(3 

2B 

30 

32 

31 

36 

38- 

40- 

42 

44 

46 

48 

' ramie tool. Grinding is done with green silicon carbide ceramic-bonded abrasive 

wheels, grain size /*6 - 80, hardness SM1-K1. Wheels of /.6 grain are used for rough- 

grinding, and wheels of large grain size for finish-grinding. After grinding, the 

working faces of the tool are lapped. 

There is wide disagreement on the subject of peripheral grinding-wheel speeds, 

as established in practice. Speeds of 8 - 15 m/sec are widely employed. However, 

there are some plants at which grinding is run at considerably lower speeds:.2.5 - j 

1 5 m/sec. An investigation of this question (Bibl.18) has confirmed the desira- i 
bility of low speeds. The following optimum grinding conditions have been estab- | 

' lished; peripheral speed of grinding wheel 2 m/sec, pressure approximately 75 kg/Wf, 

longitudinal feed, and cooling. 

Under these conditions, complete self-sharpening of the wheel occurs, good 

grinding is obtained, and a cutting edge without crumbling-out or cratering is 

maintained. In all studies of ceramic-bonded green silicon carbide wheels of 

/.6 - 120 grain and M3 - SM2 hardness, the surface quality of the ground tool faces 

'was in class 7 or 8. Depending upon the properties of the wheel, the grinding rats 

-is /.50 - 750 mm3/min, which is 30 - A0 times as great as the grinding rate of a 
-J 

grinding wheel at high speed. 

Inasmuch as, under the given conditions of grinding, a grinding wheel works 

50 

52 

under conditions of complete self-shaipening, the consumption of abrasives is high 

-and constitutes, depending upon the nature of the wheel, 900 to 150(¾ of the volume 
tÿ- i ‘ 

of minero ceramic removed. However, the high abrasive consumption is compensât ed by 

high output and quality of grinding. Moreover, the wheel is more fully utilize(i 



ZJ due to the low peripheral speeds and the fact that the wheel is trued only when 
2--i ! 

necessary for correction of its geometry.'. _ __ 
4- -) ! ’    .. 

■j Experiments have shown that the lapping of mi ne roc erando tools must be done in 

8_: 

10 

12 

1 

the direction of rotation of the cast iron disk, opposite to the direction employed 

in lapping cermet cutters, i.e., from the cutting edge to the base of the blank. In 

the opposite case, chipping of the cutting edge occurs. 

After grinding, mineroceramic cutters should be finished with a boron carbide 

ut powder of K28 grain (20 - 28 microns) for finish-grinding and M14 and M10 (17 and 

7 microns) for highly precise work. 
Id 

*«o 
Geometry of the Cutting Portion of Tools with Klnerocerandc Tips 

Experience in the practical use of mineroceramic cutters makes it possible to 
*. ‘t J I j 

recommend the following geometric parameters for finish and semifinish turning of 

carbon and light structural steels: 

a) A positive rake angle (y ** 5 - 10°) to reduce vibrations and cutting 

forces? 
I 

b) A bevel on the face 0.1 - 0.3 mm wide, with an angle of 20°; 

c) Angle of inclination of main cutting edge; \ m U° in interrupted cut¬ 

ting; A “ 8° in continuous cutting; 

d) Other parameters of the same magnitude as those employed in finish- 

turning with T3CKZ* cutters: a - ■* 6°; « 10 - 15°; r “ 1 mm. 
j 

Comparison of Lives of Cermet and Kineroceramic and Cermet Cutters 

I 
According to experimental data (Bibl.18), a comparison of the lives of cutters 

tipped with the mineroceramic TsM-332 and with the cermet T30K4 in turning steels 

v, .*ith - 80 kg/mm2, and in cast iron of hardness HB - I4O - 160, yielded the fol- 

2tí._ 

30-. 

32Zj 

34 — 
t 

3d—j 

38_! 

40—J 

..j 
•M 1 

4t> 

48. 

30 

q 

54 lowing results: 

i a) In machining steel with a cutting speed of v = 100 m/min, the lives were 

58 
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identical; at V - 200 - 4OO m/min| the life of the ndneroceramic cutters 

was 75¾ higher than that of cutters made of T3CK4; at v - 500 - 600 rn/min, 

T3CK/t cutters had hardly any useful life, whereas that of minerocerasdcs 
_  _ ____ ------—4- ' * -■ 

was T * 20 - 30 min. | 

b) In the finish-turning of cast }.ron, cutters tipped with mineroceramics 

showed an adequate life of T = 170 - 20 min at cutting speeds In the 

v = 100 - 1000 m/ndn range (wear of cutter flank h * 0.4 ™). Tools tipped 

with the considerably less brittle cennet T3CK4» revealed a life of 

T = 4 min at v = 300 m/ndn and T *= 2 min at v - 600 m/min (h - 0.7 to 

0.8 mm). 

The TsM-332 ndneroceramic must be rated as the only present-day tool material 

permitting the machining of cast iron at cutting speeds of v > 200 - 300 m/ndn. 

Studies of semifinish turning of steels for which ot “ 60 to 90 kg/mm2, per- ! 

formed at the NIAT have determined that irdneroceramics make it possible to work at j 
considerably higher cutting speeds than do the cermets T15K6 and T6CK6, in addition} 

j I 
to which the superiority of mineroceramics over the cermets rises with increasing [ 

£_ ( I 
cutting speed. This can be explained by the higher hot-hardness of the mineroce- 

ramic and its lower adherability. If the cutting speed of T15K6 is taken as unity, 
,3..— I 

the cutting speed of the cermet T6CK6 would be 1.50 and that of ndneroceramic 

TsK-332 would be 1.75» 

1 “ Cutting Force and Power 

44- 

46 - 

■13.. 

50 

55. 

I 
Experiments (Bibl.18) have shown that when steels are turned by cutters tipped 

with the ndneroceramic TsK-332 and the cermet T15K6, the cutting forces are ap- 

1 1 ;- proximately identical. 

■ Complete utilization of the cutting properties of mineroceramics require that 

.athes have higl 

power (10 - 50 kw). 

Ijths lathes have high rigidity, high speed (spindle speed up to 3000 rpaa), and high 

_r 
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1 Surface Quality Obtainable with the Kinerocerandc Î3M-332. and Condition of the 
Surface layer of the Parta ------, ~ . . . ~ 

i 
I 

Given equal conditions of cutter operation, the mineroceramic TsM-332 makes - 

M for a somewhat high surface quality than the cermet T15K6. 

Experiments with steels Nos.35, 45, 4CKh, and 45Kh (Bibl.19) have shown that 
_J 

i •’ 

1 

V. 1 

machining with mineroct ramie cutters causes work-hardening of the surface layer of 
I 

the metal to a depth of 20 - 30 microns. This results in a 25 - 30^ rise in the 

microhardness of the surface layer relative to that of the base metal. Within the 

fine surface layer, residual tensile stresses appear, and at v = 350 m/min cutting 
I 

speed, these attain considerably greater magnitude than in machining with cemented 

carbide cutters. 

An increase in the cutting speed from 100 to 500 m/min results in a rise in 
I i 

residual stresses, which is more intensive at a depth of 0.005 - 0.006 mm. When 
1 I 
the wear of the cutter flank changes to h = 0.6 mm, the residual tensile stresses 

in the fine surface layer increase. At h = 0.7. mm, the residual stresses change in 

nature from tensile to compressive. 

! I 
Area and Prospects for Application of Mineroceramics in the Kachininp: of Metals 

j t 
I ■! 

The mineroceramic TsM-332 nay be recommended for the final and penultimate 
] I 
turning of steels, cast iron, nonferrous metals, their alloys, and of nonmetallic 

materials, as well as for the finish-turning of hardened steels under conditions of 

shock-free loading and adequate rigidity of the machine tool - workpiece - system. 

4 ’ In the turning of steels, the attainable finish of the machined surface falls into 
I 

1 -1 classes 6 and 7, while with cast iron, class 7 and 8 finishes are attainable. The 

I’M 

no 

ar» 

08.. 

40 

.! *’ 

U 

50 

52 

51 

58_ 

58 
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precision of machining corresponds to the standards for classes 4 and 3. 
I 1 

Under both laboratory and industrial conditions, positive results have been 

achieved in the end milling of cast iron and steel by mineroceramic-tipped tools. 

Further improvement of mineroceramics, primarily in the direction of increase 
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in strength, will permit a considerable ekpansion of the "ield of application of 

this new tool material« 
4 J 

1 

h 

8. 

r' 

1L1 

14 

!C 

18 

20_ 

k »M 

L‘4 

2li 

28... 

30. 

32. 

34. 

36.. 

38. 

.,0. 

-J 
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Kinerocerandcs are less sensitive to rise in cutting speed than are cermets. 

As a result, it is desirable to use mineroceramic tools at high cutting speeds with 

expectation of short life. j 

For high-speed cutting, preference should be given to cutters with mecha.dcally- 

fastened mineroceramic bars since the replacement of a worn bar takes little time 

under these circumstances. 

The development of a rational configuration of the ndneroceramic blank for 

repeated use, combined with the reduction in price of this new tool material, will | 
i ! 

make it possible to use cutters with mechanical fastening of new bars without re- 
! 

grinding. This opens new possibilities for the further development of high-speed 
, 

methods of machining and for increasing the output capacity of machining equipment.! 
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CHAPTER III 
t 

TURNING OF HARDENED STEELS 

10. Description of the Experimental Conditions Used by the Author 

Working Materials 

This Section will present the results of studies by the author of the machin- 
'A i 

ing of hardened structural alloy steels. Three steels were investigated: medium- 
2H *• — 

alloy chrondum-nickel-molybdemun, high-alloy chrondum-nickel-nolybdenuro-silicon, 

and high-alloy chromium-nickel. The first steel (0KhK3K) had the following chemical 
30. 

3 2 

34 

composition: C * 0.29 - 0.30iS; Cr E 0.82 - 0.92í; Ni *• 2.84 ~ 2.94^5 Mo * 0.34 

- 0.47^; Si = C.17 - 0.27¿; Kn = 0.36 - 0.425S; P = 0.023 - 0.030Í; S - 0.017 - 

- 0.019;?. The second steel differs from 0KhN3M by a higher silicon and molybdenum 
36 —1 ; 

content, and the third steel by a higher carbon and chromium content. 

For convenience in presentation of the data, these steels are identified 

as A (0KhN3M steel), B, and C. 

The steels were hardened and tempered, the latter at low temperature. 

3d 

4M 

42 

44 

40 
Shape and Dimensions of the Steel Ingots: Steel A: hollow cylindrical ingots 

with outside diameter D0 ■ 270 mm, inside diameter Dx * 150 mm and length 
48_I 

L ■ 1700 mm. Steel B: solid cylindrical ingots, D - 250 mm and L * 1600 mm. 
50 

1 
54 _i J 

Steel C: solid cylindrical ingots D * 200 mm and L " 1150 mm. 

To begin with, the ingots were descaled and the rough outside layer removed, 

resulting in a uniform load on the tool and the absence of shock in the tests. 

i 
58.-] 

60- 
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aí« Table 24 
I 

Hardness Data on Steels A and B 

'8. ! 

8 

10 . 

11' 

l-‘.... 

j (» 

18 

20- 

20 -] 

28 J 

30Z 

32_ J 

:m J 

30Zj 
] 

38_] 

■ioJ 

44 

Steel A Steel B 

Ingot 
No. 

Ingot 
Diameter, 

in mm 

Rockwell 
Hardness, 

hRc 

Aver¬ 
age Ingot 

No. 

Ingot ! 
Diameter, 

in mm 

íockwell J 
lardness 

HRC 

We rage 
Data 
hRc 

49,0 

. ! 250 
233 

41,0 
39,0 

40,0 

6 

1 
249.6 

234.4 
220,2 
205.7 

197.4 
175,0 

50,0 
19,0 
49,0 
49,0 

18.5 
18.5 

1 
2 < 

l 

256 
229 
2()9 

45,0 

41,0 
28,0 

41,0 

3 • 
236 
212 

193 

47.5 
47,0 

47,0 
46.5 

47,0 

1 
7 

236,0 

220,4 
201,2 
195,9 

54.5 
55.5 
56.5 
57,0 

56,0 

4 

258 
239 
232 
212 

40.5 
41.5 
41,0 
41,0 

41,0 

Í 
1 

8 \ 
1 

246.5 
232.5 
213.2 

157.0 

¿8.5 
60,0 
59.0 

58,0 

59,0 

( 5 ' 

255 
244 
230 
217 
186 

50.0 
49,0 
49.0 
50.0 
50,0 

49,5 

9 

j 

246.2 ! 60,5 

i 

60,5 

Five ingots of steel A, four of steel B, and one of steel C were tested. All 

the steels were subjected to metallographic analysis. Figure 13 presents a micro- 
46-J j 

- section of steel A. with a martensitic structure. Hicrosections of steels B and C 
48.-~j t I 

also displayed martensitic structures. A small number of nonmetal inclusions were ! 

DO., 

discovered in all the specimens prior to etching. 
52. _j 

54 4 
Hardness. The need for a systematic verification of the hardness of the 

fj6_ 1 

58- 

G0~1 

material under investigation without removing the ingot from the lathe, and the 
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large dimensions of the ingots made the author select the Pol'di testing machine 

»-\ 
for hardness determination. As the turning of the ingots proceeded, the hardness 

(> _L 

8 

10 .J 

1L' j 

11 

16 

16 

of the steel was tested at 7 - 10 points along their length. Table 24 presents the 

20 

results of the hardness tests of ingots of steels A and B. The hardness number of 

an ingot of given diameter is the arithmetic mean of 7 to 10 readings obtained along 

its length. Conversion of the Pol*di hardness to the Rockwell hardness (C scale) 

was done on the basis of experimental relationships derived for steels A and B. 

The data in Table 24 reveal that: 

1) Ingots of steels of identical chemical composition differ in hardness 

despite identical heat treatment; : 

2) The ingots displayed different degrees of hardening. The ingots 

24 H 

2(3 

28 J 

30_^ 

32—j 

:34-.: 

:36- 

38- 

40_ 

42. 

44 _ 

Kos.l, 2, and 3 of steel A showed diminishing hardness with depth, whereas 

in the ingot No.4 the outer surface was softer. This may be explained by 
i 
! 

the occurrence of decarburization. The ingot No.5 was characterized by 
M 

constant hardness throughout its cross section, indicating through- 
I 

hardenability. 
I 

The ingots of steel B exhibited an essentially constant hardness within the 

limits of the diameters investigated. 

All the ingots without exception shewed variations in hardness with length. Thi 

greatest hardness was acquired by the ends. The minimum hardness was observed in 

1 I 
the midsections. 

An ingot of steel C exhibited constant hardness in cross section. A disk 55 mm 

46 j 

48.-1 

50 

in thickness was cut from this ingot. The •’inside” face of the disk (the face ad¬ 

jacent to the remainder of the ingot) had a Rockwell hardness of Hpç - 65 at four 

points 30, 44, 79, and 88 mm from the center of the disk respectively (the disk 

54 

diameter being 198 mm). 

In conclusion, it should be noted that the determination of the hardness of 1 

hardened steels by means of the Pol’di machine yielded data that were far from accu- 



J 

GRAPHIC NOT REPRODUCIBLE 

— rate. The Pol'dl hardness numbers differ from the Rockwell hardness, and the dif- 
2—I ! 1 

ference increases with increasing the difference between the hardness of the at&nd- 
4.-j 

ard and the hardened test steel. The difference is due to the fact that the high- 
«.: 

8j 

10- 

12 

11. 

16. 

18. 

20. 

24 J 

2d 

30- 

Fig.13 - Microstructure of Steel A 

32- 

21 

36- 

3d. 

hardness hardened steel is tested by a ball (in the Pol»di machine) rather than by 
“ I 

a diamond tip (in the Rockwell tester). The ball is subject to defonnation which 

distorts the indentation left on the reference material and on the test material. ¡ 

However, if formulas compiled in advance are employed, which take into consideration 
'1 

the spread between the Pol'di and Rock hardness numbers for the given hardened 
1 
steels, it becomes possible to employ tu« Pol'di machine. 

1 
•10_¡ 
•12 

44 —I 

18 f 

50.■ 

Gagarin specimens taken from ingot No.3 (steel A) and Nos.6 and 8 (steel B) 
I 

were subjected to tensile testing. The resultant values for tensile strength are 

in good agreement with the literature data for these steels. 

Lathe 

The experiments with steels A and B were run on a DIP-LOO lathe with a swing 

,0 ■ H - LOO mm and a distance between centers of L * 3000 mm. The lathe was equipped 
'-i 

- with 9.5 hp DC motors and a transmission chain for transferring motion from the 
54 

5Ö- 

58 

CO 

motor shaft to the lathe, and two rheostats for fine and coarse adjustment of the 

H 
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. cutting »peed. 

"I 

Th« experiments with C steel were run on a DIP-300 lathe of H - 300 mm and 

i ! 
L - 3000 ran. The lathe was otherwise the same as the DIP-400. 

10 I 

l: 

It 

10.t 

1« , 

1M _ 

J(j _ 

L’Ö._ 

30 

32_. 

:m - 

Cutting Tool 1 

The investigation was run with straight and right-hand bent-shank turning 

tools, with the shank diameter being 20 * 30 mm. Cemented carbide bars measuring 

20 * 20 *< 7 mm were brazed to the cutter shanks. An exception were the cutters 

tipped with VK3 alloy, whose bars measured 16 * 16 * 5 mm (shank section 16 * 25 ran) 
I 1 

The bars were brazed to the shank with copper and brass. Both filler metals gave 

satisfactory results. 

The cutters were dry-ground in two steps; 

. i I 
1) Rough-grinding on 36-grain green silicon carbon wheels; 

2) Finish-grinding on the same type of wheels, but 80 grain. 
¡ 

The cutters were finished on their faces and flanks, and also on the nose 

radius. The finishing material was a boron carbide flour No.3 of 28 - 21 grain size 
I 

(here grain size represents the grains in microns). 

' 11. Chip Formation ! 

■14 ... 

4 b ..._| 
j 

50 

The chip formed In the machining of metals is classified as follows; 

1. Elementary chip, in which the weakly-differentiable elements are dis¬ 

placed with respect to each other, but are firmly coherent. On the side 

adjacent to the cutter, the chip has a mirrorlike surface. On the opposite 

side, if a heavy cut is taken, slight serrations may be seen. Continuous 

chip is formed in high-speed machining. 

2. Sectional chip, in which all the elements are clearly defined but remain 
t 

coherent. The side of the chip facing the cutter presents a smooth surface. 

On the other side, serrations are readily seen with the naked eye. Discon- 

~ KCL-406A 81 
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ti » I 

8-J 

10 J 
vil] 

M 

16 

20 

tinuous chip results when ductile metals are machined at low speeds. 

3. Discontinuous chip, in which the individual sections are not coherent ». 
j 

As distinct from elementary and sectional chip, discontinuous chip has an 

uneven surface on the side facing the cutter. This type of chip results 

from the machining of metals of low ductility such as cast iron. 

The chip formed in the machining of the hardened steels investigated by the 

author was elementary. The appearance of the chip coming off the work depends sub¬ 

stantially upon the type of hard alloy used as the tip. In work with cutters tipped 

with cemented tungsten carbides (VK6, VK8, and others), the chip comes off in a long 
1 I ' • 
spiral because of the large craters on the face of the cutter. At the start, of 

\ \ . I 
cutting, when no crater has yet formed on the cutter face, the chip looks luce rib- 

1 ' 
bon in spirals with a large radius of curvature. As a cutter with a tungsten bar j 

J i 
becomes dulled, the radius of curvature of the coils of chip becomes smaller, and j 

when the cutter is quite dull the chip comes off in short spirals and individual 

•i pieces. 

Firure 1U shows four chips obtained at different stages of dulling of a VK8 
; I 
cutter in the process of turning steel B whose hardness was 59» The upper chip 

was produced with a sharp cutting edge of the cutter when no craters had yet ap- j 

peared on its face (at the onset of cutting). With the formation of craters, the J 

chip takes on a spiral form. As the cutter becomes dulled, the radius of each coil 

of chip becomes smaller. 
•’ 2 _J ! 

Figure 15 shows three chips representing various stages of dulling of a VK8 
•.1.4 ~-J 

-1 cutter. The workpiece was steel B for which * 59. The upper chip, produced at 
4 0 —I j 

the start of the cutting when no craters had yet formed on the cutter face, appears 

26 

2«. 

30-- 

32- 

24.-, 

36.-4 

38 

40 

48_j 

DO 

52 

as a long, tangled ribbon. When the tool became quite dull, the chip crumbled off 

in separate pieces (bottom chip ir. Fig.15). 

n 
54 

f 
The four chips illustrated in Fig.l6 were obtained by machining steel C 

- iof Hrç “ 65, with a VK3 tool. The upper chip was produced after the cutter had beer 
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10 

12 

used for 10 min, the next after 20 and 30 min, respectively, and the bottom on« 

represents normal dulling of the cutter (after 37 min). The photograph shows thmt_ 

reduction in chip coil radius as dulling of the tool proceeds is also typical of 

--.. .— " ---1.— 
the hard alloy VK3* 

In work with cemented titanium-tungsten carbides (T15K6 and others), a charac- 

11 J 

16. J 
I 

Id J 
J 

20. S 
4'*» 

_1 
////AW/AA/////'/'/*^W/'AW<VWwwv\/wWVVV«,V4 

26J 
•••unman 

28_! 

32-2 

34 -| 

36-II 
23 

Fig.16 - Appearance of Chip, as Affected by the 
Degree of Dulling of Tool Tipped with VK3» Turn¬ 

ing of steel C; Hrç *= 65, t - 0.75 nnn, 

s = 0.11+ miVrev., v * 10 m/ndn 
j 

! 

teristic sign of complete dulling of the cutter is the appearance of a goffered 

10.type of chip. j 

12 Figure 17 presents four chips produced in the turning of steel B, of Hjjç * 59» 
I I 

H _ „uh a titanium-tungsten cutter. The bottom chip, goffered in appearance, was pro- 
_ j j 

16 duced at the instant of normal dulling of bhe tool. 

o-l *. Q 

-j 

43 ; The six chips illustrated in Fig.18 were produced in the machining of steel C 

TO vith a T15K6 cutter, the steel having a hardness of - 65. 

32 l| VJe see from Fig.18 that, when such a steel is turned with a comparatively heavy 

M J|cut and feed, the process of dulling of the tool is not accompanied-by the nonnal- - 

56 Jchange in chip appearance. At the outset of machining, when the cutter shows littli 

58 
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dulling, the chip flows smoothly in the form of a true spiral ribbon with absolutely 
j 

smooth outside surface (contact area between chip and tool face). Then, as the 

« 

Fig.17 - Appearance of Chip, as Affected by the Degree 
of Dulling of the Titanium-Tungsten Tool. Turning 

of steel B; « 59; t * 2./, mm, 

s = 0.155 mm/rev., v = 25 m/min 

38- cutter dulls, the chip loses the shape of a true spiral. 

40- 

_J 
A different picture is observed when cut and feed are not as heavy 

42 (t - 0.25 mm, s » 0.053 mm/rev: Fig.l9)< 

4 4 
j 

At the onset of machining, the chip also comes off in the form of a true spiral. 

46 ribbon, but this shape is retained over virtually the entire period of machining. 

48 Only shortly before the cutter is dulled docs the chip lose its spiral shape, comini 
i 

TiO off in the form of a tangled cluster, with the outer surface taking on the charac- 

—I 
52. teristic goffered appearance. 

54 
J 

Consequently, in the case under examination, where t and s are low,the crite- 

56 rion for dulling of a T15K6 cutter may be taken to be the acquisition of a goffered 

58 H 
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Fi g. 18 - Appearance of Chip, as Affected by the Degree of Dulling 
of the T15KÓ Tool. Turning of steel C; HRç - 65, t - 0.75 mm, 

s * 0.14 mm/rev., v >■ 10 m/min 

Fig.19 - Appearance of Chip, as Affected by the Degree of Dulling 
of the T15K6 Tool. Turning of steel C; Hj^ = 65, t - 0.25 mm. 

s * 0.053 nan/rev., v - 22 m/min 
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appearance by the chip. It would, however, be wrong to believe that, when hardened! 

4 

«. 

8. 
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16 
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20 

steel is turned with T15K6 cutters, the dulling of the cutter is accompanied by ». 
] I , 

characteristic change in the appearance of the chip only at low t and s. The author) 
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Fig.20 - Appearance of Chip, as Affected by the Cutting Speed in 
Turning of Steel A, Hj^ - )+1. t.- 1.2 nan and s - 0.225 mm/rev. 

1 - V - 80 m/min; 2 - v - 55 m/min; 3 - v - 30 
4 - V * 15 m/min; 5 - v - 5 m/ndn 

has also observed different results: chip that took on a goffered appearance at 

4* high t and s, but that did not look this way at low values thereof. 
i 

'0 The sign of tool dulling we have examined - the acquisition of a goffered ap- 

—I .. t 
r’“ pearance by the chip - is highly graphic, and therefore valuable under industrial 

•..i I 1 
conditions, although it is, unfortunately, not always seen. This ,,sympto^l,, can be - 

J 

.“>6 used a8 a criterion for the dulling of tools tipped with cemented titanium-tungsten 
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1 

carbides. 

In the case of cutters tipped with cemented tungsten carbides (VK8; VK6# *nd_ 

10 1 

others), the change in appearance of the chip is a less distinct criterion of 

dulling. Nevertheless, also in these tools, a careful observation of the macjilning 

process makes it easy to spot any reduction in the radius of curvature of the chip 

coil. 
12 

11 

16 

16 

VM} 

These photos of chip show that the wear on the face of tools tipped with 

cemented tungsten carbides increases continually, whereas in the case of tools 

tipped with cemented titanium-tungsten carbides, it undergoes little change after a 
i 

small crater has been formed on the face of the cutter at the start of machining. 

I 1 
This is clear from the fact that, as the crater on the face of tungsten tools 

»•» 

deepens, there is a continuous reduction in the radius of the coils of chip. In the 
.'4 ¡ 

case of tools tipped with titanium-tungsten carbide, a crater forms on the face of 

! ¡ 
the tool at the onset of cutting, causing the chip to become spiral in form, but | 

I 
thereafter, until the tool has completely dulled, the depth of the crater remains | 

virtually constant as does the radius of curvature of the chip coil. 
i 

Figure 20 shows five chips resulting from the turning of steel A of - /+1 by 

cutters of VK8. The cutting speed range was v - 5 - 80 m/min. As we see, elemen- 
-I I 
tary chip was formed at all cutting speeds. Consequently, the turning of hardened 

steels is characterized by the formation of elementary chip at various cutting 

speeds, including low speeds. | 

As we know, the following factors influence the nature of the chip formed: the 
1 

true rake angle of the cutting tool y, the cutting speed v, the thickness of the 

26.J 

2tí.._ 

30—^ 

32-] 

34 —j 

36 — 

38 

40_j 

42—.j 

44 _j 

46—i 

48 H 

50 J 

-'cut a, and the mechanical properties of the material being machined. 

The machining of hardened steels is done by cutters of negative true rake 

(y < o°) at relative low cutting speeds* and at fine cuts, i.e., under conditions 

H favoring the production of sectional chip. At the same time, elementary chip was 
54 -j 

53—1 * F0r footnote, see next page. 
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H 

in i 

i 2 j 

obtained in all the author’s experiments in the turning of steels hardened to 
; 

■ /*1 - 65. Elementary chip was obtained in the machining of steel A (the least 
I 
hard of the steels investigated) at relatively high cutting speeds and low feeds. 
—----- - -.-.-..—.. ..- — 4.- . ..... . ___ 
The same kind of chip was obtained in the machining of steel B, of Hj^ - 59 at 

V - 12 m/min, t - 2.4 nm and s - 0.395 mm/rev (Fig.15), and of steel C of Hj^ - 65, 

at V - 10 m/min, t * 0.75 nm and s - 0.14 mm/rev (Fig.18). 

11 

Iß 

id j 

20-J 

The production of elementary chip in the machining of hardened steels, despite 

the fact that the cutting conditions favor the formation of elementary chip, is 

explained by the mechanical properties of the steels: high hardness and tensile 

strength, and low elongation per unit length. 

12. Criteria for the Dulling of Cutters 

24 : 

26 
Cutter Wear as a Criterion of Dulling 

Here, a description is given of a test on cutters tipped with cemented tungsten 

^ and titanium-tungsten carbide, used in turning steel B of « 59. The cutter was 

32 removed from the machine tool repeatedly as long as it remained serviceable, to 

31 determine the wear of both face and flank. The abrasion of the cutter flank 

'v'’ (Fig.21 illustrates the thickness of the worn area) was measured with the aid of a 

•W . tool microscope. 
~i I 

3 ..-j Below, we describe the picture of successive wear of a tungsten cutter, working 

1-- under the following cutting conditions: t ® 1.2 mm, s = 0.225 mm/rev. and 
H ! 

5 ’ V = 35 m/min. The cutter functioned for 40 min until a state of normal dulling was 

If! reached. Wear of the cutter occurred as follows: 
-“I 

1. At the start of cutting: finest crumbling out of the working portion of the 18 

f)0 
- 

i */ 
(Footnote from preceding page). Below it will be shown that the cutting speeds 

52 employed by the author and other investigators in experiments in the cutting of 
-'other high-hardness tempered steels are actually the speeds that correspond to what 

51 - -is termed "high-speed” machining of metals. However, when compared to ths speeds 
- currently being employed in the machining of steels of ordinary hardness, these 

55- -are low. ...... ----- - 
__i 
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H 
4,. j 

H 
8 J 

in 

12 

11 

10 

1H 

20 

cutting edge, invisible to the naked eye but clearly definable under the micro¬ 

scope; definition of the contours of an incipient crater on the cutter face in the 

2<j 

2d. 

20. 

32 

34 _j 

391 

40_j 

42 _ J 

form of a brightly-gleairdng area; appearance of slight abrasion on the flank, along 

the line of contact between cutting edge 

and workpiece; the chip came off in the 

form of a tangled ribbon with a high 

radius of curvature, and did not curl in¬ 

to a spiral due to the absence of a crater 

on the face. Heating of the chip was low.j 

2. As the cutter became duller, the | 
! 

following was observed; increase in the 
I j 
crumbling out of the working portion of 

the cutting edge; appearance of gradual 

deepening and expansion of the crater on I 

the face; increase in abrasion on the 

flank, as well as of the radius of curva- j 
I j 
ture of the cutter tip; noticeable in- 

I 

crease in the heating of the chip and the 

material being machined; increase in the axial and radial forces Px and Py, recorded 

Fig.21 - Diagram of Wear of Caiv 
bide Cutter, h - Height of area 

of cutter wear along flank 

by dynamometer; some increase in power consumption; chip in the form of a long 

spiral; onset of impairment of finish of machined surface; and appearance of bands 
I 

■14 

•ili 

48 

of variable (differing) diameters. 

1 

H 

50 .J 

1 
54 

58. 

3. At the end of the cutting period, further deepening and widening of the 

I 
crater on the cutter face and merging of the extreme points of the crater with the 

cutting edge; considerable increase in serrations on the working portion of the 

cutting edge, now visible with the naked eye; increase in abrasion of the flank 
» 

to h “ 1.08 mm; pronounced bouncing of cutter off work; appearance of a distinctive 

•sound - buzzing and whistling; pronounced heating of the chip and the machined sur- 

sslj 
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Fig.22 - Tungsten Cutter Used to Nornal Dulling in Turning 
of Steel B; * 59, t * 1.2 mm, s * 0.225 mm/rev and 

V “ 35 m/min. Wear of cutter flank: h * 1.06 mm 

GRAPHIC NOT ¡REPRODUCIBLE 

Fig.23 - VK8 Cutter Used to Normal 
Dulling in Turning of Steel B; 

- 59 and t ■ 0.3 mm. 

s - 0.112 mm/rev and v - a m/min. 
Wear of cutter flank: h ■ 0.78 mm 

Fig.21+ - T15K6 Cutter Used to Noi^ 
mal Dulling. Turned steel B; 

Hp_ - 59, at t ■ 0.3 mm. 

a “ 0.112 mm/rev and- 
V m 6u m/min. Top view 

! 
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face (hand in contact with the machined surface will receive burns); change in the 

[appearance of the chip from lx ng spirals to short ones and small pieces; sharp Junpj 

-I Í 
'in the Px and Py forces; 10 - 15Í rise in power consumption over the initial cutting 

period; sharp decline in the quality of the machined surface and appearance of 

10 _ 1 
coarse scratches. j 

U. When the cutter was retained too long (not removed from the machino tool at 
1 X J 

the end of /*0 min of operation, i.e., kept aft«- dulling), pronounced vibration of 

11H GRAPHIC NOT REPRODUCIBLE 
16_j 
18 .] 

J 
20j 

I 
MO "_1 

i-a 
2Ö 

28. J 
i 

30_^ 

32-J 
_,1 

34-| Fig.25 - T15K6 Cutter Seen in Fig.2!*; Side View 

3öl_j 
the machine tool and interruption in feed was observed: cutting proceeded unevenly 

38— ' "1 

•U). 

and in jumps, resulting in failure of the|carbide bar. 

43 —j 

44 

46 . 

43 

Figure 22 shows the cutter used in the described test. The photograph clearly 
I 

shows the area of flank wear of the cutter at the instant of normal dulling, after 

U0 min of work. ¡ 
I 

A test of a cutter tipped with VK8 in the machining of the same steel B of 1 

-Hd ” 59, but with less depth of cut and lower feed, showed (Fig.23) that the proc- 
50_i “C 

—! ess of dulling of the cutter proceeded in the same manner as in the case described 

i 
j i 

and was accompanied by the same phenomena, but less clearly defined. After working 
D-i 

56- 
Jfor 60 min, the cutter was normally dulled; the abrasion of the flank came to 

58 
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HCL-A06/V 92 
I 



—! h * 0.78 mm. The cutter also underwent pronounced wear of its face. The photo- 

... graph clearly shows the crater._|--------- 

Similar tests were run on cutters tipped with cemented titaniunv-tungsten car- 
f; !_____ _ ... ..,.,........ . __ , _ J ....-. —..-.-.. . 

bide. The dulling process was of essentially the same nature as in the preceding 

8 1 
instances, except for the fact that the crater on the face and the abrasion of the 

1.0 

11! 

U .. 

16 

I-' 

1 flank at the instant of normal dulling of the cutter were considerably less pro- 

Hi 

26 ...I] 
2¾....._ Fig. 26 - Ratio of Cutter Flank Wear 

to Length of Use, for Various Hard 
Alloys. Turning of steel B; 

Hj^ - 59, t - 1.2 mm, 

s - 0.225 mm/rev 

20_ 

32_J 

•mJ 

40 

Fig.27 - Ratio of Cutter Flank Wear 
to Length of Use, for Various Hard 

Alloys. Turning of steel B; 

ÍRc 
Ho - 59, t « 0.3 nan. 

a) Wear of cutter flank h, nm; 
b) VK8 cutter; v “ 35 m/min; 
c) T21K8 cutter; v - A0 m/min; 
d) T15K6 cutter; v - A4 m/min; 
e) Cutter working time T, min 

s * 0.112 mm/rev 

a) Wear of cutter flank h, mm; 
b) VK8 cutter; v “ 41 m/min; 
c) T21K8 cutter; v * 56 m/min; 
d) T15K6 cutter; v *■ ¿4 m/min; 
e) Cutter working time T, min 

.1 
12 nounced, and the chip had a goffered appearance. Figures 24 and 25 illustrate a 

14 - T15K6 cutter at the instant of normal dulling. The cutter was tested in turning of 
_ 

46 the same steel as that used for the VK8 cutter, but at a higher cutting speed: 

m/min. Here the abrasion of the flank was h - 0.53 mm, whereas for the VK8 

I 
50 cutter it was 0.78 non. 

jt is evident from the data adduced that cermet cutters - both tungsten and 
I 

34 - - titanium-tungsten - undergo wear on face and flank in the machining of hardened 

56 ^steels and that this wear starts at the very outset or cutting, increasing con-- 
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0. 

H. 
4.1 

10_ 

14 

16 

16 _i 

20 .....j 

stantly during the entire cutting period. | 

It should be mentioned that it is much easier to define the amount of wear of 

the flank than of the face of a cutter. Wear on the face of cutters of cemented 

titanium-tungsten carbide is so insignificant that it cannot always be measured. 

Therefore, all the reasoning and conclusions on cutter wear, given below, refer to 

their flanks. 

Further, graphs are appended descriptive of the relationship of the wear of 

the flanks of carbide cutters to the length of time they are used in the turning of 

hardened steels. 

Figures 26 and 2? present curves of the wear for cutters tipped with various 

grades of cemented carbides and used in turning steel B of ■ 59» The cutters 

were operated to the instant of normal dulling. It will be seen that the VK8 cut— 

- ters underwent considerably greater wear than the T15K6 and the T21K8. Furthermore! 

if it is considered that the VK8 cutters functioned at lower cutting speeds than 

the T15K6 and the T21K8 cutters, the superiority of cemented titanium-tungsten over 
I I 

tungsten carbides for the turning of hardened steels becomes obvious. Thus, a 

T15K6 cutter operating at a cutting speed v of m/min, showed a wear of 

h - 0.55 mm in 30 min (Fig.26); the wear of a VK8 cutter operated for the same 

length of time at considerably lower cutting speed (v =* 35 m/min) was greater 

24-i 

2oJ 

2b__ 

30 

32—J 

34 ;j 
30—j 

3d—1 

40—I 

42 Ij 

44 

46 

48 

DO.j 

52 _j 

54. 

5S- 

58 

(h “ 0.8 mm). 

The wear curves for T21K8 and T15K6 cutters virtually coincide, but this does 
i 

not mean that their wear resistance is identical. The point is that the T15K6 cut¬ 

ters functioned at higher cutting speeds: v - 56 m/min for a T21K8 cutter, and 

v - 64 m/min for a T15K6 cutter (Fig.27). The fact that the T15K6 cutters showed 

the same amount of wear, but at higher cutter speeds, than the T21K8 cutters, signl-■ 

fies that the resistance of the T15K6 alloy is higher than that of the T21K8 alloy. 
Í 

N.S.Logak (Bibl.2l) made a study of the fine-turning of several grades of 

I 

1 

60-i 

hardened steels. Figure 28 presents his curves for the wear of cutters tipped with 
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If) 

11’ 

1 ) 

lo 

1 ~< 

the cermet T3CKJ1*. j 

We see that the normal fiarle wear of T30KH cutters in the turning of i*OKhS 

and ohKhl5 hardened steels (Hp^ » 50 to 63) is approximately h - 0.5 mm. The same 

amount of normal wear is characteristic of T15K6 cutters in the machining of 

..d 
Fig.28 - Ratio of T3CK/* Cutter Flank Wear to Service Time in the 
Fine-Turning of Hardened Steels^ t * 0.2 mm and s * 0.1 jib/rev 

1 - Machining of ¿*CKhS steel, “ 50 - 52 at v = 80 m/ndn; 

2 - Machining of /40KhS steel, HR^ - 50 - 52, at v - 100 m/min; 

3 - Machining of ShKhlS steel, Hp^ •= 61 - 63, at v « 3? m/min 

The arrow indicates onset of crumbling-out of the carbide bar. 

a) Wear of cutter flank h, mm; b) Cutter working time T, min 

34 ...J 

36_! 

1 

40 J 

,,.r 'steel B oí“ x 5V and t - 0.3 mm, s * 0^112 mm/rev (Fig.27). 

In turning hardened steels, it is necessary to work until the cutter is normal 

ly dull. Further use of the cutter, in the majority of cases, will result in 

crumbling out or destruction of its working edge. This occurs most frequently in 
i 

r)0 cutters tipped with cemented titanium-tungsten carbide, for which a brittleness 

r., higher than that of tungsten carbides is typical. .- j , ; 
54 i_ The Srindin8 not be continued until complete destruction of the cutting 

r. .. ' * .... ■■ 
_ edire 

56. 

58 

14 

•18 

edge of the cutter, since this makes dressing more difficult, reduces the service 
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life of the carbide bar (reducing the nur.ber of dressings possible) and also causesj 

scratches, fissures, and the like, to appear on the machined surface. The cutter ... 

should be used to normal dullness, determined by the permissible wear of the flank. 

For example, in the case of a T15K6 cutter (Fig.25), the maximum wear and criterion 

of dullness under those conditions of work should be taken to be as h = 0.53 nra* 

The maximum wear of a cutter is also dependent upon the nature of the machin- 

irg. For rough machining, this nay be greater than for finishing. In final opera¬ 

tions, the maximum permissible cutter wear is specified on the basis of the re¬ 

quirements with respect to tolerance and surface finish. It trust be borne in mind 

that fine-turning of hardened steels requires tolerances of classes 2 and 3, and 

surface finish of class ?• 

Cutter wear is a highly dependable criterion of dulling and is employed under 

laboratory conditions for investigations of the cutting process. However, the use 

of this criterion under production conditions is complicated by the fact that the 

turner would have to stop his work, remove the cutter, and measure the amount of 

wear. It is therefore desirable to find other, simpler and more visual criteria of 

cutter dulling, capable of being employed under production conditions. 

Change In the Appearance of Chip and Impai nr,er,t of Surface Finish as 
Criteria for Cutter Dulling 

In Section 11, we examined the problem of changes in the appearance of the 

chip as the cutter is dulled. In work with titanium-tungsten cutters (T15K6 and 

others), the criterion for dulling may be the formation of chip of the character¬ 

istic goffered appearance. Although this characteristic is not observed in all 

instances, it is suitable for use in hardened-steel-machining practice. 

In the fine-turning of hardened steels by T30KZ* cutters, changes in the direc- 
< 

tion of chip emergence may be used as the criterion: Instead of coming off in spiral 

form from the face of the cutter, the chip suddenly changes direction at the instant 
) i 

of dulling, and rises straight up. 
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In the case of tungsten carbide cutters (VK8 and others), the sharp change in 
*> Í S k. —.4 

i ' i 
the radius of a coil of chip relative to that at the onset of cutting, accompanied . 

1 
by a impairment of the surface finish, distinguishable by the naked eye, may be 

taken as a graphic criterion of dulling under plant conditions. 
S_J 

It should be remarked that surface finish is less acceptable as a criterion of 

Table 25 
I 

Wear of Cutter Flank, Employed as the Dulling Criterion 

Tungsten Carbide Cutters 
{7K8 and Others) 

Titanium-Tungsten Cutters 
(T15K6 and Others) 

Cutting 
Depth t, 
in mm 

Feed s, 
in mm/rev 

Cutter 
Flank Wear 
h, in mm 

Cutting 
Depth t, 
in mm 

Feed s, 
in mm/rev 

Cutter 
Flank Wear 
h, in mm 

1.0-1,5 
1,5-3,0 

0,2-0,5 
0,5—0,8 

0,7-1,0 
no 1.5 

0,1-0,3 
0,3-0,7 
0,7-1,5 

0,05-0,15 
0,15-0,35 
0,35—0.50 

0,2-0,4 

ilo 0,6 
Jlo 0,8 

dulling for cutters tipped with cemented titanium-tungsten carbides. Generally 

speaking, it is also true here the surface finish is impaired as the cutter becomes 

duller, but this is difficult to detect with the naked eye. Eoreover, it must be 
'id.. 

taken into consideration that, as the hardness of hardened steel increases, this 

criterion loses its overall distinctiveness. 
■hi. 

Dulling of the cutter is accompanied by an increase in power consumption as 

well as by a rise in the longitudinal and radial forces Px and Pv. These signs of 
• -1 ^ 

dulling are enployed under laboratory conditions. 

1w Conclusions 

so : 
1. In turning steels with high-speed cutters, the appearance of a bright band 

on the machined surface may serve as the criterion for dulling of the cutter. In 

turning hardened steels, this sign is not useful since the surface of hardened 
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-steel, freed of scale and skin is distinguished by a bright gleair. both before and 

j J '1 _ --- 
'after n-achining. 

1 2. The „.ost objective and dependable criterion for the dulling of carbide 

euttero in the turning of hardened steels is the degree of flank »ear. Cutter, 

tipped with tungsten carbides will take larger wear than titaniuretungsten Upped 

' cutters. Therefore, the criterion for the dulling of cutters in the fonuer group 

Bust bo a higher level of wear than in the latter case. Moreover, the degree of 

pemdssible cutter wear depends upon the nature of rachining. For roughing, the 

permissible wear is greater than for finish-grinding. 

Table 25 presents the asount of flank wear h suggested b, the author as the 

dulling criterion in the turning of alloy steels, hardened to - U - 65. 

The lower h values correspond to lower cutting depths t and feeds s; the 

higher h values correspond to higher t and s. 

3. Under Plant conditions, the change in the fon» of the chip is a valuable 

r HuVlirr Ir work with titanium-tungsten cutters, the forma- 
criterion for cutter dulling, xr. woir. 

fior. of chip of a characteristic goffered appearance nay serve as the dulling 

criterion. For tungsten-carbide cutters, a combination of the following two signs ^ 

nay serve as a graphic criterion of dulling: 

0-1 a) Pronounced reduction in the radius of curvature of a coil of chip, rela-l 

tive to the initial cutting period; 

b) Impairment of the surface finish, detectable with the naked eye. 

-* • 1 

-1 13. Choice of Cermets ï 

Certain investigators hold the opinion that high-hardness tempered steels must ' 

be machined with cutters tipped with tungsten carbides, and that titanium-tungsten 

carbides arc not suit«.! to this purpose because of their high brittleness. 

The author has nun experiments in' the turning of steels tempered to vom- Wk» 

hardness, in which he used cutters tipped with various cemented carbides. Data were 

y.CL-ii06/v 
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obtained that permit comparisons of the cutting properties of these &II078. The 

usefulness of these data has not been impaired to this day, despite the fact that_ 

certain of the carbides used in the tests (T2IK0 and VK12) are no longer in use. 

The tests show that in the turning of hardened steels, titaniuim-tungsten car- 

I 

Fig.29 - Relationship Between Cutting Speed v and Life 
of Cutter T; Various Cermets. Turning of steel B, 

NRç = 56 at t = 1.2 mm and s = 0.225 mm/rev 

a) Cutting speed v, rr./nir; b) Cutter life T, min 

bides will function at considerably higher cutting speeds than tungsten carbides, 

and that this superiority rises with reduction in cut and increase in hardness of 

the metal machined. 

Curves (Figs.29 and ?0) show the results of tests with steel B of hardness 

- 56. Two cuts were taken: a) t ” 1.2 mm, s = 0.225 mm/rev; b) t ■ 0.3 mn and 

s = 0.112 mm/rev. The cutters were ground with boron carbide flour and used until 
j ! . 

normal dulling occurred. 
À 

The graphs show that titanium-tungsten carbides have considerably better cut- , 
I 
ting properties than tungsten carbides. In fact, at t = 1.2 mm and s * 0.225 mn/reV 

a VK8 cutter displayed a life of T = 18 min at a cutting speed of v ■ 39 œ/min, 

whereas the T15K6 cutter showed approximately the same life (T “ 17 min) at a con- 
1 
I 

siderably higher cutting speed: v * U9 m/min. Experiments at t * 0.3 nm and 

s * 0.112 rrm/rev are even more revealing. The VK6 cutter displayed a-life T of 

4O min at v 

MCL-4O6/V 

43 m/min, whereas a T15K6 cutter had the same life at v *—70 m/min. 

» 

99 



Table 26, containing data on cutting speeds for a cC~rir;i.te tool life, shows 

that the superiority of titanium-tungsten over tungsten carbides rises as the size. 

Fig.^O - Relationship Between Cutting Speed v and Cutter Life T for 
various Cermets. Turning of steel B, Hr = i>6 at 

t = 0.3 irai, s = 0.112 irai/rev^ 

a) Cutting speed, v n/min; bj Cutter life T, min 

of the cut diminishes. If the v¿q cutting speed of T15R6 at t * 1.2 mm and 

s = 0.225 mm/rev is taken as unity, the v¿c cutting sreed nf alloy will be 0.7iit 

Table 26 

Values of ard Relative Life Indices rr. for Various Cermets 

Turning of steel B with Hardness Hp^ =* 56 

Grade 
of 

Cermet 

T15K6 

T21K8 

VK12 

VK8 
VK6 

t = 1.2 mm; s s 0.225 mm/rev t = 0.3 mm; e = C.112 nm/rev 

v¿,o» in m/ra-n 
Index, 

Ti 

v¿Q, in m7min 

Index, 
m 

Absolute 
Value 

Relative 
Value 

Absolute 
Value 

Relative 
Value 

45.7 

38.3 

35.3 

34,0 

33.3 

1,00 

0,84 

0,77 

0,74 

0,73 

0,063 

0,069 

0,119 

0,106 

0,101 

69,0 

57,5 

44,8 

40,0 

11,2 

1,00 

0.83 

0.65 

0,58 

0,60 

0,03') 

0,015 

0,08) 

0,1.50 

0,097 
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I 

C."5 tnn ard s - 0.112 mm/rev, the relationship between the cutting properties 

of these cemented carbides changes still further in favor of T15K6 (1.0 : 0.58). i 

Consequentlyf for purposes of turning high-hardness tempered steel at fine cuts, the 

Table 27 

Values of v¿q and Indices m for Various Cermets 

Turning of Steel C, - 65 at t = 0.5 run and s = 0.1;* mm/rev 

Grade of Cermet 

v^q, in m/min 

Index, m 
Absolute Value Relative Value 

T21K8 

T15K6 
VK 3 

VK12 

vr.6 
VK8 

11.7 
11,6 
11,3 
9.3 

8,1 
7.4 

1,01 

1,00 

0,97 

0,80 

0,70 

0,64 

0,150 

0,137 

0,216 

0,175 

0,28.5 

0,293 

alley 71 K6 makes it possible to work at almost twice the cutting speed of the al- 

, . * he cutting speeds oi the alloys VKlf, VK8, and are app rc/imatelv the 

s an*, 6 • 

The results of these tests provide convincing proof of the fact that cemented 

titanium-tungsten carbides should be employed in the machining of hardened steels, 

particularly in work at low cutting depths and feeds. 

, Ir‘ order t0 arrive at an overall view of the cutting properties of various 

... ^racie3 cf cermets, the author ran tests on steel C hardened to HR = 65. Table 27 

,j , presents the results of these tests. The experiments were run at a cutting depth 
■ 

of t =0.5 rrari and a feed of s * 0.1/* mm/rev. 

The cutters were dressed with boron carbide flour. 

,t! Thf- data in Table 2? confint the previous conclusions to the effect that 

cerner ted titanium-tungsten carbides have higher cutting properties than do tungsten 
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carbides 

It must be noted that the alloy VK3, which is in the tungsten carbide group, 

approximates the alloy T15K6 in cutting properties. This cermet may be used suc¬ 

cessfully in she turning of hardened steels. The same holds for VK2, a new tungsten 

alloy. 

For fir.«-turning of hardened steels, the T3CK/. titanium.-tungsten alloy should 

b) 

Fig.31 - Relationship of Flank 
hear of T30K.T Cutters to Use 
Time. Turning of '.CKhS steel, 
H-. = 50 - 52 at V = /;C rr./rrin, 

1 "C 

t = 0.2 mm, s = 0.1 nm/rev. Cut¬ 

ter geometry: a = 5°, y = -5°, 
X = 5°, cp = /,5°, = 10°, 
r = 0.5 mm. Arrows represent 
crumbling out of hard-alloy 

cutters 

a) Cutter flank v;ear h, mm; 
b) Cutter life T, min 

b) 

Fig.32 - Relation of Flank Wear 
of T15K6 Cutter to Use Time. 
Turning of AOKhS steel, 
Hp = 50 - 32, V = AO m/min, 

C 

t = 0.2 mm, s = 0.1 mm/rev. Cut¬ 
ter geometry: 0 = 50, y = -50, 
A = 5°, 9 = A5°, 9X = 1C°, 
r = 0.5 mm. Arrows represent 
crumbling out of hard-alloy 

bars. 

a) Cutter flank wear h, mm; 
b) Cutter life T, min 

be used (Bibl.2l). This alloy has demonstrated significant superiority not only 

ever the alloy VK8 but also over T15K6. This conclusion is confirmed by the results 

of comparative tests with T3CKA and T15K6 in the turning of /,GKhS steel 

(Hf£ = 50 to 52) with t = 0.2 nm and s = 0.1 rrm/rev (Figs.31 - 33)» 
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howed flank 'wear in the h = 0.3 to After /,0 r.ir. of use, the T30KA cutters s 

i , , ! 
C.7 ITJT1 range (Fig.3D, while the T15K6 cutters revealed h = 0.65 to 0.95 rrjn wear__ 

(fig.32). Of the six i3CKl. cutters tested, only tv.'o revealed eruir.bling-out of the 

;36_j 

öO 

Fig.'33 - Results of Comparative Tests of Cutters'Tipped 
with Cermets T30KA and T15i'i6, Having Identical 
Geometry. Turning' of AOKhS steel, Hr. = 50 - 52 

C 
at V = oO m/rrin, t = 0.2 mm and s = 0.1 mm/rev 

Arrows indicate crumbling-out of the cemented 
carbide bar. 

) uuuuor 'wear h, j.ut.; fest ended by ciiur.blir.g-out 
during a plunge cut; c) Test terminated; 

d) Cutter life T, min 

■JM 

carbide bars, whereas of the six T15K6 cutters, five crum.bled out, beginning 

after 20 - 30 min of use. I 

Figure 33 shows that a T15K6 cutter, used for 30 min, underwent h = 0.35 mm 

flank wear and crum.bled out, whereas T30?’A cutters displayed considerably less wear 
! 

after 90 minutes of use (h = 0.25 mm). 

Thus, for the turning of a large group of alloy steels tempered to high hard- ! 

ness, the cemented titanium-tungsten carbides T15K6 and T30KA proved best, particu¬ 

larly when fine cuts were taken. The results arc entirely in line with the theory 

and practice of cemented carbide applications: tungsten carbides being preferable-: 

for the machining of cast iron and nonm.etallic materials that oroduce discontinuous J 

DO 
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: chit> and titani^-tur.csten carbides being best for steels producing elementary or 

"sectional chip. It vas brought out in Section 11 that elementary chip is produced J 

by the turning of chromiuir.-nickel-rr.olybder.m,-silicon, and chroiriuir.-nickel steels B 

and C, despite their very considerar..;..- rareness vHr^ " 59 and 6,). 

A.Ya.Kalkin (Eibl.23) bases his recoirinendation of the alloy VK8 for turning 

hardened steels of Hr. , = 62 to 65 on the idea that this alloy is considerably harder 
* ) 

than the alloy T15K6. 

; v.'c cannot a£ree »1th A.Ya.Kalkin’s point of view with reeard to fine-turning 

and, in general, finish-tuning of hardened steels. One of the fundamental require¬ 

ments of this process - high quality of machined surface finish - can be satisfied 

only by the cemented titanium-tungsten carbides T15K6 and T30KÍ. As we have pointed 

out, the cemented tungsten carbides V¿2 and W3 constitute an exception in this 

respect. 

It is possible that in rough v.crk in v;hich hea^y cuts are taken and the system 

"■workpiece - machine tool - cutter is of inadequate rigidity, it would be desirable | 

to employ VK8 alloy, in view of the high brittleness of the alloy T1?K6 and particu¬ 

larly o: the alloy ijUa-,. i.sw-vcr, .~r .J 

’ to improve the rigidity of the system, and to use cemented titanium-tungsten carbides 

which make it possible to work at considerably higher cutting speeds. 

I 

Conclusions 

1. Hardened steels machine well with all the present grades of cemented car¬ 

bides, but those in the titanium-tungsten group have major advantages in terms of 

cutting properties, when compared with the tungsten carbides. The superiority of 

’ the titanium-tungsten over the tungsten carbides is more pronounced at fine cuts t 

) , 

and feeds s. 

Careful dressing of the cutters is an important measure for counteracting the 

brittleness of titanium-tungsten carbides. 

T:8. 
JíCI^-fCó/V 

10/+ 

CO—:— 

J 



^ *he jüngsten caroides VL8 ar.d VK6 ar.d the titanium-tungsten carbide TpKIO 

are characterized by approximately the same cutting properties. 

3* tungsten carbides VK2 and VK3 have very fine cutting properties, and 

approach T15K6 in that respect. 

h• The hard alloy T30Kg for tine—turning of hardened steels permit machining 

vith cutting speeds up to 2ÇÎ higher than that of the alloy Tl;r.6. 

3. The following carbidc-s should be used for turning hardened steels without 

impact shock: T3CKt, T15K6, VK2, and ’/K3, whereas W8, VK6, and T5K10 should be used 

for turning where impact shock is involved. 

It. Influence of Various Factors on Cutting Force 

This Section will present' the results of investigations to determine the rela- 

. lionships oetween cutting xorces and vajious factors in the turning of hardened 

steels. 

Effect of Cutting Sceed Ucon Cutting Force 

*i. vne j.iwer»-ure on ti.e i..aciiinir.g o: unharder.ed steels, the idea that cutting 

forces diminish with rise in cutting speed holds dominance. 

The influence of cutting speed upon the cutting force in the turning of hard¬ 

ened steels has been investigated by the author with steel B, Hp^ = /+9. The tests 

were run with titanium-tungsten cutters. Figures 34 and 35 present the results of 

these tests. Figure 34 gives the results of tests at a cutting depth of t = 2.41 mm 

and a ^eed oí s - 0.395 mra/rev, with cutting speeus varied in the interval of 

V = 5 - gO m/min. Figure 35 presents the results of tests with t = 1.19 mm and 
i 

s = 0.225 mm/rev, with the cutting speeds varied in the interval from 5 to 60 m/min. 

As may be seen from the curves, the tangential force P, diminishes with in- 

creasing cutting speed. At the same time, a change in the cutting speed exercises 

so negligible an effect upon the radial force Py that one nay assume, without much ¡ 
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-cr, chat chis force is not governed by the cutting speed. The longitudinal 

: , —so independent of the cutting speed. 

v (Bibl.22) points out that, in cases of ninor flank v/ear, all three 

re-:: ti:.irish as the cutting speed increases. V.'hen the cutter wear is high, an 

g.;- Influence of Cutting 
eed v upon the Forces Px, Py, 
dr-. Turning of steel B, of 

=1 19, at t = 2.4I nan and 

:. ; njn/rev. Cutter geometry: 
= 6°, y = -5o, X. = 0°, <p = 45°, 

çr = 15°; r ■ I.I5 Iran 

Fig.35 - Influence of Cutting 
Speed v upon the Forces Px, Py, 

and Pz. Turning of steel B, of 
= /:9, at t = 1.19 rr.r. and 

s = O.225 nan/rev (a = 6°, y = -5° 
X = 0°, «P = /45°, (p1 = 156, 

r = I.I5 nan) 

a) Forces Px, Py, and P», kg; 
b) Cutting speed v, m/min 

a) Forces Px, Py, and Pz, kg; 
b) Cutting speed v, m/min 

crease ir the Px and Py forces with cutting speed is possible. 

A.T.hakurov has come to the opposite conclusions (Bibl.21 ). In the ir.vestiga- 

on of Khl2K steel with = 61 - 62, he found that, at a cutting depth of 

= 0.15 nr. and a feed of s = 0.2 nnn/rev, the variation in the cutting speed v from 

i 

! 

I 

I 

to 23 r./rdn led to a reduction in ?z and a rise in Px and Py 

The discrepancy between the data of A.D.Makarov and those of the present author 

y be explained by the-fact • that tha-fonr.er apparently ran his tests with cutters 

at had undergone considerable dulling of their flanks, whereas the author conducted 
i 

t 1 
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his with freshly-ground cutters 

vOriSc'.juentj.yt in the t_r;.tr.g of ueruened steeis, tne cutting speeu exercise! 

significant influence upon the cutting force P,. For hardened steels of medium 

b) 

rig.36 - Effect of Tree Rake Angle y 
or. the Forces Px, Pv, and Pz at Vari¬ 
eis Values of the Feed s. Turning of 
steel 3, of H- = A9, at s = 1.2 rm, 

* 

s ~ 0.112 and C.395 mm/rev, and 
V = 20 ir./min. Cutter geometry: 
a = 6e, A = C°, (p = 2õ°, = ^5°i 

r = I.I5 mm 

a) Forces Px, Py, and Pa, kg; 
b) True rake angle y° 

hardness (H-_ - A9), this influence 

was clearly manifested in the range of 

ror SwOC—s ci iiúi cliíGss 

(Hp^, = 61 - 62), this is manifested in 

a considerably narrower range: from 

9 to 2g m/mi n. 

commanson 01 the oata by 

A.M.Vulff (3ibl.25) for ur.hardened 

steel with those by the present author 

for hardened steel of Hp = 249 re- 
r'C 

vealed that, at an equal increase in 

cutting speed v, the force Pz also 

diminished to an identical degree. 

This refutes h.K.Zorev’r- claim that 

the cutting force is less dependent 

upon the speed in the turning of hard¬ 

ened steels than in the machining of 

unhardened steels. 

Influence of Cutter Geometry unor. the Cutting Force 

True Fake Anmle. Experiments to determine the nature of the influence exer¬ 

cised by the true rake angle upon cutting force were run by the author with B steel, 

Hp_ç - 2,9. Kachining was with titanium-tungsten cutters.at constant cutting speed 

(v = 20 m/min) and depth of cut (t = 1.2 man), and various feeds s. The true rake 
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ar.gifc y «as \aried fror. +I0 to -12°. The results cf the tests run for feeds 

s = ar.s t,.^95 --., rev are presented ir. _; 

As we see, a reduction in the true rake angle is accompanied by a rise in the 

forces Fv> ?y> ar-^ Pz«’ ''here tr.e effect of the Y angle upon the cutting forces is 

r-aniTested r..cre sharply in the internal cf negative rake angles (y < 0°) than in the 

"val (y 

strongly than the 

furring of Steel E, 

Table 28 

Various True Take. Angles y in the 

of fL„ = A9 at Various Feeds, 

nut t - x,2 run, and Cutting Speed v = *0 ir./min 

Feed s, 
in 

rr/rev 

7=+10° 7=.0° 7= -5° 7=-12° 

P, 
P, 

Pu 
Pz 

P pr* ~ 
Z 

P 
V 

p z 

Pr 

~z 
Pv 

Pz 

Px 
Pz 

p, 
P Z 

0,112 

0,155 

0,225 

0,307 

0.395 

0,42 

0,35 

0,31 

0,27 

0.24 

0,75 

0,63 

0,54 

0,49 

0,48 

0,51 

0,41 

0,38 

0,35 

0,34 

0,82 

0,64 

0,63 

0,58 

0.49 

0,68 

0,62 

0,54 

0.48 

0,46 

0,90 

0,83 

0,73 

0,66 

0,63 

0,70 

0,68 

0.61 . 

0,57 

0,52 

0,92 

0,87 

0,79 

0,78 

0,69 

force ?s. For example, on varying the true rake angle between +10 and -12° 

(s = 0.395 run/rev), the longitudinal force Px increased fror, 3A to 99 kg, i.e., by 

a factor cf 2.9, while the radial force Py increased fror 63 to 126 kg, i.e., by a 

factor of 1. At the same tire, the tangential force P2 increased only by a factor 

I (fror 157 to 200 kg). 

In the interval of negative values of the true rake argle y, the —— and 
P. 

P, z * z 
ratios are -higher than at positive values thereof, with these ratios increasing with 

a decrease in the true rake angle y (Table 28). The data in this Table also deron- 
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and 

0_ 

•1_ 

strate that dirdnish as the feed increases. 
Pz PZ 

The results obtained by the present author are confii'n.ed by other investiga- 

.¡" tions of the process of machining hardened steels (Eibl.22, 2?). 

' 7J'. 
^ The conclusion may be drawn that the effect of the true rake angle upon the 

1 jo cutting f^-ce in the turning of hardened steels is of the same nature as in the 

machining of ordinary (unhardened) steels. 

! ; " End-Cutting-Edge Angle. In the turning of haruened steels, reauction of tne 

lf> end-cutting-edge angle causes an increase m the longitudinal iorce Px and the 
i 

le -radial force Py, with a change in the angle <p having a greater effect upon Fx than 

upon Py. In accordance with the exp er irr, en tal cata eacn IC”3 rocuctior; tr, 

fl . the angle <p results in a 7« 51' rise in the force Py, ar.c a ;C,- rise in the '.orce ?x. 

7The influence of the angle <P on the tangential force Fz is negligible, 

ou“-! Complement of Back Rake Angle. An investigation by A.A.Kasiov (Eibl.26) shov;ed 

Vy77that, in the turning of hardened steels, an increase in the complement of the back 

307'rake angle \ from -?0 to *L5° results in an increase in the radial force P , whereas 

32.Jthe axial force Px declines. 

31J According to the data of K.".Zorev (Bibl.22), each 10° increase in the angle A 

3'j causes the force Pv to rise by 15Í and the force Px to diminish by 5%. These data 

_1 y 
38 are valid at an end-cutting-edge angle of - 2C°, a depth of cut o: a - 0.1 r.m, 

_J 
10 'and a flank wear of h = 0.2 mm. As the angle <p rises, the effect of the angle A 

42_ upon the force Py diminishes, whereas its effect upon the force Px increases. The 

U-/influence of the angle A. upon the forces Px and Py also diminishes with increase in 

li 
4() cutter wear. This is more pronounced, the greater the hardness to which the steel 

48__.has been brought and the less the depth of cut. 

r>0 "1 The tangential force Pz undergoes virtually no change with a variation in the 

——j 
52 .angle X# 

r>4^Effect of Depth of Cut and of Feed upon the Cutting Force 

ZöJ_In order to detemine the relationships of the forces Px, Py, and Pz to the 

58.- 

-) 
60-1- 
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í) 
depth of cut t and the feed s in the turning of hardened steels, the author ran a 

) 

series of experiments. The results of four series of experiments are presentedi.. 

three for steel B of - Z*9 and one for the same steel of 

tests were run with titanium-tungsten cutters with the following geometry: ot - 6°, 
8_Í 

T = -5°» * = 0°, q> * L5°, <Pi “ 15°, and r - 1.15 mm. 

59. The dynamic 

10 J 1 
12 

11 

Figures 37 - /*2 present, in log-log scale, curves for the relationships be¬ 

tween the forces Px, Py, and P;, and the depth of cut t and the feed s for hardened 

steel B, of = 49. For the same steel. Figs.43 and 44 present, in Cartesian 
'.-j p p 

coordinates, the ratios -5^- and -5^- for various values of the feed s. 
lb 4 Pz 

Figure 43 shows that the ratio increases with a reduction in the feed and 
4 
an increase in the depth of cut (considerably more weakly in the latter case). The 

LM 

2Ü 

L'«- 

ratio of the radial force Py to the tangential force Pz increases with any reduction 

in feed and depth of cut (Fig.44). 
4 

The ratio of the longitudinal force Px, the radial force Py, and the tangential 

i ! 
-force P_ to the depth of cut and the feed in the turning of hardened steels may be | 

30__ 2 
presented in the following form: 

32 
I 
j 

34—J 
I 

3tí J 

40 J 
~i i 
—J 

. I 1 
-- where Cp , Cp , and Cpz are constants depending upon the work and other cutting 

4411 * ^ 

Px = Cp^ ’ t Px • SVp* Kfl 

Py = Cpv ■ t Py sypv ÂJÎ 

Pt = CP' • * sVp, fcj; 

46 

8 1 48 

50 

conditions; 

t is the depth of cut in mm; 

s is feed in mo/rev, 
I 

The experiments show that the exponents xp and xp depend on the feed e, and 
* y 

the exponents yp and jp on the depth of cut t: xp and xp diminish with increasing 
— X y ^ y 

depth of the cut t. However, it is obvious that the fluctuations in the values of the 

56_!_ 

58-J 
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36 

ys—í 
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i 

-13-..., 

14 

46 

4SZ 

r-o 
PO v0— -, 

Fig.37 - Effect of Depth of Cut t 
upon the Force Px at Various 
Feeds s. Turning of steel B, 
of HjJq = /+9 at a cutting speed 

V * 20 ir/min. Cutter geometry: 
a = 6°, T * -5°, X. = 0°, V » U5°t 

4>1 * 15°, r * 1.15 nun 
1 - s = O.5O5 nm/rev; 
2 - s = O.395 mm/rev; 
3 - s = 0.286 mm/rev; 
/+-s = O.I97 mm/rev; 
5 - s = 0.122 mm/rev 

a) Force Px, kg; b) Depth of cut t, mm 

upon the Force Py at Various Feeds s. 
Test conditions as in Fig.37- 

a) Force Pyf kg; b) Depth of cut t, mm 

Í.8 J 
KCL-/+06A HI 

60—J_ ______ 

Fig.39 - Influence of Depth of 
Cut t upon the Force Pz at Vari¬ 
ous Feeds s. Test conditions as 

in Fig.37 
a) Force Pz, kg; b; Depth of cut t, mm 

Fig./+0 - Influence of Feed s upon the 
Force Px at Various Cutting Depths t. 
Turning of steel B, of = /+9 at 

V » 20 m/min cutting speed. Geometry 
of cutter: a = 6°, y = -5°, X - 0°, 
<P “ /+5°, Tx = 15°, r - 1.15 mm 

1 - t = 3*/+7 mm; 2 - t » 1.7/+ mm; 
_3 - t ■ 0.88 mm 

a) Force px» kg; b) Feed 3, mm/rev 

i 

J 



‘ V 

Fig./+1 - Influence of Feed s upon 
the Force Py at Various Depths 

-'■> of Cut t. Test conditions as 

in Fig.i+0 
28— 

a) Force Pv, kg; b) Feed s, ran/rev 
20_, ^ 

Fig.Z.2 - Influence of Feed s upon 
the Force Pz at Various Depths 
of Cut t. Test conditions as 

in Fig./tO 

a) Cutting force Pz, kg; 
b) Feed s# ran/rev 

48— 

Fig.- Effect of Depth of Cut t 
20 . Px 

and Feed s upon the Ratio -. 
52.4 

Test conditions as in Fig.Z*0 
54 _J______ p _ ____ 

a) Ratio —5—; b) Feed s, ran/rev 
56—L __P*  __- 

Tig.UU - Effect of Depth of Cut t 
Py 

and Feed s upon the Ratio ■ D»'.-. 

Test conditions as in Fig.40 

a) Ratio — X ■ ; b) Feed s, ran/rev 
- *z--- 

■ 
I 
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4--1 

(i _ I 

8_J 

exponents xp^ and xp as well as the exponents yp and yp upon any change in the 
! * 7 

feed and depth of cut are negligible.in their influence upon the forces Px and 
I # 

Therefore, there is no point to complicating the equations Px *■ fx (t and a) and 

Py “ ^ an<^ 3 ) by introducing additional tern.s for the exponents xP and xp , as 
X y 

Table 29 

Values of Exponents of t and s in the Expressions: Px - f1 (t and s), 
Py E f2 (t and s), and Pz - f^ (t and s) 

! r.... 1 

ÎK 

•'0- 

L'4 J 

jfj q 

I’d.._ 

30_' 

32_': 

:M -1 
I 

3d J 

3dZj 

40_j 

42 

44 _.J 

Cutting 
Force 

Exponents 
for 

t and s 

Steel B, Hardness - ¿9 
Steel B, 
Hardness 
Hrç » 59 

Series of Tests 

1 U III Average 
Data IV 

P* 
0.94 

0.58 

0.95 

0.62 

0.98 

0.51 

0,96 

0,57 

0.72 

0,86 

py 

0.61 

0,60 

0.66 

0.78 

0,64 

0,49 

0,63 

0.62 

0.31 

1,08 

P. 
0.95 

0.76 

0,96 

0.83 

0.99 

0,87 

0,97 

0,82 

0.83 

0.80 

well as ypx and ypy relative to the feed s and the depth of cut t. With a degree 

of accuracy sufficient for practical purposes, these exponents may be based on the 

average values obtained from, the results of four series of tests (Table 29), 

I 

4u 

r.o 

M . 

•(). 

The feed and depth of cut have a negligible influence upon the magnitudes 

of xpa and yp2. In the expression Pz = f3 (t and s) it may be taken that the ex- 
1 
ponents Xpz and ypz are not dependent upon the feed s and the depth of cut t. 

These regularities are characteristic of steels of both hardnesses (Hr, -/.9 
i , v Rc 47 
and 59). 

The data in Table 29 penrdt a conclusion as to the nature of the influence of 

58 

ec- 

; 
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the hardness of tempered steel upon the exponents of t and s in expressions re¬ 
li- j ! 

latin g Pxr-Py, and Pz to t and a. As we see, in the equations Px - fi (t and a) 

and Pv * fo (t and s), the exponents for the depth of cut diminish as Hj^ rises 
*i . y .. ¿ . _ 

from /*9 to 59: xp falls from 0.96 to 0.72, and Xp from 0.63 to 0.31. The feed 

10 . 

1 M 

1 ! 

1(1 

10 

•>o 

L’l 

l’6 J 

L'O J 

jOJ 

32-J 

o t 

3(3. 

exponents, on the other hand, show a risej yp^ from 0.57 to 0.86, and yp^ from 

0.62 to 1.08. In the equation Pz = f3 (t and s), the exponent for depth of cut Xp^ 

also diminishes with increase in the hardness of the steel (from 0.97 to 0.83). The 

exponent for feed yp^ shows a negligible change. 

From this it follows that, as the hardness of tempered steel rises, there is 

a pronounced increase in the influence of the feed s upon the values of Px and Py. 

According to the author*s experimental data, the equation for cutting force of 

hardened steels has the following form: 
- 

For steel of * 2*9: 

129 • • s0,51 a,; Px 

Py = 227 • ¿°-6í • s0’62 

R = 330 • /0,17 • Af?; 

and for steel of * 59: 

38_ 
! 

•10--, 

12 J 

P. = 243 - t"'- • sn<f,G m; 

670 • t"M • s1,1* a, ; 

: 400 • r3 • s0'’*0 A,. 

14 An influence upon the magnitude of the exponents of t, and s in equations for 

1G p p and Pz is also exerted by the flank wear h (Bibl.22). As h increases, the 
! X» y» z 

■IS 'exponents ypx, yP , and yp^ diminish, this diminution being greater the harder the 

tempered steel. Moreover, the exponents xp^, Xp , and Xp^ also diminish, but to a 
-1 

52 lesser degree than do the exponents ypx, yPy, and ypa. 

These equations are valid for cutters with the following tip geometry: a ^ (fir 
_| 

r<! 

leJ.y « .50^ A = 0°, * * A5°, ¢1 * 15°, r • 1.15 mm. 
—I 

58— ^ n, 
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For purposes of calculating the cutting regimes (see Appendix I), the author 

employed the following formula for the tangential force PB: 

r' #0,1) „o,h . 
O • t ‘ i> Aji (1) 

where Cp “ 250, for steel of Hp-, * 38. i 
ini 1 ^ 

Table 30 permits a comparison of the values of the exponents of t and s in the 
12 J 

., ) 
11 ‘ Table 30 

16 
—^ 

13 J 
I 

Values of the Exponents xpx, xp , Xp , yp , yp , and yp , on the 
1 z X y 2 

Basis of Various Investigations 

Í 

24 '1 
2ti J 

2ö J 

30 

32-J 

31 

3‘3 —j 

10 J 

f w ... , 

14 J 
! 

Mi 

•isl 

BO 

52.^ 
J 

54 _i 

Data Material 
Investigated 

! 

X
 

H*
0 

^
 

I1 

^
 

X
 

- S X 
xp !'p 

xt pv.s y 

P, = Ci; X 
®P lip 

Xt *s • 

Exponents 

x% Xp. y^. 

Author 

Hardened steel B, 
Hrç “ A9 

0,96 0,57 0,63 0,62 0,97 0,82 

Hardened steel B, 
Hhç * 59 

0,72 0,86 0,31 1,08 0,83 0.80 

N.N.Zorev 
(Bibl.22) 

Hardened steels, 
Hpç - 35 - 65 

1,0 0,60 1,0 0,60 1.0 0,76 

A.A.Maslov 
(Bibl.26) 

Hardened steel 
Khl2M, Hrç - U5 

0,91 0,37 0,91 0,47 1,0 0,77 

A.D.Makarov 
(Bibl.2A) 

Hardened steel 
Khl2M 
■ 61 - 62 

1,03 0,98 0,87 0,95 0,70 0,58 

Handbook on 
high-speed 
machining 
procedures 
(Bibl.27) 

Unhardened struc¬ 
tural steel, 
ot ■ 75 kg/mm2 

1,20 0,55 0,90 0,75 1.0 0,75 

53 I 
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o 
. -equations for Pxf Py, and P2 for hardened steels, based on various sources. It 

follows from the presented data that, in the turning of hardened steel, as in the 
4 I 

(i-L 
I 

8_! 
I —I 

10 ..J 
J 

11! .J 

16 

18 

L’l 

lid 

2b_ 

;i0- 

.3?. 

turning of unhardened steel, the feed s has leso effect upon the force Pz than the 

Table 31 

Cutting Force P2 for Hardened and Unhardened Steels, on the 
Basis of Various Investigations 

38 1 

J 

28 

■40 

42 

44 J 
46 _j 

—I 
43 

50 

Material Studied Data by 

Depth of Cut: t * s 

2.0XU.8 1.0X0,4 U,5X0.1 

Cutting Force Pz, in kg 

Hardened steels 
Hrc “ U5 

Hrc = 50 

Hrç “ 60 

Author 465 
520 
620 

142 
158 
190 

22 
29 
34 

Hardened steels 
Hrc - U5 

hRc “ 5° 
Hrç = 60 

N.N.Zorev 
(Bibl.22) 450 

440 

125 
130 
150 

28 
31 
33 

Hardened steel K.hl2M 

hrc “ 
A.A.Maslov 
(Bibl.22) 595 174 30 

Hardened steel Khl2M 
Hrc = 6! - 62 

A.D.Maltarov 
(Bibl.24) 

» 360 148 40 

Unburdened steel, 
“ 75 kg/mm2 

(Hb « 207 - 2a) 

Machining 
procedures 
handbook 
(Bibl.27) 

320 96 17 

'1 _f 

56..i. 

depth of cut t (in all studies, Xp2 > ypz)» It is not possible to develop general¬ 

ized conclusions on the nature of the influence of t and s upon the forces Px 

and Py since the data differ greatly. 

Let us compare the cutting force Pz in the turning of hardened steels, as de- 

58-1 

60-1 
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o. 
rived from various sources (Table 31). The Table also presents an unhardened 

I 

steel, ot * 75 kg/naa^. ,., -- 

The data of A.D.Makarov, calculated on his suggested fomula, are corrected 
>i,. 

8,.,, 

10 

10 

to 

20.J 

28 

for the large negative true rake angle (y = of the cutters he used in his in¬ 

vestigation. The lack of uniformity in the P2 relationships for various depths of 

cut among the various investigators is explained by the different structures of 

the Pz formulas (different values of exponents for depth of cut t and feed s). 

As we see, the values of the force Pz for steels of identical hardness differ 

considerably from one investigator to the next: Those by A.D.Makarov are low, and 
I 

those by A.A .Maslov are high. The present author’s data occupy a position inter'- 
, 

mediate between those of Zorev and Maslov, 

The Table also shows that the tangential force Pz is greater for hardened 

steels than for unhardened types; the difference between them increases with the 

hardness of the steel. 

It should be borne in mind that the values presented for the cutting force 

pertain to cutters whose edges are not worn (freshly-ground cutters). As the cutter* 
32-2 j i 

21 

26.- 

33- 

40-2 

M 

4ti 

43 

50 

wears, the force P2 increases at a greater rate the harder the tempered steel and 

the less the thickness of the cut a. In accordance with the experimental data of 
j Í 
K.N.Zorev (Bibl.22), for example, an increase in the flank wear h from 0,2 to 0.8 mrt 
[ i 

(depth of cut t ■ 1.0 mm and feed s - O.i* mm/rev) leads to an increase in the 
I I 
force Pz for hardened steel of Hp^ ” ¿*0 by 50^, and for steel of - 65 by 71Í. 

For hardened steel of Hp^, ■■ 50 (t “ 1.5 mm), an increase in cutter wear from 0.2 to 

0.8 mm causes an increase in the force Pz of 35!» for a feed of s * 0.8 mm/rev, and 

of 106¾ for a feed of s - 0.1 mm/rev. 

It is natural that the relative value of the forces Py and Px is much higher ' 

5i_4 

for hardened steels than for unhardened types. Whereas for the latter, the 

Pj . _ P, 

P, 

i g* * 
ratio varies in the 0.18 - 0.67 interval, and the ratio in the _x_ 

Pz 
0.17 - 0.f*6 interval, these relationships for hardened steels fluctuate in the in- 



1 o. 

"H 

tervals, respectively, of 0.75 - 1.81 and 0.51 - 0.96. According to data by 

A.D.Makarov (Bibl.Zt,), the relative values of the forces Py and Px are still higher 

J Py Px 
for steel of “ 61 - 62 (t - 2 ram, s - 0.1* rm/rev): “ 2.80; * 1.14. 

8... 

in . 

1L’ 

1 Î 

10 

18 

20 

It must be borne in mdnd in this connection that, as the flank wear h increase», 

the radial force Py and t he longitudinal force Px rise sharply, and more intensively 

than the tangential force P,,. According to data by N.N.Zorev (Bibl.22) for 

Table 33 Table 32 

Values npz on the Basis of 

Various Investigations 

Unit Cutting Forces of Hardened 
and Unhardened Steels 

28 

30 

o *- - 

'} 4 

Data of 

Hardness 
hange of 
Tempered 
Steel Hpç 

Value 
of the 
Expo¬ 
nent 

nP rz 

Author 
K.N.Zorev 

(Bibl.22) 
NIBTN 
(Bibl.27) 

49-59 

35-60 
>60 

38—58 

1 

1,05 
0,88 
3,25 
1,30 

Work 
Material 

jlepth of Cut F M t.smm2 

2,0-0,8 = 1,6 1,0-0,4»0,4 0,5-0.1 »0,05 

Hardened 
steels 

Hrc “ 38 

HHc b 
HRc “ 59 

Unhardened 
steel, 

°t “ 
=75 kg/mm2 

Unit Cutting Force p, 
in v g/mm^ 

36-j 

:;.8 * 

246 
325 
395 

200 

300 

395 
480 

240 

440 
580 
705 

340 

t = 1.0 mm and s = 0.1* mm/rev, an increase in flank wear h from 0.2 - 0.8 mm results 
40 

42 

44 —I 

4ti 

■lM Machinabilltv of Hardened Steels 

50 J 

in a 120Í rise in the force Py for steel of Hpç * 1*0 and in a 181^ rise for steel 

0f h . 65> the corresponding increases in the force Px being 94 and 187Í« Let us 
i 
note that under the same conditions, the force Pz rises by 50 and V%» 

51 
. 

56_i 
-) 

58 

The machinability of metals (their ability to be machined by cutting tools) is 
j 

governed by the following primary indicators: 

MCL-1*06/V 

80-J_ 

1) Cutting speed for a 60-minute tool life, under given cutting conditions 

118 



o 

4 —_j 

♦i _ 

10 

12 

14 

1C* 

H 

(material and geometric parameters of the cutting portion of the tool, 

depth of cut, feed, etc.);..j__ ____ 
I 

2) Quality of the machined surface; 
... . . _ ________!. .. . ...... 

3) Magnitude of the cutting forces. 

The rrachinability of a metal is better (higher), the higher the possible cut¬ 

ting speed of a tool, the better the finish of the machined surface, and the lower 

the cutting force. ( 

Here we shall examine the irachinability of hardened steels in terms of cutting 

force. 
id ._) 

Influence of Hardness of Tempered Steel upon the Kachinability. It is obvious 

from the foregoing that an increase in the hardness of tempered steel is accompanied 

by a decline in rrachinability and an increase in cutting force Pz. This regularity 

may be expressed by the equation 
2ti—j 

2öd 
30 

32 

(2) 

where A = Cpa for steel of the given hardness. 

rj à I 
Table 32 presents the values of the exponent np derived from various investi- 

r ** i 

36 gâtions. 

In calculating the recommended cutting procedures (Appendix I), the author em- 

'n ployed the following nps values: 

42 J 

•14 

46._ 

48 

50 

Hardness of hardened 
steel Hpç 

38 - 60 

> 60 

Value of npz exponent 

1.0 

3.0 

54 

56. 

Z'S 

60- 

Unit, Cutting Force in Turning Hardened Steels. The concept of the so-called 

cutting constant Kz has been developed to permit a comparative estimate of the 

rrachinability of metals. The cutting constant is often confused with the unit cut- 

1 .. " ‘... . 

j 
KCL-A06/V 119 
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..-tine force p. Unlike the cutting constant Kz# which is a constant for a given 
2—1 I 

metrl, the unit cutting force p is a variable depending upon the dimensions of the_ 
1 ¡ i . 

layer of metal being removed, and upon other cutting conditions. However, the unit 

1< 
H 

12 4 

M 

force p may be employed for a comparative est orate of the machinability of various 

metals, if the cutting force Pz is determined under identical conditions. 

Table 33 presents the values of the specific cutting force p for hardened 

steels of various hardnesses and for unhardened steel whose tensile strength 

16—j 

1m 

is 0+ = 75 kg/mm2. 

As we see, the unit cutting force characterizing the miachinability of the met¬ 

al rises vdth reduction in the cross-sectional area F of the layer being removed, 
20—\ ■ \ 

and with rise in the hardness of the tempered steel. In the case of unhardened 
41*1 

steel, this force is less than for hardened steel. The machinability of hardened 
24.J ! j 

steels is less than that of unhardened types. 

-M j 
“1 1 

2d ~ Conclusions i 

30. 

32 

31 

1. The turning of hardened steels differs from the machining of unhardened 

steels in that all cutting forces, particularly the radial and longitudinal forces. 

Py and Px, are higher. This is explained by the high strength and hardness of 
uD . 

tempered steels, and also by the fact that cutters of negative rake are employed to 
38' 

! 

machine them. 
10 

-2-4 

14-J 

46_I 

2. Hardened steels are characterized by poorer machinability than unhardened. 

The unit cutting force p of hardened steels is considerably higher. 

3. The turning of hardened steels is distinguished by the high relative values 

- of the longitudinal and radial forces Px and Py. For unhardened steels, Py - 0,U Ps 
■13_j ' i ' I 

and P “ 0.3 Pz. Where hardened steels are concerned, the longitudinal force 
50-.-1 x 

p = 0.5 - 0.9 Pz, whereas the radial force Py approximates the tangential force in 
r o * J •J*- .i 

- magnitude, and considerably exceeds the latter at low depths of cut. 

56. 

58.J 

A. With increase in flank wear, there is an increase in all cutting forces. 
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2q particularly in the radial and longitudinal forces Py and Px7 ~~ - " ' 

4 J 5* The increase in cutting forces is.accelerated as the hardness of the 

pered steel rises. 
ti.... 

8J 6. In the turning of hardened steels, the cutting speed exercise, a significant 

10 I influence upon the tangential force P2. fhe force Pz declines as the speed in- 

., • creases. Consequently, from the viewpoint of load on the cutter it is better to 

work at relatively high cutting speeds, i 

Practically speaking, in the turning of hardened steels, particularly those of 

higa hardness, the influence of the cutting speed upon the cutting force is negli¬ 

gible, since the interval of speeds employed is quite narrow* 

7. In the case of hardened steels, the influence of the true rake angle y upon 

the cutting forces is of the same nature as in the machining of unhardened steels: | 

All the forces rise with a reduction in the true rake, particularly in the radial j 
and longitudinal forces Pv and P„. 

J X j 

8. In turning hardened steels, a reduction in the end-cutting-edge angle <p re-j 

'32- . EUltS in an increase in the radial and longitudinal forces Py and Px. A change in j 

■M ;the angle 9 haS leSS effect uP°n Py than upon Px. The effect of the angle <p upon | 

the tangential force Pz is negligible. 

i 9‘ With a rise in the complement of the back rake angle \, the radial force Py i 

40_ /ncreases and the longitudinal force Px diminishes. The tangential force Pz under- 

j,/ goes virtually no change. 

44 7j 10‘ In the Case of hardened steels the relationships of the cutting forces to I 

1 

1 i J 

id—j 

1M l 

20- J 

24 

2(i 

2d 

30 

.Jo 

:]d 

the depth t and feed s are identical in nature with those of unhardened steels. 

In the case of unhardened steels, the exponent for the depth xpz is greater 

50 than the exP°nent for i*«*# the depth has a greater effect upon Pz than does 

52 the feed* This saiEe Proposition is valid for hardened steels. However, unlike 

5}-JU!lhardened steel3» for which the xpz exponent is 1, hardened steels may show a 

53 

GO 

lower exponent. 

"t- - 
: 
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T 11. Many factors influence the machining tolerances attainable, the most im¬ 

portant of these being the bouncing of the tool off the work under the influenc.«..®!. 

the radial force P . The action of this force results in a distortion of the 

8 

toJ 

K 

1(3 

18 

20 

H 
4- i 

the radial force r 
(i_l....— 

geometric shape of the machined surface and the appearance of taper 

Since the process under examination is distinguished by a high relative value 
j 
of the radial force Pv> particularly when the layer of metal being resnoved is thin, 

12_i J 
the machining of hardened steels should be performed on machine tools of high 

rigidity. 

12. Despite the fact that the turning of hardened steels is characterized by j 
I j 

considerably higher cutting forces than that of unhardened steels (at the same 
-^ J 

depths of cut t and feeds s), the absolute value of these forces is relatively low, 
>«> 

since the turning of hardened steels is performed at low t and s. Moreover, as 

compared to unhardened steels, the machining of hardened steels proceeds at consid- | 

erably lower cutting speeds. As a result, the power consumed in machining is com¬ 

paratively low, in the cutting of hardened steels. 

] I I 
15* Geometry of Cutter Point 

i 
I ! 

In this Section we present the results of investigations to determine the 

optimum, values for the geometry of cutters to be used for the turning of hardened 

steels. ! 

20 

28. 

JO ‘ 

31 

:?5_J 

38 

•10 

■'2 . True Rake An°:le 

1 j 
Table 3A presents the results of the author*s experiments with hardened 

steel B, of * 56. The machining was performed with T21K8 cutters, at a depth 

of t -= 2.A mm and a feed of s - 0.307 mm/rev. The cutter geometry was as follows: 
I 
relief angle a = 6°, complement of back rake angle X “ 0°, end-cutting-edge angle 

j ! 
<p = j^jo. complement of side-cutting-edge angle - 15°; nose radius r - 1.15 n®. 

•14 

46 

48_j 

r.o 

54 _i 
- -The true rake angle T was varied from *10 to -12°. The cutters were dressed with 

■y 1 56 

58-J 

60-1 
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boron carbide flour. 1 2—1 
1— It is clear froa the Table that the cutting process was impaired on reduction i 

4--I Í 
in the true rake angle. When cutters with y * +10° and +6° were used, the cutting 

8_I 
proceeded smoothly, with good flow-off of chip. At high negative true rake angles 

10 

12 

H J 

161] 

18 i 

20_i 

21-..- 

LViZ 

28._ 

30-1 

32- 

24-., 

36—1 

40—j 

42 -J 

44-j 

4K 

(y * -8 and -12°), all the cutting forces increased sharply, particularly the radial 

Fig.t5 - Relationship Between Cutting Speed v and Tool Life T at 
Various True Rake Angles y. Turning of steel B, of 

Hjjç = 56, at t - 2./* mm and s - 0.307 ran/rev 

a) Cutting speed v, m/min; b) Tool life J, min 

force Py, which resulted in the cutter bouncing away sharply from the part being 

machined, as well as in an increase in the deformation of the layer of metal being 
j 

cut, and a sharp increase in the heating of the chip. However, at Y “ +10°, 

crumbling-out of the cutting edges was observed. 

Figure L5 presents in logarithmic scale a graph of the relationship between 

cutting speed and tool life T. The curves are plotted on the data in Table 3A» 

Cutting speeds, reduced to 60-minute tool life (v6o), and the index for relative 

life at the true rake angles y investigated are presented xn Table 35« 

48 
The influence of the true rake angle upon the cutting speed was also investi- 1 

— • 

gated for steel A of Hrç - A7. The tests were run with T21K8 tools, having the same 
.'4 • I 

geometry as the cutters in tests of steel B of « 56. The results of the teats 
50 

54 
are presented in Table 36. 

56..! 

58rl 

to 

Figure i*6 offers the data of Tables 35 and 36 in graphic form. It is clear 
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8_ 

10 
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14 

IB¬ 

IS 

20. 

2B_I 

28_1 

■;0_ 

32J 

Mi 
33_I 

•>Q i c'O—^ 
I 

1 

•al! 

4 4 _J 

18. 
I 

50.. .4 

:----1 

I 
Table 3U 

_; . ___ __ j.... _ . __ __ 
Influence of True Rake Angle y upon Cutter Life and Cutting Speed 

I 
Turning of Steel B, of ■ 56, t • 2.A mm and s • 0.307 mm/rev 

True 
Rake 
Angle 
T° 

Cutting 
Speed, 

V in 
m/min 

Cutter 
Life T, 

min 

Nature of Cutter 
Dulling Remarks 

-12 
24 

22 
18 

18 

30 
100 

Normal 
dulling 

Same 
Same 

Difficult cutting; 
chip heated severely 
from outset. Cutter 
bounced away strongly 
from machined part 

— 8 
28,5 

26 
24 

15 

35 
55 

Normal 
dulling 

Same 
Same 

— 5 

31 

28,5 
28,5 
27 

18 

38 
40 
57 

Normal 
dulling 

Same 
Same 
Same 

Cutting went 
easier; considerably 
less chip heating 

0 

31 

31 
29 
28 
28 

8 

8 
24 
24 
32 

Normal 
dulling 

Same 
Same 
Same 
Same 

+ 6 

29 

27 
24 

12,5 

22 
76 

Normal 
dulling 

Same 
Same 

Cutting went easily, 
with good flow-off of 
chip, in the form of a 
long spiral; insignifi¬ 
cant heating of chip, 
but large-scale 
crumbling-out of car¬ 
bide bar at its nose 
and along the working 
portion of the cutting 
edge when dulling had 
not yet proceeded very 
far. 

+ 10 

26.5 

26 
26 
26 
26 ' 
26 
24 
23.5 

1,5 

0,16 
3 
0,16 
0,16 
0,16 

37 
26 

Crumbling out 
of cutter 

Same 
Same 
Same 
Same 
Same 

Same 
Same 
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O - 
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(j_ 

B- 

10 

12- 

4 4 

16. 

•1 . ; 

from these data that the highest cutting speed of both steels tested represents a 

true rake angle ï - -5°. At the same time, the cutting speed v¿q diminishes as the 

true rake angle is varied in either direction from the T * -5° value. Whereas 

at y - “5°, the speed is v¿q - 26.8 m/min, the speed at Y * +6° comes to 25.A m/ndn, 

and at y m -12°, the cutting speed is v^q m/min (Table 35)» Thus, at Y “ -12°, the 

Table 35 

Cutting Speeds v^q and Relative 
Life Index m for Various Values 

of the True Rake Angle y 

Cutting Speeds V/n for Various 

Machining of steel B, of H 
¾ 

56, 

at t = 2.4 mm and s - 0.307 mm/rev 

Table 36 

'60 fc 
True Rake Angles y 

Turning of steel A, of * 47» 

at t - 1.2 mm and 
s - 0.305 mm/rev 

26.2 

28_ 

32 - 

36 

True 
hake 
An^le 

Cutting Speed 
v¿o» in m/min 

Index m 
Abso¬ 
lute 

Rela¬ 
tive 

-12 

— 8 
— 5 

0 
-f 6 

19.6 
24.1 
26.8 
25.6 
24,5 

0,80 
0,98 
1,09 
1,04 
1,00 

0,169 

0,096 
0,122 
0,096 
0,105 

True 
Rake 
Angle 

Y 

Cutting Speed v^q, 
in m/min 

Absolute Relative 

— 8 
— 5 

0 

+ 6 

55,4 
58,2 

58,0 
65,6 

0,99 

1,04 
1,04 
1,00 

40—I 

42 

14 —j 

46 

48 

50 

¡4. _i 

cutting speed is considerably less than at y = +6°. Moreover, the cutting speed 

for y = -5° is only negligibly greater (92) than the cutting speed for y - +6°. For 

-the second grade of steel (Table 36), this difference is even smaller (4^). 

Thus, for the purposes of turning high-alloy chromium-nickel-molybdenum-silicoà 

and medium-alloy chromium-nickel-molybdenum steels of m 56 and 47 hardness, a 

slight negative true rake angle (y • -5°) yields an insignificant gain in cutting 

speed relative to that afforded by a positive true rake (Y " +6°), whereas, con- 
\ 

versely, higher negative true rake angles (y “ -12°) result in a considerable re- 

58 

58 

G0- 

duction in the cutting speed. 
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— It must be emphasized that, at a large true rake angle, the cutting edge of 

_ the cutter crumbles out when high-hardness tempered steels are turned* 

4 -I . 
The optimum value of the true rake angle for the steels A and B investigated 

by the author lies in the interval from y * -5° to y ■ 0°. 
8_J 

10 

112 

11 

16 

id 

no 

L'd _ 

zoZ"’ 

r ry 

34 J 

36- 

',)S 

dO_J 

412 J 

*i 4 —! 

•16 

•IS 

r-o 

IY2 

t 

Fig.46 - Influence of True Rake 
Angle y upon the Cutting Speed 
v£q. Cutter geometry: a * 6°, 

X = o°, <p “ 45°, - 15°, 
r I.I5 mm. 

L - Steel A, * 47, t “ 1.2 mm, 

s = O.3O5 mm/rev; 2 - Steel B, 
Hp « 56# t . 2.4 mm, 

s - O.307 mm/rev 

a) Cutting speed v¿q, m/min; 
b) True rake angle, y° 

b) 

Fig.47 - Relationship of T30K4 
Cutter Flank Wear upon True Rake 
Angle y. Turning of tCKhS steel, 
of Hj^ = 48 to 50, at t • 0.2 mm, 

s = 0.1 mm/rev and v - 40 m/min 
(a » 50, 9 = 45°, 9^ - It/5, 
\ u 50t r = 0.5 mm). Arrow 
indicates crumbllng-out of 

carbide tip. 

a) Flank wear h, mm; b) True 
rake angle y® 

Let us discuss next other studies of the turning of hardened steels. Table 37 

presents the values for the true rake angle recommended by the authors of the res- 
I 

pective studies. 

The influence of the true rake angle upon the wear of T3CK4 cutters in the 

finishing of 40KhS steel hardened to “ 48 - 50 (t *= 0.2 mm, s - 0.1 mm/rev; 

v - 40 m/min) was investigated by N.S.Logak (Bibl.2l). He ran tests with the fol- 
I 

lowing true rakes: y ” 10, 5, 0, -10, and -15°. In each experiment, the flank wear 

after 40 min was tested. The results of the tests are presented in Fig.47. 

58 
FCL-4O6A 127 



As we see, the cutters used in the tests with positive true rake Y crumbled 

out. Ko such phenomenon was noted when cutters with negative true rake were an-_ 
4- -1 

Ij- 

5- 

10 

12 

11 

16 
ture r. The following is the geometry of the KBiX cutter: relief angle « “ 12°, 

IS.4 I 

true rake angle y e -5°» complement of back rake angle k * 0°, end-cutting-edge 

angle 9 = 10°, complement of side-cutting-edge angle » 1(P, 

The materials presented testify that cutters have to be given a negative true 
— 

rake (y < 0°) for thj turning of hardened steels. However, opinions differ on the 

ployed. At the same time, the flank wear h diminished as y was reduced. The opti¬ 

mum value for the true rake proved to be in the -10 to -15° interval. 

According to data published by V.A.Krivoukhov (Bibl.32), KBEK* cutters func- 

■\ 
tioned quite successfully in the turning of hardened steels. 

A distinctive feature of these cutters is their very low end-cutting-edge and 

complement of side-cutting-edge angles, 9 and 9^ and the absence of any nose curva- 

2ü 

2d 

30- 

32- 

34- 

30-. 

38- 

degree of negative true rake. The dominant view is that hardened steels must be 

turned with cutters having large negative true rakes, attaining -20° to -25° in the 1 
1 ' 
case of high-hardness steels. However, N.I.Shchelkonogov, V.A.Krivoukhov, and the j 

present author have found the optimum true rake to be Y » -5o» 

V/e believe it necessary to give some consideration here to the advantages of 

small negative true rakes for the machining of hardened steels. 
1 I 

It was noted above that negative true rake serves as a means of increasing the ! 
i:}~¡ I 

strength of the cutting edge of carbide cutters. When a cutter of positive true 

rake is employed, its cutting edge is subject to bending, i.e., a deformation to 

which hard alloys offer poor resistance. Whereas the transverse rupture strength 

of high-speed steel is o? * 32O kg/mra2, the figure for T15K6 is 110 kg/mm2, and that 

fer T30KA is only 90 kg/mm2. At the same time, hard alloys are characterized by 

■14- 

46- 

4 a_1 

50 
very high compressive strength, which rises as high as oc - A50 kg/mm2. The cutting 

'1 
-- - *The cutter name is derived from the initials of its inventors: Krivoukhov, 
,- Brushteyn, Yegorov, and Kozlov. 

56 

58— 
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o 
-edge of a cutter with negative true rake is primarily subjected to compression. 
i i 

4 

ti_ 

8_ 

in 

U! 

11 _ 

lö¬ 

te . 

20. 

»»•> 

21 - 

26.. 

2ö— 

Ü0_ 

32- 

:M 

36- 

38- 

■ÍU- 

« O 
‘t — ... 

14 

46 

48 

At the same time, a negative true rake causes a sharp rise in the radial- 

force Py and an increase in the cutter repulsion from the workpiece. If the system 

machine tool - workpiece - cutter is of inadequate rigidity, chatter will develop. 

According to the author* s experimental data for steel B, of *= 49, tested at 

depths of cut t * 1.2 ran and feed s * 0.395 mm/rev, a reduction in the true rake 

angle y from *10 to -12° led to a doubling of the radial, force Py. However, the 

tangential force ?z increased by only a factor of 1.2?. 

Thus, the operation of cutters with negative true rake produces phenomena that 
I 1 
are highly undesirable for finish-machining such as the turning of hardened steels. 

Therefore, one can well understand the effort to select the smallest possible nega¬ 

tive true rakes, the more so as, according to the author, an increase in the nega¬ 

tive true rake to over T = -5° brought not an increase but a decline in cutting 

54. 

56- 

58 

Ü0- 

- speed. 

With the exception of P.P.Grudov and N.S.Logak, all investigators recommend 

large negative true rakes y combined with small end-cutting-edge angles ¢, and 

A.Ya.Malkin ard Ye.A.Belousov also recommend large back rake complement angles X. 

With a reduction in the end-cutting-edge angle q>, the thickness of cut a diinin- 

iches, the width of cut b increases, and the cutter life T rises. According to the 

author, the cutting speed rises by 19^ for hardened steel of >= 41 as the 

angle q> is changed from 60 to 20^. 

However, a reduction in the angle <P is accompanied by an increase in the rela¬ 

tive value of the radial force Py, and also in the intensity of vibrations, par- 

ticularly in th. case of cuiUn* toois fon »MO . < 3<,. Cons.qUa„Uy, a region 

in the end-cutting-edge angle here acts in the same sense as an increase in negativ« 

true rake. The difference lies in the fact that the tool life and the cutting speed 

rise with a reduction in the angle ¢, whereas a reduction in the true rake angle Y j 

is accompanied by an increase in the strength of the cutting edge of the tool. 

j 
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i simultaneo vs with a reduction in its life^ 

One cannot agree with the recommendation that the turning of hardened ateela — 

*i_ I, 

11! 

r. 

10 

20.. 

L’l 

be done by cutters having, at the same time, a large negative time rake Y (as much 

as -20°), a small end-cutting-edge angle <p (10 - 30^)» and a large back rake com¬ 

plement angle (\ » JV50), the more so as we are here discussing hard alloys which 
J 

are distinguished by relatively high strength and diminished brittleness (VK8, 

-T5K10). i 

Industrial practice in the machining of hardened steels confirms the superi¬ 

ority of cutters with low negative true rake angle. At the Moscow Krasnyy Prole- 

tariy Plant (Bibl.33), steel ShKhl5 hardened to - 60 is machined by T30K4 cut- 
■ i I 

ters, the true rake being y = ~5°. It should be noted that the T30K4 alloy is one 

of the most brittle of the cemented carbides. 

At the Moscow Gorets Plant (Bibl.3U)* the machining of hardened i+0Kh steel 
J ! _ 

of Hp- = ¿i2 - a6 is nerfomed by T15K6 and VK8 cutters, true rake being Y - -5°. Iflç “ 4-c — 40 is periomueu uy omu vuo v.uui.cio, i 

The turning of hardened steel parts = 40 to 48 is performed at the Gor»kiy 
30- 

A 

Machine Tool Plant (Bibl.35) by T15K6 cutters, having a true rake angle of Y - -5°. 
2-J I 

Along with the foregoing, however, S.S.Nekrasov (Bibl.36) mentioned that at 
1 I 
bearing plants, large-size ball and roller races cade of ShKhl5» ShKhl5SG and 

12Khll3 steels with Hj^ “ 60 - 65, are machined on turret lathes by VK8 cutters with 

the following point geometry: a = 12°, Y 3 -15 to -20°, 9 = 20 to 25°. ^ ■ 12 to 
1 I 
15°; X 3 45°, r = 0.5 mm. In closing, we pause to consider two questions: 

.1 
1) Influence of the hardness of tempered steel upon the true rake angle of 

the cutter; 

¿i. 

38- 

40- 

'1 

4-1-4 
J —. 

40.J 

48... J 
j 

50 1 

2) Influence of the width of the flat upon the strength of the tool cutting 
j 

edge. • 

In general, as the hardness of steel rises and the cutting forces increase in 
I 

connection therewith, the true rake of the cutter should be reduced, i.e., its nega- 
1 

tive value should be increased. Thus, according to the data by N.N.Zorev (Bibl.22), 

GO-1 



the tangential cutting force Pz rises by 20% for a depth of cut of t - 2.0 ran and 

a feed of s - 0.3 ran/rev, as the hardness of the steel is increased from 45 to 55..j 
; i 

A heavier load on the cutter requires greater reinforcement of its leading edge. 

However, as is evident from Fig./+6, the optimum true rake y changes from -2.5° 

(average between Y ” 0° and T « -5°) to -5° as the hardness of the steel HR in- 

creases from 47 to 56 (by approximately the same value and in about the same hard¬ 

ness interval). ¡ 

Consequently, an increase in the hardness of tempered steel by 9 Rockwell 

units (scale C) led to the need of increasing the negative true rake by about 3°. 

For hardened steel of = 65, the optimum true rake will be, on this basis, -8°, 

but not -20° or -25°. The author holds that, for purposes of turning hardened 

steels of * 38 - 65, the true rake should be in the 0 to -10° interval. 

Research has established (Bibl.21) that the flat size used in the turning of ! 

unhardened steels (in cases in which a negative trie rake is provided not on the 

entire face, but only on the flat) is not appropriate for hardened steels. In the | 

:u 

3tJ_J 

•¿3. 

■KL 

!L!-j 

44 

4ti 

48_I 

50 

than the feed s. In the case of cutters with a flat f = 2.5 - 3 mm, that had under¬ 

gone flank wear in accordance with the dulling criterion adopted here, considerably 

less crumbling-out of the cutting edge occurred than in the case of cutters with a 
■ 
flat of f - 1.0 - 1.2 mm. Whereas the wear h * 0.7 - 0.9 mm in cutters with flats j 

-of f = 1.0 - 1.2 mm, was accompanied by crumbling (or cleavage) of the carbide bar ¡ 

not only over the entire width of the flat, but further along the face to a distancé 

of 3 - 5 mn from the cutting edge, cutters with broader flats (f * 2.0 - 2.5 mm), i 
I 
undergoing the same flank wear, showed considerably less crumbling-out of the can- 

i ¡ 
bide bar and spread only 0.8 - 1.0 mm from the cutting edge. 

24 _ Cutter Relief Angle 

58 

60 

» 
Figure 48 presents the results of tests run by the author to determine the in- 

‘1 
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'fluence of the relief angle a upon the cutter life T and upon the cutting speed ▼. 
J 

The experiments were run with steel C, of Hrç * 65, and the cutters were made- 

of T15K6 alloy. The relief angle was varied in the range of a - 4 to 16°. Machinin| 
fj J 

8-J 

10 J 
r: - 

1 ! .. 

10_ 

18 - 

20- 

20- 

28- 

20- 

22- 

34 

was performed at a depth of cut of t - 0.5 nan and a feed of s - 0.14 nnn/rev. 

As we see, higher cutting speeds v are permissible with no change in tool 

33 

-10.- 

42- 

14 - 

46- 

48 

50 

52 

54. 

56 

58 

n 

1 

Fig.48 - Relationship Between Cutting Speed v and Life T of 
Cutter, for Various Values of the Cutter Relief Angle «. 

Turning of steel C, of Hj^ * 65, at t ■ 0.5 nun and 

s « 0.14 mra/rev (y * -5°, ^ Ÿ “ ^-5°, 
ip, - 15°, r “ 1.3 nan) X ( 

a) Cutting speed v, m/min; b) Cutter life T, min 

! 

life T if the relief angle o is increased, or else an increase in tool life T may 
I j 
take place at a given cutting speed. Thus, for a - 4° and a cutting speed of 

v - 13 m/min, the tool Ufe is T * 16 ndn, whereas at a - 16° and at the same cut¬ 

ting speed as above, the tool Ufe is T - 70 min. At a - 4°, the cutter revealed & 
I Í . 

life of T - 16 min for v - 13 m/min, whereas at a » 16°, the same tool Ufe resulted 

for the higher cutting speed v ■ 16 m/win» 

Table 38 and Fig.49 present cutting speeds v¿q for various values of the 

angle a derived from the curves T - v (Fig.48). 

These data show that an increase in the reUef angle of the cutter results in 
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H 
an increase in the cutting speed; for a - 16° it is 15% higher than for « 

4 

8. 

in 

112 

14 

16 

18 

20 

24 

26.. 

28. 

30- 

32- 

34. 

36- 

38- 

40- 

42. 

4 4 — 

’M 

4 8 _ 

.>0 

82 - 

r>4 

r,s 

88 

60 

u°. The 

diminished cutting speed for a - 12° (vrhich is 95% of the cutting speed for a - ¡oy 
1 

does not invalidate the general and clearly marked regularity. 

Table 3Ö 

Effect of Relief Angle a Upon Cutting Speed v^n and 
Cutter Relative Life Index m 

Relief Angle, 
a0 

Cutting Speed v¿0 in m/min 

Index 
m Absolute Relative 

4 
6 
8 

12 
16 

11.1 
11.5 
12,3 
10.5 
12,8 

1,00 
1,04 
1.11 
0,95 
1.15 

0,111 
0,132 
0,109 
0,135 
0,166 

of Hrç » 65 machined under constant conditions; t - 0.5 mm, s - O.I4 uw/rev, and 

V ■ 12 m/ndn. The relief angle was varied in the range of a - 6 to 25°. The tests 

were run with T21K8 cutters having the following geometry; y ■ -5°, A ■ 0°, 9 ■ 

^1 " 15°, r - 1.3 mm. 
] 1 I 

It will be seen that the tool life rises with an increase in relief angle. 

Where, for a “ 6°, it was 1-2 min in seven tests, T - 28 to 50 min when a - 25°. Í 
Some of the experiments, particularly with small relief angles, may seen open | 

to doubt in the light of the short tool life (T under 10 min). It must be pointed j 

out that the short cutter life here was due not to premature dulling or crumbling- ! 

out (the cutters which revealed a life of less than 10 min had been subjected to 

normal wear) but to the normal effect of the cutting speed ana of the relief angle 

of the tool upon its life. 

J Except for the experiments in which the tool life proved to be less than 10 min, 

j 
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-I 
the data of Table 39 are presented in Table /»0. As we see, an increase in the re- 

«4 

8_J 
—j 

in j 
j 

11’ —J 

lief angle a from 10 to 25° was accompanied by a tool-life increase by a factor- 

Table 39 
j 

Effect of Relief Angle on Cutter Life 

Turning of Steel C of Hj^ ■ 65, at t - 0.5 nan, s - 0.14 mm/reT, 

and V - 12 m/ndn 

< ! 

LM J 

30_' 

32—J 

36—1 
i 

14 J 

I 

Relief 
Angle of 
Cutter a0 

Tool 
Ufe T, 
in min 

Relief 
Angle of 
Cutter ® 0 

Tool 
Ufe T, 
in ndn 

6 

; 
2 

2 
1 
i 
1 

15 

7 
32 
25 
46 
26 

20 

2 

15 
15 
22 
28 

10 

2 

8 
9 
5 

10 
14 
11 25 

4 
32 
42 
42 
42 
28 
50 15 

5 
2 

. 3 
5 

■16 of 3.25. Whereas at a - 25°, the life was T * 39 ndn, at ® - 10° it was only 12 min 

f:0 (at ® ■ 6°, the tool life was T ■ 1 or 2 min). 
—j 1 " 

12 —j These data are most interesting. It was established that in the turning, by 
-? 

‘ ' - titanium-tungsten tools, of. steel hardened to virtually the maximum hardness for- 
—I 

16— structural steels (Hjjç “ 65), the life of the tool increases regularly with an^ln»— 

53 1 
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crease in the relief angle. The possibility of machining this steel with tools 

4 

(i. 

8 

10 

m 

: 

4 

Fig.- Effect of Tool Relief 
Angle a upon the Cutting 
Speed v^o* Turning of steel C 
of Hrç - 65 with T15K6 Cutters, 

at t - 0.5 mm and 
s * 0.14 inm/rev 

a) Cutting epeed v¿0 œ/Min; 
b) Relief angle a° 

having a relief angle ° of 25° was demon- 
¡ 

strated in practice. 

Figure 50 demonstrates the results 
: 

, of an investigation of the relief angle 

(Bibl.21) in the turning by T3CK4 cut¬ 

ters, of !*CKhS steel hardened to Hrq • 

“ 48 - 50. The flank wear of the tools 
I i 

was measured after 40 min of use. As is 

evident, the optimum relief angle a lies 

between 10 and 12°. The nature of the 

h * f(a°) ratio is not known for large 
! 

relief angles, since investigation was 

2ii. 

30- 

‘1 limited to a “ 12°. In any case, the 

flank wear diminished with an increase in the relief angle. 
•— I 

The relation between the angles of a cutter; relief a. Up ßf and true rake Y, 
! 

is expressed by the following equality: 

',0 J 

•toll 1 

—J 
■14 J 

—I 
so ; 

- 
52 

t —4 
54 _2„ 

J 
56-1- 

58 

60- 

Table 40 

Effect of Relief Angle a upon 
Cutter Life 

Turning of Steel C of Hpç * 65 min, 

at t » 0.5 mm, s * 0.14 mm/rev, 
and v - 12 m/nin 

Relief 
Angle a0 

Cutter Life T, in min 

Absolute 

10 

15 

20 

25 

12 

32 

20 

39 

Relative 

1.00 

2.67 

1.67 

3.25 

I I 
Í 

Id -90’-(a-f7). 

At a given true rake angle Y, the 

lip angle ß is larger, the smaller the 

relief angle. With an increase in the 

angle ß, there is a rise in the mechani¬ 

cal strength of the cutting edge of the 

tool, and an improvement in its heat- 

emitting ability. A negative true rake j 

angle means an increase in the lip angle, 

and in this connection an increase in the 

rtCL-406/V 135 



2—1 
strength of the cutting edge of the cutter. However, the angle ß also Increases 

I [ 

with any reduction In the relief angle ». From this point of view, it was to be.fflfaj 

pected that, in machining high-hardness steel by titanium-tungsten carbide-tipped 

tools, which are highly brittle, the 

to ] 

11 

10 J 

j >4 J 

20 . ¡ 

24 J 

:;0— 

:32_ 

b) 

Fig.50 - Relationship Between Flank 
Wear of a T3CK4 Cutter to Relief 
Angle. Turning of AOKhS steel 
of Hrq - AS - 50, at t - 0.2 mm, 

s » 0.1 mm/rev, and v ■ 40 m/min 

a) Wear of cutter flank h, mm; 
b) Relief angle a° 

H 

best results in terms of tool life were 

demonstrated by cutters having a smaller 

relief angle a and consequently a larger 

lip angle ß. Experiments run by the 

author yielded opposite results. 

The data in Table 40 pertain to 

cutters whose true rake angle was T ■ 5°* 

but whose relief angles differed. For j 
I 

two relief angles (a » 10 and 25°), we 
I 

have the following; At a - 10^, the lip 

angle ß is considerably larger than 

at a ■ 25°, and consequently the strength 

of the cutting edge is also higher. At 

the same time, the life of a tool 

38— 
with o ■ 10^ is considerably lower than that of a tool with a » 25°. 

40_! 
The results of the investigation permit the conclusion that the true rake 

angle y plays a more important role than the lip angle ß in determining the strength 

of the cutting edge of hard-alloy tools. In fact, cutters with Y ■ -5°t a * 25°, 
4—j ¡ 

and ß ■ 70° functioned without premature dulling and crumbling-out of their cutting 
“ i 

edges. This cutter geometry ensured the necessary strength. At the same time, 
"1 
cutters with a somewhat larger lip angle (ß * 74°) proved coupletely useless 

I 

J 

4 .. 

;>0 

at a - 6° and Y ■ +10° (Table 34)» due to premature crumbling-out of the cutting 
i 

54. 
edge because of its inadequate strength. 

r - j Consequently, the relief angle of a cutter has to be regarded not only as a 

“1 58- 
MCL-406/V 

60—I_-  
136 



f» 

8- 

paraœeter permitting free movenent of the cutter flank with respect to the cutting 

surface. It has been established that proper selection of relief angle, with due ,j 
1 
consideration for the process procedure, yields a considerable increase in cutter 
r 

. 

1 ! 

10 

18 

20- 

life. 

End-Cutting-Edge Angle 9 

Correct selection of the end-cut ting-edge angle <p for the turning of hardened 

Table U 
I 

Average T and v6o for Various Values 

28.. 

30. 

? ) 

End-Cutting- 
Edge Angle 

— 

Tool Ufe 1 
T, in min 

Jutting Speed v¿0, in m/ndn 

Absolute Relative 

30 
•15 
(K) 

80 

36 
22 

81,7 
76,5 
73,2 

1,07 
1,00 
0,96 

' ». 

to 

.1R 

r,o ■ ' 

steels is very important, in view of the high hardness of the material machined and ! 
1 ! I 
the elecated brittleness of cemented titanium-tungsten carbides. 

1 
The author investigated the influence of the end-cutting-edge angle <p upon the ' 

life of the cutter in turning steel A of Hj^ - Al. The angle <j> was varied from 

30 to 60°. Machining was by T2UC8 cutters to a depth of t - 1.2 mm, feed of 

s - O.305 mm/rev, and constant cutting speed of v - 80 m/ndn. An analytic elabora- 
-] j , 

tion of the experimental data (Tables A1 and Fig.51) made it possible to express the 

relationship of cutting speed v^q to end-cutting-edge angle by 

i 1 I 
i 

V, GO 
(sin if)' 

(3) 

TAL. 

58- 

GO 

As we see, in turning hardened steel, the effect of the end-cutting-edge angle 
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upon the cutting »peed 1. of the sa», nature a. In the case of unhardened eteela: 

The cutting speed rises with a reduction in the angle ?• 

When the angle <p was reduced in experiments with hardened steel, where cuitar» 

with <p “ 30° were employed, the increase in cutting speed noted was accompanied hj 

the appearance of vibration. These vibrations occurred despite the fact that the 

10 conditions of machining previded for adequate rigidity of the system consisting of 

the machine tool, the workpiece, and the cutter. These tests were run on a 

DIP-tOO lathe, which has a carriage of high rigidity, and the ratio between the 

1Ö-4 i 

2_J 

4 

(j 

3 1 

_ 

-- 

30—' 

Ú'J- 

*10... 

O \ 1 *-1 

Fig. 51 - Effect of End-Cutting- 
Edge Angle upon the Cutting 

Speed V4n» Turning of steel A 
of Hr - ¿VI# at t * 1.2 mm and 

"C 

s = O.3O5 mm/rev. Cutter 

Geometry: ® “ 6°, Y ■ -5°> 
A - 0°, ?! - 15°# r * 1.15 œm 

a) Cutting speed v¿q, m/ndn; 
b) End-cutting-edge angle, ? 

?u JU 

Fig.52 - Effect of End-Cutting- 

Edge Angle q> upon Flank Wear of 

the Cutter. Turning of 
AOKhS steel of Hj^ - ¿*8 - 50 by 

T30KÍ*. cutters, t * 0.2 mm, 
s ■ 0.1 mm/rev, 
and V * A0 m/mln 

a) Flank wear h, mm; b) End¬ 
cutting-edge angle, 

■' length of the part being machined to Ita diameter va» 6.3 (Ingot length L - 1700 mm, 
_I Ï 

Í0 diameter D - 270 ran). 

1 In view of the occurrence of vibrations when the work was conducted at <p - 30?, 

r rthe author, in all his further experiments (not involving investigation of the 
-■2 angle q>) employed cutters with an angle of * - A5°. 

The relationship of the flank wear of T30KA cutters to the end-cutting-edge— 

angle 9 was determined by turning ACKhS steel of - A8 - 50 (Bibl.2l). The-fot- 
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lowing waa the geometry of the cutters: Y " -10°, a - 10°, ^ - 10°, * - 5°, 

5 r - 0.5 m. The end-cutting-edge angle was varied in the interval of 9 - 10 - 60o^_ 

Figure 52 presents the experimental data. The cutter wear depicted in the graphs 

represents a working time of T ■ 40 ndn. 
H_ 

, It will be evident that the minimum cutter wear is that in the 9 - 30 - 45° 
* M J I 

zone. N.S.Iogak points out that vibration was noted and signs of chatter were seen 

, t on the machined surface when the angle 9 was low. At 9 - 60°, the cutting edge of 

the tool crumbled out. 
U> , 
, For the purpose of machining hardened steels, the optimum value of the end- 

'"1 I 
cutting-edge angle should be deemed to be 9 « 45°, 

! I 

Complement of Side-Cutting-Edge Angle. 9^ 

J':j i i 

The author made no investigation of the question of the influence of the com- : 

plement of the side-cutting-edge angle 9, upon the tool life. However, the numerous1 
11 ! 

tests he conducted with hardened steels revealed the optimum value of this angle to j 
, be 9^ ■■ 15°. P.P.Grudov (Bibl.29) also recommends cutters for which 9. « 15°. 

’ '“1 I 1 i 
It was established by investigation (Bibl.21) of hardened 40KhS steel HRç - 

3(5 " 48 - 50) that the optimum value of the complement of the side-cutting-edge angle I 

.. is 91 - 10°. After 40 min of use of the T3OK4 cutter, we see from Fig. 53 that 
! I 

minimum wear of the flank resulted at 91 - 10°, while at 9-, - I50 the wear was less 1 

than when 9^ m 5 and 20°. The tools tested had the following geometry: a ■ ICP, 

Y * -10®, 9 * 30°, r ■ 0.5 mm. 
; *1 -j , 

Complement X of the Back Rake Angle 

4 ^. ! 

: In experiments with steels A, B, and C, hardened to different hardnesses 
,.l 1 . 

r > HRc * 41 - 65), it appeared that the optimum value of the complement of the back 

rake angle came to A - 0°. This is the angle adopted in recommended cutting condi- ? 

tion- _ ___i__ I 
58 . J 
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I An investigation of the process of turning I,CKhS steel of \m US - 50 j 

(Bibl.21) shows that the optiaum value of the angle A lies in the range from 0 to_ 
i J 

5° (Fig.50» Given uniform effect, A - 0° is to be preferred, as it ia much easier ¡ 

to grind cutters at this angle. 
8_: 

In another investigation of hardened steels (Bibl.29), the optimum value found 
10 J I 

was A - 4°. 
12 J 

The angle A * 0° is satisfactory for work not involving shock loads. When 
11 J 

Fig.53 - Influence of Comple¬ 
ment <Pi of End-Cutting-Edge Angle 
upon Flank Wear of the Cutter. 
Turning of 40KhS steel of Hj^ * 

« A8 - 50 by T30K4 cutters with 
t * 0.2 mm, s “ 0.1 mm/rev, and 

V ■ 40 m/min 
J 

a) Flank wear h, mm; b) Comple¬ 
ment <p° of end-cutting-edge angle 

! 

Fig.54 - Influence of Complement 
of Back Rake Angle upon Flank 
Wear. Turning of 40KhS steel 
of Hj^ - 48 - 50 by T30K4 cut¬ 

ters, with t * 0.2 mm, s ■ 
■0.1 mm/rev, and v ■ 40 m/ndn. 

Geometry of cutters tested: 
a - 10°, T - 10P, F - 30P, 

■ 10P, r ■ 0.5 an 

a) Flank wear h, mm; b) Comple¬ 
ment A0 of back rake angle 

: ; hardened steels are machined under shock loads, higher complements of back rake 

I 
I 

Í 

» 

'3 angle are employed, attaining A - 30 - 45° (Bibl.26), so as to avoid crumbling-out 

of the tool at its most vulnerable point, the lip. Thus, when large ball and roller 
---{ ¡ 

. 2 bearing races of ShKhl5, ShKhl5SG and 12KWI3 steels are machined on turret lathes 

• Í - (the steels having been hardened to ■ 60 - 65), VK8 cutters were used in which - 

56—the complement of the back rake angle was A - 45° (Bibl.36). --- 

58--( 
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-:. ruttar Koa» Radlu» r 

As already noted, the machining of hardened steels, being a finishing process, 
'i ..,1,.,. 

must provide close dimensional tolerances and high-quality surface finish. The 
H 

Fig.55 - Influence of Cutter Nose 
Radius r on the Cutting Speed v¿q. 

Turning of steel C of " 65 

J by VK8 cutters, at t - 0.5 m 
and s * 0.1 nun/rev 

■0-.- 

latter depends upon a number of factors, 

among which the cutter nose radius r plays 

an important role. With an increase in 

radius r, the surface finish rises. The 

use of cutters of large r is favored by 

the brittleness of the hard alloys, which 

manifests itself first at the cutter nose, 
Í 

as the most vulnerable portion of its _ 

cutting edge. 

On the other hand, a large radius r 1 

causes vibrations, which are dangerous 

for brittle carbides and which lead to the 
.12-1 ! 

appearance of waviness on the machined surface that reduces its quality. 
«J Î ...--., 

I 
SS-J Table U2 

IS..- Influence of Cutter Nose Radius r upon Cutting Speed v^q and upon the 
Life Index m 

10-1 I , 
Turning of Steel C of - 65 by VK8 cutters, at t - 0.5 mm and s - 0.1 mm/rev 

I Nose Radius 
r mm 

Cutting Speed v^, in m/min 

Index m 
Absolute Relative 

0.4 
0.7 

1.3 
2.2 

10.4 

10,7 
11,0 
13,2 

1,00 
1,03 
1,06. 
1,27 

0.176 
0.1/9 
0,162 
0.123 

^ KCL-^06/V HI 
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— The author investigated the influence of the nose radius of the cutter upon It# 

life and upon the cutting speed in the turning of steels C and B of Hj^ - 65 and 59« 

Fig.56 - Relationship Between Cutting Speed v and Cutter Life T for 
Various Values of the Nose Radius r. Turning of steel B of Hj^ - 59. 

Cutter geometry T21K8: a » 6°, T * -5°i “ CP, V * U5°$ ■ 15° 

a) Cutting speed v, m/min; b) Cutter life T, min 

Table 42 and Fig.55 present the results of tests with steel C of ■ 65. The tip 

radius varied in the interval from O.4 to 2.2 mm. 

Table 43 

Influence of Nose Radius r upon Cutting Speed v¿q and Magnitude of 
Relative Life Index m 

I 

Turning of Steel B of ■= 59 by T21K8 Cutters 

Nose 
Radius 
r, in mm 

Depth of 
Cut t, 
in mm 

Feed s, ^ Jutting Speed v¿q m/min 
Index m in 

mm/rev Absolute Relative 

0,35 
1,15 
2,20 

1 

0,6 0,197 
34,5 
36,8 
37,0 

1,00 
1,06 
1,07 

0,080 
0.087 
0,079 

1,15 
2,20 

2.4 0,307 
23,6 
25,2 

1,00 
1,07 

0,176 
0,111 

J 
MCL-4O6/V I42 



o 
j Experimental data show that, as the radius r rises at constant cutting speed. 
\ I 
the cutter life T increases. Thus, cutters with r * 0.7 mm showed a life of 

J 

T ■ 13 “in at ▼ * I4 œ/ndn, whereas cutters with r * 2.2 mm showed a considerably 

1 longer life (T ■ 32 and 35 mm) at the same 

cutting speed. Cutters with r ■ O.4 mn 

had a life of T - 25 - 29 min, with 

V * 12 m/min; virtually the same life 

(T “ 25 - 26 min) was demonstrated by cut¬ 

ters for which r - 1.3 nan, but at a higher 

cutting speed (v - I3 m/min). However, 

vibrations were noted in the functioning 

of cutters for which r * 2.2 mm. 

Table 43 and Fig.56 present the re¬ 

sults of experiments with steel B of 

Fig.57 - Influence of Nose Radius 
upon Flank Wear. Turning of 40KhS 
Steel of Hf^ * 48 - 50 by T3OK4 

'12 

•>> 

'26. 

kL 

* » » 
•t*. 

14 - 

1 Ü 

id. 

30 

52 

54. 

Oli- 

OS 

CO... 

Cutters, at t - 0.2 mm, e * 
-0.1 irnt/rev, an(i v - 4O m/ndn 
(a « 1CP, Y - -10°, * - 10°, 

» 30°, ^ - 10°) 

a) Flank wear h, n«n; 
b) Nose radius r, mm 

HRq " 59» The tests were run with T21K8 
! 
cutters under two sets of cutting condi¬ 

tions: t ■ 0.6 mm, 3 =1 0.197 mm/rev; and 
1 ' ; 
H t - 2.4 mm, s “ O.307 mm/rev. As we see, ¡ 

an increase in the radius r results in an increase in cutting speed, but one that is1 

less marked than in the turning of steel C of -65. In these experiments, too, ! 

vibration was noted when using cutters with r • 2.2 nm. 

This material makes it possible to draw the conslusion that, in the finish¬ 

turning by carbide tools of steels tempered to high hardness, the radius r has a 
••-j • 

significant influence upon the cutting speed, although this is less pronounced than 

in the turning of unhardened steels. 
'1 , I 

However, there is no basis for recommending cutters of large nose radius for | 

the turning of hardened steel. On the other hand, cutters of low radius (r < 0.5 mm) 

also cannot be recommended, since the carbide bar would crumble right at the onset of 

KCI^406/V 143 
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- cutting. The optimum nose radius for the turning of the hardened steels investi- 

ï~] ! _ 
gated by the author is r » 1.0 m. -r— — 

41 i 

The same results were obtained in an investigation of l*0KhS steel of - 

fj.j___ ■-.—..-.-.- • ■ ' 
- 48 - 50 (Bibl.2l). After 40 min of work, the lowest flank wear occurred, as wa 

8 ^ . 
see from Fig.57, in cutters with r - 1.0 and 0.5 In working with cutters with 

r - 2.0 and 1.5 mm, vibrations were observed, although they occurred under condi¬ 

tions of adequate rigidity: The blank diameter was 80 - 35 mm and its length was 

5OO mm. 
i <> - -! i 

--i ; 
’■ Effect of Lapping of Cutter upon its Life 

Practical experience in the operation of carbide tools and research on the item 

2tf -J 

30 — 

'll \ 

3S - 

38- 

•t0- 

42 

!G. ; 

43 

5H 

■ 

,- 4 
L" « 

; í 

,/ 

Fig.58 - Face of Titanium-Tungsten 

Cutter Lapped with Boron 
Carbide Flour 

1 

-¿à 

Fig.59 - Face of Titanium- 
Tungsten-Tipped Cutter 

Not Lapped 

have established that the Intensity of »ear and consequently the Ilf. of the tool,- 

....3 >0 - as 
i 

well as the finish of the machined surface, depend upon the quality of face and 

58 
MCL-4O6/V 1U 

60-.1- 



1 

(i.. 

H. 

1.0 

IL’ 

i -i 

16 

Id 

•>f) 

cutting edge finish. I 
! 

Where carbide tools are concerned, no high-quality finish of the laces and the, 

cutting edges is attained, even when two grinding operations are performed: roughing 

on green 36, /*6, or 60 grain silicon carbide wheels and finishing on 80 or 100 grain 

wheels. Roughnesses and indentations remain. Moreover, the carbide bar retains a * 

. d... 

::.r 

32 

:m 

oU~ 

33 

Fig.60 - Effect of Lapping upon Tool Life. Turning of steel B 
of Hrç - 59 by T15K6 cutters, at t - 0.3 mm, s - 0.112 mm/rev, 

and V - 70 m/min (a * 6°, y - -5o, X - 0°, ? - /,5o, «Pi - 15<>, 
r - 1.15 ' 

1.1 

no 

60 

J 

a) Cutter life T, min; b) Lapped cutters; c) Cutters, not lapped; 
d) Cutter No.6; e) Cutter No.2; f) Cutter No./*; g) Cutter No.9 

J 
damaged surface layer that acquires considerable stress under the high temperature 

developing during grinding. 

Lapping has the purpose of reducing the roughnesses and indentations on the 
—1 

faces and cutting edges of cemented carbide cutters, of providing a smooth surface 

' ! Í 
and proper geometric to the faces, and also of removing the surface layer of the 

carbide bar that has been damaged in the grinding process. The lapping process re-j 

duces the work of friction between the chip and the face, and that between the flank1 

MCL-i*06/V 
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-:1 

■i. j 

and the machined material, and the life of the cutter ia increased. 

At the present time, carbide cutter» are lapped chiefl7 with a boron carbide 

flour (B.C). This abrasive is second only to diamond in hardness. Practice has 
fi _J„ . ** ., .__ , 

shown that the use of fine-grain green silicon carbide wheels for lapping is un¬ 

desirable because of the slowness of the process. The extreme shortage and high 

cost of diamond wheels has also ruled them out as lapping media. 

Boron carbide is made of technical boric acid and low-ash petroleum coke in 

10 

10, 

electric furnaces, at a temperature of 2000 - 2300^0. The bars of boron carbide 

produced in the electric furnace are ground, screened, and separated by grain size. 
1 H ,; 

The boron carbide grain is 28 - 1*0 microns in size for ordinary work and 10 - 23 for 
l>\ ) _ , 

finishing work. The abrasive capacity of boron carbide is very high. It is 75% of 

the abrasive capacity of diamond and 300^ of that of silicon carbide. 
«•—1 I I 

The thick (pasty) compound with paraffin as binder for the boron carbide grains 

has gained preference for lapping purposes. The boron carbide compound is marketed 

in the form of cylinders 20 - 25 nrn in diameter and 50 - 70 mm in length. Liquid j 

compounds with oil as binder are not conveniently carried on a lapping wheel, since 

they splash off as it rotates. A briquetted solid compound is also carried poorly 
'1 
by the lapping wheel, which in this case must be generously greased with kerosene. 

33- 
Two grades of boron carbide compound are made (under a VNIIASh formulation): 

■U 

ill 

1) With 75 - 85^ boron carbide content (remainder paraffin); 

2) With 60 - 70% boron carbide content (remainder paraffin). 

J To improve the ability of the lapping wheel to carry the compound, 10 - 15% 
“ —J 

I 

iron oxide by weight is added. 
* \J ..... i 

Figures 58 and 59 show the face of a lapped and an unlapped titanium-tungsten 
•to 

cutter. Lapping was done with boron carbide compound. The micrographs clearly show 
50., 

51 

58 

CO. 

the effect of lapping. 
t 

The effect of lapping of carbide cutters upon their life in the turning of 
1 

hardened steels is illustrated in Fig.60. 

I 
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Four cutters were tested. Each was tested both with a lapped and an unlapped j 

cutting portion. As we see, lapping failed to produce longer life in only one cut-| 
I I 

ter of four (Cutter No.2). The lives of the other cutters were considerably 

lengthened thanks to lapping. 

Table 1*4 presents the experimental data in systematized form. They convincing- 
! I 

Table 1*4 
I 

Effect of Lapping of a Cutter upon its Life 

Turning of Steel B of Hj^, * 59 by T15K6 Cutters, at t ■ 0.3 nan, 

s ■ 0.112 mm/rev, and v - 70 m/min 

2(j_ 

2 y... 

30. 

32. 

Cutter 
No. 

Kean Tool Life 
Tmean» ^ Increase 

in Cutter 
Life, % 

Lapped 
Cutter 

Unlapped 
Cutter 

6 
2 

4 
9 

23,5 
15 
38 
55 

14.3 
14.3 
12.0 
15.0 

164 
105 
317 
.366 

ly demonstrate the positive effect of the lapping of a cutter upon its life. As a 

result of lapping, the life of cutters increased by 64 - 266^. 
*—í I 

It is not necessary to demonstrate the need for finishing carbide cutters. In 

order to employ them rationally in the machining of hardened steels, lapping must 
—j 

become absolutely obligatory. 

It should be noted that lapping facilitates the detection, on carbide bars, of 

cracks formed in the process of grinding and not visible to the naked eye on the 

ground or polished surface. 

Conclusions 

'6. 

58 

£'2 

1. The true rake angle y of a cutter exercises a significant effect upon the 
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°- process of cutting hardened steels. With a reduction in true rake angle, there is j 

an increase in the mechanical strength of the cutting edge, hut the conditions for 

1 chip removal are impaired, heating of both chip and cutter increases, the radial 

cutting force Py increases, and as a result the bouncing of the cutter away from the 

machined surface increases, and the precision of the machining operation is im- 

J 
paired. 

To ease the chip removal and reduce the radial force Py, it is more desirable 

to work with cutters having a positive true rake angle (y > OP), but in this situa¬ 

tion the cutting edge does not have the mechanical strength necessary for the 

1 machining of hardened steel. At y >0°, crumbling-out of the carbide bar occurred, 

" and this became more pronounced as the positive true rake angle T increased. 

The turning of hardened steels can be done only with carbide cutters having a j 

L : negative true rake angle (T < 0°). The authors experiments have shown that, in th. 

case of alloy steels tempered to high hardness, the most desirable value for the 

" true rake angle y is in the -5 to 0° range. Changes in the angle Y toward the ¡ 

positive side resulted in crumbling-out of the cutting edge of the cutter, and a 

change toward larger negative values led to a reduction in the life of the cutter, 

although y “ -5° represented a slight gain in life over Y ■ *6 . 

Industrial experience in the turning of hardened steels confirmed the need to | 

employ cutters with small negative true rake angles (T - -5°). 

A difference of opinion exists with respect to the true rake angle. A consid- j 

4L> enable number of investigators hold the view that the turning of hardened steels 

A should be done with cutters of high negative true rake angle Yï as much as -20 and 

-250 for steels of high hardness. The author believes that the true rake angle y for 

the machining of hardened steels of % - 38 - 65 ahould be in the 0 to -10» range. | 

2. The optimum relief angle is determined by the level of the stresses occui^ j 

ring in the machined material past the line of cut. Deformation is greater, the j 
thinner the layer of metal a removed (the less the feed s), the cutting speed v, and 

MCL-A06/V 
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tha true raka angle y• The thickness of cut a is the factor that affects the relief 

H 
angle a roost strongly. The author’s experiments have established that when titanius- 

1... 
tungsten carbide tools are used to turn alloy steel hardened to Hj^, ■ 65» the life 

of the cutter rises as the relief angle a increases from 10 to 25°. It has been 

i n 

H 

30- i 

Id 

..0 J 

30 

demonstrated in practice that this steel can be machined with a relief angle 
I 
of a - 25°. 

It should, however, be borne in mind that the radial wear (for a given flank 

wear) and taper of the machined surface (if the cutter is not subject to radial 

readjustment) increase in relief angle and that, consequently, the precision of the 

machining on the given pass Is diminished. 

A relief angle of a ■ 15° is recommended for s < 0.2 mm/rev and a - 10° for 

s > 0.2 mm/rev. 
1 I I 

3. The end-cutting-edge angle has a major influence upon the cutting speed. 

Any reduction in the angle q>, with no change in section of cut, results In a reduc¬ 

tion in thickness of the cut a and an increase in its width b and, in connection 

therewith, in an increase in the length of the working portion of the cutting edge. 

36—J 

08- 

1Ü- 

Taken together, this results in an increase in cutter life and a reduction in the 

angle <p. 

M . 

1 j 

48 

'■0 

54 . 

£8. 

58 

GO- 

At the same time, the reduction in the angle <p causes a sharp increase in the 
I 

radial force Py and the appearance of vibrations which have a detrimental effect on 
"i ; 
the quality of the surface finish and also result in premature destruction of the 

cutting edge of the tool. 

An end-cutting-angle <p of U5° should be employed to turn hardened steels. How¬ 

ever, if the system workpiece - machine tool - cutter is highly rigid, cutters may 

be ground with an end-cutting-edge angle of <p < 45°. This makes it possible to in- 
J I 

crease the cutting speed. 
--4 il 

4. In his experiments, the author found the optimum value for the complement 

the side-cutting-edge angle to be \ - 0°. The optimum value of \ is between 0 and 

MCL-406/V 149 



' '—f ■ - -.. - -- " - ■*' '*■ " '■ ." * "■* 
5° according to N.S.Logak, and -U° according to P.P.Grudor. 

2-\ ! 
; When hardened steels are turned with the use of impact, the angle X should bo . 

-1- ^ ^ ; 1 
increased to 10 - 20°» 

5. With an increase in lip radius, the life of the tool and the permissible 

H_ 
cutting speed increase. There is also a reduction in the height of the residual 

11j ' 
projections on the machined surface. On the other hand, an increase in the radius r 

12 4 
results in an increase in the radial force P_ and the appearance of vibration. This 

M , 
last factor requires the employment of carbide tools of small lip radius in the 

i 0 .. j , 
finish-machining of hardened steels. For the turning of hardened steels, r - 1 m 

1 H 

is to be recommended. 
2‘ » 

6. The machining properties of a carbide cutter are largely governed by the 

quality of finish of face, flanks, and cutting edge. The usual procedure of two- 

stage grinding (rough and finish) does not yield high-quality finish of face, flank, 

•-Ü—i \ j 
and cutting edge (unevenness and indentations remain). 

The lapping of carbide tools has the object of reducing the roughness and de- ¡ 

30 
pressions in the working surfaces, smoothing these surfaces and attainment of true i 

32- .-; 1 ! 

geometric form thereof and, moreover, of eliminating the surface layer of the can- 

3,-; I 
bide bar damaged in the grinding process. 

36—i I 
The best lapping compound is boron carbide. The experience accumulated in the | 

33- . j 
utilization of carbide cutters has shown that their lives are considerably increased 

40—I 
as a result of lapping. Lapping is absolutely essential for purposes of rational 

•! 2 - ' 

employment of carbide tips in the turning of hardened steels. 

‘0 Effect of Various Factors upon Tool Life and Cutting Speed 

Results of Tests of Tool Life 
,--—— - 

I \ 

52 j Teats of steel B of - 59 and of steel C of Hj^ - 65 were run by the , 

author to determine the relationship between cutting speed and tool life, depth of - 

Cut, and feed. Control experiments were also run on steel A of Hr^, * 49.5« - 
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Figures 61 - 64 present the results of tool life tests of steel B of Hj^ - 

* 49 - 59» The tests were run with lapped titanium-tungsten cutters. The depth of 
4, ~j 

cut was varied in the t - 0.3 - 2.4 mm interval, and the feed in the s - 0.07 to 
fj.\. 

0.61 mm/rev interval. The following was the geometry of the cutting portion of the 

60 

50 

al 

tU 1112 15 n 19 22 25 30 35 UQ 505*60 
b) 

Fig.61 - Ratio Between Cutting Speed v and Tool Life T for Various 
Feeds s. Turning of steel B of Hp^ - 59, at t - 0.3 ma 

1 - s - 0.07 mm/rev; 2 - s - 0.112 mm/rev; 3 - s - 0.155 mm/rev; 
4 - s - 0.225 mm/rev; 5 - s « 0.307 mm/rev 

: 1 " a) Cutting speed v, m/min; b) Cutter life T, min 

30 J : ! 

T7 tools: a - 6°, y ■ -5o, X - 09, ? - 450, - 15°, r - 1.15 mm. 

Diffic\ilties were encountered in these tests due to the different degrees of 

hardening of ingots of steel B both in cross section and (particularly) in length. | 

The ingots hardened better from the ends than in the middle. Each ingot actually I 

had three distinct areas of hardness and machinability. 
■tU_. 

^ In order to alleviate the lack of homogeneity of the steels investigated, a 

segment about 200 mm long was left untouched at each end of the ingot. Nevertheless,! 

differences in the macninability of the steel along the length of a given ingot werJ 

often observed, which necessarily had to affect the results of the testa. 
•1 b.. * 

Tests of steel C of - 65 were run with lapped T15K6 cutters having the 

following geometry of the cutting point: * - 6°, y - -5o, X - CP, <p - 450f ^ . 150^ 

„ , r - 1.3 mm. The depth of cut was varied in the t - 0.1 to 1.0 mm interval, and the 

feed in the s * 0.05 to 0.28 mm/rev interval. 

5S i 
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Fig.62 - Ratio of Cutting Speed v 
to Tool Life T for Various 
Feeds s. Turning of steel B of 

Hr_ “ 59, at t ■ 0.6 urn 

1 - s - 0.07 mm/rev; 2 - s - 
* 0.155 nan/rev; 3 - a ■ 
* 0.225 mm/rev; ^ - a * 
* 0.307 mm/rev; 5 - a - 

« O.395 mm/rev 
U'l J 

a) Cutting speed v, n/œin; 
b) Tool life T, min 

Fig.63 - Ratio of Cutting Speed v 
to Tool Life T for Various 
Feeds s. Turning of steel B of 

Hrç * 49, at t • 1.2 ran 

1 - s - 0.07 mm/rev; 2 - s ■ 
- O.I53 mm/rev; 3 - » * 
* O.23 mm/re\* 4 - a ■ 
* O.38 mm/rev; 5 - a ■ 

- 0.61 mm/rev 

a) Cutting speed v# m/ndn; 
b) Tool life T, min 

- A 
•> ‘i 

Fig.64 - Ratio of Cutting Speed ▼ 
to Tool Life T for Various 
Feeds s. Turning of steel B of 

Hrq “ 59 at t - 2.4 mm 

1 - a ■* 0.07 mm/rev; 2 - s ■ 
- 0.155 mm/rev; 3 - s - 
- O.225 mm/rev; 4 - ■ ” 

- 0.395 mm/rev 

a) Cutting speed v, m/ndn; 
b) Cutter life T, min 

Fig.65 - Ratio of Cutting Speed v 
to Tool Life T for Various 
Feeds s. Turning of steel K of 

hRç “ ^9*5 at t ■ 1.5 mm (« - 6°, 

Y - -5o, X - 0°, » - 45° 
^ ■ 15°, r ■ I.I5 mm 

1 - s = O.I53 mm/rev; 2 - 3 - 
■ O.3O5 mm/rev; 3 - a * O.46 mn^rev; 

4 - a ■ 0.61 mm/rev 

a) Cutting speed v, m/ndn; 
b) Cutter life T, ndn 

5d -J 
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o 
The iïrgot of steel C tested was characterized by identical hardenability 

10 

lli 

11 

10 

■1 < 

J 
\ ! 

throughout its length and cross section. However, foreign inclusions in the materi- 
4 
al resulted in preinature dulling and crumbling-out of the cutters. This explains 

the considerable number of atypical (unsuccessful) experiments. It will be under¬ 

stood that the unsuccessful tests were not taken into consideration in the compila¬ 

tion of the analytical relationships. Control tests of steel A of Hj^, ■ 49.5 

(Fig.65) were run with lapped cutters. The feed was varied in the s - 0.153 to 

0.610 mm/rev interval, at constant cutting speed (t - 1.5 mm). 

Ratio of Cutting Speed to Cutter Life 

The ratio of the cutting speed to the cutter life has the same fom for hard¬ 

ened steels as for unhardened: 

■j*; 

LU. 

'0 

'I‘7 

... 

u 

I ■ V 

u 

14 

•it» 

1'-: 

J 
V (4) 

where v is cutting speed in rn/ndii; 

T is tool life, or work in min until dulling; 

C is a constant depending upon the physical and mechanical properties of the 

workpiece, cutting depth, feed and other conditions of cutting; 

‘t i I 
m is the relative life index. 

-, * I ! 
The relative life inde,-. describes the rate of change in tool life with a change 

in the cutting speed. The lower the m index, the greater will be the effect of 

change in cutting speed upon tool life, and vice versa. 

Numerous investigations have determined the relationship of the relative life 

index m to the factors influencing it, for unhardened steels. Let us examine this 

question as it pertains to hardened steels. 

! ¡ 

Table 45 presents data obtained by the author in tool-life tests of steel B 

of Ho,, M 49 - 59. The tests were conducted with cemented titanium-tungsten T21K8 
xiC 

.j 
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cutters. Table 1*6 contains analogous data for steel C of " 65 (T15K6 tools). 
2 j ! 

Figures 66 and 67 present the ratio of m index to feed s for various cutting 
■i i 

depths t. 

Increasing the feed s results in a rise in m. A variation in depth of cut t 

has the same effect upon the index m. Figure 67 shows the t - m relationship very 

:id 

, o. 

33.. 

•in. 

M 

58 

60 

Fig.66 - Effect of Feed s and liglt7 7 °f 
Depth of Cut t upon Relative Depth of Cut t upon the Rela- 
Life Index m of Tool. Turning tiye Tool Life Jnd®x m' 
of steel B of - 59, at i^g of steel C of « 65 

t = 0.3, 0.6 and 2./+ mm, and a) Relative life index m; 
of steel B of Hrc - /+9, at b) Feed s, Wrev 

t - 1.2 mm 
I 

a) Relative life index m; 
b) Feed s, mm/rev 

clearly, »hereas Flg.66 sho« it, less clearly, for lo» cutting depth, t and 

j I 
feeds 8. 

The index m is also affected by the ratio of depth of cut to feed, With 

rise in there is a regular increase in m. For example, at s - 0.225 mm/rev, a 
3 

fourfold rise in (due to a change in t from 0.3 to 2.Í+ mm) causes m to rise 
3 

from 0.068 to 0.092. At s - 0.307 mm/rev, the index m rises, correspondingly, ' 

from 0.073 to 0.110. 
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o... _ . ... -.— — -• - - - ..— 
The same regularity may be traced for steel C of - 65. For example, at 

~ . o.U mra/rev, a tenfold rise in -j- (thanks to a change from 0.10 to 1.00 mm-| 

1 in t) results in an increase from 0.13> to O.I68 in the index m. When increases 

fourfold (t being changed from 0.25 to 1.00 mm), the relative life index m will in- 
rt.. . 

crease from 0.195 to 0.302, for a feed of a - 0.28 mm/rev. 

Consequently, in the turning of hardened steels, the relative tool life index m 

i 
1 f Table 1*5 

10 

X ^ 

■J0 

2Ü.; 

L’h _ 

30 ï 

32-J 

04 i 

36. _ 

;I4__ 

■r.:_ 

42 -. 

14 

4Ü ... 

48.. .. 

50 

52 ,. 

54 ., 

56.. 

58 

62- 

Influence of Depth of Cut t and Feed upon Relative Tool 
Life m and Cutting Speed 

Machining of Steel B of ■ L9 59 

Depth 
of Cut 
t, mm 

0,3 

Feed s 
in 

mm/rev 

0,070 
0,112 

0,155 
0.225 

0,307 

Index 
m 

0,044 
0,050 
0,050 

0.008 
0.073 

0,049 
0,051 
0,073 
0,080 
0.085 

Cutting 
Speed 

v60 in 
ir/min 

54.0 

48,8 
45,5 
42,0 

40.0 

Depth 
of Cut 
t, mm 

1.21 

Feed s 
in 

mm/rev 

0.070 

0.153 

0,230 
0,380 

0,010 

Index 
m 

0.053 

0,057 
0.079 
0,090 
0,110 

Cutting 
Speed 

v60 ln 
m/ndn 

75.0 
01.0 

47,0 

38,7 
.30,0 

49.5 
43,9 
40.5 
31.3 
22.3 

2,4 

0.070 
0.155 
0,225 

0.395 

0,062 
0.0G6 

0,092 

0,130 

47,5 
43.1 
31.2 

17,9 

»Teats at t - 1.2 mm were run on steel B of * 49; all the 

other tests (t - 0.3, 0.6, and 2.4 mn) «ere run on steel B 
of Hrç - 59. j___ 

is dependent upon the feed s, depth of cut t, and ratio of depth of cut to feed. 

The index m rises with an increase in s, t, and —j”» 

r The value of m also depends upon the true rake angle of the cutter y, the re- 
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fa¬ 

io 

18. 

lief angle a, the lip radius r, the particular carbide with which the cutter i» \ 

i ! 
tipped, and the hardress of the hardened steel# - _ _ - - 

As we see from Table 35» an increase in true rake angle y from -12 to 6° re¬ 

sults in a tendency of the index m to diminish. With increase in the relief angle 

I , 
j Table Uo 

Influence of Depth of Cut t and Feed s upon the Relative Tool 
Life m and the Cutting Speed v¿q 

Machining of Steel C of ■ 65 

Ifaj. 

30. 

36- 

38- 

■V¿ 

•14 ... 

4H 

•18 

r>o 

Depth 
of Cut 
t, in 

mm 

Feed s 
in 

mm/rev 

Index 
m 

Cutting 
Speed 

V6Q» in 
m/min 

Depth 
of Cut 
t, in 

mm 
__1 

Feed s 
in 

mm/rev 

Index 
m 

—J 

lutting 
Speed 

'60> in 
m/min 

j 0.10 
0,05 
0.10 

0,14 

0.119 

0,131 
0,1.35 

23.4 
17,7 
14.4 0.50 

0,05 
0,10 
0,14 
0,20 
0,28 

0,132 
0,141 

, 0,148 
0,159 
0,205 

19,6 
13,2 
11,5 

S.O 
7.2 

0,20 

0,05 

0.10 
0,14 
0,20 
0,28 

0,128 
0.136 

0,141 
0,153 
0,195 

20.5 
14.8 
12.0 
10.6 

8,4 1 1,00 

0,05 
0,10 
0,14 
0,20 
0,28 

0,138 
0,146 
0,168 
0,188 
0,302 

16.5 
11.6 
9,0 
7.0 
5.4 

1 
of the cutter (Table 38), the value of m rises. This regularity is clearly pro- 

nounced despite the fact that the value of m for a * 8° constitutes an exception. 

Let us now turn to the lip radius (Table U2 and A3)» We see that in the 

machining of stsel C with tungsten cutters, the hardness of the steel being H¡^ ■ 

* 65, an increase in the radius r results in a reduction in the index m. The same j 
4 . i 
regularity applies when turning steel B of - 59 with titanium-tungsten cutters. 

When the radius r increases from I.I5 to 2.20 mm, the relative life index diminishes 

from O.I76 to 0.111. 
.-0 . 
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Let us examine the influence of the grade of carbide upon the value of the 
2-J 

index m (Tables 26 and 2?). The index m is considerably higher for single-carbide* 

than for double. Whereas for carbides VK6, VK8, and VK12 (machining of steel fl 
u ... 

of Hjjç * 56 at t * 1.2 mm and s ■ 0.225 mm/rev), the index m ■ O.IO3 - 0.119» it 

12 

li 

j G 

It. 

:: <1 j 

.u 
j 

32 J 
:>i _l 

36 J 
_J 

08 _j 

., od 
1 - > 

14 
...., 

4 á....—.j 
I 

50 .. .1 
.--4 

is m - 0.063 - 0.069 for the T15K6 and T21K8 alloys. 

For smaller sections (t - 0.3 mm, s * 0.112 mm/rev), there was no change in the 

ratio of the index m to the carbide, when the same steel was machined. 

In the machining of steel C of -1 65, the index m is of considerably higher 

value than Cor ateei B of Hj^ 56. The nature of the relationship did not change 

in this case either; the index m is lower for double carbides than for single. 

The data presented for hardened steels confirm the familiar proposition that 

cemented titanium-tungsten carbides are more sensitive to changes in cutting speeds 

than are tungsten alloys. 

Table 1*7 describes the influence of the hardness of a tempered steel upon the 

index m in fine-turning (Bibl.21). 

Table 1*7 

Influence of Hardness of Tempered Steel upon Relative Tool 
Life m and Cutting Speed v^ 

Turning with T30K1* Tools at t - 0.2 nan and s * 0.1 mm/rev 

Machined 
Material 

Hardness 

hRc 
Index 

m 

Cutting 
Speed v6o, 
in m/min 

l*CKhS steel 
Same 
ShKhl5 steel 

50-52 
57—59 
61—63 

0.49 
0.266 
0.205 

103 
17.1 
17.9 1 

As we see, the relative life index m diminishes as the steel becomes harder. 

Note the fact that, in this case the index m proved considerably higher, particular- 
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ly for steels of less hardness, than in the author’s experiments. 

' All We see that for the section of cut employed by N.S.Logak (F ■ t*s * 0.2-0.1 ■_ 

* 0.02 mm'*), the present author found m ■ 0.0^ at ** 59 (Table 45) and ® ” 

- 0.136 at Hrç * 65 (Table 46), whereas Logak found m - 0.266 - 0.205 for 

Hrç - 57 - 65. j 
There is a more pronounced difference between the present author and N.S.Logak 

with respect to the nature of the effect of the hardness of tempered steel upon the 

index m. Contrary to Logak»s conclusion, the author’s data show that m rises with 

an increase in the hardness of the steel. Let us compare the data in Tables 45 

and 46. At identical cross sections, the index m for steel B of Hrç ** 49 - 59 ia 

considerably less than for steel C of - 65. Whereas for steel B, at F - 

* O.O34 (t = 0.3 mm, s = 0.112 mm/rev), the index is m - O.O5O, for steel C 

(F = O.25 * 0.14 “ O.O35 mm2) it comes to O.I4I. At F * 0.28 mm2 for steel B 

(t = 1.2 mm and s - 0.23 mm/rev), the index is m = 0.079, whereas for steel C (t - 

= 1.0 mm, s 1:1 0.28 mm/rev), it is m * 0.302. 

It must be borne in mind that the tests discussed here were run with cutters I 
! Í 

tipped with cemented titanium-tungsten carbides. 

Thus, it was established that the hardness of a tempered steel affects the 

index m. However, investigators differ as to the nature of this influence. 

It remains to analyze the problem of the relation between the relative life 

index m and the machinability of the steel, determined by the permissible cutting 

speed for a given tool life. 

S.S.Rudnik (Bibl.37) and A.M.Vul’f (Bibl.25) state that, in the machining of 

unhardened steels, the index m rises with any increase in the mechanical properties 

of the steel and any reduction in the cutting speed. Of considerable interest is 1 
"i j 

the conclusion arrived at by I.M.Besprozvannyi (Bibl.38) to the effect that the cut¬ 

ting speed has a negligible effect upon the index m if the variations are held with¬ 

in an interval of 20 to 25^. When the cutting speed is varied within broader limits 

-j 
■ 
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than this, the value of m varies with any variation in the cutting speed. 
2- j 
i These data for ^hardened steels coincide with the results of investigations or, 

the turning of hardened steels. An analysis of experimental data reveals the ex- 
.1. . 

istance of a clearly defined relationship between the value of m and the level of 
H... 

the cutting speed used. As the machinability of the steel diminishes, there is an 
1 '} 

increase in the index m (Tables 45 and 46). In fact, whereas for steel B of Hrç = 59, 

^ . a variation in machinability from vfâ = 54 to 40 m/min (t = 0.3 mm, s = 0.07 to 

°-307 "Vrev) causes the index m to change from 0.044- to 0.073, in the case of 

steel C of Hrc = 65, a variation in machinability from vfco = 20.5 to 8.4 m/min (t = 

~ 0.25 mm, s = 0.05 to 0.28 mm/rev) causes the index m to vary from 0.128 to 0.195. 

relationship of the index m to the cutting speeds employed is also con- 

Magnitum Table 48 

Magnitude of the Index m 

lj 
j 

..j firmed by experimental data obtained by the author on the effect of the tip radius r 

,./ and the type of carbide with which the cutter is tipped, upon the cutting speed. 

machinability of hardened steels in fine-turning (Bibl.21) drops with in- I 

.. » creasing hardness (Table 47). With an increase in from 50 - 52 to 6l - 63, 

i*e** by 11 ^its, the machinability of the steel dropped by a factor of approxi- 

^ mately 5*7* At the saffie time» index of relative life m did not increase but, on 
—( i 

: ¡ the contrary, decreased from 0.49 to 0.205. This result contradicts the author's ' 

Cemented 
Carbide 

t < 0.5 mm t ^ 0.5 nun 
s < 0.15 mm/rev 3 > 0.15 mm/rev 

m 

VK2 

VK3 

VK6 
VK8 

T5K10 
T15K6 

T30K4 

0.12 0.20 

0,07 0,10 
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%-* 

0-r .-. -..... .... .. . 
conclusions with respect to hardened steels, as well as the data of numerous in- 

H c i 
vestigations of the ratio v - for unhardened steels. _ _ 

4..1 1 

A comparison of the results obtained by the author with the literature data 
*) ..! ... 

(Bibl.37, 38, 39, 40, 41, 42, and 43) shows that the ratio of life to cutting 
8 

speed [T ■* f(v)] for hardened steels is of the same nature as for unhardened steel. 
IP 4 

This confirms the conclusion that the turning of hardened steels must be regarded 

as a special case of the machining of metals. 
! I .: 

Table UB presents the values, adopted by the author, for the relative life 
l (3 ._j 

index m in the turning of hardened steels of Hr0 ■ 38 - 65. 

i i 
Relationship of Cutting Speed to Depth of Cut and to Feed 

Table 49 presents the values for cutting speed based on 60-minute tool life 

(v6o) for various depths of cut and feed. The Table contains data from tool-life 

2«. 

CO. 

32- 

:m. 

33- 

38. 

40. 

42. 

¡4 - 

4- 

48 

30 

H 

Fig.68 - Ratio of Cutting Speed v¿q and Feed s at Various Depths 
of Cut t. Turning of steel B of - 49 - 59 by T21K8 cutters 

having the following geometry: a - 6°, y ■ -5o, X - 0^, 
<p ■ 45°, ■ 15°, r - 1.15 a» 

a) Cutting speed v^q, m/oin; b) Feed s, mm/rev 

tests run by the author on atoeis A, B, and C of ■ 49 - 65, as well as from-i 

tests for determining the effect of true rake and relief angles, lip radius and type 

88 

CO. 

1 

MCL-406/V 160 



o 

{ !%iir 

IT'1 l 

.„V i .._ 

K. i 
HCL-JVOó/V 

i'í' i 

S
te

e
l 

A 



Fig.69 - Ratio of Cutting 
Speed v¿Q to Depth of Cut t# 
for Various Feeds s. Turning 
of steel B of Hrç - 59. Tool 

description in Fig.68 

a) Cutting speed m/min; 
b) Depth of cut t, mm 

Fig.70 - Ratio of Cutting 
Speed v¿q to Feed s, for Vari¬ 
ous Depths of Cut t. Turning 
of steel C of H¡^ ■ 65, T13C6 

tools, geometry: ® ■ 6°, 
y - -5o, X - 0°, V - i»5 , 

?! - 15°, r - 1.3 mm 

a) Cutting speed v^q, m/min; 
b) Feed s, mm/rev 

Fig.71 - Ratio of Cutting 
Speed v^o to Depth of Cut t, 
for Various Feed s. Turning 
of steel C of “65. Cut¬ 

ters described in Fig.70 

a) Cutting speed vzq, m/min; 
b) Depth of cut t, mm 



of carbide, upon both cutting speed and tool life. 

Figures 66 and 69 present the relationship of the cutting speed to the 

feed s and depth of cut t for steel B of - 49 ~ 59, whereas Figs.70 and 71 

present the same relationships for steel C of - 65, and Fig.72 gives the v^ 

versus s ratio for steel A of Hj^ - 49.5. The upper curve in Fig.68 pertains to 

steel B of Hjj^ ■ 49, and the others to 

steel B of H, 
Rc 59. 

These data make it possible to ex¬ 

press the relationship of cutting speed to 

feed and depth of cut by the equations: 

V, 00 V, 00 X 
/• 

Fig.72 - Ratio of V£q Cutting 
Speed to Feed s, for Depth of 

Cut t - 1.5 mm. Turning of 
Steel A of H 

«C 
49.5 

a) Cutting speed v¿0, m/min; 
b) Feed s, mm/rev 

Tables 50 and 51 and the graphs 

(Figs.68 - 72) show, above all else, the 

absence of a strict regularity in the de- | 
i 

pendence of v^q upon t and s for steel B. 

This is explained by the large fluctua- ¡ 

tions in the hardness of the ingots studied. Nevertheless, the nature of the rela- , 
'1 I 

tionships examined is expressed quite distinctly. 

1 _ ! 
With respect to steel C, which is characterized by a higher uniformity of hard¬ 

ness both longitudinally and in ingot cross section (within the interval studied), 

the v¿,q - s and v^q - t relationships obtained are more dependable. 

The exponent yv for feed is considerably larger than the exponent x,. for depth 

of cut. For steel C of Hj^ - 65, the average value of yv is 0.57, while that 

of Xy is 0.25. For steel B of - 59, we have yv - 0.52 and Xy - O.I4, respec¬ 

tively. From this it follows that feed has a greater influence upon the cutting 

speed than does the depth of cut and that, in turning hardened steels, it is more 
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desiiable, from the point of view of cutting speed v^, to work with higher t and j 

lower •« --------[- - . .-. - - 

Figures 68, 70, and 72 show that, for all the steels investigated, the 

v¿q - s ratio is expressed, in logarithmic coordinates, by a broken line consisting 

Table 50 

Values of Exponent yv in Equation v^q 

Stfl C, 

r 
in mm nm/rt* 

SUel B, ///^-49+ .391 

Steel A. Hr .4i«,5 

•V» mmftêy 

0.10 

0,10 

0.20 

0,25 

0,50 

0,50 

1.00 

1,00 

0.05-^-0.10 

0,10 0,11 

0,05 -4-0,10 

0,10-*-0,28 

0,05-!- 0,1-1 

0,11 -4-0,28 

0,05 -*-0,10 

0,10 -f- 0.28 

0,40 

0,66 

0.45 

0.53 

0.50 

0.72 

0,52 

0,72 

0,3 

0.3 

0.6 

0.6 

1.2 

1.2 

1.5 

1.5 

2.4 

2.4 

0,07 -* 

0,155-4 

0,07 -* 

0,26 -4 

0,07 -1 

0,155 

0.153 

0,305 

0,07 

0,175 

0,155 

0,307 

■- 0,260 

*- 0,395 

*-0.1.>5 

*-0.610 

4- 0,305 

4-0,610 

4-0,175 

4- 0.395 

0,20 

0.22 

0,19 

1 ..30 

0.2h 

0,53 

0,42 

0,90 

0,18 

1,02 

*The data for t - 1.2 mm pertain to steel B of Hj^, ■ 1*9; those 

for t * 1.5 mm are for steel A of Hrq • 49« 5» all other data 

are for steel C of Hjj^ * 59« 

of two straight lines with a single point of inflection, to the left of which the 

effect of feed upon cutting speed is less pronounced tlian to the right. This in- 
C. 

dicates that the value of the exponent yv in the equation v¿q - —-— depends upon ! 

the feed. This conclusion is confirmed by Figs.73 and 71». For all the steels in- 

vestigated, the curve 2 lies higher than the curve 1. - -- - 
J 

The absence of parallelism between the broken lines expressing the v^q - s ra- 

1 

MCL-1*06/7 I6l* 



«I 

, ^°3 at vari°U3 depths of cut (Fig.68 and 70) Indicate that the exponent yv is also! 

dependent upon the depth of cut. The existence of a yv - t ratio is obvious from 

Figs.73 and 7U, although for steel B of Hj^, * 59 it is expressed less clearly than 

for steel C of Hj^ * 65. 

For steel B of Hj^ • 59 (Fig.68), the point of inflection of the broken line 
) ...., v 

■* 

: i Table 51 

Values of xv Exponent in Equation v¿q 

16 

L'S 

30. 

■>. 

:'6.. 

38- 

■1¡;_ 

11 

\4 . 

■lb 

4b. 

50 

- 

56 

58 

60- 

Steel C, Hrç - 65 

in mm/rev 

0,1)5 

0,05 

0,10 
0,10 

0.14 

0,11 

0,20 

0,20 

0,28 

0,28 

t, 
in mm 

0,10 -+- 0.50 

0,50 -+- 1,( K) 

0,10 -+ 0.50 

0,50 -+1,00 

0,1()-+ 0.51' 

0,50-+ 1,00 

0,25 -+ 0,50 

0,50-+ 1,00 

0.25'-+ 0,50 

0,50 -:- 1,00 

0.12 

0,24 

0,18 

0,21 

0,17 

0,34 

0,26 

0,38 

0,23 

0.42 

Steel B, Hrç « 49 - 50 

in mm/rev 

0,07 

0,07 

0,155 

0,15.5 

0.225 

0.225 

0,307 

0,303 

t, 
in n.n 

0,3 -+ 0,6 

0,6 -+ 2.4 

O. 'l -+ 0,6 

0,6 -+ 2,4 

0,3-+ 1,2 

1,2 -:- 2.4 

0,3 -+ 0,6 

0,6 -»- 2,4 

0,17 

0,02 

0,07 

0,02 

0.06 

0,31 

0,33 

0,16 

' ' ' 
for v¿q - s occurs at the same feed (s “ 0.17 mm/rev) at various values for t. The 1 

1 ! 
broken line for t * 0.6 mm is an exception. The point of inflection in this in¬ 

stance appears at s - 0.26 mm/rev. For steel C of Hrq - 65 (Fig.70), the points of j 
taction at t - 0.10, 0.25. 1.0 ™ co^eapcn, to a r.od of , - 0.10 and. 

at t - 0.5 mm, represents s - 0.14 mm/rev. For steel A of Hrç - 49.5 (Fig.72), the ! 

point of inflection is at s - 0.305 mm/rev. This shows that, in the turning of 

hardened steels, the point of inflection on the curves for ths - s ratios ap¬ 

pears, in general, at s < 0.2 mm/rev and that, consequently, the general rule is 

that the feed has a negligible influence upon the cutting speed (low values of 
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- the index yv) at small feed (a < 0.2 mm/rev). At a > 0.2 mm/rev, the feed haa a 
1!- \ 

greater effect upon the cutting speed.-.- 
4. \ 

As the hardness of tempered steel increases, the point of inflection on the 
fi_L—.— -.-.- ■ --- -.—. 

1 

Fig.73 - Effect of Depth of Cut t 
and Feed s upon the Exponent yT: 
1 - Low interval s; 2 - High 
interval s. Turning of steels A 

and B of Hrç “49-59 

a) Exponent yy; b) Depth of 
cut t, mm 

Fig.74 - Effect of Depth of Cut t 
and Feed s upon the Exponent yv. 

1 - Low interval s; 2 - High 
interval s. Turning of steel C 

of H^ - 65 

a) Exponent yv; b) Depth of 
cut t, mm 

? line v60 - s shifts leftward (toward smaller feeds). Whereas for steel C of Hj^ - 

“ 65, the point of inflection is at s “ 0.10 œm/rev, for steels A and B at Hj^ - 

7f’ « 49 _ 59 it occurs at s - 0.305 and 0.175 mm/rev. 
_i I 

,,J. Let us proceed to the relationship between cutting speed and depth of cut 
-4 i I 

<n (v¿o - t). Figures 69 and 71 show that, in a logarithmic scale, the ratio 

for the steels under study is expressed by a broken line consisting of two straight j 

M line segments with a single point of inflection. For steel C of H^ - 65, tha in- 
— —’i 

' fluence of the depth of cut upon the cutting speed at all feeds is leas pronounced 
_! . ! 

: -. to the left of the points of inflection than to the right thereof. For steel B 

r 1 of Hn - 59 (Fig.69), the lines describing the ratio v60 - t behave variously: At 

52 s <= 0.07 mm/rev, the straight segment to the left of the point of inflection makes 
__! i 

M a larger angle with the abscissa than that to the right thereof. The line for- 

56-. s * 0.155 mm/rev is of the same nature. However, the line for s ■ 0.225 mm/rev ie— 

58 J 
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of the opposite nature. The nature of the - t ratio obUined for steel C is 

more convincing. 

j 

-j • ; 

The lack of parallelism between the broken lints representing the ratio v^q - t; 

at various feeds indicates that the value of the exponent Xy at any given depth of 

cut depends upon the feed. This conclu- 

11. 

i? 

:10 

:: i 

Fig*75 - Effect of Feed s and 
Depth of Cut t upon the 

Index Xy 

1 - Low interval t; 2 - High 
interval t. Turning of 
steel C of - 65 

a) Exponent Xyj b) Feed s, ma/rev 

sion pertains equally to both steels, al¬ 

though the ratio Xy - s is more clearly 

marked for steel C (Fig.75). Moreover, 

Fig.75 demonstrates that the value of the 

exponent Xy is also dependent upon the 

depth of cut t (curve 2 is higher than 

curve 1). 

In the case of steel C, (Fig.71), the 

point of inflection of the v¿0 - t lines ¡ 

at various feeds occurs at the same value 
I 

for t * 0.50 mm. In the case of steel B ! 

•10. 

(Fig.69), except for the line for s - 

0.225 mm/rev, the point of inflection of the lines expressing the relationship 

under examination occurs at t - 0.6 mm depth of cut. 

Let us examine the data of other investigators. For hardened steels of Hd ■ 
«c 

- 47 - 56 (ot - 150 - 180 kg/mm2), P.P.Grudov (Bibl.29) found that the feed exponentj 

was dependent solely upon the depth of cut (and independent of the feed) 

46 

48. 
J 

f-6 

58 

bo 

y, = 0.47.*°*“. 

P.P.Grudov made use of the following values for the exponent with various 

depths of feed: Xy » 0.5 for t < 1.25 mm, Xy - 1.1 for t - 1.25 to 2.0 mm. 
1 

Let us employ P.P.Grudov*s equation to determine the value of the exponent yv 

for various depths of cut: ! 
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t, in rbb 

1 

0.2 
0.5 
1.25 
1.5 
2.0 

0.28 
0.38 
0.50 
0.5ÍI 
0.60 

Consequently, according to P.P.Crudov, the exponent yv for the feed is smaller 
I 

than the exponent Xy for the depth of cut. An increase in the depth of cut will 

1 ’ result in a rise in the exponents Xy and yy. 
— 

N.S.Logak (Bibl.21) obtained the following values for the feed exponent for 

20. J 

J, Table 52 

Values of the Exponents Xy and yY 

Material Machined 
Limits of Intervals Value of Exponents 

Depth of 
Cut t, in mm 

Feed s, in 
mm/rev Jv 

Hardened Khl2M steel, 
Hrc ■ U5 0.25 -- 2.0 

o.l -4-0,3 

0.3 -+- 0.75 

0,07 0.17 

0.82 

Hardened EI161 steel, 
Hr(j “ 58 (hardened and 

oil quenched) 

0,25 -:- 0,5 

0,5 -+-1,5 

1,5 -+- 2,0 

0,09 -4- 0,36 

0,11 

0,27 

0,03 

0,6 

fine-turning of hardened steels (t * 0.2 mm): Steels of 50 - 52 yielded yT - 
■1Í. - j 

• 1.21, whereas steels of "61-63 gave a value of yv - 0.78. The exponent yT 
* , ' *1 O 

diminishes as the hardness of tempered steel increases. 
-JSlj 

Table 52 presents the data by A.A.Maslov (Bibl.26). It will be seen that the i 
no J 

.feed exponent yv is considerably larger than the depth-of-cut exponent Xy. An ex- ! 
.-,2 .J 

ception is the case of high t in the machining of steel of Hp^ - 58, where yv ■ Xy. ¡ 

Moreover, the exponent Xy rises sharply with an increase in the hardness of the j 

58 
1 I 
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1"' 

•■»o 

Steel. So does the exponent jy, but this regularity is not quite as clear. 

I * Let us compare the ratio v - f(t and s) for hardened steels with the analogous 

expression for unhardened steels. First let us examine the index yv. 

Figure 76 depicts a curve for the ratio v¿q - s plotted by A.A.Avakov (Bibl.39) 

for carbon steel of ot - 55 kg/mm2, 6 - 11.He ran his experiments with high¬ 

speed cutters at a constant cutting depth (t - 2 mm) and a feed s varied in the in¬ 

terval from 0.015 to 3*06 mm/rev. ¡ 

As we see, in the logarithmic scale, the v^0 - s line has a point of inflection 

üfi 

‘_>8. 

30- 

32 

*> f 

38_I 

Fig.76 - Effect of Feed s upon Cutting Speed v6o; 
According to A.A.Avakov 

a) Cutting speed v^q, m/min; b) Feed s, mm/rev 

0 corresponding to a feed of approximately 0.12 mm/rev, the exponent being yy 

" to the left of the point of inflection, and yv - 0.63 to the right thereof. 

-1 employ Ky to denote the relationship between the yy esqponents for the right 

segments of the v^q - s line, converging at the point of inflection. Then, 

- 0.146 ; 

Let us 

and left 

AS 

50 Ku 
0.63 
0,146 

4.3. 

A break in the line for v - f(s) in the interval of low feeds has been 

many investigations of the machinability of unhardened steels. However, in 

found 

these 

ir,Q '.J 

tu 
HCL-4O6A 169 

J.
5
- 



i Table 53 
2-J 

Characteristic Curves for the Ratio v - f(s) According to Various Sources 

Source Material Studied 

. .i 

c 
<w -H 
o * 
J2 +> Ö 
•P H 

..0 O.. R
an

g
e 

o
f 

F
ee

d
 
s
, 

in
 

m
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/r
e
v

 

*■ tt*
_-

j 
«-» 

L E 
- 

jcponent 
Jy 

4 
> 
! 

» 

> + 
J .0) 
t « mt. 
3> «'i'a 
V CB 
U C-H 
Lrriii-i E 

»X 

¿2 « 
3m , 
3<m 
-t O 

'1 ‘ 
¡D U i 
4CQ ; 
O'M 
POS 

A.A.Avakov Carbon steel, 
= 55 kg/mm2; 

- 11.3 % 

2,0 0,015 p-3,06 0,12 0,63( ),146 4.3 

X .M.Bea- 
prozvannyl 

Carbon steel, 
ot - 57 kg/mm2 

0,5 

0.1 p-1,2 

0,8 0,40 0.18 2.2 

1,0 0,2 

0.4 

0,22 

0.44 

0,18 

0,22 

1.2 

2.0 

2,0 0,2 

0.4 

0,30 

0,65 

0,18 

0,30 

1,66 

2,16 

4,0 0,2 

0,4 

0,30 

0,65 

0,18 

0,30 

1,66 

2,16 

Present 
Author 

Hardened steel B, 
Hrç « 59 

0,3 0,07 p- 0,307 0,155 0,22 0,20 1.1 

0,6 0,07 p- 0,395 0,26 1,30 0,19 68 

Hardened steel B, 

hrc “ W 
1,2 0,07 p- 0.61C 0,155 0,53 0,26 2,04 

Hardened steel A, 
Hrç - 49.5 

1.5 0,153 P-0,610 0,305 0,90 0,42 2,14 

Hardened steel B, 
Hrc - 59 

2.4 0,07 p- 0,395 0,175 1,02 0,18 5,65 

Hardened steel C, 
Hrc - 65 

0,10 

0,25 

0,50 

1,00 

0,05 p-0,14 

0,05 p- 0,28 

0,05 -i- 0,28 

0,05 -5- 0,28 

0,10 

0,10 

0,14 

0,10 

0,66 

0,53 

0,72 

0,72 

0,40 

0,45 

0,50 

0,52 

1,65 
1,18 
1,44 

1,39 

A.A.Maslov Hardened steel 
Khl2M, Hrç - 45 

0,25-4-2,0 0,10 P-0,75 0,30 0,82 0,17 4.8 

54 J_ 
I 

53 J 
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„ ^investigations, the ratio Ky proved to be considerably smaller than that found by 

A.A.Avakov, .- --- --... .. 
4 \ T .. .. 

This problem xas investigated in detail by I.M.Besprozvannyi (Bibl.38). 

Table 53 presents his data, together with the results of investigations of hardened 

steels pertaining to the index yv. As we see, for all values of depth of cut eat— 

1 
cept that for which t - 0.5 mm, I.M.Bresprozvannyi obtained two points of inflec¬ 

tion, corresponding to s - 0.2 and 0.Z» mm/rev, on each of his v - s curves. The 

ratio Ky at both points fluctuates from 1,2 to 2.16. 

j The data by the present author and by A.A.Maslov show that the line describing 

( the v - s relationship is of the same nature for hardened steels as for unhardened 

types. For example, in the case of steel C, all depths of cut and feeds investi¬ 

gated show the jog in the v - s curve to be at the same point, representing a feed 

,(J of s » 0.10 mm/rev (an exception is the line for t * 0.5 mm which has its point of f 
inflection at s - 0.1Z* mm/rcv). The Xy relationship here varies in approximately 

the same limits as those given by I.M.Besprozvannyi: frcm 1.18 to 1,65. 

,, The Ky values for other grades of hardened steels investigated by the author 1 

.,. and by A.A.Maslov are not very convincing. In any event, for these steels as well, 

, the v - s line displays a point of inflection, and the exponent yv on the right sidé 

of the bent line is larger than that on the left. 
od-~| i 

( The agreement of the data by A.A.Avakov and I.M.Besprozvannyi with those by 

..1 
.., the author and by A.A.Maslov confirm that, contrary to the conclusion by P.P.Grudov, 
“ j 1 
( the influence of feed upon cutting speed in the turning of hardened steels is of thé 

~| 
<( same nature as in the turning of unhardened steels. 

.- Let us proceed to the index x,. Table 5U presents data for the relation be- 

r,0" tween cutting speed and depth of cut, for hardened and unhardened steels. As we 

Jsee, the data by P.P.Grudov, A.A.Maslov, and the author for hardened steels coincide 
,.- —j 

r(}' essentially. The v - f(t) lines reveal a point of inflection, to whose right the 

. index x,, is larger than to the left. The ratios between the x- indices for the 
JO.-...,. .. . ... *... __ .. . 

--1 
'8 . J 
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• right and left-hand segmenta of the v¿q - t line (converging at the point of in¬ 

flection), a. e denoted by Kx and approximate 2.0. —... 
4 I 

t) 

hJ 
—Í 

l1' 

11! 1 
I 

i ! ... 1 

16 ..] 

I“! 

¿0... J 

L'4 ., 

3o::; 

3? 

34 ...: 

Consequently, the index xv depends upon the depth of cut. The index Xy rises 

j 
Table 54 

I 
Characteristic Curves v - f(t) Ratio, According to Various Sources 

Source 
Material 
Studied 
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X 
Ü t 
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►J « 
O *H 
t- o 

I.M.Bes¬ 
prozvannyi 

Carbon steel, 
* 57 kg/mm2 

0.4 p
 

~<L
n 

+ O
 

2,0 0.18 j 0,17 1,06 

0.8 0.5 -+- 4.0 
1,0 

2.0 

0,42 

0.12 

0.37 

0.37 

1,13 

0,32 

1.2 0.5 -+- 4.0 
1.0 

2.0 

0,50 

0.28 

0,40 

0,50 

1,25 

0,56 

Present 
Author 

Hardened steel 
C, Hrc - 65 

0,05 

0.10 

0.14 

0.20 

0.28 

U.10-+-1.00 

0,10-î- 1,00 

0,10-+-1,00 

0.25-+- 1.00 

0.25-!- 1.00 

0,50 

0,50 

0,50 

0.50 

0.50 

0,24 

0,21 

0,34 

0.38 

0.42 

0,12 

0,18 

0,17 

0,26 

0.23 

2.0 

1,16 

2.0 

1,46 

1,83 

P.P.Grudov Hardened steels, 
Hrq - 47 - 56 0,05-+-0,30 0,2 -+- 2,0 1.25 1,10 0,50 2,20 

A.A.Maslov Hardened steel, 
Hrc - 58 0,09-?-0,3f 0.25 -+- 2,0 

0.50 0.27 0.14 1,92 

1,50 0.63 0,27 2,33 

36*—! 

—1 
33— 

4')— 
_i 

414 ._ ! 

■i-i. 

*16 ; 

J 
43 J 
J 

60 with t. It also increases with the feed, as may be seen from the authors data for 

62 steel C (Fig.75). 
—.3 

r* ..1. According to the data by I.M.Besprozvannyi for unhardened steels, the relation- 
... j 

ship of the index Xy to feed is clearer than its relation to depth of cut.—The in- 

"U 

60 
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d«sx Xy rises with feed and depth of cut. 1 

j 
In any event, the effect of depth of cut upon cutting speed is of the same 

i 

nature as in the case of unhardened steels. The effect of depth of cut upon cutting 

speed rises with any increase In depth of cut and feed. 

The relationship between cutting speed, depth of cut, and feeds, for the hard¬ 

ened steels exairdned by the author in the Hrç - U - 65 range is expressed by the 

equation 

so (5) 

where v¿q is the cutting speed in n/min to the 60-minute tool life; 

CV£q is a constant; 

t is depth of cut, in mm; 

s is the feed, in mm/rev; 

Xy is the exponent for depth of cut; 
1 

yv is the exponent for feed. 

The calculation of recommended cutting speeds (Appendix I) is based on Xy - 

0.25 and yv ■ 0.A5» The effective powers are determined by the formula 

i 

N' = Cs - t0M . S™ Kw . (6) 
i i ! 
i 

For constant and , the following values are used: 

Hardness of 
tempered 

steel, Hrç . 38 4i 44 47 go 52 54 56 58 60 « 65 

Cr#0. . . 50 40 31 27 22 19,5 17.5 16 14,5 12,5 7 2,8 

CN . . . 2,05 1,77 1,48 1,36 1,18 1,10 1,02 0,96 0,89 0,81 0,49 0,23 

In determining the values of Cy^Q, Cj¡, and the indices Xy and yy, use was made 1 

not only of the author»» experimental data but also of the work by N.S.Logak 

(Bibl.21), P.P.Grudov (Bibl.29), and by the NIBTN (Bibl.27)._ _! 
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Influence of the Mechanical Propertiea of Hardened Steela upon Cutting. S£eed 

The machinability of steels, with consideration of the permissible cutting 

speeds, depends chiefly upon the chemical composition of the steels, their micro- 

structure and mechanical properties. The effect of the chemical composition of 

steels upon their machinability, determining the cutting speed to permit a 60-minute 

tool life (V60) are described as follows by the experimental data of 

E.I.Fel'dshteyn (Bibl.W*)j 

Grade of 
steel being 
machined 
v^o in m/ndn 
Coefficient 

Steel 15 Slttl 40 
100 60 
1,0 0.6 

y 12 40X 35XGÓ P9 P18 
40 45 30 20 20 

0.4 0,45 0,3 0.2 0.2 

These data show that the machinability of steels is largely dependent upon 
"i I 

'their content of carbon and alloying elements. 

It was established in the same study (Bibl.wJ that the decisive factor in th# ^ 

machinability of steel of this composition is the structure resulting from heat 

treatment. The rate of dulling of the tool is intimately related to the foro of 

- pearlite in the machined steel. The best results are presented in cases of granular 

pearlite. With lamellar pearlite, the level of v^ speeds is considerably lower, , 

—'particularly in the case of steels with a large content of carbon and alloying 

Z] i 
elements. 

•J A comparison of the cutting speeds for steela of different structures investi- 

- gated shows that the minimum wear of the cutting tool is observed in the machining 

of ferrite. In order of increasing wear, this is followed by; fine-granular 

"pearlite, coarse-granular pearlite, lamellar pearlite, sorbitic pearlite, sorbite ; 

i 
i Bind troostite-sorbite. j 

Various investigators have made numerous attempts to find a direct relationship 

6 "^between cutting speed and mechanical properties of the material machined. For ex- 

8 MCL-A06/V 17U 
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ajnplt, the NIBTN (Bibl.27) recommends the following formulas for unhardened steels 
I 

(carbon and alloy): .! 

V 90 

90 

C. 

//V 
nB 

m! mm ; 

where ny - 1.5. I 

A relationship of the same nature was obtained by E.I .Fel’dshteyn (Bibl.JlJ!»). 

The exponent of all steels tested by him was riy. “ 1.5. A generalization of the re¬ 

sults of all the steels investigated, including high-speed steels, for which poor 

machinability was characteristic, yielded riy * 2.2. Only in the case of structural 

steels was a result of riy - 1.8 obtained. An analysis of the experimental data led 

to the conclusion that the mechanical property characteristics and Hbn cannot 

serve as a foundation for a sufficiently accurate judgment as to the cutting 

speed sought, since the errors in the deterndnation of speeds with these formulae 

may attain 10%. 

Let us now consider the hardened steels, The author»s experimental data testi¬ 

fy that the chmical composition of hardened steel has little effect upon its 
I 
machi nability. Steel A of Hj^, - 49.5 possesses approximately the same machina- ! 

1 I 
bility as steel B of ■ 49, although the alloying elements constitute 6.58 - 

- 7.66Í in steel B, and 4*24 - 5-02% in steel A. 

The fact that the composition of hardened steels does not affect their machina-i 

bility was confirmed in the investigations by A.Ta.Malkin (Bibl.23) (for U10, U12, 

ACKh, ShKhl5, ShKhl5G, OKhNM, 0KhN3M and chromansil steels of Hjjç > 49) and by 

Te.A.Belousova (Bibl.30) (for ShKhl5, ShKhl5G, 12KWJ3, 9KhS, 40Kh and 45 steels of ! 

Hr- 49 - 66). 
'1 

Figure 77 presents, in logarithmic scale, a curve of the relationship between 

the hardness of tempered steels of Hrç - 41 - 65 and their machinability, expressed 

i 
j 
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by the Cv^q constant, for steels A, B, and C investigated by the present author. The 

curve shows that thf effect of the hardness of tempered steel upon the cutting speed 
< 1 I 

increases with increasing hardness. Thus, an increase by three Rockwell units in 

in 

-i i 

‘54-] 

',in 

'3$.! 

•18 

50 

1 

Fig.77 - Relationship Between the 
CV£0 Constant and Hj^ Hardness of 

Tempered Steels. Turning of 
steels A, B, and C of Hrq ■ 

* 41 - 65 by T15K6 cutters 

a) Constant Cy^QÎ b) Hardness of 

tempered steel 

Fig.78 - Relationship Between the 

Cv60 ^oristant and Hardness of 

Tempered Steels in the Interval 

H 
Rc 

50 - 63. Data byN.S.Logak 

for T3CK4. cutters 

a) Constant Cy^; b) Hardness of 

tempered steel, 

jo—j 

_ 

03. 

00- 

steel hardness, from 41 to 44, results in a reduction from 51 to 40 in the Cy^j 

constant, i.e., by approximately 22%, whereas a rise by three units from 62 to 65 
1 

results in a 60¾ drop in the Cy^ constant (from 9.1 to 3»6). 

The curve (Fig.77) shows a Jog at the point representing » 60. To ths 
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right of the Jog the influer ce of the hardness of the steel upon its machinability I 

is more pronounced than to the left thereof. 

The CV£q - relationship may be expressed by the equation 

(7) 

According to data by N.S.Logak (Bibl.2l)f the exponent for is 9 for hard¬ 

ened steels of Hjjç *■ 50 - 63 (Fig.78). 

These data for hardened steels permit the conclusion that the law of the ef¬ 

fect of the mechanical properties of steel upon their machinability, which is known 

for unhardened steels, may be expended to all steels that are subject to machining. 

The effect of the hardness (or o^) of the machined steel upon the cutting speed in¬ 

creases progressively as one moves from one hardness interval (or interval) to 

the next higher. Whereas the exponent is riy. < 2 for unhardened steels, it becomes 
I 

nv - 3 for hardened steels of < 60 and multiplies severalfold for > 60. 

Tue cutting conditions given in Appendix I are calculated for the nv values 

obtained in the author*s experiments. i 

Conclusions 

1. The turning of hardened steels is governed by the basic law of the theory of 

the machining of metals, which is expressed by the equation 

C 

The relative life index m describes the rate of change in the life of a tool 

with any change in cutting speed. The lower the index m, the greater will be the j 

effect of change in cutting speed upon tool life, and vice versa. 

2. In the machining of hardened steels, the relative tool life index m depends 
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1G 

î ' ■ 

upon the following factors: feed s, depth of cut t# ratio of depth of cut to 

feedtrue rake angle of cutter y, working relief angle xK>se radius r, type j 
8 

of cemented carbide used to tip the cutter, and hardness of the tempered steel* 
--j 

With an increase in s, t, and an increase in the index m is observed. The 

index diminishes with a rise in the true rake angle y and in the nose radius r and 

with a diminution in the working relief angle a. For titanium-tungsten alloys the 

index m is lower than for the tungsten type, while it rises with an increase in the 

hardness of tempered steel* 

The greatest influence upon the index m is that exerted by the hardness of the 

tempered steel, the feed, and the particular type of cemented carbide with which the 

cutter is tipped. 

The relationship found between the relative tool life index m and the influ¬ 

encing factors was found to be of the same nature for hardened as for unhardened 

steels* 

3. In the case of the hardened steels of ■ /J. - 65 investigated by the 

author, the relationship between cutting speed, depth of cut, and feed may be ex¬ 

pressed by the equation [ 

i > b mi .j 

33- 

40. 

V, 
'Vm. 

60 
t*v 

ml mi'n . 

4 6. 

■18 

ro 

The exponent yv is greater than the exponent Xy. This means that the feed af- 

fects the cutting speed more strongly than does the depth of cut. In the turning | 

of hardened steels, as in that of the unhardened grades, it is more desirable to 

work at lower feeds and greater depths of cut. 

The value of the indices Xy and yY increases with an increase in the depth of 

cut t and the feed s. Inasmuch as the feed has a greater influence upon the cutting 

speed than does the depth of cut (yv > Xy), it is more advantageous to work at 

,1 ._1_ 
J 

higher 

1,. Hardened steels are machined at considerably lower cutting speeds than are 

58 1 
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unhardened steels. The permissible cutting speed diminishes with an increase in the 
2- ^ 

hardness of the tempered steel. ---L-- ---.—..j 
4. J ! 

The cutting speeds employed in the studies of the machinability of hardened 
(j _,j_____- . . - -- .- ..— - 

steels are the same as those at which machinists, who have introduced high-speed 
8.- 

machining, run their equipment. ¡ 

17. Surface Quality and Machining Tolerance 

Hardened steels are now being turned in industry where rough grinding has 
1(5 J 

normally been used, and there are particular conditions under which turning may even 
1m ^ j 

replace finish-grinding. Therefore, a knowledge of the nature of the influence of 
20.. , 

the machining of hardened steels upon surface quality and the condition of the sur- 
»1 • > 

face layer of metal is of practical and scientific interest. Below we present the 
L'l .... , j 

still limited experimental data available to shed light upon these questions. 

Quality of the Machined Surface 
--1 

::o 2 
Here we present the results of investigations on the degree of finish of the ! 

22-..-..: I 
machined surface attained in the turning of hardened steels, as well as on the 

31 . 
nature of the influence of various factors. 

id-d 
The author conducted this study with steel B of Ho ■ 59. The measurement of 

•:d-, I ^ 
surface roughness was performed with an Abbott profilometer, presenting the rms de— j 

41H ! , I 
viation (Hjtj) of the microscopic irregularities of the surface in micro-inches. The i 

14 

V U — j 

48-...1 

íjO ! 

r'H 
3-1 -..: 

53.1 

instrument gives readings in microns. 

Rings were machined on the ingot tested. Hollow chamfers for the cutter were 
j 

provided between each two rings. 

All the tests except those devoted to determining the effect of the type of 

cemented carbide upon the surface finish were run with T15K6-tipped cutters. All 

the cutters were lapped. 

The influence of the following factors upon the surface finish was investi¬ 

es 1 

CO 
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i 
gated: speed v, feed s, nose radius r, true rake angle y, type of carbide used for 

ji¡. 

1.1 

Î4 

a) 

b) 
_1_____ 

« 

\ 
\ 

0 Tl\Z 
J 

\ 

h w' ''' 
>rv— y - . 

a V : c) 
0 - 

7 
■ 

d) 

Fig.79 - Influence of the Cutting 
Speed upon the Finish of Machined 
Surfaces. Turning of steel B of 

HrC ’ at t * 0,3 111111 and 

s - 0.112 mm/rev. Cutter geometry: 
a = 6°, y » -5°, \ - CP, V - U5°t 

= 15°, r * 1.15 ran 

a) Hoot-mean-square average ir¬ 
regularity, Hm, microns; 
b) Transverse roughness; 
c) Longitudinal roughness; 
d) Cutting speed v, m/min 

tipping the cutter, and lapping of the 

cutting portion of the tool. 

Effect of Cutting Speed upon Sur^ 

face Finish. The surface was machined 

at t * 0.3 mm and s * 0.112 mm/rev. The 

cutting speed was varied in the interval 

of v - 10 to 85 m/min. The experimental 

results (Table 55 and Fig.79) do not 
» 

yield a clear picture, but do pôrmit the 

conclusion that the cutting speed does 
I 

not affect the surface finish. 
I 

This conclusion is confirmed by the- 

study made by A.I.Isayev (Bibl.A5). 
I 

Figure 80 presents the results of his 

experiments on the turning of No.45 

^ u 1 steel, heat-treated to various hard¬ 

nesses. The range of cutting conditions 

employed (the lowest speed was 

v > 20 m/min) made it possible to work 

without producing a built-up edge. We 

see that the height of the fine irregu¬ 

larities diminished as harder material was machined. At cutting speeds of 

v > 140 m/ndn, the influence of the hardness of the machined material upon the 

roughness of the surface becomes negligible. 

Experiments made with larger feeds yielded analogous results. It was found 

that, as the feed increased, the points on the curves at which a change occurs in 

the regularity of the effect of cutting speed upon the height of the irregularities 
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the surface move to the left (toward lower ▼). 

The information of greatest interest in Fig.80 is the - v ratio for 

Table 55 

Influence of the Cutting Speed upon the Surface Finish 

lió_ _—--- ! 

i i 

30 J 
No.45 steel heat-treated to a fairly high hardness of Hg = 500 (He * 51). Here, a 

^ change in the cutting speed has virtually no effect upon the size of the micro¬ 

roughnesses of the machined surface. i ! 
36 _j i t 

Influence of Feed upon Surface Finish. The surface was machined at t - 6 mm ! 

and v = 40 m/ndn. The feed was changed in the interval of s - 0.07 to 0.505 nm/revj 

,., The results of the tests (Table 56) show that, as the feed is increased, there is a j 

,, 3harP rise in the roughnesses in the cross section. An impairment in surface finish 
■ í 1-' 

^ is also noted in longitudinal section, but here it is considerably less pronounced. 

Figure 81 presents two curves (Bibl.45) for cutting speeds v - 42.5 and 
4 8 ..J 

. j œ/min for unhardened 40KhN steel. As we see, when the feed s is varied within 

r„ the saxn® range, the relation between the size of the roughnesses and the feed is of 

r j the oame general nature for hardened steel (curve 3) as for unhardened steels, 

j The position of curve 3 below curve 1 and 2 (in experiments with both steels, 

- 1 
58 . ! 
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Cutting 
Speed v, 
m/min 

Hoot-Mean-Square Average Irregularity Hra, microns 

Transverse Profile 
Longi¬ 

tudinal 
Profile 

Measurement No. 
Average 
Data I II III 

10 

25 
40 
55 
70 
85 

1.7 
1,0 

1.6 

2,0 

1,5 
1.3 

1.8 

1.0 
1.2 

1.4 

1.3 

1,1 

1.8 

0,9 

1.1 

1.4 
1.2 

1.1 

1.8 

1.0 
1.3 

1.6 

1.3 
1.2 

U 
0.8 

1.0 

0.9 
1.0 

0.9 

0 _. 
of • ï 

4 

..1 

H 

H 
10 \ 

i 
1 



12- Á 

4-- 

■1 i 
J 

-the cutter nose radii were virtually identical, r " 1 mm) indicates that, in the 

1 f1 

16 J 

on Fig.80 - Effect of Cutting Speed upon the Kean Height of 
Micro-Foughnes ses of the Machined Surface 

Turning of No.15 steel of various degrees of hardness, with t - 1 mm 
and s - 0.106 mm/rev. Geometry of the T15K6 cutters: a » 8°, T " 5°# 
X. - 0°, 9 M 2*5°, tpi * 15°, r “ 1.5 nm. Data according to A.I .Isayev 

a) Mean height of roughnesses, Hj-gaj,, microns; 
b) Cutting speed v, m/min 

machining of hardened steels, a higher surface finish is attained than with un- 

:»1- 
I 

30-4 
_i 

33-4 
I 

•ioZj 

M-J 

40 . 
I 

13 II 

hardened. 

-.1 58. 

68-.¡ 

60- 
MCI^06/V 

Table 56 

Effect of Feed on Surface Finish 

Feed s, 
in mm/rev 

Root-Mean-Square Roughness Hm, in Microns 

Cross Section 
Longitudinal 

Section Measurement No. Average 
Data I II 

0,070 
0,112 
0,155 
0,225 
0,395 
0,505 

1.1 
1.4 
2.5 
2.5 
5,0 
8.7 

0,9 
1.2 
2,5- 
2.5 
5.0 
8,1 

1.0 
1.3 
2.5 
2.5 
5.0 
8.4 

1.0 
1.2 

. 2.2 
2.4 
2.5 
2.5 
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2i 
In steel B of “59, the lateral roughness may be related to the feed by 

a) 

12 

■<6 

Fig.81 - Feed s versus Surface 
Finish in Turning of Hardened 
and Unhardened Steels (nose 

radius r * 1 nun) 

1 - Unhardened UOKhN steel, 
V ■ ¿*2.5 m/min; 2 - Same, 
V - 135 m/min; 3 - Steel 
hardened to 59 at 

V “ ¿*0 m/min (a ” 6°, 
V - -5o, X - 0°, 9 * U5°, 

* 15°) 

a) Root-Kean-square roughness Hm, 
microns; b) Feed s, mm/rev 

Fig.82 - Nose Radius r versus 
Surface Finish in Turning of 
Hardened and Unhardened Steels: 

1 - Unhardened EI-107 steel 
(a - go, Y - 15°, * - ¿*5°, 
9i - 15°, » “ 0*35 mm/rev, 
V * ¿*1.5 m/min; 2 - Hardened 
steel H^ - 59 (« - 6°, 

Y - 15°, X « 0°, 9 - ¿.5o, 
9i - 15°, s - 0.155 mm/rev, 
À' V ■ 38 m/rain) 

a) Root-mean-square roughness Hm, 
microns; b) Nose radius r, mm 

the following expression: 

■10—1 Htm— 15,5 • s1,01. (8) 

4L! 

M 

■18 ' 

;jw 

■ i Effect of Nose Radius uron Surface Finish. The surface was machined under the 

following conditions: t - 0.6 mm, s * 0.155 mm/rev, v - 38 m/min. The nose radius 

was varied from 0.05 to ¿*.0 mm. The tip of the cutter, for which r - 0.05 mm, had 

been lightly sharpened on a whetstone. 

The results of the tests (Table 57) showed that an increase in the radius r 

leads to an increase in surface roughness both in cross section and longitudinal 

US. 
section. 
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Figure 82 shows that the nature of the influence of the radius r upon the 

Table 57 

Effect of Nose Radius upon Quality of Surface 

1L , 

Nose 
Radius r, 

am 

Root-Mean-Square Roughness Hm, in Micron# 

Cross Section 
Longi¬ 
tudinal 
Section 

Measurement No. Average 
Data I II III 

4.00 

2.20 
1,15 
0.35 
0.05 

1.4 
1.5 
3.4 
6,2 

11.2 

1.2 
1.8 
3.1 
6.2 

11,2 

1.2 
1.8 
3,1 

1.3 
1.7 
3.2 
6.2 

11.2 

1.0 
1.0 
2.0 
3,3 

5.1 

CO- 

32. 

01- 

•36. 

03- 

.10. 

•'0 

41 

I { 
roughnesses of hardened and unhardened steels is essentially identical* 

The relationship between lateral roughness and radius r for hardened steel B ifl 
I 

! 1 ' 
Table 58 i 

'! ! ! 
Effect of True Rake Angle y upon Surface Finish 

H 

:.o 

True Rake 
Angle y° 

+ 10 

+ 6 
0 

— 5 
-8 
- 12 

Root-Mean-Square Roughness in Cross Section H__, 
in Microns 

Measurement No. 

I II III 

4.0 
4,5 
5.0 
3.2 
3,7 
5.2 

3.7 
4.7 
5,0 
3.5 
4.5 
5,4 

4.2 
5.0 
3,1 
3.6 
4,9 

Average 
Data 

3.9 
4,5 
s.a 
3.3 
3.9 
5.2 

J 

58- 

GO- 

expressed by the equation 
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(9)- H. 
2fi 
,0.M • 

Effect of True Rake Angle upon Surface Finish. The surface was machined at 

t * 0.6 mm, s “ 0.307 mrVrev, and v - 30 m/min. The true rake angle y of the cut- 

in 

11’ 

1 •! 

k; 

id 

■ \ 

<*) 

V A 
Y 

; 1 f 

t
 * jl 

1 
1 f 

¿2 

Fig.83 - True Rake Angle y versus 
Surface Finish. Turning of steel B 

of - 59 at t * 0.6 mm, 

s • O.3O7 mm/rev, and v - 
■ 30 m/min. Geometry of cut¬ 
ters: a - 6°, \ * 06, 9 - 45°, 

*1 ' 15°> r ' ^15 ^ 

a) Root-mean-square roughness H™, 
microns; b) True rake angle y° 

9-5-2 0 <i Í 12 IS 2i 
b) 

Fig.SJ!* - True Rake Angle y versus 
Surface Finish. Turning of 
unhardened EI-10? steel at 3 ■ 
■ 0.2 mm/rev. Geometry of cutters: 
a = 8°, cp - 450, (¾ - 12°, r * 1 mm 

1 - v - 25.2 m/min; 
2 - v “ I4I m/min 

a) Root-mean-square roughness üm» 
microns; b) True rake angle y° 

:1 

í 0» 

tens was varied from +10 to -12°. The results of the tests are presented in 
1 ! 1 
Table 58 and Fig.83. The curve does not show any regular relation between true rake 

¡ i 
angle y and the height of the roughnesses. In the specific condition of the given i 

tests, the minimum Hm was obtained at y ■ -5°. 

Analogous results were obtained by A.I.Isayev (Bibl.45) in an investigation of 

a number of grades of unhardened steels. The experimental data for EI-107 steel are 

presented in Fig.84* In the interval of negative y values, the roughnesses become 

somewhat smaller as the true rake increases. 

Influence of Type of Cemented Carbide Tip upon Surface Finish. The surface was 

machined under the following cutting conditions: t * 0.6 mm, s - 0.155 mm/rev. 

jtf i 

KCI^-406/V 
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0. 

- ¡ n<* V ^ la'lr'ln* Th® following cemented carbides were tested: VK8, VK6# VX12# 

¡ T15K6, and T21X8. — _! 

» -f- Th* ^18 (T8b1» 59 and Flg.85) pe„lt the conclweion that the 

3J ¡ ' 
. Table 59 

j Effect of Choice of Cemented Carbide upon Surface Flnleh 

Cemented 
Carbide 

Root-Mean-Square Roughness Hra, in Microns 

Cross Section 
Longi- 
tudinal 
Section 

Measurement No. 
Average 
Data 1 II III 

VK6 

VK8 

VK12 

T15K6 

T21K8 

2.7 

2.5 

3.5 

2,0 

2.5 

2.7 

2,5 

3.7 

2.0 . 

2.2 

3,6 

2.0 

2.7 

2.5 

3.6 

2.0 

2.3 

2.0 

1.9 

2.2 

1.4 

1.7 

titanium-tungsten carbides (T15K6 and T211C8) yield a surface of better finish than 

^ - the tUn£Ste" C8rbideS (VK6' ™S< ^ ^)- This nay be explained by the fact that ^ 

^titanium-tungsten carbides are of higher hardness and wear resistance than tungsten | 

.^■ carbides and have a lower tendency to pick up the chip. As a result, the cutting ! 

edge of a titanium-tungsten cutter retain, for a longer period the shape obtained in 

.<•> grinding and lapping process. 

—feCt °f Lappl'nfi °f c^ter_upon_SUrrace Finish. The tests were run with T15KÍ 

^ cutters having the following tip geometry: a - 6°, T - -5°, \ • 0°, * m , . 

•^If 15°' r “ 1,15 m* The 8Urface was machined at t - 0.6 mm, s - 0.155 Wrev, and 

50 V * 30 17,0 results of the tests are presented in Table 60. 

, It will be seen that lapping of the cutter imples the finish of the machined ! 

- surface. 
0*1_I__ 

r , Let U8 analyze the experimental data for hardened steel of ¡¿j - 59. At t~ 

1 I _    ■ ^ 
KCL-A06/T leg 
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» 0.03 um and s ■ 112 nsa/rev, the mean Hm for 18 readings was 1.3 microns. In some 

instances, the result was Hm ■ 0.9 -.] 

- 1.1 micron; at t * 0.6 mm and s * 

- 0.07 mm/reY, Hm - 1.1 and 0.9 micron. 

This level of roughaess represents a 

Class 7 finish under 00ST 2789-51, and 

approaches the upper limit near Class 8. 

It is obvious that at feeds smaller 

than s * 0.07 mm/rev one can achieve 

H < 0.8 microns, i.e., a surface 

Fig.85 - Effect of Cemented Car¬ 
bide upon Surface Finish. Turning 
of steel B of * 59 at t ■ 

■ 0.6 mm, s * 0.155 mm/rev, end 
V * 30 m/min. Cutter geometry: 
a - 6°, y - -5°, “ 0°, <?> * ¿5°, 

* 15°, r - 1.15 mm 

a) Root-mean-square roughness Hm, 
microns; b) Lateral roughness; 

c) Longitudinal roughness 

of VW8, or finish-ground. There is no 

difficulty in achieving surfaces of W5 

and W6, since Hm “2-3 microns is 

obtained at relatively higher feeds s (to 

0.3 mm/rev). 

The following relationship exists 

between the height of the lateral rough¬ 

nesses, the feed s, and the tip radius r' 

for a steel of “ 59 (the feed varies 

in the interval of a ■ 0.07 to 

O.5O5 mm/rev, and the nose radius of the cutter in the interval of r ■ 0,,05 to 
j ' i 
L.O mm): 

1 
H. 

19,1 • s1-07 
.0,61 

mtttoni. (10) 

The following formula is recommended by the Machining Committee (Bibl.1,6) for 
* 

approximate determination of the height of the roughnesses in the turning of un- 

hardened carbon and chromium steels with high-speed cutters - - --- 

L_......L 
I 

mcl-\o6A 

.1 
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o 

„ 0,21 • Í,’°1 
tf — --- mm , 

-M 
(11) 

The Hm íb detemined by means of eq.(lO), and by eq.(ll). In order to 

8_ 

in 

12.J 

Table 60 

Effect of Lapping of Cutter upon Surface Finiah 

Condition of 
Cutter 

Root-Hean-Square Roughness Hm, in Microns 

Measuranent No. Average 
Data I 11 , HI 

Without lapping 

With lapping 
Without lapping 
With lapping 

7.7 
1.5 
2.3 
2.7 

5.0 
2.0 
5,4 
4,2 

5,0 
2.7 
5.4 

5.7 
2.1 
4.4 
3.4 

'}.J 
compare the two equations, let us perform some transformations of eq.(10), taking 

Umax * k Hm* The then takes the form: 

36.. 

:i!-! 

H, 
19,1 • 4 • s1,01 0,076-s 1,01 

mM 1000 •r0'“* ,0.03 
mm , (12) 

As we see, the constant for a steel hardened to Hrç - 59 is about ono-third 

that for unhardened steels* j 

The author1 s conclusions are confirmed by other investigations of the process 

*•! of machining hardened steels. N.S.Logak (Bibl.2l) produced a surface for which 

'6 h - 0.6 to 1.2 microns, i.e.. Class 7 or 8 surface finish (close to Class 8) in 

—i ¡ the machining of high-hardness steel with cutters tipped with T30KZ* and at cutting i 

- speeds allowing for a tool life of T - 60 min (t - 0.2 mm, s - 0.1 mm/rev). The 

"■.! superior results obtained by N.S.Logak at high feeds are explained by the fact that j 

r ! he employed T30K4 carbide, while the author ran his experiments with T15K6. 

56 ! Te.A.Belousova (Bibl.30), in turning high-hardness steels under average machin- 

'8 KCI^A06/V 188 
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“ling conditions (t - 1.0 to 2.0 ran; s “ 0.15 tm/rev) achieved Class 7 surface finish. 

M i 
At lower feeds, surface finish was higher. It was found that, other conditions _o£_ 

M '*■ 
machining being equal, an increase of 10 units on the Rockwell C hardness scale re¬ 

sulted in a 50% reduction in roughnesses. 
8_J 

In an investigation of the finish of the machined surface in turning hardened 
10 J 

steels of Hgç - 60 - 64 at high feeds (Kolesov's method), A.D.Makarov found 

(Bibl.24) that, when using cutters with a ratio of length of the side-cutting-edge 
11 ...j 

to feed of > 5 and feeds of s * 0.6 - 1.0 mm/rev, a Class 6 surface finish was 
IP ., 8 

always attained, whereas at smaller feeds (s • 0.1 to 0.4 mm/rev) and —“8-10 
j 

the resultant finish was not below Class ?• 
. , 

In the turning of unhardened steels, the maximum effect upon the microgeometry 

of the machined surface is that exerted by the cutting speed v, the feed s, and the 
* 1/ I 

—i 
nose radius r. A distinctive characteristic of the machining of hardened steels is; 

JlLJ 
the fact that the cutting speed does not affect the size of the roughnesses. Other- 

La_ 
wise, the major laws pertaining to unhardened steels, in terms of the microgeometry 

30 _ 
of the machined surface, may be applied to hardened steels. 

* Physical and Mechanical Properties of the Surface Layer of Metal 

— 

The question of the properties of the surface layer after the turning of hard- ! 
l58— j I 

ened steels has attracted interest since the very first studies devoted to this 

problem. The experiments by N.I.Shchelkonogov (Bibl.28) showed that the turning of ! 

steel hardened to Hr„ " 61 did not change the structure of the surface layer of 
44., 

metal, but that its hardness increased somewhat. In his own tests, the author also 
46--( 

— noted an increase in the hardness of the surface layer of tempered steels after 
48 i 

turning. 
50 .4 

The data derived experimentally by Ye.A.Belousova (Bibl.30) in machining hard- ! 
52 

- ened steels of Hj^, - 50 to 65 are of considerable interest. It was found that the 

surface oí hardened steel parts not only do not lose the hardness induced by heat 

58Ij ... ' ' ... 
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2-1 
treatment after turning on a lathe but becomes even harder as a result of work- 

4__ 

b._ 

hardening. The work-hardened layer is intimately bonded to the main bulk of tho- 
•j 
metal, and no métallographic transformations occur therein. The hardness of the 

work-hardened layer diminishes smoothly, from a maximum at the machined surface to 

I i 

the initial level acquired in hardening. The work-hardened layer is uniformly die- 
1 ' —J 

I f 
,, tributed throughout the work-hardened surface, and duplicates its profile. The 

depth of the work-hardening attains 100 microns, and the level of work-hardening 
-* *- —-i 

comes to 1.1 - l.J*. 

The hardness of the hardened steel has the maximum effect upon the depth and 

1 ti_( 

la —4 

,,, ( degree of work-hardening. A variation in the true rake angle Y from -5 to -30s 
- ' 1 i 

causes microhardness of the surface layer to be increased by as much as 10 - 15Ï, 

and this increase is the sharper, the lower the hardness of the material machined, i 

The feed s has little effect upon the depth and degree of work-hardening. In 
-°~j j j 

the entire x'ange of feeds investigated (s ■ 0.15 - 0.84 mm/rev), the depth of work- 

>0—J 
hardening comes to 40 - 50 microns for steel hardened to - 60 - 65, and 

.-,, 80 - 100 microns for steel hardened to Hrç - 50. The degree of work-hardening 

fluctuates around lOJÉ. 
[14.. 

■>o n 
There is little difference in depth of work-hardening with changes in cutting 

.^T'speed v from 6 to 60 m/min. This depth is 80 - 100 microns for steel hardened to 
>0-1 r 

, ( ! “Hp^, * 50, and 30 - 40 microns for steel hardened to Hj^, - 60. Under these conditions, 

, .f the degree of work-hardening changes by 10 - 3Q5É. 

j 
,, ' The hardened layer is characterised by residual compressive stresses as high as 

100 - 150 kg/mm2. The upper layer of the machined surface is the most highly 

43. 
stressed. Deeper toward the axis of the part being machined, the residual stresses 

r-.' gradually diminish and disappear entirely at a depth of 100 to 150 microns. 
O') —. 

I 
A five-fold increase in feed s results in a rise in residual stresses by a 

- factor of 2 - 2.5. The cutting speed has a significantly lower influence upon the 

~ magnitude of residual stresses. An increase in cutting speed v from 4 to 15 m/®in 
%j\J  -- .— — ——  ——  --—- 

I 
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H 
A~\ 

a.] 

8_ 
10. 

12 

11 

resulta in reductions up to 20¾ in residual stresses. A further increase in cutting) 
I 
I 

speed to 100 m/min has no effect in this direction. -___ 

The hardness of the material machined has a considerable influence upon the 

residual stresses. An increase of 10 points in the hardness of tempereu steel (from 

Hrc " 50 to Hjíç * 60) results in a doubling in residual stresses in the surface 

layer. 

Residual compressive stresses in the surface layer take place at a true rake 

angle y of -8 to -16°. At lower negative angles, tensile stresses may occur. 
10-4 

As shown in experiments by I.S.Shteynberg (Bibl.47), a change in the true rake 
18 

on 

*--H 

iuJ 

angle affects not only the magnitude and sign of the residual stresses but, to a 

considerable degree, also the depth to which they are disseminated. When hardened 

A5KhNMFA steel is turned at a cutting speed of v - 75 m/min, a depth of cut t - 

■ 0.5 mm, and a feed s * 0.5 mm/rev, an increase in the negative value of the true 

9W ¡ 

rake angle y from -30 to -6CP resulted in an increase in the depth of distribution 

32- 

31. 

36. 

J8—! 

40- 

42 

14 

4 c 

48.J 

60 

of the residual stresses from 0.25 to 0.65 mm. 
I 

Let us adduce data from the literature on unhardened steels. As demonstrated 
S i 
by the experiments of P.Ye.D'yachenko (Bibl.AS) (Fig.86), an increase by about a 

j ! 
factor of 3.5 with feed s, from 0.23 to 0.76 mm/rev, caused an increase of 27% in 

the microhardness of the machined surface, in turning unhardened steel at cutting 

speeds of v - 50 and v - 100 m/ndn, 33¾ at speeds of v - 135 m/min, and 39¾ at v - 
I 

* 170 m/ndn. Here we may trace the effect of cutting speed upon the degree of vork-| 

hardening of the top layer of metal. For example, for a feed of s ■ 0.6 mm/rev, an 

increase by about a factor of 3.5 in the cutting speed led to an increase of 25¾ in 
j ' 
the microhardness of the machined surface.! 

Let us compare these data with the data presented previously for hardened steels 

of Hrç ■ 50 - 65. For the latter, an increase of 5.6 times in the feed s yields 

—j * 
a 10¾ increase in the degree of work-hardening, whereas for unhardened No.A5 steel, 

56- 

58 .. 3 

an increase by a factor of 3*5 in the feed causes the work-hardening to rise 
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1 by 27-39%. 
2-1 
J__ A relationship of identical character is observed with respect to the effect 

-i 
of cutting speed upon degree of work-hardening. Whereas a 10-fold increase in cut- 

8 

10 

12 

14 

lu . 

18 

20 j 

ting speed results in a 10 - 30¾ rise in the degree of work-hardening of tempered 

steels, an increase by only a factor of 3,5 in the cutting speed results in a 25¾ 

rise in degree of work-hardening of unhardened steel. 

Consequently, the degree of work-hardening of the machined surface is consider¬ 

ably greater in the turning of unhardened steels than it is in the turning of hard- 
I j 

ened steels. This is also confirmed by the experimental data of I.S.Shteynberg 
j ! 

(Bibl.JV?) with respect to the influence exerted by the true rake angle of a cutter 

upon the micro hardness of the machined surface. Figure 87 shows that, in the case 
M) r - --( 

of unhardened steel, an increase in the negative true rake from -5 to -30° results 
-4—¡ i ■ j . 

in an increase in the microhardneas of the machined surface from 450 to 560 kg/mm2. 
2ti.. 

L'J.— 

30- 

32_ j 

2 i —i 
! 

36_4 

38- 

40- 

42-j 

M..J 
j 

4f>_! 

43_ 

50 

or by 23¾. whereas for hardened steels of Hrq * 50 - 65, the same change in T re- 
j , 

suits in an increase of only 10 - 15¾ in microhardness (p.189)* 

It is interesting to compare the surface layer of turned hardened steel parts 

with that resulting from grinding. Studies by A.A.Matalin (Bibl.47) have shown that 

he grinding of hardened steels results in a considerable change in the structure 

of the surface layer of the steel. It is clear from tho results of experiments 
■j 
with U8 steel that a layer of tempered metal, having a microhardness of 500 - 

- 700 kg/mm2, is often found beneath the surface layer, 4-6 microns in thickness 
4 
and of elevated hardness (800 - 1000 kg/mm2). 

! 

Depending upon the grinding processes, the thickness of this layer may be any¬ 

where from 0.02 - 0.20 mm. Under the tempered layer, the ndcrohardness rises 

gradually to the initial hardness of the given steel, which is 800 - 850 kg/nm2. 

52_j 

t>4. —(. 

ru.> 

These experimental data permit the conclusion that, from the point of view of 
i 

hardening of the machined surface, turning of hardened steels yields better results 

than grinding. 

58- 

C0- 

J 
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=q Let us tum to the question of residual stresses. Experiments (Bibl.47) have 
I 

shown that in the turning of unhardened steels» the residual stresses fluctuate ln_ 

H 8 
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Fig.86 - Feed s and Cutting Speed v 
versus Microhardness of Machined 
Surface in Turning of No.45 Steel 

1 - v - 170 m/mir;; 3 - v - 135 rn/min; 
3 - v - 100 rn/min; 4 - v - 50 m/min 

a) Microhardness Hrf, kg/nun2; 
b) Feed s, mm/rev 

Fig.87 - Effect of True Rake 
Angle y upon Microhardness 

of Machined Surface 

a) Microhardness kg/nm2; 
b) True rake angle y° 

the 20 - 80 kg/nm2 range, attaining 100 kg/mm2 when a dulled cutter is employed. 
i 

The depth of residual stresses is 0.05 - 0.10 mm, although it may attain 

O.65 mm when cutters of high negative true rake (of the order of -30°) are used at 

high cutting speeds. 
: 

Experiments by P.Ye.D»yachenko and A.P.Dobychina (Bibl.47) have shown that, in 

^ the machining of ISKhNMA steel with a cutter of positive true rake and low cutting 

speeds (v - 6 to 20 m/min), residual tensile stresses are generated in the surface 

n 

layer. However, with an increase in cutting speed, the magnitude of the tensile 

stresses diminishes, and at v - 200 to 250 m/min, the tensile stresses change to 

48. 

50 

52 

51 _ 

56_ 

58— 
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compressive stresses. Work at high cutting speeds (v - 500 - 800 m/min) results in 

the development of residual compressive stresses in the surface layer of 18KWJMA 

193 



J- 
steel, whose magnitude rises with increasing cutting speed* 

_ Analogous results were obtained in the experiments by P.Ye.D’yachenko and_ 

4 j , 
N.A.Podosenova (Bibl.A?) in the boring of 3CKhCS steel. An increase in cutting 

8- 

10 

12 
B 

-i 

speed from 5 to 100 m/min results in a reduction in the residual tensile stresse«. 

When the cutting speed is increased to 200 m/min, the residual tensile stresses be¬ 

come compressive stresses which increase with further increase in cutting speed. 

The feed s and, in particular, the true rake angle Y play a particular role in 

determining the magnitude of the residual stresses in the surface layer of unhard¬ 

ened steels. The experiments by I.S.Shteynberg (Bibl.A?) have shown that, in the | 

turning of No.50 steel by cutters with y * -30°, depth of cut t ■ 0.5 mm, and cut¬ 

ting speed V ■ 100 m/min, a change in feed s from 0.1 to 0.5 mm/rev results in an 

increase in the residual compressive stresses from 10 to 25 kg/mm^, and an increase 
i 

in their depth from 0.17 to 0.35 mm. 

We learn from the experiments by P.Ye.D'yachenko and A.P.Dobychina in the turn¬ 

ing of ISKhNMA steel (Bibl.A?) that, even at a cutting speed of v - 150 m/ndn, a 

i Í 
negative true rake y “ -30° results in the appearance of residual compressive 

stresses; at v = 750 m/min and at a true rake T of any negative value whatever, the 

surface layer develops compressive residual stresses, tensile stresses appearing 

U 

10_j 

18—1 

20- 

24_! 
I 

2(i J 

28—] 

30- ' 

32 

34_] 

36—J 
I 

saZj 

40- 

only at high positive angles. ¡ 

A comparison of hardened and unhardened steels shows that the effect of the 

feed s and the true rake y upon the magnitude and sign of the residual stresses 1« 

-identical in both. For these and other steels, a 5-fold increase in feed results 

-in virtually the same degree of increase in residual stresses. In these and other 

46_! • 

42. 

44 

48 

50 

32—j 

steels, the appearance of residual compressive stresses in the surface layer is 

promoted by the use of tools with negative true rake angles. 

However, hardened steels differ significantly from unhardened in that turning 

of the former is accompanied by the appearance of residual compressive stresses in 



jened steels. 

Effect of Cutter Wear upon Precision in Mi i chining 
{ * 
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One of the factors influencing the machining precision is dimensional wear of 

the cutter hn, i.e., wear measured in a 
! 

direction normal to the work surface. In 

the finish-turning of hardened steels. 

which is done at low feeds, the total 
! 
error of machining is largely determined 

by tool wear. 
j 1 I 

A distinction should be made between 

the zones of initial, normal and rapid 
I j 
tool wear (Fig.88). The laws governing 

wear differ significantly among these 
i' 

three zones. In zone 1, the wear proceeds 
I 
considerably faster than in zone 2. The 

Fig.88 - Cutter Wear versus 
Cutting Path 

a) Cutter wear, microns; b) Zone 
of wear; c) Cutting path, m 

behavior of the tool in the wear zone 3 is less determinate. When rapid tool wear 
I 

sets in, the finish of the work surface usually is sharply impaired. 
~i ! 

The life of the tool in finish-machining is characterized by the length of the 
33—j I 

0Ö 
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442] 
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4d 
J 

DO 
J 

path traversed by the cutting edge in the metal (cutting path l ). 

The cutting path is calculated ir accordance with the equation 

I 
1== V • Tm, 

i 
. 

where v is the cutting speed in in/min; » 

T is the period of operation of the cutter, in min. 

For turning on the lathe, the cutting path may also be determined from the 
I 

equation 
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H 
where D and L are the diameter and the leAgth of the machining work. In 

. . s is the feed in mm/rev.______ 
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In zone 2 (that of normal wear) the relationship between wear and cutting path 

Table 61 

Characteristics of Dimensional Cutter Wear 

is linear. This permits introduction of the concept of "Relative wear". Belative 

wear 1¾ is the term given to the dimensional wear of the tool in microns per 1000 m 
33—I 1 
38— 

40_ 

42~Z 

14_] 

4o_j 

48_ i 

of cutting path: 

i 
1000A, 

T~ 
micron*. 

no 

Table 61 contains the author’s experimental data on the dimensional wear of a 
I , 

cutter in turning hardened steel C of - 65 at a depth of cut t ■ 0.25 am and a 

feed s - 0.053 mm/rev. The steel ingot was treated as a series of rings. Between 

each two adjacent rings, hollow chamfers were made for the cutter to run across. 
*1 

Before the tests, each ring was finish-turned at fine cut. The experiments were 
* ,*/ j 

" “ ..j I 
conducted with lapped T21K8 cutters having the following geometry: e - 12°, Y ■ -5°, 

50. 

58-] 

X - CP, - 45°» “ 15°# r - 1.3 mm. 

60—L 
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Let us compare the resultant data with the literature data on unhardened 

steels. Research (Bibl.49) has shown (Figs.89 and 90) that the relatiye cutter. 

wear 1¾ is high when structural steels (No.45, ST5» 40Kh, and others) are finish- 

turned with a cemented carbide tool at low cutting speed. This wear declines as the 

b) 

Fig.89 - Relative Cutter Wear versus Cutting Speed in Turning of 
Structural Steels in Annealed Condition 

a) Relative wear h0, microns; b) Cutting speed v, m/ndn 
24 Lj 

2(i_! 
I 1 

.>» —^ 

~H - cutting speed rises and attains a minimum at some optimum value thereof. A further 

increase in the cutting speed results in an increase in relative wear. „„I ! 
When these steels are finish-turned in the annealed condition, the optimum cut- 

' ting speeds lies in the range of v ■= 120 to 240 m/min (Fig.89). In this case, the 

optimum speeds for T15K6 are lower than for T30K4. The optimum speeds for the same 

steels are lower after they have been heat-treated; the range is v - 60 to 120 m/min 
’ 1 I 

•i- Here the cutting speed for T15K6 is also lower than for T30K4. 
! 

12 When these unhardened steels are machined in the annealed condition at optimum 

—I 
1 cutting speed (v * 120 tc 240 m/min) the relative wear of the cutter h,, is; 

- -i 

<6 8 microns for T15K6 and 4 microns for T30K4. For the same steels in the heat- 
_I 

18 treated condition (range of optimum cutting speeds v * 60 to 120 m/min), the rela¬ 

bel tive wear h0 for T15K6 changes as follows: 

v, in m/min h,,, in microns 

54. 
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It is evident from Table 61 that the'relative wear ^ is high in the turning 

^ of hardened steels of Hr. - 65. This wear is several times as great as in the casa. 
1 ^ i 

.“I tí 

8_i 
—j 

101 .J 
12 ‘ 

uJ 

IGlj 

18 J 

20 j 
Fi(t.90 - Ratio of Relative Cutter Wear to Cutting Speed in Turning 

of Heat-Treated Structural Steels 

a) Relative wear h0, microns; b) Cutting speed vf m/vún 

-i J/ of unhardened steels. In the range of cutting speeds investigated (v - 10 - 

20 22 ffl/ndn), the relative wear increases with increasing cutting speed. 

The relative »ear hc ie lover ^th reduced hardness of the tempered steel. Let ^ 

10 look at ng.27. The flank wear of the T21Ï8 cutter h - 0.3 cn correeponde to a : 

.12 lif0 0f X - 35 min. This experiment was run with hardened steel of Hr(, - 59 (t - 

Ï-0- 0.3 mm, s ■ 0.112 mm/rev, v - 56 m/min), using a cutter of working relief angle 

36 Ja - ¿o. The dimensional wear of the cutter is approximately 31 micronsi 

33^ 

40—I 

..2 

44- 

•16. 

48* 

50 

54. 

56- 

H 58 1 

= Ä • tg a = 0,3 • 0,105 • 1000 = 31 mitron,. 

The cutting path was 

/ = 1/. T= 56 - 35= 1960m. 
I 
j 

The relative wear of the cutter was 

lOOOA- 1000-31 

T I960 
16 microns. 

60 1 
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The type of cemented "carbide with which the cutter is tipped exerts a Mjor la- 
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o. 
j fluence upon the dimensional wear. In the machining of unhardened steels, the rela*r 

to 

1U J 

1G_ 

1^._4 

tive wear of T3CK4 cutters is only one-half that of T15K6 (Figs.89 and 90). _ 
Í 

According to data by A.D.Makarov (Bibl.24), T30KÍ» offers a small advantage 

over T15K6 in the turning of hardened steels. This superiority is expressed by a 

factor of 1.34* It should be noted that, according to the same source, the superi¬ 

ority of T30K1* over VK8 is 5-35. 

When a given pass is to complete the finishing operation, one is faced with the 

problem of producing high finish and satisfactory tolerance simultaneously, not in¬ 

frequently on surfaces of considerable size. In these conditions, the cutter must 

20. 

4_\t 

not be stopped, since otherwise steplike marks will show on the machined surface. 

Here, therefore, it is inportant to employ a carbide of high wear resistance, 

capable of machining surfaces of considerable size with minimum cutter wear, with¬ 

out stopping for adjustment to maintain the dimensions. „{j_1 4 I 
, The maximum duration of the machining period for a workpiece within the re- 

30- 

32-.4 
-J 

34 —! 

quired tolerance without adjusting the cutter is of practical interest. This time 

is determined by the formula 

6D 1000-o-s 
AD nD mm. 

where 6D is the specified trlerance in microns. 

10 

42 

14 

40 

Let us determine the duration of work possible with hardened steels of Hj^ ■ 

* 65, for a diameter D - 200 mm, cutting speed v ■ I4 m/ndn, and feed s ■ 0.1 mm/re^. 

Let us agree that we seek Class 2 and 3 tolerances. In the former instance, the 

tolerance (for D ■ 200 mm) comes to M) - 30 microns; in the latter case, to 6D ■ 

4S 90 microns. 
-, 

•r,n From Table 61 let us assume that AD ■ I.36 micron. Then, 

For the former case i 
54. 

58. 

58 I 
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mm , 

10 ■i 

12 

As we see, the duration of work that can be done without adjustnent of th* 
I 

cutter is very short, due to the high dimensional wear. The calculation was made 

for T21K8. For T3CK4, the relative wear will be less by at least a factor of 1.5 

11 and, in this connection, the running length L of workpiece that can be machined will 

18 

on 

“1 

114 

be, respectively, 75 and 225 i 
I 

The error in the shape of the cylindrical surface (taper) due to cutter wear 
I 

consumes the entire Class 2 tolerance in the former case, and Class 3 in the latter. 

I * 
In reality, the precision of machining is influenced not only by tool wear but by 

other factors as well. 

26 

29 

30-! 

32~J 

34-J 

36Zl 

40J 

From this it follows that it is exceedingly difficult to ensure Class 2 preci- , 

-5 - aion in the turning of high-hardness tempered steels, and that this can be done onljj 

for a very small continuous running length of the workpiece. Class 3 tolerance is ¡ 

attainable over a longer length. 

The reduction in the hardness of tempered steels is accompanied by a reduction 

in the relative tool wear, and by an increase in the possible running length of 

machining without stopping for adjustment of the cutter. According to experimental 

data, in the case of hardened steel of Hj^ * 48 - 52 (Bibl.2l), the possible rurminj 

4 o ! 
length of a single pass for a diameter of D * 200 mm is L • 400 sm when a T30K4 

ät i ; 
™ — cutter is used at a cutting opeed of v¿q - 80 m/ndn and a feed of s ■ 0.1 rnm/rev. In 

«d 

¿-ri 
50 

54. 

this case, the dimensional wear of the cutter does not exceed one-half the tolerance 

for Class 2 precision. 

Summary 

56 

58 3 
1. A distinctive feature ofthe process of turning hardened steels is that It- 

produces surfaces of high finish. When steels hardened to high hardness are ma-— 

MCL-406/V 200 
60- 



-4chinad at low feeds, the resultant surface is comparable to a finish-ground surface1 

M ‘ ! 
(Claaa 8 under OOST 2789-51)- The production of a surface corresponding to rough-_ 

^.I j 
ground is achieved with relatively high feeds, attaining a * 0.3 mm/rev. 

10 

12 

H J 

15 

1».i 

20- 

24 

26-J 

2«__ 

2. As the hardness of the tempered steel rises, the obtainable finish of the 

machined surface rises. It is easier to achieve this degree of surface finish for 

hardened than for unhardened steels. 

3. In the case of hardened steels, turning may be used in place of rough¬ 

grinding if average feeds are employed (s * 0.15 to 0.3 mm/rev) and in place of 

finish-grinding in work with low feeds (s < 0.1 mm/rev). 

Given cutters of specific geometry, rough-grinding may also be replaced by 
i 

turning at high feeds, which simultaneously results in high output. 

U» In the turning of hardened steels, changes in cutting speed do not affect 

the surface roughness. 
j 

The true rake angle r has no significant influence upon the surface finish. A 

30- 
better finish is provided by cutters tipped with titanium-tungsten carbides. The 

32—1 

34. 

33 

carbide T30KÍ. is superior to T15K6 in this respect. Lapping of a cutter improves 

its finish. In the turning of hardened steels, the lateral roughness is higher thaii 

the longitudinal. 

5. In the turning of hardened steels, the surface layer of the metal undergoes 
38—j , 

work-hardening. The work-hardened layer is firmly bonded to the main body of the ! 
40_j 

metal and undergoes no structural transformation. The hardness of the work-hardened 
42_J ! 

44 

4o_ 

48. 

30 ..i 

52- 

54. 

56- 

58. 

60- 

layer diminishes smoothly from a maodmum on the machined surface to the initial 

hardness acquired by the metal in hardening. The major factors affecting the depth 

i i 
and degree of work-hardening are the true rake Y and the hardness of the material 

machined. The degree and depth of work-hardening rise with negative value of the 

top rake y. The feed and cutting speed have little effect upon the depth and degree 
j Í 
of work-hardening. 

6. The degree of worK-hardening of the machined surface is considerably less 
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Ui H 

■ 

16 

18 

in the machining of hardened steels than in that of unhardened steals. 
! 
I 

7. The hardened layer is characterized by the formation of residual compressiv# 
i 

stresses. The exterior layer of the metal is the most highly stressed. On morlng 

toward the axis of the part, the residual stresses diminish steadily and disappear ¡ 

completely at a depth of 0.1 - 0.15 mm. i 

The residual stresses increase with an increase in the feed and hardness of the 

tendered steel. In contrast thereto, the cutting speed has a negligible effect upon 

the residual stresses. 

8. A negative top rake results in compressive residual stresses in the surface 

20.-J 
layer. 

114 

9. In the turning of hardened steels, residual compressive stresses are ob- 

I 
tained in the surface layer at fairly low cutting speeds, producing residual tensil# 

stresses in unhardened steels. 

~1 
10. In the machining of hardened steels, the relative wear of the cutter Is 

26— 

30. 

32. 

24. 

high, greatly exceeding the wear in the machining of unhardened steels. As the 

hardness of the hardened steel is diminished, the relative wear of the cutter de¬ 

clines. 

36 

38 

40- 
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The cutting speed and the type of cemented carbide with which the cutter is 

tipped have a major influence upon the relative wear. The wear increases with an 

increase in cutting speed and is considerably lower for titanium-tungsten carbides 

! 
than for the tungsten group. From the viewpoint of wear, T3CK4 enjoys superiority 

over other carbides in the titanium-tungsten group. 

11. The taper of the machined cylindrical surface, determined by the cutter 

^ wear, is quite considerable in the turning of hardened steels. For steel of » 
j 

65 and a machining diameter of 200 mm, the taper takes up the entire Class 2 tol- 
60 

i2-1 
erance over a running machining length of 75 œ» (without intermediate adjustment of 

j 
the cutter for dimensions) and Class 3 tolerance over a length of 225 mm. 

H With reduction in the hardness of the machined steel, the relative wear of the [ * 
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tool Is reduced, making it easier to achieve high precision. 

The closeness of tolerance is affected not only by tool wear but also by many. 

fi _ I 
I 

10-J 

other factors. Therefore, tolerances of Class 2 and 3 are achievable only over 

short running lengths (shorter in the case of Class 2) in the turning of steels 

brought to high hardness. , 

.1 

10. 

18 

20-J 
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18.Lateral Forming on the Lathe 
I 

Great difficulties are involved in the lateral shaping of hardened steels by 

Í 
cemented carbide cutters. The removal of a wide and thin layer of metal is accom- 

I ' 1 
panied by excessive vibrations or chatter- 

ing, resulting in a premature dulling of 

i 
1 38 

38_j 
Fig.91 - Carbide-Tipped Shaping 

Tool for Use on Lathe 

40 

•12 

44 

4b 

“1 

the cutter, crumbling-out of the cutting . 

edge, and fissures in the carbide bar. 

i i 
On the basis of a number of investi- I 

gâtions of the process of turning of 
Í 
steels, it may be calculated that the con¬ 

ditions for the shaping of hardened steela 

on the lathe will be more dependable if 
I 
electric current is introduced into the 

sons* 

□ 
48_| 

DO._4 

A.V.Silant*yev (Bibl.50) has performed such a study of the lateral shaping of 
1 

ShKhl5 steel hardened to H^, - 60 to 62, with introduction of low-voltage electric 

I 
current into the cutting zone. 

The experiments were conducted with carbide cutters whose cutting edge was 
! 

shaped in the form of a semicircle of radius 8 ma (Fig.91). The cutters were grounc 

on a special fixture designed and made at the Il»yich Works for attachment to a 
I 

universal tool grinder, the purpose of the fixture being to ensure a uniform workin 



! 

a center height of H ■ 210 mm, driven by a DC motor with a jK.wer of N ■ 8 kw and 

n - 1560 it®. The NDSh 1500/750 machine (N - 9 kw, r, - 970 rpn, v - 6 - 12 »,  

0 

H 
4_) 
ö I * I5OO/75O amp) with a rheostat for adjustment of voltage, was used to introduce 

low-voltage current into the cutting zonei 
j 

J A.V.Silantfyev came to the following conclusions: 
1 ' J —J 

.,, 1# Of the carbides tested, T5K10, T15K6, VK6 and VK8, used at a cutting speed 

of v » 25 m/min and a feed of s * 0.027 mm/rev, VTt6 had the longest life and the 
K 

16_i 

-i 
18 —J 

highest resistance to crumbling-out of the cutting edge. The introduction of low- 
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Fig.92 - Influence of Top Rake of 
Cutter Tipped with Hard Alloy VK6 
upon Flank Wear. Shaping of Hard¬ 
ened ShKhl5 steel of - 60 to 62 

a) Flank wear of cutter h, mm; 
b) Tool life T, min 

-J 
40- 

voltage current into the cutting zone 
i 

reduced the number of cases of 
I 

crumbling-out of the cutting edge of 

the cutter. 

2. At a cutting speed of ▼ * 

* 18 to 19 m/min, a feed of • ■ 

■ 0.03 mm/rev, a current of I * 

■ 600 amp, and a flank wear of h ■ 

■ 0.36 mm, the maximum life was dis¬ 

played by cutters with a top rake 

of y - -15° (Fig.92). 

Work with cutters with Y ■ -10^ 

j.,~ proved impossible, due to the crumbling-out of the cemented carbides on the cutting 

Jedge. 
44 

4 G_j 

43 1 

If the working relief angle along the profile of the cutting portion has vari- 
! 

able values, excessive chattering develops, and the cutter dulls prematurely. 

rri 3* For each cutting condition there is an optimum current, at which the tool 
DU....—j ¡ 

life reaches a maximum (Fig.93)« 
1 
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58- 
_ teCL-406/V 

GO_t_ 

4. The introduction of low-voltage current of optimum amperage into the cuttinj 

zone provides stability to the process. This increases the tool life by a factor 

20k 
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b) 

Fig.93 - Influence of Strength of Cur¬ 
rent Introduced into the Cutting Zone 

upon the Life of Cutters Tipped with 
Hard Alloy VK6, in Lateral Shaping of 
Hardened ShKhl5 Steel of * 60 - 62, 
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at V - 19 m/min, a • 0.02? nan/rev, 
and Cooling 

A - Heavy vibration, work impossible, 
but cutting edge uninpaired; B - Cut¬ 

ter capable of further work; 
C - Fusion of cutting edge 

a) Cutter life T, min; b) Cur¬ 
rent I, amps 

56. 

Fig.9L - Effect of Cutting Speed upon 
Optimum Current in Lateral Shaping of 
ShKhl5 Steel Hardened to Hf^ - 60 - 62, 

at a Feed a - 0.02? mm/rev, and Cooling 

a) Optimum current I, amp; 

_ b) Cutting speed v, m/min 
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b) J 
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a) 

Fig.95 - Effect of Current upon 
Permissible Wear of Cutter Flank 
in Vibration-Free Work. Lateral 

forming of ShKhl5 steel hardened 
to Hj^ - 60 - 62 (v - 19 m/ndn, 

a ■ 0.02? mm/rev. a - Ijo, 
Y “ -15°) 

a) Flank wear h of cutter, usa; 
b) Vibration zone; c) Zone of 
no vibration; d) Current I, amp 

f • 
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ts 20 
b) 

2i 

Fig.96 - Effect of Cutting Speed upon 
Finish of Machined Surface in Lateral 
Shaping of ShKhl5 Steel Hardened to 

- 60 - 62 

1 - Work without use of current; 
2 - Work with introduction of 
optimum-strength low-voltage_ __ 
current into cutting zone 

a) Root-mean-square roughness Hj-m, 

microns; b) Cutting speed ▼, m/ndn 

58 
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o 
U of 1.5 - 2.5. '1 

5. Th« optiœuia current diminishes es the cutting speed is increased (Fig.94)«— H 
H , , 

6. Introduction of low-voltage current of optimum strength into the cutting 

zone extends the zone of chatter-free machining and makes it possible to raise the 
8_: 

permissible flank wear, taking dulling as the criterion (Fig.95). 
10-J 

7. In form-turning of high-hardness tempered steel, the finish of the machined 

surface is raised one class (from Class 7 to Class 8) by the introduction of elec¬ 

tric current of optimum strength into the cutting zone (Fig.96). 
10—I j _ , _ 

In work without current, an increase in the cutting speed v from 15 to 25 m/min 
18 J i 

12 _j 

14 

20. 

21 

28_1 

28.- 

30- 

•71 

I 

results in a reduction of surface finish by one class. In work with the introduc- 
J 
tion of optimum current into the cutting zone, a change in the cutting speed within 

the same limits, will cause virtually no change in the surface finish, which remain» 
■J 
in Class 8. 

Work without current or with excessive current results in an extensive increase 
i j 

in flank wear, leading to a reduction in the finish of the machined surface. 

8. In the forming of high-hardness steel on the lathe, any increase in the feed 

causes an increase in the ratio of radial to tangential force —ï- (Fig.97)« As 
34—j p* 

this ratio increases, an increase occurs in the instability of the process with 
30—I 

33- 
respect to the probability of chatter. 

n 

40 

42 

44 

46 

48 

50-J 

The experimental data yield-the following ratios of the forces ?% and Py to th» 

lateral feed a, for hardened ShKhl5 steel of Hj^ ■ 60 - 62: 
I 
I 

P, = C,.s°\ 

PV = CV' s. 

A 

•“1 

The lateral feed has a greater effect upon the force Py than upon the force PB 

According to data by G.N.Titov*, the relationships between these forces and thej 

*Titov,G.N. - Analysis of Profiles and Procedures for Use of Shaping Cutters. 
Mashgiz, 1941« 
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20,- : 
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28—: 

30 _'J 

32 

feed s for the saune ShKhl5 steel, not subjected to hardening, have the following 

f oim* ——.-------—- 

_ ___ _ P, = Ca ^n, 

Py^Cy-S?™. 

In the given instance, the feed has a virtually identical effect upon both 

forces. 

In the shaping of unhardened steels 

on a lathe, an increase in feed elininates 

vibrations in the system machine tool - 
I 
- workpiece - tool. Conversely, in the 

machining of hardened steel, an increase 

in feed results in a pronounced rise in ' 

chattering. Consequently, in contrast to ! 

the machining of unhardened steels, sta- j 

bility of the process in the shaping of j 
hardened steel is achieved by reduction of 

b) 

Fig.97 - Dependence of the 
* * 

Force Ratio on the Lateral Feed s 
and Width of Cut B 

1 - V - 19 m/min, B “ 11.2 mm; 
2 - V - 25 m/min, B - 11.2 mm; 
3 - V ■ 19 m/min, s * 0.02? mm/rev 

a) Lateral feed s, mm/rev; 
b) Width of cut, V mm 

the lateral feed to a given level. 

’ Py C An examination of the .0.1 

38 ~lj J 
38—! 

,in~\ 
1H 

4M 
-.-j ' * 

14 ShKhl5 steel of - 60 - 62) demonstrates that, as the lateral feed increases 
—-j p_ 

there is somewhat of a reduction in the -=2- ratio in the machining of unhardened 
__j P* 

steel and a considerable increase in the cutting of hardened steel. The nature of 

ratio of forces (for unhardened ShKhl5 
j p 
steel) and the - C*s0,5 (for hardens« 

' 1 the f(s) relation may serve as a criterion for the stability of the process 

r,4 _i 

p* 
of lateral shaping of hardened steels on the lathe. 

Investigations have shown that the introduction of electric currentintothe 

cutting lone facilitates a reduction in the amplitude of fluctuation of, the-- 

58 

60—i 
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-Torces Py and Pz. Work at an optimum current of I - 600 to 800 amp makes it pos- j 
sible to reduce the amplitude of fluctuation of the force Py by 33 - LUX* Moreover* 

■M 
some reduction in the average magnitude of this force is observed. 

19. Turning with Cutters with Mineroceramic Tips 

10 

12 . 

11. 

10 

lb 

20 

ItL 

30- 

32 

34- 

33- 

c3- 

4U- 

42. 

14. 

43 

18- 

50 

52- 

54. 

56_ 

58- 

G0- 

The highly satisfactory properties of the TsM-332 mineroceramic for cutting 
■i 
purposes and its superior resistance to heat over the best titanium-tungsten car¬ 

bides is the justification for the use of this new tool material in the machining of 
* 

hardened steels. Industry can already offer examples of the successful employment 

of mineroceramics in the turning of hardened steels. An investigation performed by 

V.I.Zhikharev (Bibl.5l) provides the necessary understanding of the tool geometry, 

the tool life relationships, and certain other problems involved in the process of 

machining hardened steels by mineroceramics. Let us present the major conclusions 
j 

from this investigation. 

1* In the turning of steels brought to high hardness (Hrç - 50 - 59), the wear 
—. . • j 

of cutters tipped with TSM-332 ndneroceramics is accompanied by cratering on the 

face and the appearance of zones of wear on the flank. 

2. Curves for the wear of cutters tipped with mineroceramics are of the same 

nature as those for cermets (Fig.98). The curve for the mineroceramic reveals areai 
~| 

representing initial, normal, and rapid wear. 

! 
3. In turning hardened steel brought to Hrç " 52 - 5U, the ma-Himim Hf« vas 

; i 
that revealed by cutters having a top rake of y - -5° (Fig.99). Cutters with 

~y “ +5° worked quietly, and flank wear was unifom. However, intensive crumblijig- 
H j 
- out of the cutting edge was observed. Vibrations arose at high negative top rakes. 

U» With an increase in the relief angle a, the life of the cutter increases 

:(Fig.l00). It is recommended that relief angles not larger than a -'15° be employed 
"1 i 
-since premature chipping of the cutting edge was noted at o ■ 18°. 

5. The cutter life diminishes (Fig.101) as the complement of the side-cutting- 
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i 

edge angle ? ie raised from 2(fi to 60°. It is recommended that t - 30° be used. 

At t < 30° and at ineufficient rigidity of the system machine tool - workpiece -.- 

- tool, vibrations arise that lead to a crumbling-out of the cutting edge of the 

8—I i 
10.J 

in J 

cutter. 

li 

16 

6. An increase in the nose radius r has a significant influence upon the life 

(Fig.102). At small r, the flank wear is uneven and is concentrated primarily at 

the cutter nose. The value that should be employed is r - 1.5 to 2.0 mm. 
* —1 

18_ 

20l 

iï#î 

—i 
14 .J 

32 I 

Fig.98 - Ratio of Flank Wear of 
Cutter to Duration of Use. Turn¬ 
ing of steel hardened to Hj^ * 54 

under following machining con¬ 
ditions: t ■ 0.75 nun, a * 
■ 0.102 mm/rev, v ■ 50 m/ndn. 
Geometry of cutting edge of 
tool: a - I50f y - -50^ A > çfif 
9 “ 30°, 9]^ ■ 15°, r ■ 1.5 nm 

Fig.99 - Effect of Top Rake upon 
Life of Cutters Tipped with 
Mineroceramics. Turning of steel 
hardened to Hrq - 52 - 54, at 

t * O.75 mm, s ■ 0.102 mm/revt 
and v - 70 m/min. Cutter 
geometry: ® * 9°, 9 - L5°m 
9; * 15 , A - 0°, r - 1.5 mm. 
Flank wear of cutters h - 0.4 ma 

i : 

i 

! 
I 

a) Flank wear h, mm; b) Cutter 
working time T, min 

a) Cutter life T, min: b) True 
rake angle 

7. For cutters tipped with TsH-332 mineroceramic, there are optimum cutting 

speeds whose level depends upon the hardness of the tempered steel. For example, ii 
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steels of Hrj, 
--1 

4 
—, 

1 
10 J 

i '■ 

i -i -.] 

16 _ j 

teq 

20 

*)* t 

24 J 

iî'J.1 

28_1 

30-11 

32_J 
J 

34_i 

53 - 55. the optiaum speeds lie in the v - /.5 - 60 m/nin range 
I 

(Fig.103). Deviations from this range in the direction of decrease or increase in 

:szi 

Fig.100 - Effect of Relief Angle 
upon Life of Cutters Tipped with 
Mineroceramics. Turning of steels 
hardened to ■ 51 - 53» 

t ■ 0.75 vm, s “ 0.102 mm/rev and 
V - 70 m/min. Cutter geometry: 
Y - -5°. * « 0°, * « /.5°, 
^1 * 15õ» r * 1*5 nun. Flank wear 

of cutters h ■ 0.U mm 

a) Cutter life T, min; b) Relief 
angle of cutter a° 

Fig.101 - Effect of End-Cutting- 
Edge Angle upon Life of Cuttere 
Tipped with Mineroceramics. 
Turning of steels hardened to 
H 

«G 
51 - 53 under following 

cutting conditions: t - 0.75 »*»» 
s - 102 mm/rev, v - 100 m/min. 
Geometry of cutting portion of 
tool: « - 15°, T - -5°, * - OP, 

■ 15°» r ■ 1.5 b* 

a) Cutter life T, min; b) End- 
cutting-edge angle 7° 

cutting speeds lead to a sharp reduction in tool life. 

For hardened steels of * 57 to 59, the optimum cutting speeds are in the 

range of v - 20 to 30 m/min (Fig.10/.). 

8. The relationship of cutting speed to tool life may be expressed bj the fol¬ 

lowing equations: 
■ 

For v - 25 to /.0 m/min 

38-j 
I 

I 
■40 

•12 

44 

46 

48 

30 

r o ! 
1 

V = jOM • 
! 

For v ■ /.0 to 50 m/min 

54 _ 

58_ 

58— 
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Fig.102 - Effect of Nose Radius 
upon Life of Cutter Tipped with 
Mineroceramics. Turning of steels 
hardened to Hj^ - 51 - 53, at t - 

■ 0.75 mm, s * 0.102 run/rev, and 
V ■ 100 m/min. Cutter geometry: 

a - 15°, y “ -5°, *■ - CP, 
<9 - 30°, ?! - 15° 

a) Cutter life T, min; b) Nose 
radius r, mm 

i ; 

*0 

Fig.104 - Relation Between Cut¬ 
ting Speed and Life of Cutters 
Tipped with Mineroceramics in the 
Turning of Steels Hardened to 

- 57 - 59, at t « 0.75 mm 

and s “ 0.102 mm/rev. Cutter 
geometry: a - 15®, T “ -5°, 
* - 5°, ? - 3CP, ^ - 15°, r - 

■ 1.5 mm. Cutter wear h * 0.2 mm 

a) Cutter life T, min; b) Cut¬ 
ting speed v,-m/tnin 

SSSr 

155 

55 
kO 50 SO 70 80 90 WO W 

b) 

Fig.103 - Relation of Cutting 
Speed to Life of Cutters Tipped 
with Mineroceramics in Turning of 
Steels Hardened to Hp^ ■ 53 - 55, 

at t » 0.75 mm and s * 
» 0.102 mm/rev. Cutter geometry: 

a - 150, y « -5°, ? - 30o, 
?! - 15°, r - 1.5 mm. Flank 

wear h * 0.15 to 0.35 nm 

a) Cutter life T, min; b) Cut¬ 
ting speed V, m/ndn 

Fig.105 - Relation Between Life 
of Cutters Tipped with Minero¬ 
ceramics and Feeds in the Turning 

of Steels Hardened to 
- 53 - 55 at t - 0.75 an 

and V ■ 50 m/min. Cutter 
geometry: « ■ 15°, T ■ -5°, 
X - 5°, ? - 30°, ?! - 1.50, 

r - 1.5 mo. Cutter 
wear h ■ 0.3 mm 

-a) Cutter life T, min; 
b) Feed s, nun/rev 
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tí_ 
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9. The feed has a significant effect upon the cutter life (Fig.105)« The r+- 
I 

lationship between cutter life and feed is expressed by the equation- - 

C. 
-1.21 

io ] 

14 

10 

18 

20 

10. The effect of depth of cut upon the cutter life is illustrated by the 

curve in Fig.106. The longest tool life is achievable at t - 0.75 vm. A reduction 

1 ! 

i 

24 ~j 

2(i "Zj 
i —I 

29_j 

SO— 

32-j 

34 

36 

38- 
1 

40- 

Fig.106 - Ratio of Life of Cutters Tipped with Mineroceramica 
to Cutting Depth in Turning of Steels Hardened to Hrç * 53 - 55» 

i 
at s - 0.102 mm/rev and v - 50 m/min. Cutter geometry: a - 15^, 

T * -5°, X » 5°# 9 » 3CP, - 15°» r - 1.5 »»• Cutter 
wear h » 0.3 nm 

a) Cutter life T, min; b) Depth of cut t, ran 

in depth of cut below t - 0.75 mm or an increase above this value will lead, in the 

! I * 
former variant, to a small, and in the latter variant, to a sharp reduction in cut- 

ter life. 

44_J The relationship between cutter life and depth of cut is expressed by the 

-4 ! 
4 i 

equations: 

H 

50 
-1 

J 
}2—I 

54IL 

1 

For t ■ 0.1 to 0.75 nm 

For t > 0.75 ™ 

■_ Ct 

59. 

58 J 

/1.14 • 
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11. Hardened steels may be finish-turned by tools tipped with minerocerandc 

TsM-332 at cutting depths of t < 0.75 m 
.1 I 

12. Of the tool materials tested to identical flank wear (TsM-332f T3CK4, and 

VK8) (h - 0.3 um), the longest life was demonstrated by the minerocerandc (Fig.98). 

10 : 
12 _j 

11 

16 

20- 

13. When steels brought to high hardness are turned with cutters equipped with 

the minerocerandc IsM-332, the closeness of tolerance and quality of machined sur¬ 

face attained are the same as when these steels are machined with cutters tipped 

with the cermet T3QK/4.. 

20. Some Problems of Turning Practice for Hardened Steels 

Fitting Cutter Bars to Cutters, and Chip-Breaking 

A special feature of the design of cutters for hardened steels is that the fact 
_1 

O« J i 
is flat and has no bevel or else has a flat with a negative top rake, considerably 

"wider (not less than 3 mm) than that of cutters designed for high-speed cutting of 

30. 

32 

34 

36_ 

SS!.) 

40- 
—i 

42 

unhardened steels. 

Tool-Holder Angle. When cutters of negative top rake were first used, the 

hard-alloy tip was mounted in the tool holder at an angle equal to the desired top 

rake y. In other words, if a top rake Y - -10° was desired, the slot in the holder 

was machined at that same angle of -ICP (Fig.l07a). As a result, when a cutter was 

44 

¿6 i 

reground on its face, the entire surface of the alloy was ground to a thickness c. 

Subsequently, cutters came into use that had a flat face with a bevel, the 

hard-alloy bar being mounted in the tool holder at an angle of 0° (Fig.107b) or at 1 

positive top rake (Fig.l0?c), and the flat is ground at the required negative 

angle y. 

hO 

54 H 
rl 

In the machining of steel, cemented carbide cutters undergo wear on face and 

flank. Therefore both are sharpened in regrinding. On each regrinding, a layer of 

56 

58 

eo 

carbide is removed, whose thickness Is the combined depth of the crater and thicVr- 

ness of the layer removed in the lapping of the cutter. The layer removed from the 
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o 
— flank is based on the surface wear suffered by the cutter, plus a layer for lapping. 

“I ! 

Let us examine regrindir.g diagrams for a cutter in various positions within the 

32-J 

34Z; 
. 

30 J 

Fig.107 - Various Methods of Mounting the Carbide Bar in the Tool 
Holder; a) Flat face, no flat, top rake y - -10°; b) Flat face 
with flat ground at top rake y m -10°. the carbide bar being 
mounted in the tool holder at 0°; c) Flat face with flat 

ground at top rake y - -10°, the carbide bar being 
mounted in the tool holder at an angle of 15° 

diameter and a carbide bar corresponding to this holder section, the assumption 

being that the cutter is brought to the same level of dulling before each regrind¬ 

ing. 

46. 
Figure 106a presents a diagram for the regrinding of a cutter with a flat face, 

4S"i 
without flat, and a top rake y - -ICr. The tool is mounted in the holder as illus- 

,.n~1 
trated in Fig.107a, i.e., at the same angle of -10^. As we see, the tool is capablé 

_ 1 

i 
1 50. 

~ "i 
58- J, 

of 13 regrindings. This number is tne same, whether the grinding is performed so 

that the nose is on the straight line 1 or on the straight line 2, constituting *— 

diagonal through the cross section of the bar. In the latter case, the regrinding 

60- 
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o 
—' causes a pronounced reduction in the length of the bar. 

M 
Figure 106h presente a regrinding diagram for a cutter with a flat face and a- 

4. J 
flat, the top rake being y - -10°. The bar is fitted into the holder horizontally 

(at an angle of 0°). The number of regrindings has here increased to 16. If grlnd- 

10 _ 

12 . 
1 11 J 

16 j 

18 ...j 
J 

20_ 

*|A 

26 Z! 

—1 
28 J 

30*J 

32.1' 

34J 

36 _ 

38 

4U 

42 —j 
3 

•14 

48 

60 

a ! 

1 

Fig.108 - Diagrams for the Regrinding of Cutters with Negative Top Rake 
j 

a) Carbide bar mounted in tool holder at same negative top rake; 
b) Bar mounted in tool holder at 0° angle; 
c) Bar mounted in holder at positive angle 

I 

ing is conducted so that the nose is along the straight line 3, this will result in 

1 ! 
a reduction in the permissible number of regrindings and, moreover, the regrinding 

will result in a pronounced reduction in bar length. 



2 

H 
4 1 

Figure 106c presents a diagram for regrinding a cutter with a flat face and a 
I 

flat, the top rake being T - -10°. The bar is at a ICP positive tool-holder angle. 

The number of possible regrindings is now inpreased to 21. 

Thus, from the point of view of saving carbides, the most advantageous shape 

10 
H 

for the face is that in Fig.107c, i.e., a flat face, with flat, ground at negative 

^ top rake (the bar being fitted into the tool holder at a positive angle). However, 

it must be borne in mind that the tool holder is weakened as this angle is increased. 
14 

1(3 

Id - 

■'0. 

L!4 

:'JL. 

2ö_ 

3Ö_* 

32--i 

36 

In turning stainless steels, every effort should be made to have the critical sec- 

I ! 
tion of the holder as strong as possible. Therefore, the angle at which the carbide 

■ I I 
bar is fitted Into the tool holder has to be reduced to 5°, not counting the fact 

1 . Í that, when compared to a 10° angle, this leads to some reduction in the permissible 

number of regrindings of the carbide bar. 

Chip Breakers. Under industrial conditions, hardened steels are machined at j 

7] 
i 

"1 

42—J 

low t and s and at relatively high cutting speeds (exceeding v - 60 m/min). There- 
1 
fore, the problem of breaking the chip is just as important in the machining of 

1 ! 
hardened steels as in the high-speed machining of unhardened steels. The consider¬ 

ations given in various handbooks with regard to the merits and shortcomings of 
1 

various types and designs of chip breakers are applicable to the turning of hardened 

36 

40 

steels, since the chip formation Is of the same nature here as for unhardened 

steels. 

Dependable breaking of the chip is attainable without the use of a chip break- 

44 
er, If the point of the cutter has the proper geometry (Fig.109). Such a cutter 

I 
-5 to -10°, the complement of the back - would have a flat face at a top rake of T 

46 1 

48. 
) 

50.. J 

r,2d 
54 

56 

58 

60—L 

rake angle being X * 10 to 15°, and the end-cutting-edge angle being 9 ■ 70°. 
I t , 

However, this cutter shape involves the following very serious shortcomings, 

which render the advisability of its use quite dubious» 
! 

1) Necessity to remove a considerable layer of carbide in the regrinding 

process, due to the considerable depth of the crater formed in cutting. Thi* 
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leads to cracks in the bars; 

2) Greater consumption of cemented carbides because of the necessary re-_ 
i 

grinding of the face to a considerable depth along its entire length; 

. - -, 

0 

Fig.IO9 - Cutter Geometry Causing Chip Breakup 
I 
' 

3) Complexity of grinding a cutter with a large angle compared with the 

complexity for an angle of X. - CP and the fact that the cutting edge is 

parallel to the major surface of the cutter; 
j 

U) Possibility of the chip ruining the machined surface; at positive 

angles X, i.e., when the cutter nose is at the lowest point of its cutting 

edge, the chip will be removed in the direction of the machined surface; 

5) Pronounced increase in radial force Py, resulting in vibration if the 

system comprising the machine tool, the part, and the tool, is insufficient¬ 

ly rigid; 

6) Unreliable crumbling of the chip unless the ratio of depth of cut to 

feed is _t_ - 5 to 10. 

The all-purpose clamped-on chip breaker, designed by the Leningrad Metal Works 
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Z! (Fig.110) and that designed by the Transport Machinery Design Institute (Fig.Ill), 
.I 

1 have proved satisfactory in practical, work«.------ 
J '• 

The chip breaker (Fig.110) consists of a base (1) (6QS2 steel) of 1.5 - 3*0 wa 

thickness, and a block (2) (U7 steel). The carbide bar (6) is braxed to the block. 

The block is connected to the base by the bolt (3) which also forms the axis of the 

10- 

12 J 
block. 

A 

The block is capable of rotating about this axis. 

criss-cross pattern is knurled into the inner face of the block, adjacent to 

1 

4« 

48 _ 

-J 
50 ' 

Fig.110 - Chip Breaker Designed 
by the Leningrad Metal Works 

1 - Base; 2 - Block; 3 - Bolt; 
U - Nut; 5 - Elastic washer; 

6 - Carbide bar 

54_——_ 
- the base, so as to create high friction 

58 J , ^ 
,MCL-L06A 

Fig.in - Chip Breaker Designed 
by the Transport Machinery 

Design Institute 

a) Section through AbB 

An elastic ring (5) i» inserted between 

218 



H 
nut and block to prevent the nut (4), which holds the block to the base, from back¬ 

ing off in operation. -—----- 

Thanks to the fact that the base of the chip breaker is made of a «trip of thia 

i 
Table 62 

I 
Recommended Spacing between Cutting Edge of Tool and Working 

Surface of Chip-Breaker Block 

Depth of 
Cut t, 
in mm 

Feed s, in mm/rev 

To 0.3 0,3—0,45 0,45-11.0 0.0-0,7 0.7-1.0 

To 1,5 
1.5-6.0 

1.5 
2.5 

2.0 
3.0 

2,5 
4.0 

3,0 
4,5 

3.5 
5.0 

H 
(i 

8 

-10 
' :i 
V i 

i<: 4 

10-., 

18 ] 
.J 

20. i 

_ 

• y ~"1 

spring steel, the chip breaker, when mounted in the tool holder along with the cut- 
211. _] 

ter, can be deflected and thus forced against the cutter face, regardless of the 
28 J 

top rake or the degree of wear of the carbide bar. 
•iO—, i 

32IJ I 
J 

34 J 

33. 

38- I 

4 oil] 

4«r ' ■i—t 

14.. 

4 G 

48 

Tab^e 63 

Geometric Parameters for Installation of Chip Breaker 

Machining 
Dimensions of Cut 

f, 
in nun 

t* 
t, 

in mm 
s, in 
mm/rev 

First finish 

Final finish 

2-4 
1,0 

0,2 -0,4 
0.15-0,3 

4—5 
2-3 

0-5 
— 10 

120-130 
105-110 

1 

- 

50 

52II 
■ 

r ; v>i — . 

58 ..! 

SSI ] 

CO- 

Since the chip breaker block is rotatable, it may be employed with cutters of 

various types. 
! 

The spacing between the cutting edge of the cutter and the working surface of 

the block is determined from Table 62.-;--- 

The chip breaker illustrated in Fig.Ill will provide reliable breakup of the 
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H 
1 

chip when properly installed. The following are the parameters for chip breaker 
I 

installation: f * distance between clamped-on unit and cutting edge of the tool;— 

i 
T - angle of rotation; 4- - angle between chip breaker and cutter face. Table 63 pre¬ 

sents the recommended values for installation of the chip breaker. 
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Field of Application of the Process 
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44 

The turning of hardened steels is to be preferred over grinding, from the view¬ 

point of the physical and mechanical properties of the surface layer of the metal. 

I I 1 
No difficulty is encountered in turning hardened steels to a finish comparable to ) 

j 

that obtainable by rough grinding. Such a finish may be achieved at feeds ranging 

: i 
to s - 0.3 mm/rev, whereas in using the large-feed method with cutters of specific 

] i 
geometry, it is possible to work at s - 0.6 - 1.0 mm/rev. 

1 i 
At low feeds (s < 0.1 mm/rev), the surface finish corresponds to that of finian- 

j - j i 

ground material. With increasing hardness of the hardened steel, it becomes easier ¡ 

1 
to obtain a high surface finish. 

■j j 
All the foregoing are determining factors for the major uses of the turning 

i j 
process for hardened steels. These may be widely employed in production to replace 

1 ! 
grinding, primarily rough grinding. 

It should be pointed out that lathes are cheaper than grinders, and that it is 

cheaper and easier to regrind cemented carbide cutters than grinding wheels. 

Let us list some examples of the rational application of the turning process te 

4(. 

48- 

■ hardened steels. 
i 

1. In the manufacture of bearings, the turning is usually done parallel to 

j 
rough grinding in the final machining of large high-alloy steel bearing races. 

rj0~ hardened to 65 - 60. As a result of heat treatment, deformation of the races 

54 

may attain 3 - A mm on the diameter. To avoid rejects, large allowances are left 
I 

for finishing after heat treatment. The preliminary grinding of these races is & 
1 

highly laborious operation that ties up a considerable number of face grinders which 

58 j 
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are in short supply, and involves a substantial expenditure of grinding wheels. 

The races are turned on turret lathes of up to 24 kw power. The tools employe«l 

i 
are cutters tipped with VK8 carbide, having negative top rake. 

. .... .. .-. -'-i' "* . . .. . . j 

Despite the fact that turret lathes are distinguished by the highest rigidity 
j 

in the lathe category of machining equipment, the high cutting forces developed in 

the process of machining the races cause the cutter to bounce violently off the 

workpiece. As a result, the races develop a taper greater than permitted in the 

specifications, if the cutting depth is t > 0.9 nun. Therefore, the machining of 

i 1 
races is divided into rough- and finish-machining, at a depth of cut for the rough¬ 

ing passes of 0.7 - 0.9 mm, whereas for the finishing passes it is 0.20 - 0.35 mm* 
I i 

The allowance for finish-grinding is the saune as that for races subjected to 

rough-grinding, and there are cases in which the finish-grinding is also replaced j 
24 J 

-M 
. 

28—¡ 

30_^ 

t#0 Hn 
32~ .. "C 

by turning. 
j 

At the First State Bearings Plant, the introduction of lathe turning instead 

of rough grinding for large 1-0K-33 bearing races made of ShKhl5 steel and hardened 

to Hr, ■ £3 - 64 caused a reduction in man-hour requirement for the Job by 50 - 60^ 

31-| 

w-| 

33—1 

10 

42 

(Bibl.52). 

As noted by S.S.Nekrasov (Bibl.36), the output in the turning of bearing races 

may be increased considerably by the development of more rigid machine tools, making 

it possible to work with a greater cutting depth per pass. A considerable increase 

14., 

46 ’ 

43 .J 

50 . 

in output is also attainable by using titanium-tungsten carbides instead of the 

VK8 alloy currently enployed. 

; 

5-1 

53- 

58 

60- 

2. At the Novokramatorskiy Werks, a batch of 9Kh steel rollers, 2090 - 2450 mm 

in length and 115 - 210 mm in diameter, was manufactured. After hardening, the 

bodies of these bearings, I68O mm in length, were at ■ 67* In view of the dis¬ 

tortion during heat treatment, an allowance of 6 mm on the diameter was provided foi| 

machining of the barrel section of the rollers after hardening. Removal of this 

allowance by grinding took 100 machine-hours per roller. 

J 
.I 
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Grinding was replaced by turning with VK8 tools at negative top rake. As a 
1 ' ' 

H 

10 
H 

i ‘» 2.1 

1CH 

It: . 

•¿0- 

Ul H 
:'b 4 

2b-_ 

3Û. 

result, only 10-15 machine-hours were required for the machining of each roller* 

3. At the Gor*kiy Machine Tool Works, bushings 300 mm in diameter and 200 me 

in length are heat-treated to bring the hardness of the outer layer to "40-41 

Grinding of these bushings has been replaced by turning on a DIP-300 lathe, using 

carbide cutters with negative top rake. The result was that the machining of these 

heat-treated bushings was cut in half as compared with grinding (Bibl.35). 

4. As a result of the investigation conducted and of the analysis of the produc¬ 

tion experience in three machine-building plants, Te.A.Belousova (Bibl.30) found it 

practicable to replace rough-grinding of hardened steels by turning and also found 

it possible to replace finish-grinding by turning, special cutters being used in 

these cases. 

Depending upon the amount of rough allowance, and thanks to the replacement of 
Í 

rough-grinding of hardened steels by turning, machine-time is being cut by 2 - 5 
I 

times. 

,,,y In the opinion of Ye.A.Belousova, replacement of the grinding of hardened 

.j t steels by turning becomes profitable if the rough allowance exceeds 1 mm. 
—I j 

_ ~ 5. As pointed out by A.D.Makarov (Bibl.24), the turning of hardened steels at 
OO —J 

high feeds results in high surface finish and an output considerably greater than 
I i 

that of rough-grinding. 

6. Lathe centers may serve as an example of hardened steel parts repaired by 

turning on a lathe. 
i 

The repair of a worn center usually requires the performance of a series of 
1 j 

- operations: annealing, turning, hardening, tempering, and grinding. All together, 
-1 ü _ 1 

i 
1 12 

44_i 

tti- 

~\ 
50 

5-4. 

these operations take some dozens of hours. When a hardened center is turned with 
t 

a carbide tool, it can be fixed in the space of a few minutes without the slightest 
i 

difficulty. 
i 

r,u. 

58 

7. The turning of hardened parts can be extensively used in repair shops in the 
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machining of equipment ¿'pare parts. Usually, a small allowance is left on spare 

J 

(il 

10 
1 

12-J\ 

i ■ 

1Ü- 

Id. 

20 

lili .__i 

parts for purposes of fitting in situ, which often proves inadequate. As a result, 
! I 

the part has to be discarded. In view of the possibility of machining hardened 

steels on a lathe, it is desirable to leave larger allowances on spare parts, since 

these are readily removed with little loss of time, when the parts are fitted in 

situ. 

8. The turning of hardened steels is a method useful for the tool industry, for 

example, in resizing of calipers that are no longer within the specified tolerance. 

Calipers are usually reground to the next size or, in time, discarded. The grinding 

of calipers to the next size requires several hours, while the turning of a hardened 
I I 
caliper from, say, U7 mm diameter to 39 mm, takes 10 - 15 min in all. 

These examples show that turning of hardened steels on the lathe can replace 

grinding, both in the production departments and in the repair and tool shops. The ' 

superiority of turning over rough-grinding, in terms of rate of output, is confirmed 

by investigation and by production experience. 

Cutting Schedules ! j 

Appendix I presents cutting schedules for the turning of steels hardened to 

H - 38 _ 65. In developing these schedules, the author also considered the Uteri 
3rf_! "C 

ature data published after his schedules for chromium-nickel, chromium-nickel- 
, j ! 
molybdenum, and chromium-nickel-molybdenum silicon steels had appeared in print 

O * * 

(Bibl.53, 5A). 

The differences in the chemical composition of these steels, and the insignifi¬ 

cant effect of the chemical composition of structural alloy steels (Bibl.30) upon 

its irachinability in the hardened condition, provided the foundation on which the 

author developed the schedules he recommends for all structural alloy steels. 

Let us compare these schedules with the literature data. Table 6k presents a 

comparison of the author’s data with those by P.P.Grudov (Bibl.29) and by the 
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16.J 
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30_ 

NIBTN (Bibl.27) for steel hardened to H^'- U7. The cutting speeds are reduced 
i 

to 60-ndnute tool life»----j- 

As we see, the author's data are midway between the others. The cutting 

Table 6k 

vi* Cutting Speed in the Turning of Steels Hardened 
W to - U1 by Cutters Tipped with T15K6 

t-t 

Data of 

P.P.Grudov Author NIBTN I P.P.Grudov Author NIBTN 

V6Q Cutting Speed, m/min 

Absolute Relative _ 

0,2 • 0,05 
1,2 0,15 
2,0.0,30 . 

115 
58 
25 

155 
63 
38 

173 
84 
56 

0,75 
0,92 
0,66 

1,00 
1,00 
1,00 

1.12 
1,33 
1.47 

64-' 
_ I 

30—j 

speeds recommended by P.P.Grudov are very much lower than the NIBTN data {55% in 

the fast schedules). At low t and s, the HIB7N speeds differ little from the 

author's data, but as the schedules are speeded up, the difference increases. 

There is agreement between the author’s data and those by N.S.Logak (Blbl.2l) 

for steel of 11¾ - 62. At t - 0.2 mm and s - 0.1 mm/rev, the v6o cutting speed 

— comes to: 37.8 m/min for T30KÍ» according ^o N.S.Logak, and 30 m/min for T15K6 ac- 
/Q 
^ cording to the author. It must be borne in mind that the superiority of the alloy 

^ ' -1 
- T30KA over T15K6 reaches 3056 in terms of cutting properties. 

The cutting speeds employed by Ye.A.Belousova are too low (Bibl.30). 

For a steel of Hj^ - 53, at t - 0.5 nm and s - 0.A5 mm/rev, the above author 

used V60 - 28 m/min (in the case of T30KA carbide). For these conditions, the 

author found v¿q ■ Al m/min {k7% more)» j 

In conclusion, it should be noted that the cutting speeds reconmended by the 

14 
j 

46--4 

-id 

DO - 

54 

58__4 
-J 

5S—1 

GO 

• author should be regarded ae minimal. Their level has to be raised as the machininj; 
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0 i0^ hardened steels is mastered on the Jobi 

•il Her® 11 18 advl8able ho cite foreign experienc# (Bibl.55). The cutting »peed 

carbide* "hich virtually corresponds to our alloy T15K6, is 60 - 7(¾ higher ! 

8... ftrCOrding to CenMR than those recommended by the author. 

-j 
14 ~J 4 « 

ere xe present the results of investigation and industrial introduction of a 

‘r’ method of machining hardened steels, with the introduction of electric current into 

the cutting zone. The method was developed by H.N.Larin and his coworkers <Bibl.56)j 

Three hardened steels were investigated: high-speed R18 of - 62 to 6/,, al¬ 

loy tool steel KhVG of - /,5, and Z,5KhNMFA structural steel of - /,5. Th# 

^ tests were run on a DIP-300 lathe equipped with an 8 kw DC motor. Straight-shanked 

^ turning tools with holders measuring 25 *30 mm in cross section, tipped with vari-, 

ous carbides, were used. 
--4 

30 
Figure 112 presents the electric circuit used in these experiments to feed 

32 1 ' 

tran.fom.d curr«at to tho «orkpioc« and th. cotter. Th. lath, rest va. In.ulated 

from it. carriage by a t.xtolit. ga.ket o¿ 5 mm thickn.s. and by hard-rubb.r sice,., 

M^plac.d over th. bolt, connecting th. rest to th. carriage. Fiber vash.r. ver. 

^ placed under th. nut. ..curing th... bolts. Th. lov-voltage vinding of th. tran.- 

^‘-Jformer va. connected to th. tool-to-vorkpiec. electric circuit a. folio... Tvo cop-i 

'■ J^p.r bu... carried th. current from th. transformer either to th. lath, housing or i 

1 to brush., through vhich, by mean, of a .Up ring, th. current vas fed to the 
4 

-1 spindle and then through the chuck to the workpiece. The other end of the low- 
48 

voltage vinding of the transformer va. connected to th. tool holder by cable. 

Experiment, shoved that Introduction of a given current into th. cutting son. 

^ ;gr<'atlir lnCrMSed the llfe °f ‘I’' carbide cutter. This current va. temed optima.. 

^q!The optimum current dependa upon the cutting .peed and th. hardness of th. tempered 

58- .0..1, Th. lov.r th. rachinabiUty of th. ,t.,l in standard vorking (vithout cun- 
58 

r 

6C 
MCL-/,06/V 225 



o. 

2-.-j 
1 

M 

(i 

rent), the more efficient will be the machining with introduction of current into 
' I 

the cutting »one»--!______ 

Figure 113 presents the relationship between cutting speed and cutter life in 

8 
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38 

Fig.112 - Electric Circuit for Feeding Transformed 
Current to Workpiece and Cutter 

a) Headstock; b) Workpiece; c) Tailstock; d) Bi ammeter with 
300/5 transformer; e) Transformer 12 kw 220/8-4-2v; f) SBS 

cable 3 x 150; g) Adjustment rheostat 5 amps 400 ohms 
(9 * 40 ohms and 10 * 4 ohms); h) 220-volt. 50-cycle 
network; i) Starter: j) Tube; k) Start; 1) Block 
contact; m) Stop; n) Starter coil; o) Two (50 * 5) 

copper buses 

the turning of R18 steel hardened to - 62 to 64 without current (curve 1) and 

~ with introduction of current into the cutting zone (curve 2). The machining was 

done at t - 2 mm and s - 0.21 mra/rev by tools tipped with VK6, having the following 

44 - geometry: a - 10°, y - -I50, X - 10°, <p - 20°, 9, - 10°. Obviously, when the cut- 
/ r * 

ting speed was v - 15 m/min in working without current and the flank wear of the 

cutter was h - 0.32 mm, its life was T - 43 min, whereas in working with a current 
r.n 

■ of I - 90 amp and a wear of h - 0.20 mm, the life was T - 253 min. Consequently, 
r;o t 

the result of introducing transformed current into the cutting zone caused the cut- 
->4~1 

~ ter life to increase almost six-fold.—At this cutting speed, which is optimal, -the~ 
53. 

58 

GO- 

.1 
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cutting edge of the cutter did not crumblk out. 
! 

Figure 314 illustrate« the influence of the current strength in the cutting 

«one upon the Ufe of a T15K6 cutter in the turning of 45XhNMFA steel hardened to 

- 45. The experiments «ere non at t - 2 nm, s - 0.3 mrc/rev, and t - 70 m/min." 

1 - Without current; 2 - With cur¬ 
rent fed to the cutting zone 

^ - Cutting edge crumbled out. 
h - Cutter could continue to 

be used 

a) Cutter life T, min; b) Cutting 
speed y, m/min 

Fig.114 - Influence of 
Current Strength upon 
Tool Life in the Turn¬ 
ing of 45KhNMFA Steel 

Hrc 
Hn - 45 

a) Cutter life Tt min; 
b) Current intro¬ 

duced I, amp 

•3* «I , 

H 

1-8--. 

40_j 
I 

4uli 

Í 4 ' 

4S_~ Th8 followiil8 the cutter geometry: a « Itf», y - -150^ x . 10o^ ? . 

iälj*1 " 100, ^ nank Kear of the otters was h - 0.3 urn. The diagram shows that 

introduction of current of optimum value into the cutting zone (I - 3OO amp), almost 

2 doubled th« cutter life over that in working without current. 

54 Th*_inVe3tÍgatÍOn shov'ed that* vhen optimum current was introduced into the 

53_u 

58.i 

60- 

cutting zone, the cutting forces Px, Py, and P, did not differ from those in working 
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without current. In the turning of hardened R18 steel (IW ■ 62 - 6u), the surface 
» I i ^ 

finish diminishes somewhat as the current strength is increased. The surface_ 

H 

4. 

fj 

8. 

in 

12 

1 6 _ J 

isl] 

20—i 

*)0 
---, 

24. J 
26—1 

28_j 

30., 

32_ 1 

24. J -j 

'36—j 

— —.--- -- Table 65 - 
i 

Comparison of Cutting Schedules in Machining Release Clutch 

Cutting Parameters 
Prior to New 

Method 

With New 
Method, 

I * 100 amp 

Cemented carbide ....... 
Depth of cut t,mm. 
Feed s, mm/rev . 
Cutting speed v, m/min .... 
Machine-time min ... 

TA - Ferthite 
0.1 - 0.5 

0.05 
37 
28 

VK6 
0.1 - 0.5 

0.16 
36 
8.8 

38 

40- 

42. 

14. 

46. 

48. 

50 

1 

finish improves somewhat, conversely, in the machining of KhVG hardened steel 
! 

(Hrç ■* 45), and particularly of unhardened 20KhNZA and No.40 steels. 

A new method of machining hardened steels has been introduced at the 
I 

Chelyabinsk Tractor Works in the facing of grooves in the release clutch and the 
1 

motor sleeve. ¡ 

As indicated by Table 65, the machine time for machining the release clutch 

(carburized and hardened to * 58 - 60) was reduced to less than a third as a 
( 

result of the new method. 

The finish-machining of the ends of the 38KhMTuA sleeve is done after nitrldin¿ 

to Hrç ■ 54 - 64. This operation is performed on a grinder, and 5.5 min of machinej 

time is required to machine the two ends of a single sleeve. Replacement of grlnd- 
I i 
ing by turning, with introduction of the optimum current of I - ISO to 200 amp into 

I I 
the cutting zone, resulted in a doubling of labor productivity. The VK8 alloy 

proved best. The machining was performed at v - 28 - 20 m/min, t - 1.0 - 1.5 mm, 

and s ■ 0.2 mm/rev. Bent-shank facing tools of the following geometry were em- 

ployed: a - 10°, y - -15°, X ■ 10°, <p * 45°# 9i “ 10°, whereas the transitional 
58- 

58-.] 
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cutting edge had f0 ■ 2CP and f0 * 0.6 mm. In working without current, the tool 

t 
life wa» T - 5 «in. In working with a current of I - ISO - 200 amp, the life_ 

I 

was T ■ 18 ndn. 

The reasoning of authors who investigated the physical nature of the process 

Fig.II5 - Change in Hardness on 
Inside and Outside Surface of 

Chip 

1 - Work with current; 
2 - Work without current 

a) Hardness Hj^; b) Chip 

facing cutter; c) Outer 
surface of chip 

Fig.116 - Change in Hardness in 
Surface Layer of Workpiece 

1 - Work with current; 
2 - Work without current 

a) Hardness Hj^; b) Depth 

of surface layer, mm 

42 

of machining hardened steels are of interest. Their research was based on a 

métallo graphic analysis of the chip and the machined surface resulting from the 

turning of hardened R18 steel of “ 62 - 6ut *ith and without current (I * 

4 tí 

48 

50 

i 

100 amp). The experiments were run at t - 0.2 mm, s * 0.21 mra/rev, and y ■ 
i 

* 15 m/min. The VK6 tool had the following geometry: a - IQP, y - -15°, ^ * 10°, 

9 ■ 20°, * 10°. The work was conducted under extensive cooling with 5% emulsion 

solution. Specimens were taken of the chip cross section and the transverse section 
«j*» ——j * j j 

^ through the machined surface. 

58 

CO..1 

It was found that, in working without current, the chip is not uniform in hard- 
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ness throughout its cross section (Fig.115). The surface facing the cutter has a 
9 J 

—(hardness of Ho. * 47. Moving away from this surface, the hardness increases 
4 i ^ 

reaches 60 - 61 in the layers near the outer surface. A layer of metal, consisting 

of tempering products of hardened steel (of Hj^, * 37 - 58) end of carbides, forma on 

the machined surface. The hardness of this film increases with the distance from 

the outer surface: from ° 37 to Hj^ - 54 at a depth of 0.02 mm (Fig.116). 

These data have made it possible to conclude that a temperature up to 600^0 

develops in the surface layer of the workpiece. 
I 1 

In working with a current of I * 100 amp, the chip layer facing the cutter 

reaches Hrç - 60 at a depth of 0.01 mm, whereas the of the outer surface is 

only 44 (Fig.115). A hardened layer forms on the surface of the workpiece. At a 

depth of 0.01 mm, the hardness reaches - 67 (Fig.ll6). As we see, the hardness 

drops to Hr ■* 57 at a depth of 0.02 mm and then rises somewhat, until reaching a 
liti—1 ^ 

depth of 0.03 nun, and finally stabilizes. ! 
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40—1 

4213 

■14 _j 

46-4 
I 
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The authors of this study assume that, thanks to the introduction of current 

into the cutting zone, the thin layer of chip adjacent to the cutter heats to a 
I 

tenperature of 900 - 1000°C. A hardened layer forms on the machined surface as the 

result of pronounced cooling of the metal when the temperature is that required for 

hardening; this layer is the result of the combined effects of work of deformation, 

work of friction, and heat caused by the flow of electric current through the layer 

of metal being removed. The reduction in hardness in the portion of the chip ad¬ 

jacent to the cutter, occurring in work without the use of current, is attributed 

by the authors to the tempering phenomenon. The hardness does not change in the 

outer layer of chip, since the temperature to which it is heated is lower than the 

1 

50. J 

1 

54 

tempering temperature. 1 

M.N .Larin and A. A .Maslov have come to the conclusion that, in work with elec- 
! 

trie current of optimum strength, a tenperature field is artificially created in th<i 

56_ 

58- 

60- 

machining zone, of such nature as to facilitate the formation in the layer of chip 
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„ , facin8 t,he cutter of a plastic stratum acting, as it were, as a heavy natural 

..• lubricant which reduces the work of friction and the support pressure. The latter 
—( 

is understood to be the pressure per unit surface of true contact between the ad¬ 

jacent surfaces of chip and cutting tool.) 
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CHAPTER 17 

FACE MILLING OF HAR ¿NED STEELS 

22. Design of Milling Cutters 

] 
20 , The milling of hardened steels is done with the same types of carbide-tipped 

-J ¡ 

end ndlls employed in high-speed milling of ordinary (unhardened) steels. These 

2 mills differ from the carbide mills used to machine cast iron by the fact that the 

;!0 point is machined to negative true rake and that the number of teeth is less. As 
I I 

22 compared to the analogous high-speed mills, the body and other parts of the given 

20_ mills stronger and more massive. The mills have to be mounted to the machine 

[:2- both rigidly and reliably. Mill design should provide for ready replacement of the 
I - i 

21.. individual teeth when they wear out and break. 

30 j Tt should be remarked that the superior life of carbide over high-speed mills 

,.3_ ia ev8n morö pronounced with increase in the hardness of the steel being machined. 

40 
-j 

42_J 
_j 

14 J 
J 

46d 
•18 

n 

There are three methods of joining the carbide bars to the body of the mill: 

1) Brazing directly to the body; 

2) Brazing to the inserted teeth; 

3) Mechanical mounting in the body. 

In industry, the inserted-tooth cemented-carbide end mill is the type which has 

f-0 achieved the greatest popularity. In some cases, milling cutters with mechanical 
j 

r»2—fa8t0nin« of bb® cemented carbide bar are employed. Mills having bars directly 
I i 

r i „brazed to the body are used only rarely despite their high rigidity. The point is 

in grinding a crumbled tooth of such a mill, one has no choice but to remove a 

J 
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L>q 
considerable layer of carbide from all the teeth. In addition to a waste of car- 1 

bide, this involves considerable expenditure of tijne in grinding the tool. The need 

for secondary brazing of carbide bars, if the individual bars have been greatly 

damaged, limits the service life of the body of such mills. 

Inserted-Tooth End Mills 

12 

1(H 

1« 

20. 

VNII-designed inserted-tooth carbide end mills are the type in widest use 

,(Pi8»117 - 119). Mills up to 100 mm in diameter (Fig.117) have a tapered integral 

2(i 

iid_ 

3öl 

32- 

31 

30. 

38- 

10- 

42 

14. 

Fig.117 - Design of Inserted-Tooth 
End-Milling Cutter, Carbide-Tipped, 

up to 100 mm Diameter 

a) Section through A-A; b) Taper 7:24 

Fig.118 - Design of Carbide-Tipped, 
110 - I50 mm Diameter Inserted Tooth 

End-Milling Cutter 

a) Section through A-A 

l<> 3hank for direct seating in the spindle-nose taper of the milling machine. The rear 

of th8 bod7 (1) has a keyway for an end key, absorbing the spindle torque. 

60 Tho bod7 (1) °f Ä mill HO - 150 mm in diameter (Fig.118) has a cylindrical hols 

52 *n baS9 ho mount the cutter on an arbor, and a keyway in its face. 
J ! 

54 __ Milling cutters from 200 to 400 mm in diameter (Fig.119) are seated on the 

5(i cylindrical flange of the milling-machine spindle, by means of a cylindrical groove 

58 ¡ 
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o 

4:1 

on the rear face of the body (l). The keyvay is also at this point. The cutter is 

! mounted by four cap screws with internal hexagonal keyways. ___ 

d 

8_J 

10 

12 

14 j 

101] 
—i 

18 J 

20.. 1 

The teeth (2) are prismatic in shape, square in cross section, and with smooth 

faces. The cross section is greater than that of teeth in cutters of high-speed 

steel. 

Diameter of milling cutter D, in mm 

75 - 130 

150 - 400 

Tooth cross-section dimensions, in 

14 * 14 

16 * 16 

Section through B-B 

20 

28.. 

30 

32 

24 

38 

38 

40 3 
i ‘i ‘i «-< 

Because of the fact that carbides have a tendency to crumble out when vibration 
j 

sets in during the machining process, the tooth depth is small: 5 mm for cutters of 

75 - 200 mm diameter, and 8 mm for those more than 200 mm in diameter. 

The teeth are mounted to the mill 

bodies (Figs.117 - H9) by cylindrical 

keyed bushings (3) with flat 5° chamfer. 

The bushings are tightened by bolts (4)» 

using an ordinary monkey wrench. 

Springs (5) are fitted over the bolts to 

simplify disassembly of the mill. When 

the bolt is unscrewed, the spring enters 
I 
a groove in the key, lifts it, and frees 
I 
the inserted tooth. 

In detennining the outer-circle diam- 
Í1 

Fig.119 - Design of Carbide-Tipped, 
200 - 400 mm Diameter Inserted-Tooth 

End-Milling Cutter 

46 

eter of milling cutters, consideration is 

given to the fact that the inserted teeth and their mounting elements must not pro- 
48 ' 

ject beyond the body. 
50 

52 J 

54 J. 

Chip-removing grooves are provided at the tooth faces on the cutting end of the, 

mill. The tapered chamfer on the cutting end is so selected that the back of the 

tooth (2), at the face cutting edge, is entirely outside the body of the mill. This 



o 

=1 
n 

on th« rear face of the body (1). The keyway is also at this point. The cutter is 
1 t 
mounted by four cap screws with Internal hexagonal keyways._ _ 

d 

8_j 

ir» J 
12 j 
14 

The teeth (2) are prismatic in shape, square in cross section, and with smooth 
_1 __ .... _ .. i 

faces. The cross section is greater than that of teeth in cutters of high-speed 

steel. 

Diameter of milling cutter D, in mm Tooth cross-section dimensions, in nm 

75-130 , It * 14 

150 - 400 16 * 16 1 

Because of the fact that carbides have a tendency to crumble out when vibration 

18 

20 1 

sets in during the machining process, the tooth depth is small: 5 mm for cutters of 

75 - 200 mm diameter, and 8 mm for those more than 200 mm in diameter. 

The teeth are mounted to the mill 
i 

bodies ( Figs.117 - H9) by cylindrical 

Section through B-B 

:?i; 

28_! 

30 J 

321- 

34d 
S8—I 

Section 
through 

A-A 
* 3 

38- 

40- 

_r 
/ 
/ LUiV rAit LLáft 

11 
J 

Fig.119 - Design of Carbide-Tipped, 
200 - 400 mm Diameter Inserted-Tooth 

End-Milling Cutter 

keyed bushings (3) with flat 5° chamfer. 

The bushings are tightened by bolts (4), 

using an ordinary monkey wrench. 
I 
Springs (5) are fitted over the bolts to 

simplify disassembly of the mill. When 
J 

the bolt is unscrewed, the spring enters j 
! 
a groove in the key, lifts it, and frees 
i 
the inserted tooth. 

In determining the outer-circle diam- 
i 
eter of milling cutters, consideration is 

46 

43 

I 
given to the fact that the inserted teeth and their mounting elements must not pro¬ 

ject beyond the body. 
DO J 

Chip-removing grooves are provided at the tooth faces on the cutting end of the 

52 
mill. The tapered chamfer on the cutting end is so selected that the back of the 

k.'j ' ____; ------------ 
~tooth (2), at the face cutting edge, is entirely outside the body of the mill. This 

56 

58 
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facilitates grinding of the teeth flanks with the milling cutter in assembled post- 
I 

tion. 

10 ^ 

12 J 

u 

19 

18 

Cutters over 200 mm in diameter have tapered bodies. The angle of the tooth 

slots to the cutter axis is set at about 15°. Therefore when teeth are ground and 

then moved outward, the nominal diameter of the cutters hardly changes. 

In providing for identical mounting of all teeth in the body, with respect to 

the axis and the cutting end of the mill, this design makes it possible - provided 

that the teeth are carefully inserted - to avoid extra grinding and dressing of the 

cutting elements when they have been mounted on the cutter, or at most it requires 
T I -1 
that an insignificant oversize be left for that purpose. 

20 

26_1 

28_1 

30l] 

32- 2 

34 

33— J 

33 

40— 

42 

44 _ 

19 "I 

48l 

fiO_ 

Mounting of the teeth is facilitated by the use of a magnetic hold (Fig.120). 
*) 

When the projecting tooth is brought into contact with the micrometer screw of the 

4 _ J ! 
hold (placed on the cutting end of the mill body), it is then fastened with the tie- 

! 

in bolts (4) (Fig.117 - 119). The teeth are mounted to the cutter face with a tol- 
I 

erance of 0.04 mm. The following is the number of teeth employed with VNII end 

milling cutters! 

Cutter diameter D, in mm ... 75 90 110 130 150 200 250 300 350 400 

i ! 
Number of teeth z . 4 6 8 8 10 10 12 16 18 22 

: 

The principal dimensions of VNII end mills and those of their various parts are 

j i 
presented in the book by V.S.Rakovskiy and others. Cemented Carbides in Machine- 

1 j 
Building (Bibl.16) and also in the VNII compendium. Design of Cemented Carbide Tools 

;(Bibl.57). 

A number of tool plants have organized series output of carbide-tipped end 
] I 

mills designed by the Kalinin FYeezer Works for the machining of steels (Fig.121). 

L ! 
In accordance with GOST 3789 - 52, these mills have the following prime dimensions! 
j 

Mill diameter D, in mm 150 200 250 320 400 500 600 
ro 
--1 

Width of milling cut- 

i 



" I 
4. 

(i. 

b. 

10 

‘H 
M.q 
ioq 
18 , 

20- j 

o2-| 

, 

l'ii —i 

28- 

Dlamoter of seating i 
groove on end, d tun 69.83 88.88 128.57 128.57 128.57 128.57 128.57 

Tooth depth h am 6 7 7 7 17 17 IT 

Number of teeth s 6 8 8 10 12 14 16 

The inserted teeth 2, 13 - 18 mm in thickness, are of trapezoidal cross section. 

They are fixed in slots in the body (l) by 

smooth wedges (3) with a taper of 5°. The 

support end of the cutter body is provided 

with screws (4), pressing against the 
i I 

teeth (2), for which special slots are 
I 

provided. The screws (4) are to prevent 
i ! 

the inserted teeth from moving axially i 
1 j 
when the milling cutter is being assembled 

I ! 
and adjusted. 

This design is characterized by its 

Fig.120 - Magnetic Hold for Insert¬ 
ing Teeth into Bodies of End Mills 

simplicity and dependability is operation. The individual teeth are readily re- 

3> placed, and moved outward in their slots with equal ease. However, there are many 

conditions under which these mills do not meet manufacturing needs. The major short»- 

J ; , . 
comings limiting their use are the small number of teeth (considerably smaller than 

~1 1 
:583in the VNII cutters) as well as the fact that the cutter geometry presupposes very 

Zj i 
_1 i*-t -_— - i. J__-I J ¿ 4 ~~~ • J*#*'«'*«"' * 

tU- specific operating conditions. This complicates the use of the body of the milling 

J 
,., cutter when the operating conditions are changed. The small number of teeth means 

j 1 
that the output is low, often interfering with the smooth functioning of the milling 

■ machine and cutter. Moreover, difficulties are encountered in the grinding of as- 

i 
sembled cutters of larger diameters (D> 300 nm). 

r>o End Mills Providing Individual Grinding of Inserted Teeth (Grinding Outside 

r-* HT* Body), The effort to avoid the difficulties encountered in grinding end mills I 

^ J I 
-, in the assembled form, complete with carbide tips, and to increase the operating-- 

r efficiency, has led to the development of designs in which the teeth are ground out- 

58ztcL-400/V 2?6 
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side the body of the mill. The following designs of end mills with separate tooth ’ 

H 

4 i 

—I 
f*_J 

8 

10 J 

12 
—i 

11 
~1 

10 J 

18 J 
4 

20- ] 

24 J 

2<lJ i 

0« 
--3—¡ 

aol; 

32- 
__( 

34 

30 

38Z1 

grinding are known: 

1) Mills with adjustable tooth mounting: 

2) Mills with free tooth mounting; 

3) Mills with precision tooth mounting. 

Individual installation of ground teeth to size in the first of these types of 

I 

Fig.121 - End Milling Cutter, Carbide-Tipped, With Inserted Teeth, 
Designed by the Kalinin Freezer Works 

a) View along arrow A; b) Section through B-B 

,,, milling cutters is performed by adjustment' of the tooth position in two directions 

! I 
... in the body by means of devices specially provided for this purpose. Figure 122 

*' I ¡ 
,.presents one such design (ENIMS). The teeth (1) are mounted to size with the aid of 

,, a special template or indexing device. Radial shifting of the tooth in the slot 

48. 
within the body (2) is performed by means of the wedge (3) actuated by the screw (4) 

1 
r() ~ 'phis screw is fixed relative to the body, as it rests within a slot in the bottom 

rf, Ving (5). Axial movement of the tooth is by the screw (6) within the body of the 
Ü*. —-j 

toolholder. The screw (6) cannot move in axial direction..This is prevented by_the 

58 -shaped aligning strip (?) in the slot of the top ring (8). The spring (9) .fixss__. 
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th« position of th« tooth in the body before it is fastened down, this being done 

4 

d 

8 

jo 

12 

14 

10 

10 

20 

tnc w»;dge (10) and the screw (11). The screws (11) have differential threading to J 
facilitate disassembly of the milling cutter. 

This design partially solves the problem of grinding inserted teeth outside the 

. 
.J 

: « i 

Fig.122 - ENIMS End Milling Cutter With Adjustable Inserted Teeth 
38_J j 

J 4 I 
cutter body. Serious inadequacies are inherent to this design, including the fact 

t2 the body is further complicated by special adjusting devices, the fact that the 
-j 

M_hody has to be removed from the milling machine in order for the teeth to be mounted 

■Î0 in the jig, and the large amount of time required to assemble the milling cutter. 

48lHoreover, the number of cutter bodies required to keep for proper working is not 

;;0 lower than when the more common designs are used. 

-] 
52 i Milling cutters with free tooth attachment are characterized by the absence of I 

54_ special adjustment devices.^ The jteeth are. installed by template in special jigs, or; 
' J j 

5Ö- directly on the milling machine to line up with the mark made on the work by the _ 

58 1 
MCL-406/Y _ 238 

€0—I_____• 



o ____________________ _ __ _ _ 
.first tooth alone. Killing cutters in this design category are employed at the 

.Chelyabinsk Tractor Works* and have been introduced into the departmental standard 
4.] - ~ .- 

for end mills. 

The design with free tooth mounting enjoya advantages over the designs previ- 

8_! 
ously discussed. Assembly of the cutters is simplified and there is a reduction in 

10 J 
the number of bodies simultaneously in use, inasmuch as tooth installation takes 

12 . j 
place without the need to remove the body from the milling machine. However, this 

14 J 
design is not in wide use. The problem is that the degree of run-out of the teeth 

10__] 
of milling cutters mounted by line-up depends upon the skill of the worker and the ] 

18 J 
care with which the operation is performed. Moreover, assembly of large-diameter 

20_J 
milling cutters consumes a lot of time. And when heavy cuts are taken, the tooth ! 

22 * 1 
fastening is not dependable. 

24 j 
When compared to the above varieties of end mills with separate tooth grinding,! 

2ti.J 
cutters with precision tooth mounting enjoy a number of considerable advantages: 

28_1 
universal application, reliable attachment for work with heavy cuts, reduction in ! 

so-: 
the number of bodies to be kept on hand, and simplification of replacement of indi- 

—I ^ i 
vidual cutter teeth or sets of teeth right at the work station. 

34 .J i 
_ The Voskov Tool Mill has mastered the production of end mills of 200 - 350 ma 

33 J 
diameter with precision mounting of teeth. Tests of these cutters in production 

38—j j 
_ have shown that the design provides the required precision in the mounting of indi- 

40_j I 
.-Vidually ground teeth. However, significant drawbacks of design were found at the 

'3 2 — 
_sam« time. Introduction of these cutters into industry is being delayed by the ab~ 

14 J 
sence of designs for grinding the teeth and regulating their length. 

4Ü J I 
At the present time, tool plants are making VNII-designed milling cutter* of 

48 J 
diameter D > 320 mm to special order (Fig.123). These cutters are distinguished by 

30.: 
the presence of thrust washers and adjustment screws on the teeth, making it easier 

52 .] 
_to assemble the cutters (without removing the body from the machine). This design 

^ K ' 

58... : *lhis milling cutter is described elsewhere (Bibl.58). _ •__ 

53 - J 
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O—, 
provides for closer tolerance in the manufacture of the surfaces on which the 

* L 

teeth (2) rest In the body (1), and also of the teeth themselves. Each Inserted 

8- 

10 

1! 

10 

tooth has three bearings in the body slot: a gage block (10) fastened to the bottom 

Id 3 J 

- Jj 
20.. ; 

»»•> 

*!4.J 

20 Zj 

—•4 

2d 

30 

34 J 
1 

OöZl 
J 

38-. 

40 - J 

>2 

14 

40 

fHVJw 
c) 

Fig.123 - End Milling Cutter Wtih Pre¬ 
cision Setting of Teeth in the Body 

a) Section through A-A 
b) Section through B-B 

Fig.124 - End Milling Cutter With 
Precision Setting of Teeth in the 

Body by Lining-Op 

1 - Body; 2 - Inserted tooth; 
3 - Wedge; 4 - Bolt 

a) Section through A-A □ 

4d~ of the 8lot by screws (9) (bottom bearing); the side bearing surface of the body 

!)0 slot (side bearing); and a ground strip (?), held to the back of the body by a 
j I 

52 screw (8) (rear bearing). 

M I Th« setting of the blocks (10) is monitored by an indicator, a single standard 

[/0-. 

58- 

t'0- 

tooth being used for all slots in the body. The gage blocks are installed once and 
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for all when the cutter is manufactured. Precise location of the third bearing bas* 

2-1 ! 
for the teeth in the body, relative to the axis of the cutter, is achieved by grind- 

4 J 
ing the back of the body strictly normal to the axis of the cutter, and also by 

If q 
d 

grinding the bearing surface of the strips (?)• 

I i 
Teeth are ground outside the body, in a special Jig. On all teeth, identity of 

t 
the positioning of the cutting edges relative to two base surfaces of the tooth is 

provided. The third base of the support is provided by a bolt (5) and a nut (6), 

H 

16 

18 

After grinding, these are used to adjust the length of the teeth, in a special fix¬ 

ture. The support bases for the teeth in the jig reproduce those in the body of the 

! ¡ 
cutter. In this connection, the point of support on the bolt (5), used in adjusting 

10. J 
the length of the tooth, also serves as the point of support in mounting the tooth ! 

22_I 
in the body of the mill. 

t’4 J 
The inserted tooth is fastened into the slot in the body by a single cylindri- | 

¡2(3_I 

20- 

32J 

cal keyed bushing (3), tightened by a fillet bolt (4). 

When these parts are made to the necessary tolerance, the run-out of the eutterj 

does not exceed the permissible limits. 
I 

The design of the devices referred to for grinding teeth outside the body and 

34- 
for adjusting tooth length is presented in the VNII pamphlet, Design of End Milling 

36 J 

33- 

•10. 

42 

Cutters Having Teeth Ground Separately from the Body (Bibl.59). 
! j 

It is not advisable to use this design (tooth installation on bearings) for 

1 ¡ 
milling cutters whose diameter is D < 320 mm. When teeth are mounted by lining up, 
1 ! 

this design is considerably simplified, and the use of milling cutters is consider¬ 

ably eased (there is no need for thrust strips and screws to regulate the length of 
4C_ J 

the teeth). Figure 124 presents the VNII end milling cutter, providing for installa^- 

48. 

50 

tion of teeth by lining up, which is recommended for milling cutters of diameter 

o~1 
D - 150 - 320 mm. This may be employed for milling cutters to be ground in the as¬ 

sembled form and for cutters whose teeth are ground independently. In the latter 

54 
case, the parts must be made to closer tolerances. 

58 
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o . . . ...... .. 
Thl. design differ, from the VNII design, for cutter, in uhich teeth are groun4 

<-4 

in the aseembled form ( Pig.117 - II9) in that only one wedge is provided for fastening 

10 J 

11 

the tooth. Experiments run in the VNII have shown that the use of two wedges re- 
!_................j ... _ I 

suits in a greater error in tooth installation. Moreover, there is an increase in 

body dimensions and in the time required for assembling the cutter. Industrial 

practice has confirmed the fact that the use of a single wedge alone provides ade¬ 

quate reliability in tooth fastening. ( 
1 

Step Cutters. The use of face mills with the inserted teeth in "stepped" posi¬ 

tion relative to the work (Fig.125) is desirable in cases in which inadequate power 1 

in the milling machine and rigidity of the machine tool — workpiece - cutter system 

makes it impossible to remove the entire allowance in a single pass by a normal 

multiple-toothed mill. Step cutters may have two, three, four, or more steps. This 
—i 

is determined by the machining allowance, the dimensions of the cutter, the power of 
2tí_J I ! 

the motor driving the milling machine, the rigidity of the part being machined, etc. 
¡ 

It must be borne in mind that the cutter output, as defined by feed per minute.1 
30— ~¡ ' 

declines with increasing number of steps. This is clear from the following expres- 

18 . 

20 

.12 

li¬ 

sions 

1 36—¡ 

J 
31 Vhere sœ is feed per minute in nm/min; 

—I 
10— s8 is feed per cutter tooth in ran; 

s, - z - n 
I 

J 
42 

Í4 

46 

48 

--i 

-j 

i is the number of cutter teeth; 

n is the cutter rpm; 
I 

i is the number of steps on the cutter. 

Normal operating conditions for a step cutter are provided when the teeth of 

«I 
50 one step are in a specific state relative to those of another, in both axial and 
J 1 

52 Radial directions. 

In the axial direction the teeth may be mounted eitner with even or uneven dis» >4 

56 tribution of the allowance among the individual steps of the cutter (Fig.126). Whan 

58 J 
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0-. 
the allowance is evenly divided (Fig.126a), the depth of cut for each step of the 

! 
cutter can be defined as the quotientresulting from the division of the allowance 

¡21 

13 j 

! 0_J 

18 .J 
j 

20-.] 

i 
¡-•i. - 

28—j 

28 — 

A'Smm 

Fig.125 - Two-Step Clamped-On End Mill with Inserted Prismatic Teeth 

1,3,5,7 - Teeth of first step; 2,4,6,8 - Teeth of second step 
j 

a) For teeth 

:0 the number of steps. In uneven distribution of the allowance among the steps 

:2 (Fig.126b), the depth of cut for the teeth farthest projecting in the axial direction 

?A'\ 
— 

r.. ’ OO- 

33 — 

40-- 

42Z 

14- 

48_ 

ibI 

no. 
a - Even distribution; b - Uneven distribution 

“d 
r 1 _is taken as 1.5 — 2.0 mm. The rest of the allowance is divided uniformly among the 

J 

53- 

60- 

etnaining steps of the mill, 
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4. 
(i._j. 

8. ] 

In the radial direction, the teeth of any given step must be at a specific dia-j 

tance from those in the adjacent step (Fig.125). This spacing A is determined by 

the formula 

'Kf 
4- ÍSj-4-2) '"w. 

10 _ 

12 

H 

16 

18 

20_ 

where t is the distance between the tooth addendums of adjacent steps in the ^rlal 

direction, or depth of cut in mm; 

9 is the face cutting edge angle of the mill; 

s2 is the feed per cutter tooth in mm. 
4 

For a two-step milling cutter, A is 5 nm. 
j 

Face Mills With Mechanical Fastening of the Hard-Alloy Bars 

24 
Mechanical fastening of the cemented-carbide bars to the body of the cutter en- 

20. J j I 
joys a number of advantages over brazing. The most important of these is the elim- 

28. J 
ination of various defects arising in the bars during the brazing process and a re- 

30-J I I 
duction in tool cost, because of the fact that the operations Involved in brazing 

32-J 
and in the making of holders for inserted teeth are eliminated. However, mechanical' 

31J I 
fastening Involves serious inherent drawbacks. The need to employ a portion of the j 

384 
hard-alloy bar for clamping purposes and the relatively small dimensions of standard 

38-1 ! 
__>ars mean that the cutter can be reground only a limited number of times. Together 

404 
with a spalling of the bars which might occur upon mounting in the body, this re- | 

42-1 
suits in an elevated consumption of hard alloys. The development of milling cutters 

14 J 
of rational design with mechanical fastening of the cemented-carbide bars is facili- 

46 j ¡ 
tated by using bars with dimensions larger than standard (bars of this type are man- 

48. J 
ufactured on special order). 

50 ] 
Let us examine the characteristic designs of millers with mechanical fastening 

r.O «- - --«j 

_of prismatic bars, multiple-point tool inserts, and cemented carbide disks. 
54 _L—. ....—_ __ _ 

Figure 12? illustrates the Orgtransmash clamped-on end mill. The bars (2) are 

581] 
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33. 

fastened in slots on the face of the body (l). Fastening is done by a cylindrical 
j 

sleeve (3)# with the aid of a screw (4). To facilitate disassembly of the cutir. 

the screws (4) are provided with differential threads. The teeth are adjusted by 

screws (5). These cutters are made in diameters of D - 150 - 250 ms. 

This design is in limited use due to a number of shortcomings: the small number 

Fig.127 - Clamp-On End Mill With Mechanical Mounting of Cemented- 
Carbide Bars, Designed by Orgtransmash 

a) View along arrow A; b) Section through B-B 1 

40lj j 
! of teeth (the same as in ordinary inserted-tooth cutters); the need to use carbide 

; \jars 9 - 10 mm instead of 3 - 4 mm thick, as is the case with brazed milling cutters 

44 the complexities involved in making closed slots for the carbide bars; the higher 

4ft- tolerance needed in making the bushes 3 and the sockets for them in the body 1; and 

r,Q the fact that the cutter has to be ground in the assembled form. 

5., J The end mills designed by Orgavtoprom (Fig,128) employ multiple-point inserts of 
“J ! 
4 cemented carbide. Slit posts (2) are fastened into openings-in the body (l) by- 

4 means of blocks (3) and nuts (4). The bars (5) are inserted in the posts (2) and 

58..] 
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. fastened therein by bolts (6). The screws (7), kept from rotating by set screws (8)# 
q i 

have the purpose of adjusting the bars and preventing them from moving axially. When 

T 
the mills are assembled, the position of the bars is adjusted on a special indexing 

device . 
g. 

10_1 

1L> 

l'i 

i 0 . 

•;rv 

The advantages of this design are: the large number of grindings permissible 

fc.—n 

[ 1 
^ . l 

r , , .■■■= 

:'»j 

_ 

w0_ 

32- 

34- 

36 Ij 
I 

23 Fig. 128 - Orgavtoprom End Mill With 
Mechanical Fastening of Kultiplo-Point 

,10_] Hard-Alloy Inserts 

a) View along arrow A; b) Section 
through B-B 

Fig. 129 - End Mill With Mechanical 
Fastening of Cemented-Carbide 

Disks, Designed 
by NIAT 

•14 

, during the life of the «et of bars, the long overall life of the cutter between 
J I 

¿O grindings (by the artifice of rotating the bars), and the possibility of grinding 
j 

r,Q each bar separately. However, this design is not to be recommended for general use. 

! 1 
52 In addition to complexity, its major drawbacks are: the need to use a special jig for 

rti installing the bars in the body of the cutter (the body has to be removed from the 

milling machine for this purpose); the fact that this design is not suited to. small- 
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diameter cutters; the small number of teeth; and the fact that only open surfaces 

can be machined in this way. I 

in J 

12-4 

M 

10 

The NIAT end mills (Fig.129) utilize carbide disks. The disks (3), seated In 
I j * 

bushes (6)f and the cutter holders (2), are mounted in the body (l) of the cutter. 
1 j 
The disk is fastened by the screw (5) via the washer (4). 

j 
This design enjoys significant advantages: dependable fastening of the cemented- 

carbide disks, permitting a precise mounting in the body of the mill without the use 

of templates; elimination of a possible shifting of the disks during the fastening 

process or during operation of the cutter; easy shifting (rotating) of the disks 

18 J 

20-. J 

24 

20 

when they are dulled, without removing the body from the milling machine; high over- 

j 
all cutter life between grindings vs» the use of prismatic teeth (8 - 10 times as 

! i t 

high when one side of the disk is used, 15 to 20 times when both are employed); and 
j 

ease of individual grinding of the set of disks on a cylindrical grinder. 
I I 

The shortcomings of the design include: the small number of teeth, the fact 

30._: 

_) 

3d 

that only open surfaces can be machined, an increased tendency to vibrate due to the 

great length of the working portion of the cutting edge and the small angle of the 

face cutting edge, and the complex procedures involved in manufacturing the miller 

J ) 
body to the required tolerance. ¡ j 

■:G-J 
This design may be recommended for use in cases in which reduction of the time 

33_2 ! 
required to grind the cutters is the major problem. 

4nH I 
'23. Dulling Criteria and Service Life of Cutter 

lid 
When steels are milled at high speed by face cutters tipped with titanium- 

4« 
tungsten carbides working at feeds not higher than sz * 0.2 mm/tooth, wear of the 

48_! 

30 

cutter teeth occurs chiefly on the periphery. At higher feeds, wear occurs on both 

face and periphery. With an increase in feed a there is an increase in wear on ths 

face and a reduction in wear on the back. 
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occurs on its periphery. In some cases the cemented-carbide bar will show a slight 1 
I ! 

splitting on its face. Figure 130 illustrates experimentally-determined (Bibl.60) 

a) b) 

O H 

., H i -i j 

; o _J i 

18 J 
20-' 

.,oi 
à: Ma - 

IM 

Fig.130 - Tooth Wear of Find Mill in the Machining of Hardened Steel 
( D - 110 mm, y m -22°, cp “ 60°, <P0 =■ 30°, t “ 2 mm, sz ■ 0.095 rnn/tooth; 

V “ 112.6 m/min, B - 90 ' 
i 

a - Normal peripheral wear without splitting of the cemented-carbide bar; 
b - Wear accompanied by splitting of bar on face 

J 
characteristic types of wear of a single-tooth end mill, tipped with T15K6T in the 

51. ! machining of steel hardened to 
26 J C 

Generalization of a number of investigations and of industrial practice has led; 
28j 

P.A.Markelov to recommend the following degrees of peripheral tooth wear as criteria. 
30- 

32-4 

34 J 
— 

3(3— 

33. 

40 

for the dulling of end mills in the machining of hardened steels: 

Hardness of hardened 
steel Hjjç 

38 - 47 

47 - 54 

Optimum peripheral mill tooth 
wear h, in mm 

2.0 - 1.5 

1.5 - 1.0 

The NIBTN takes h * 1.5 mm for steels hardened to Hr * 38 - 58 (Bibl.27)i 
i nC 

The 

¡j latter data are employed in the cutting schedules presented in Appendix II. 

14 In Chapter III of this book, which was devoted to the turning of hardened steels, 
J 

4t¡ we showed that a visual criterion of the dulling of cutters in turning on the lathe 

4¾ is the acquisition of a "goffered" appearance by the chip. It should be noted that 

; i) this criterion may also be employed in the end-milling of hardened steels. 

52 j A correct determination of the tool life of a cutting tool is quite important 

54 in determining the efficiency of the machining process. The literature data on the . 

55 tool life of cemented-carbide end mills show major differences of opinion» M.N.Larin. 

58.! 
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(Bi.bl.6l) defines the service life of end mills in terms of their diameter! 

T = (1,25 H- 1,50) D wn , 

where D is the mill diameter in mm. 1 

in 
P.A.Markelov (Bibl.60) suggests to determine the end-mill life relative to the 

i 
number of teeth, figuring 30 - ¿0 min per prismatic tooth: 

Number of teeth in end mill, z U 5 6 8 10 12 

UÎ ' Service life T, in min. 120-160 1 50-200 180-240 240-320 300-400 360-480 

IS 

20. 

24 

2d 

30. 

T 7 

However, investigations of fast milling of chromium-molybdenum steel with end 

mills of a diameter of D - 265 mm and with tips of T15K6U (Bibl.62) showed that the 

life of a six-tooth mill differed insignificantly from that of a three-tooth or of 

a single-tooth mill. 

The NIBTN (Bibl.27) mentions considerably longer lives for end milling cutter» 

than obtained from the data by M.N .Larin and P.A .Markelov! 

Diameter of end milling cutter, D, in mm 75 90 110 130-150 200 250 

Service life T, in mm. 150 240 300 360 480 600 

35li 
The recommended cutting schedules (Appendix II) specify T - 300 mm. The author 

38- 
believes this service life to be justified by the degree of peripheral dulling of 

40_! 
the cutter teeth (h - 1.5 ran), 

42_ J 

:.i 24. Geometry of Milling Cutter 

-\ 
46_1 

48 1 
Here we present the currently employed nomenclature and terminology for the 

50.] 

52 ! 

shape of end-mill teeth edges (Fig.131). The major geometric parameters are! 

In Fig.131, the symbols used denote: i 
I 

Y - true rake angle; 

a - working relief angle; 

bO—1— 
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<*0 - nose working reli«f angl«j 

- working relief angle of face cutting edge; 
i 

\ - angle of rake of the main cutting edge; 

» - main angle in plan (angle in plan of main cutting edge); 

^p1“of tran,ition to rtin* 'de,i 
- angle in plan of face cutting edge; 

f0 - length of transition to cutting edge. 

In addition, in the making and grinding of end mills it is necessary to know 

the following supplementary angles: 

w - longitudinal (axial) true rake angle; 

- lateral (radial) true rake angle. 

The angles y, u>, and relate to the axial rake angle X and the peripheral 

14 

■18 
“1 

50 
-4 

Fig.131 - Geometry of Cutting Part of End Mill 
I 

a) View along arrow K; b) Section through C-C; c) Section through A-A; 
d) Section through D-D; e) Section through B-B; f) Section through E-E 
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cutting edgs angle q> as follow»! 

tg i = tg 7i • sin f -f tg u». eos <f, 

tg X = tg ii • eos f — tg u> • sin f, 

tg cu = tg i • eos f — tg X • sin tp, 

tg 7j = tg -j • sin f + tg X ■ eos <p. 

True Rake Angle ir 

¡ 

j 

24 __i 
I 

20j 

2bJ 

3o"_r 
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Experiments have shown that in high-speed milling of steels, including hardened 
¡ I 
steels, with cemented-carbide face mills, the optimum true rake angle Y ia governed 

chiefly by the physical and mechanical 

properties of the material machined (ten¬ 

sile strength o^, hardness, etc*)* Each 

steel, with its particular physical and 

mechanical properties, has an optimum true 

rake angle at which cutter life is longest* 

Fig.132 - True Rake of Teeth Versus 
Life of End Mill. Machining of 
30KhGSA steel hardened to Hr ■ 51 

V 

to 54 by a mill tipped with T15K6S 
cemented carbide (a » 23°j X - 6°, 

1) - 60°, qp0 - 30°, f0 » 2.0 - 2.5 mm) 

The tool life is reduced by either increas¬ 

ing or reducing the true rake angle rela¬ 

tive to this optimum value. This is dem¬ 

onstrated in Fig.132, where the relation- 
I 
ship between the life of an end milling 
I 
cutter and the true rake angle Y is plotted 

(Bibl.60). The test was run on 30KhGSA 

steel, hardened to Hr ■ 51 to 54, at a 
C 

depth of the milling cut of t ■ 3 mm, a 

width of cut of B “ 90 mm, a feed per toot^i 

of a% m 0.095 mm, and a cutting speed 

of V - 138 m/min. The mill was tipped with T15K6S hard alloy, its diameter was 

a) Face milling cutter life T, min; 
b) True rake angle of cutter y° 

110 mm, and the number of cutter teeth was a ■ 1. Dulling of the teeth flank 

40 
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q 

was h - 1.2 ran. The true rake angle wae varied In an interval of -7 to -37 • 

The curve shows the optimum true rake arg,le for this steel to be approximately^ 

Y - -20°. The true rake angle becomes less negative on reduction in the hardness of 

inj 

12 

the tempered steel. 

The angle y is considerably more negative for hardened than for unhardened 

steels. Test data (Bibl.60) for 30KhGSNA steel (ot - 80 kg/mm2) at t - 3 mm, 

B - 175 cm, ss - 0.1 mm, V - 286 m/min, and h - 1.0 mm show the optimum true rake 

angle of a milling cutter tipped with T15K6 alloy to be y -5°. 

1 ' Table 66 presents the recommendations by P.A.Karkelov (Bibl.60) and M.N.Larin 

18 J 

20. J 

22"1 
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Table 66 
I 

True Rake Angle y 

Source of Data 

Hardness of work steel HRc 

3I_44 45—49 50-54 55—64 

True rake angle Y° 

P.A.Markelov 

M.N.Larin 

-11-*- —14 

-5 

-14-!--18 

- 10 

—• 18 "í- -22 
-10 -15 

(Bibl.31) with respect to the true rake angle of face mills for machining hardened 

33_i 
steels. 

As we see, M.N.Larin employs considerably smaller negative true rake angles. 

The standards for high-speed milling of ferrous metals, published by the Minis- 

try of the Machine-tool Manufacturing Industry (Bibl.27), show the true rake angle 

L to be y - -10° for steels hardened to %c - 38 - 58. 

It should be noted that P.P.Grudov (Bibl.63) is in favor of large negative 

angles y. In the high-speed milling of hardened steels he reconmends T - -20° for 

J « 1 
T15K6 and y - -15° for T5K10. 

10 

12 

46:1 

•18 

20 

-) 
The ideas advanced in Chapter III with respect to using the smallest possible 



„negative true rake angles in the turning of hardened steels are believed by the 

2--1 1 
present author to be equally valid for end-milling. However, end mills differ fron 

-1 j 
turning cutters in that they work under impact loads. Therefore, the cutting edgee 

6_L_ ___ - - ■ —  .—■ ' , .j 
of the teeth of face mills must be stronger than those of lathe cutters, which ie 

8_J 
accomplished by increasing the negative value of the true rake angle. In the author»» 

10 .] ! 
opinion, the true rake angles recommended by M.N.Larin (Table 66) should be employed 

12 I 
in the face milling of hardened steels by tools tipped with cemented carbides of the 

11 j 

a) Section through A-A; b) Section through B-B; c) Section through C-C 

titanium-tungsten group (T15K6, T14K8, and T5K10). Only for T30KA should the nega¬ 

tive values of these angles be increased by 3 - 5°» 

■i 
In conclusion, let us examine the problem of the two angles of grinding of end- 

pill teeth faces (Fig.133). The following was found in an investigation by 

J 
58_ 
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o 
P.P.Grudov and S.I.Volkov (Bibl.63) Into the milling of unhardened ISKhNMA ateel, 

2-1 2 ! 

°t “ 110 “ 120 kK/™ (the tests were run with a single-tooth end mill, 200 m In 

<u 
diameter, of the following geometry: true rake angle y - 15°, true rake of flat 

yf “ -20°, a - 15°, * - 15°, * - 60°, <V1 - u - 5°, ^ - 30°, fo - 0.1 - 0.3 

10... ] 

12 J 

16 

Id 

20 

! 

30. 

32 

31 

width of flat f varied from 0 to 3 mm; cutting conditions t - 3 mm, B - 100 mrJk 

sz - 0.089 mm/tooth, v - 180 m/min, surface per pass I - 300 um). 

1. When the flank wear was identical with a flat width of f < 1.5 mm, the life 

diminished with a reduction in flat width. 

2. The width of the flat f greatly influences the conditions of chip flow and ! 

the degree of deformation thereof. As f rises from 0 to 0.5 mm, there is a pro¬ 

nounced increase in the deformation of the chip. If the flat is narrow (f <0.2 mm), 

the chip rests on the portion of the face with positive true rake angle. Here, de- ' 
:v, I * j 

formation of the chip occurs in the same manner as in a face that has a positive 

angle y along the entire surface. In this situation, the presence of a flat has no 

effect upon the deformation of the chip. 

In the case of a face with a width of f > 0.5 mm, the chip rests only on the 

portion of the face that has a negative true rake angle, and the chip is therefore 

subject to pronounced deformation. 

3. To reduce the deformation of the chip, it is desirable to use a flat width ¡ 

for which the true rake angle will be between 0.1 and 0.3 mm. However, at such a 

J i 1 
flat width, premature chipping of the cutting edge occurs since, under these condi¬ 

tions, the cemented carbide is subject to bending and not to compression, which 

latter is the type of stress to which cemented carbides offer the best resistance. 

~ J 
4. The purpose of the double grinding of the face is not to reduce the chip de¬ 

formation and cutting force, which are of secondary significance here, but to in¬ 

crease the tool life. 

P.P.Grudov and S.I.Volkov have come to the conclusion that, in high-speed mill- 

Ing of steel by end mills tipped with cemented carbides, it is necessary to provide 

39 I 
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. a negative true rake for the entire face.") The use of a face ground at two angle* 
2Ü I 

with a positive main true rake angle and a negative true rake angle on a flat 1***^ 
4_1 

than 1.5 mm wide results in a reduction of the cutter life. 

It is obvious that the fact that cutters with the face cut at two angles are 
8_] 

inefficient in fast face-milling of unhardened steels will manifest itself even more 
10.J 

i 2 

11 

16 

18 

20 

24 J 

1* i \ 

28. 

30. 
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36 

markedly in the machining of hardened steels. 
j 

We note that the NIBTN (Bibl.2?) recommends that a face cut at two angles be 

employed in fast face-milling of steels, the first true rake angle being 5° larger 

than that on the flat. For hardened steels the angles are Y * -5° and Y, * -10°, 
* ! 

the width of the flat being f m 1.5 mm. As indicated in Chapter III, a face having 

this shape results in some Increase in the number of possible regrindlngs of the 

carbide bar, as compared to a flat face. 

Axial Rako \ of the Cutting Edge 

In the fast milling of steels by hard-alloy face mills, the main purpose of the; 
i 

axial rake X i3 that of strengthening the edge. The angle \ influences the position 
, _ ! 

of the point of impact of the mill tooth cutting edge at the moment that it bites 
.! ■ I 1 
into the workpiece (Fig.l3A). At X ■* 0° and at any value of the true rake angle Y , 

the initial shock is distributed along the entire cutting edge or parallel thereto. 
38-4 o I 

At X < 0°, the leading edge of the tooth is the first part to touch the work, but 
40-4 o 

_at X > 0 , the impact occurs at a distance from the leading edge approximately equal 
.)2 I 

_to the depth of cut. Therefore, the working portion of the hard-alloy bar must be 
•H_| 

protected against premature chipping or crumbling-out at the leading edge of the 
46 J 

tooth* 
i 

In fast milling of steels by face mills tipped with cemented carbides, only 
I 
positive axial rakes X should be employed, despite the fact that an increase in the 

TO 

52-4 

5-1 
positive angle X increases the degree of chip deformation and the power consumption 

and introduces difficulties into the chip removal. 

38 1 
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„-"i Th® m«nltud« of th® angl« X is affected primrlly by the raachining conditionat; 

whether the workpiece travels with or without impact. The angle \ also depends upon 

the physical and mechanical properties of the material machined and on the strength 

of the hard alloy. The angle \ must be increased with any increase in the strength 
H..... J 

of the material mechined and with any reduction in the strength 

of the hard alloy. 

Figure 135 presents the relationship between the life of a 

single-tooth face mill tipped with T15K6 alloy (D - 200 mm) and 

the axial rake X, as plotted from experimental data (Bibl.63). t 

Grade IRKhNMA steel (o^ * 110 to 120 kg/nsn^) was tested at 

t “ 3 nsn, B ■* 100 mmf l m 100 mm, v *■ 81.6 m/min, and s^ m 

■ 0.122 mm. The axial rake x was varied from 0 to 39°. The 1 
I 

experiments were conducted with symmetrical cutting and without 

coolant• 

As will be seen, the optimum angle X is in the 10 to 20° 

interval, and the maximum life is obtained at X - 13 - 16°. 

V.N.Mezhyuev (Bibl.61) came to approximately the same con- 

2<n 

30. 

Fig.134 - Dia¬ 
gram Showing 
Site of Initial 
Impact of Cut¬ 
ting Edge of 
End Mill Tooth 
on Contact with 

3! the Workpiece, 
Varying with the elusions in investigating the T - f(X°) relation while varying 

the axial rake x from -10 to 45°. The experiments were run with 

single-tooth end mills (D - 240 mm), tipped with T15K6 alloy. Number 20 steel was 

machined at t - 4 mm, B - 110 mm, v - 305 m/min, and a* - 0.14 mn. 

The experiments showed (Fig.136) that the magnitude and sign of the true rake 

angle Y do not affect the optimum value of X, which is +10° either for cutters with 
45_j 

-V m +10° or for cutters with Y - -10°. At greater values of X (> 30°), the life of 
49—J 

the cutter diminishes sharply, because the wear of the tooth flank spreads to the 
00 ..! 

face cutting edge. j 

33 

40—J 

42 

14 

S2 

54 
I With an increase in the angle x, an increase occurs in the degree of deformation 

of the chip, which manifests itself in an increase in longitudinal contraction 
56 .. !.. 

58 
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0 
(3ibl.63)* An increase in the angle X from 0 to 22° causes an increase in the 

2-1 

to j 

1 ‘> 

shrinkage of the chip from 1.6 to 2.0, or by 25% (Fig.137). A further increase in 

the angle X results in a sharp rise in the deformation of the chip: An increase froe 

22 to 37° in the angle X represents an increase in chip contraction from 2.0 to 4.2, 

i.e., by more than twice its value. 

This pronounced increase in chip shrinkage testifies to the fact that cutting 

J 6 . 

18 ! 
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Fig.135 - Effect of Angle X upon the 
Life of a Face Mill in Fast Milling 

of ISKhKMA Steel vdth Tensile 
Strength o, = 110 - 120 kg/mm2. Mill 

dulling criterion, i. ■=* 1.75 - 1.90 mm 
(<x - 4 - 5° y - -10°, V - 90°, 

_ . - 

90 * 1 4 - 1.3 mm) 
A5°, ^ = 3 - 5°. f0 - 1.0 - 

' " ») 

a) Cutter life T, min; b) Axial rake Xo 

WO 
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Fig.136 - Effect of Axial Rake of 
Face Kill Tipped with T15K6 Alloy, 
upon its Life (a - I50, ç - 75^ 

ffQ - 40°, f - 1 mm. y - +10 
and -10°) 

a) Cutter life T, min 
b) Axial rake Xo 

4.. conditions become worse with an increase in axial rake. The degree of deformation 

J j 
4.; of the chip increases, as does the cutting force and the power consumed for cutting. 

~ J ¡ 
4Q_.P.P.Grudov and S.I.Volkov believe that the optimum axial rake X - 15°, which 

.-,) '“they found to hold for steel with ot - 110 - 120 kg/nm2, has to be employed for all 

rju steels. M.N.Larin (Bibl.64) and the NIBTN (Bibl.27) also accept X - 15° for face- 

54 milling both of unhardened and of hardened steels. For asymmetrical milling,_ 

r<¡ M.N.Larin suggests X“ 5°. . ___\_ _ _ __ 
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P.A.Markelov holds another view (Bibi.60). In his opinion, the angle A has to 
I 

be reduced with an increase In the strength of the steel being machined: _ 

Tensile strength of the 
steel ot in kg/nm2 _ 

y 

12 

11 

16-- 

18 

20- 

60-100 

ICO - 1W) 

1U) - 180 

Axial rake Xo 

15 

10 

5 

Strengthening of the cutting edge of face mills tipped with titanium-tungsten 

carbides is of even greater importance in the machining of hardened steels than in ¡ 

the milling of the unhardened types. The axial rake of face mills used in machining 

hardened steels should in any case not be less than the optimum A found In studies 

of unhardened steels. The author maintains that, until special studies are made, 

24 
the axial rake employed in the milling of hardened steels should be A “ 15°. This 

2H.j 
is the A value of the angle A specified in the cutting schedules he recommends. 

Working Relief Angle a 

-, 
32 J 

Ths working relief angle a exerts a significant influence upon the lives of 

34. J I 
cemented-carbide face mills. Investigations have determined that, in the milling of 

36 

•38_! 

40 

42- \ 

J4_ 

16 _ 

4SI 

50 

52 - 

54 _ 

58_. 
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steels with hard-alloy face mills having low working relief angles, considerable 

j '1 ¡ 
friction occurs between the mill teeth flanks and the surface being cut as well as ' 
1 ( 
intensive cutter wear and vibrations which latter result In crumbling-out of the 

I ' 
cemented-carbide bar. At high working relief angles, there is a reduction in the lip 

angle of the mill teeth, a reduction in the strength of the working portion of the 

cemented-carbide bar, premature crumbling and chipping of the cutting edge, and limil* 

1 : 
ted dulling of the teeth on their flanks. 

A generalization of the results of numerous Investigations has led M.N.Larin 

(Bibl.3l) to the conclusion that the optimum working relief angle depends chiefly 

upon the maximum thickness of cut a^y. The smaller the thickness of cut (feed per 
_ _ ^ _ _ _ ____ 
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tooth), the greater must be the working relief angle. Cutting speeds up to 

350 m/min, mechanical properties of th«i^ 

machined steel within a range of “ 

- 40 - 120 kg/mm2, and a true rake 

28 

30 
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Fig.13? - Effect of Axial Rake of Face 
Mill (D =■ 200 mm) Tipped with T15K6 
Alloy upon the Longitudinal Shrinkage 
of Chip in the Machining of ISKhNMA 
Steel. Cutting schedule: t “ 3 nm, 
s = 0.122 mm/tooth, v * 81.6 m/min,o 
8= 100 mm. Cutter shape: a - 4 to 6 , 
y = -10°, 9 - 90°, * 45°, \ m 3 - 

- 5°, f -1 1.0 - 1.3 

a) Longitudinal shrinkage of chip 
b) Axial rake \° 

angle y ranging from +15 to -15° have so 

negligible an influence upon the optimum 

working relief angle as to make it pos- 

sible to disregard them for all practical 
I 

purpo je J. 

Let us next turn to experimental 
; 

data. Figure 138 presents the relation- 1 

ship of the total length of the machined | 

surface to the working relief angle a, as 

derived in a study by A.V.Shchegolev and ¡ 

V.I.Tkachevskiy (Bibl.62) in the fast 

milling of carbon steel No.40. The tests 

were run with face mills tipped with T15K6, diameter D - 250 mm, at a width of cut 

of B = 90 mm, a depth of cut of t - 5 nnn, a feed of sl “ 0.095 mm/tooth, and a cut¬ 

ting speed of v - 200 m/min. As the curve shows, the optimum working relief angle 
i J 

is a “ 16 - 20°. The authors report that they obtained analogous results with 
opt ¡ 

■14 

46 

48 

60 

40_! 
the other steels tested. 

•H In the fast face-milling of ISKhNMA steel (ot - 110 - 120 kg/mm2), the optimum 

working relief angle of the cutter proved to be aopt - 15° (Pibl.63). 

Figure 139 presents curves describing the relationship of the total life of end 

mills tipped with titanium-tungsten carbides with the working relief angle a in the 

high-speed machining of hardened and unhardened steels (Bibl.60). The curves show 

;’2 that, for hardened 30KhGSA steel, the interval of optimum values of the working re¬ 

lief angle is aopt - 23 “-28°, whereas for “both grades» of unhardened steels it is 
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Fig.138 - Effect of Working Relief 
Angle of Face Kills Tipped with T15K6 
Cutters upon the Total Length of 
Machined Surface in the Milling of 
No. 40 Steel, * 57 kg/mm^. Data 
by A.V.Shchegolev and V.I.Tkachevskiy 

(TX - -10°, To - -10°, 9 - 75°. 
* 15°, ” 12°, r - 1.5 mm; 

a) Total length of machined sur¬ 
face, m; b) Working relief angle a° 

The higher the negative true rake, the 

higher will be the working relief angle. 

This explains the substantially higher 

value of the angle a for hardened steel 

¿han for unhardened steels. The former 

was machined by a cutter whose true rake 

angle was y - -22°, whereas unhardened j 

steels were milled at y “ -5°. The feed 

per tooth was approximately the same for j 

all the steels tested. 

In view of the fact that the physi- j 

cal and mechanical properties of the worlo- 

piece influence the optimum thickness of | 

cut amfl1f and the true rake angle y in the 

fast milling of steels with face mills, P.A.Markelov has defined a as follows, in 
1 * 

accordance with the tensile strength of hardened steel: a - 16° for “ 120 kg/mn^J 

a * 20° for at - 180 kg/mm^. NIBTN makes the same recommendations for the angle a 

33- 

4oHj 
I 

•I2I4 

44 

46 

48 

50 

(Bibl.27). 

M.N.Larin (Bibl.3l) suggests that the same working relief angle be employed for 
! 

cemented-carbide face mills in the machining of both unhardened and hardened steels: 

a ■ 15° at a^a-r > 0.09 mm and a ■ 20° at < 0.08 mm. 

These data differ from the opinion of A.V.Shchegolev and V.I.Tkachevskiy 
! 

(Bibl.62) who believe that the working relief angle of end mills has to be reduced 

with increasing strength of the work steel. 

The author employs the following working relief angles for end milling of . 

54 

r-6 

ened steels: a * 15° for steels of Hn * 38 - 49 and a ” 20° for steels of 

58 

60- 
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> U9. 
Let us consider the influence of the working relief angle upon the radius ojf 

4 J 

,:1 
the cutting edge and the achievable tolerance which is related to dimensional sta^ 

i 

8 

10 

12 -] 

14J 

16.2 

18 1 
.J 

20.i 

bility of the tool. 

The purpose of providing a working relief angle in face mills is, in part, to 

a) Overall tool life, hrs; b) Working relief angle a0 

Fig.139 - Effect of Working Relief Angle of End Mill Upon Total Life 

1 - Steel 30KhGSA hardened to % = 51 to 5A, D = 110 mm, z - 1, T15K6, 
c i 

y =■ -22°, a “ 6°, 9 = 60°, <P_ - 30°, t =* 2 mm, B ** 90 mm, az “ 0.095 mm/tooth, 
V “ 13S.2 m/min, h =* 1.2 mm; 2 - Steel AOKhKMA (o^ “ 70 kg/mm^), D “ 90 mm, 
z = 1, T30U, y = -5°, A = 15°, <P » 60°, 90 “ 30°, t » 3 mm, B - 70 mm, 
s- =* 0.1 mm/tooth, v =3 450 m/min, h = 1.2 mm; 3 - Steel 30KhGSA (o, - 
= 80 kg/mm2), D * 200 mm, z =* 1, T15K6, y ° -5°, A - 15°, 9 - 60°, 90 “ 30°, 

t - 3 mm, B - 174 mm, sz =* 0.1 mm/tooth, v - 286 m/min, h - 1.0 mm. 

26 J 

28._ 

30-^ 

32-- 

34 

36.-J 

38—! 

,0n i i i 
. ..“' reduce the radius of the cutting edge so as to permit the cutter tooth to penetrate 

i4 into the work metal with a minimum angle of slip. From this point of view, it is 
~j 

, necessary, in the milling of hardened steels with thin chip, to seek to increase the 

“working relief angle. On the other hand, an increase in the working relief angle 

^./“'results in an increase in dimensional wear of the cutter and in a reduction in the 

r./ precision of machining on the given pass. 
f 

The working relief angle of the face cutting edge is taken to be tt«, - 8 - 10", 

j 

54 

58 

C0- 

regardless of the mechanical properties of the steel being machined...If the angle-Oí 

1 
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“lit excessive, a reduction in nose strength will occur and there is increased danger 2q 
1qf crumbling-out at the junction of the cutting edges. 

41. 
¡"1 

The nose working relief angle a0 is taken to be the same or somewhat smaller 

than the first working relief angle «• 

I 

1 2 J 

14 .....] 

16 J 

It?.J 

‘>n 

Complement of Peripheral Cutting Edge Angle f 

I 
Given identical depth of cut t and feed per tooth sz, a reduction in the com¬ 

plement of the peripheral cutting edge 

26 _1 

2Ö-J 

liOlI 

22 
J 

34—¡ 

O'J —. 

280 
260 
2«0 

220 
200 
m 
m 

a) "0 

80 

60 

i 

,2 

\\ vv \ Í— — 

b) 

Fig.lM) - Effect of Complement of Pe¬ 
ripheral Cutting Edge Angle > upon 

Life of End Mills: 

1 - Steel OKhNM (ot - 87 kg/mm2), D - 
- 250 mm, T15K6, T - -10°, ^ - 10°, 
t - 1.5 mm, sz - 0.25 nm/tooth, B - 
- 100 mm (according to L.A.Rozhdestven- 
skiy). 2 - Steel ISKhNMA (o^ - 

38 

40. 

42 

14 

46 

18 

50 

52 

54 

55 

58_ 
^ _>CI^A0ó/V 

angle cp results in a reduction in thick- • 
ness of the cut a, an increase in its 

width b, as wall as in an increase in 

the nose angle. The result is a stronger 

edge, a reduction in thermal stress, and 

an increase in the life of the milling j 

cutter. 

Figure HO (Bibl.60) shows the ef- ¡ 
I 

feet of the complement of the peripheral 
i 

cutting edge angle <p upon the life of 

end mills tipped with cemented carbides. 
i 

A reduction in the angle 9 results in an 

increase in cutter life. 

According to data by P.A.Markelov, 

1 

120 kg/mm2), D ■* 200 mm, T15K6, Y " 
- -20° k * 15°, t >■ 1.5 mm, ss “ the relationship between the complement 
- 0.244 mm/tooth, B - 100 mm, v - j 
- 197.6 m/min (according to P.P.Grudov). of the peripheral cutting edge angle 9, 
3 - Steel 30KhGSA (0* - 75 kg/mm2). ¡ J 
Ò - 150 nm, T15K6, Y - -5°, x “ 156, the life of the mill T, and the cutting 
t 2 mm, s- - 0.26 mm/tooth, B - 
- 110 mm, v - 297 m/min (according to speed v for thicknesses of cut 

P.A.Markelov) ; J t 
a < 0.11 mm/tooth is expressed by the 

a) Life of end mill T, minj b) Comple- __“__ 
ment of peripheral cutting edge equations: 

angle 9° _J____ 

262 
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4. 

ti. 

5. 

mm 

V 

sin f 

Ci — ml nun. 
(sin 9)' 

i<q 

It follows from these formulas that, if the life of an end mill with a comple¬ 

ment of peripheral cutting edge angle of ^ - 60° is taken as unity under given cut- 
> I 

^ ting conditions (v, sz, t, etc.), then, under these same conditions, the life of a 
11 t 0 

cutter for which tp - 30° will be 1.7, and that of one in which <p - 20 will be 2.5. 

At identical tool life, the cutting speed for an end mill with 9-20° may be in- 
1 I . 
creased 15^ of that for a cutter the complement of whose peripheral cutting edge 

i 
angle is 9 ■ 60°. 

However, when using end mills with low complements of peripheral cutting edge 

angle, the longitudinal cutting forces acquire higher values, and if the system com-i 
I 

prising the milling machine, the workpiece, and the tool are of inadequate rigidity,! 
' i 
vibration and bouncing of the workpiece sets in. In some cases, vibration and chat-j 

16 

18 

20. 

24 

28- 

32—1 

31 

33_ 

•10. 

42 

44 

46. 

48 

60 

ter are so great that milling ceases to be possible. Thus, in the fast milling of 

30KhGSA steel (ot - 75 kg/mm2) by an end mill (D - 150 mm, z “ 8) at a cutting speed 
I I 
of v * 280 m/min, a feed of sz - 0,15 mm/tooth, a depth of cut of t - 5 nm, and a 

—1 ! 
width of cut of B “ 110 mm, the longitudinal force will be: 800 kg at 9 “ 60°, 

~1 I 
1550 kg at 9 - 30°, and 2500 kg at 9 - 20° (Bibl.60). 

] 
Consequently, in connection with a reduction in the complement of the peripheral 

cutting edge angle from 60° to 30° and 20° the axial force rose two- and three-fold, 
II I 
respectively. Therefore, the use of end mills with low complement of peripheral 

cutting edge angle 9 involves a considerable diminution of the allowance that can be 
1 ¡ 

removed at a single pass of the mill at 9 * 60 • 

It should also be borne in mind that a reduction in 9 increases the power con- 
62 __i 

sumption. For example, in the case of an end mill for which the complement of the 
54 

peripheral cutting edge angle is 9 - 30 , this power is 25 - 30% higher than in the 
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26 

2 j. 

;:o'. 

32. 

34 

:>6. 

28. 

10. 

casa of a mill for which f “ 60°. * ~ 

_^ow complements of the peripheral cutting edge angle f may find application in 

two-step end mills, in the machining of hardened steels. 

A.V.Shchegolev and V.I.Tkachevskiy (Bibl.62) found other reeults in their re- 

200 

a) 
180 

160 

m 

_/ 

45 60 75 85 
W 

Fig.141 - Effect of Complement of Pe¬ 

ripheral Cutting Edge Angle qp of End 

Mill (D - 250 mm). Tipped with T15K6 

A]loy, Upon the Total Length of the 

Machined Surface (y* - -10°, T = -10°, 
<t1 “ 15°, a - 12°, a1 - 12°, 

r “ 1.5 mm). 

a) Total length of machined sur¬ 

face, m; b) Complement of peripher¬ 

al cutting edge angle 90 

Fig.142 - Influence of Complement of 
Peripheral Cutting Edge Angle 9 Upon 
the Life of an End Mill (D « 280 mm) 

Tipped with T15K6. Shape of min 

point: Y, =■ -10°, To - -10°, a - 8°, 
“i = 4°, ^ - 4°, f - 1 * 45°. 

a) Life of end mill T, min; b) Com¬ 

plement of peripheral cutting edge 

angle 90 

■it. 

43’ 

r.O 

search. Figure 141 depicts the relationship of total length of machined surface to 

I 

the angle 9 in the fast milling of No.40 carbon steel (o^ » 57 kg/nm^) at t ■ 5 mm, 

B ■ 90 mm, Sg ■ 0.095 mm/tooth, and v ■ 200 m/min. Obviously, the optimum comple- 

j ! 

ments of the peripheral cutting edge angles are in the 9 - 60 - 75° interval. The 

36.. 

53 

GO 

mill life diminishes when the angles 9 are above or below this range. 

Figure 142 illustrates the effect of the angle 9 upon the life of an end m4n 

in the machining of chromium-nickel-molybdenum steel for which 0^ ■ 90 kg/mm^. The 

' i 
following cutting conditions were used: t - 3 mm, B - 140 mm, a. - 0.101 mn/tooth. 

v * 135 m/min. The curves show the optimum complement of the peripheral cutting 

CL-4O6/V _ 
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2--1 

edge angle to be 9 “ 60°. When 9 is either increased or decreased, the life of the 

¡mill drops sharply. 
4 T 
fi 3 

The difference in the nature of the T “ f(<?) relation found be various investi¬ 

gators can apparently be explained chiefly in tenus of the differences in the rigid¬ 

ities of the machine tools on which the tests were run. It must be also borne in 

in J 

14 

16 

"mind that the experiments by A.V.Shchegolev and V.I .Tkachevskiy were conducted 

at considerably lower feeds (sz - 0.095 and 0.105 mm/tooth) than those by 

L.A.Rozhdestvenskiy, P.P.Grudov, and P.A.Karkelov (sz - 0.25, 0.244 and 

0.26 nm/tooth). Low feed per tooth at low complements of peripheral cutting edge 

16 angle results in exceedingly fine chip, particularly at the instant when the mill 

20- 

24 

26 J 

28-J 

30 2 

32I 

34- 

36—1 

33—! 

bites into the metal. This accelerates the wear of the mill flanks due to the round¬ 

ing of the cutting edges occurring as a result of the increase in the plastic de- 
] j 
formation of the machined metal. 

The data by A.V.Shchegolev and V.I.Tkachevskiy are of considerable interest for 

the milling of hardened steels which is, as we know, performed at low feeds per 

tooth. 

Let us turn to practical recommendations for selecting the complement of the 

peripheral cutting edge angle 9 of end millers. M.N.Larin (Bibl.6l) takes 9 ■ 60 

for the milling of steels of Hß = 200 - 500. The same angle 9 is chosen by 

40- 

42 

44 

46Zl 

48—1 

50 

52—1 

54. 

"p.P.Gmdov and S.I.Volkov (Bibl.63) for steels of % - 179 - 362, and by NIBIN 
1 • 
"(Bibl.27) for unhardened and hardened steels. M.I.Klushin (Blbl.43) raises the com¬ 

plement of the peripheral cutting edge angle to 9 - 75° for steels of Hg - 200 - 350 
' 1 

A generalization of these data makes it possible to recommend that, in the mill¬ 

ing of hardened steels, ceraented-carbide face mills be used whose complement of 

peripheral cutting edge angle is 9 - 60°. Mills with an angle of 9 - 90° should bs 

used only under exceptional conditions, when this is a matter of necessity in terms 

of production desired: the milling of surfaces for beads or crimps. 

53. 

53 

60- 

All the sourcescited recommend that the nose chamfer be 9Q * -, and that the 
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0. 
. ^length of th« chamfer be f0 "1.0 to 2.0 ms. 

2Ï 
■1 ^ Face Cutting Edge Angle 

Reduction in the face cutting edge angle ^ results in an increase in the work 

8.J 
of friction along the face flank, which leads to vibration. However, this increases 

10 - 4 

12 

"the length of the face flank participating in the cutting, as well as the nose angle. 

] 
As a result, the tip of the tooth becomes stronger, and the heat dissipation is im- 

11 
proved due to the increase in the mass of metal between the peripheral and face cut- 

16 _J 
ting edges, the end result being an increase in cutter life. The reduction in the ; 

18 .1 

20. 

21 

26 

28 ^ 
« 

---1 

30— 
32 Zj 
34 J 
36 

38. 
40 

12 

44 

46 

48 

angle causes a reduction in the residual cross section of the layer of metal re- 
I 

moved, and improves the quality of the machined surface. 

For face milling of hardened steels it is necessary to use cutters with a face 

edge angle of the order of 5°. 

An efficient means for improving the finish of the machined surface in the face 

-J 

Fig.U3 - End Mill Tooth With Finishing Edge 

I 
59 milling of hardened steels is the use of cutters having a finishing edge with a face 

52 cutting edge angle of 0°, and a length of 1 - 3 nm (Fig.143)» 

54 ' 

30- 
58 

60- 
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A T 
25. Effect of Various Factors on Mill Life and Cutting Speed 

4.J 
Ratio of Cutting Speed to Mill Life 

w . The relationship between cutting speed and the life of hard-alloy end milla i» 

i i of the same nature in the machining of hardened steels as In turning on the lathes 

V 
C 
rm 

\ 
Experimental data show that in fast machining with hard-alloy face mills, the 

12- 

14- 

10- 

! j j 
lr. " relative life index m for hardened steels is somewhat lower than for unhardened 

~j . j 
.,,, steels. The average data for a number of investigations yield m - 0.30 for unhard- ¡ 

..,, ened alloy steels, and m - 0.25 for hardened steels. These data pertain to face 

mills tipped with cemented carbides of the titanium-tungsten group (T15K6, T30K4, 

2<i etc.). 

! 

The relative life index in the milling of hardened steels is considerably high- 

GCl 'er than in turning on the lathe. 

32 In the recommended cutting schedules (Appendix II), the relative life index m 

is taken to be 0.25. 

36 ^ 
Effect of Mechanical Properties of Hardened Steels Upon Cutting Speed 

33-4 

40- 
1 

In the milling of steels with carbide tools, as in turning on the lathe, the 

effect of the mechanical properties of the workpiece on the cutting speed rises pro- 

J 
i J gressively with transition from one range of hardness (or tensile strength) to the 

J 
next interval of higher hardnesses of the material. 

43. 
The relation of cutting speed to the tensile strength of a machined steel is 

r,-)~ expressed by the equation 

3(/ t 
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6_i 

8J 

10 Jj 

12 

11. 

According to the data by P.A.Markelov (Bibl.60) and the NIBTN (Bibl.27), th# 1 

nv index de scribing the effect of the mechanical properties of the machined materiU 

upon the cutting speed will be 

For steels with ot « 60 - 125 kg/nn2, n, - 1.0 - 1.1; ~ 

For steels with ot - 125 > iso kg/ran2, - 2.0 

As we see, the degree of Influence of the mechanical properties of the machined 

material upon the cutting speed is considerably higher for hardened than for unhard¬ 

ened steels. 
10...] 

1« J 

20_j 

1Î4 ] 
2«'j 

2b 

If, for hardened steel of ot - 120 kg/mm2, we take the cutting speed under 

given conditions to be unity, the cutting speed under the same conditions will be 

0.63 for a hardened steel with ot * 150 kg/mm2 and 0.36 for a steel with 

at - 200 kg/mn2. 

In our cutting schedules (Appendix II), the following are the values of the 

index ny employed with respect to v - ot. For steels with ot « 120 - 210 kg/mm2 

30 ^HRC " 38 ’ 6°^ ^ haV® ny “ 2•0• For 8teels wl-th ot > 210 kg/mm2 (¾ > 60), the 
value is ru, ■ 7.0. 

32-1 
_j I 

' ' »pon Cutting Speed the Hard Alloy Used to Tin End Mill 

30 j 

The chemical composition of the bird alloy has a significant influence upon thej 

_ cutting speed in the end milling of hardened steels. The cutting properties of the 
■10_J I ! 

hard alloy increase with the titanium carbide content. 
■12 —) I I 

0f the titanium-tungsten carbides T30K4, T15K6, T14K8, and T5K10, the best cut-| 

ting properties are displayed by T30K4, and the poorest by T5K10. 
4 fi _j 

According to experimental data (Bibl.60), the T30K4 carbide permits a cutting 

'speed higher by a factor of 1.7 than does T5K10. 
48. 

no 

■>2 Mfgct of Feed per Tooth Upon Cutter Life and Cutting Sneed 

51. 
The following relation exists between the life of an end mill'and the feed ¿¡r 

* , 
» 



tooth 

4._ 

H _ 

8-Ij 

iod 

Si. 
JT * 

-I 

12 

1 

1 

where T is cutter life, in min; 

al is the feed per mill tooth, in mm. 

Figure 144 presents this relation for 30KhGSNA steel with - 170 - 180 kg/nsn2 

(Bibl.60). The milling was done with an 

16 

Id 

20. 

26_1 

30_! 

32-2 

24—I 

oS_! 

38Z)( 

40-2 

•12h 

•l7j 4 

46 

4v8 

50 

end mill (D - 110 mn) tipped with T15R6 

alloy, at t - 2 mm, B - 90 mm, and 

V ■ 112.6 m/min. As we see, the T * f(*a) 

I ! 
relationship is expressed in log-log form 

I 
by a broken line consisting of two 

straight lines joined at a jog correspond- 
¡ 

ing to a feed of s2 - 0.1 mm/tooth. To | 

the right of this point of inflection, thej 

' 
influence of feed per tooth sz upon cutter 

I 
life is expressed more sharply than to the 

left thereof. 

In numerous investigations on the 

Fig.144 - Feed per Tooth sz versus pilling of steels of various hardness. 
Life T of End Hill, Tipped with Hard | 
Alloy T15K6 Used to Machine 30KhGSNA ratios of T - sz of an analogous character 
Steel, ot - 170 - 180 kg/W. Data 

according to P.A.Markelov 

./ 
0 

L A- -4 J X -2 Jj — 

0 L 
\ 

\ I 

b> 

have been discovered. With further im- 

a) Tool life T, min; b) Feed per mill provement in the mechanical properties of 

tooth sa, mm th8 WTy 8teei (otf hb) we get a reduction 

in the feed s, at which the jog in the curve for the relation T - f(sz) takes place. 

In the milling of hardened steels, the interval of least feeds is of practical 

52 significance. According to Fig.144, the following relationships (the relative life 
~1 _i__.......— 

4 '"factor being m - 0.3) are valid for this interval (segment 1): 

58 
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o —r 
c. 

mm .» 

4. 

«. 

8. 

10 J 

i. d 
H _] 

16 ,.j 

18 j 
j 

20- J 

V rn.M tn¡ tntn , 

For the second zone of feeds per tooth (segment 2), these relations take on the 

form! 

*íl 
c: 

1*11 »i 

V 
s: 

ml min 

Employment of the feeds in the second is desirable only on the condition that 

., the exponent of sl in the T - st relation is less than the reciprocal of the relative 

, life index m (less than i). 

2(i_ 

28— 

20— 

32_ 

3t> 

Jo. 
I 

"J 
•10- 

44 

4 fi- 

ã0 

J 

The following factors have the greatest effect upon the value of 
i 

1) Required finish of the machined surface; 

2) Thickness of cut 8^^; 

3) Grade of carbide used in tipping the cutting edge of the mill; 

U) Mechanical properties of the machined m »el; 

5) Design and shape of the cutter; 

6) Rigidity of the system machine tool-workpiece-mill. 
' 

The finish of the machined surface is' improved with a reduction in feed per 
1 ! 
tooth s_. A higher surface finish is achieved in the milling of hardened steels 

j ! , . than in the machining of unhardened steels,, with the same feed per tooth s^. 

The feed per tooth s and the thickness of cut a are related by the expression 

sin 7 ’ 

ro" where ? is the complement of the peripheral cutting edge angle of the face mill. 
n 

51 
J 

The major influence upon mill life is exerted not by the feod sa but by the 

thickness of cut a. At the same feed s2 but at different thicknesses of cut a. the 

.3 f 
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VT 
'i-J. 

8__. 

in .4 

12.] 

life of the cutter may show substantial differences which may reach a factor of teni 
i 

in the second feed zone. 

In selecting the thickness of cut it shoulc be borne in mind that, in order fo* 

the milling process to proceed normally, it is necessan y to guarantee that the 

14 1 

34.. 

3dJ 

38- 

thickness of cut ax be larger than the radius of curvature P of the mill tooth cut¬ 

ting edge (Fig.145). If the thickness of the instantaneously removed layer is leas 

than the radius of curvature of the cut¬ 

ting edge (ax < p), the latter cannot 

penetrate the work metal and slides over | 

I 
an arc without removing a chip, and as a ; 

result undergoes more intensive wear. As 

the cutter dulls, the radius of curvature' 

of the cutting edge p increases. 

In the end milling of steel, the 

thickness of cut, if the penetration pro¬ 

cess is to be normal, should not be less 

j 
than a - 0.025 - 0.030 mm; at a comple- 

j 
ment of the peripheral cutting edge angle 

* 0.03 - 0.35 mm/tooth. 

Fig.145 - Diagram of Bite of Cutting 
Edge of Face Mill at Staall 

Thickness of Cut 

.of - 60°, this represents a feed of s. 

40—I 
Figure 145 also shows that, at a small thickness of cut, the chip does not flow 

42- 

■u-A 

off over the face of the cutter tooth but over the cutting edge itself, which has a 

radius of curvature p. As a result, the actual true rake angle Yact acquires a high 

46- 

negative value and the conditions of cutting become unfavorable. 

48.J 
The greater the bending strength of the cemented carbide with which the point 

50 

52 

54-. 

56_ 

58- 

60- 

of the mill is tipped (i.e., the higher the cobalt content), the higher will be the 
j 

permissible feed per tooth. This diminishes with a further improvement in the 

mechanical properties of the machined steel. 

Feed per tooth sz may be Increased with an increase in the rigidity of the 
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cutter, the ayatem miller-workpiece-fixture, and with a reduction in the complement j 

of the peripheral cutting edge angle j. 
4 

(i—L.. 
Data are presented in the literature with respect to the feed per tooth in the 

12 J 

H 

10 

18. J 

20 

*>*> 

viA 
aid 

—I 
2Ö_1 

30l^ 

ozIj 

34 _.¡ 

36 

face milling of hardened steels. A.V.Shchegolev and V.I.Tkachevskiy (Bibl.62) 

recommend that s of up to 0.06 mm/tooth be employed, whereas NI BIN (Bibl.27) recom- 
1 ! 

mends a value of sz ■ 0.03 to 0.09 nm/tooth. The use of T15K6 hard alloy is en¬ 

visaged. According to data by P.P.Crudov and S.I.Volkov (Bibl.63), for mills tipped 

with this same carbide, the maximum chip thickness is a max 0.0A0 - 0.065 (for 

mills where V * 60°, this corresponds to s¡z - 0.45 - 0.75 mm/tooth). For T5K10 

alloy this may be raised by 25 - 
I j i 

Table 67 presents the recommended values for the feed sa when end milling cut- 
I ! . j 
tens with a complement of peripheral cutting edge angle of <p ■ 60° are used on mill- 

i 

Table 6? 
¡ 

Feed Per Cutter Tooth s in the Face-Milling of Hardened Steels 

33 
1 

40. 
J 

Grade of 
Cemented 
Carbide 

Hardness of Tempered Steel 

38-46 j 47—M | 55-62 

Feed sz, in mm/tooth 

T15K6 
T30K4 

0,09-0,07 
- 0.08-0.06 

0,08-0.06 
0.07-0.05 

0,06-0.04 
0,05—0.03 

.<j” ing machine, models 615, A662, and the like, differentiated in accordance with the 
I 

i.; hardness of the hardened steel with which the cutter is tipped. 

46 
-A 

In working with leas rigid milling machines (models 6B12, 6N12, and similar 

J 
43 types), these feeds should be reduced by 15%, When using more rigid milling machines 

50 (model 6A54, A664, and the like) they should be raised by 15 - 20¾. When T14K8 and 

52 ^T5K10 are used, the Sj, feeds may be raised by 10 - 15¾. 
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Effect of Depth of Cut Upon Mill Life and Cutting Spoed 

6_ 

8_ 

10 

12. 

14 

The depth of cut t# i.e., the thickness of the layer of metal cut away at a 

single pass, exerts considerably less influence upon the life of a cemented-carbide 

mill in face milling than do the cutting speed and feed per tooth. 

The following relation exists between the life of a face mill T and the depth 

of cut tí t 

Wf 
■ min 

“H ! I 
The magnitude of the exponent for unhardened steels, reported by various 

investigators differs widely: from 0.20 to 0.68. According to data by P.A.MarkelOT,; 

I 

this exponent is 0.82 for 30KhGSA steel of “ 51 - 5U* 

The relation T - t for hardened steel has the following fora: 

18 1 
20 

21 

2öl] 

28_J 

30 J 
32 J 
=d 

38q 

30_! 

¿0.8* 
mm 

If we take the relative life index m as 0.3, we get 

4 
V ¿0,15 

m / min . 

Consequently, in the face-milling of hardened steels, the depth of cut t exerts 
j 

approximately the same effect upon the cutting speed as does the feed per tooth s,. 

10_JThis is due to the fact that in the relations v - sz (p.270) and ▼ - t, the expon- 
c—, I 

ents of s, and t are virtually equal. This pertains to the low feed interval 

"1 ! 
(s < 0.1 mm/tooth). For the zone of higher feeds, the exponent of Sj is virtually 
' * — 

five times as great as that of t (1.23 as compared to 0.25). 

14. 

46 

isZl However, it is generally advantageous to use deeper cutting depths in the mill- 

50 

ï>~> 

54 

56 

ing of hardened steels. In practice, the depth should not exceed t - 3 to 4 nm. 

When high precision is necessary, the machining should be performed in two passes. 

In milling steel forgings õFcastings through a thick layer of scale, the depth of 

1 

H 
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o 

=-1 cut should be set ao that the mill teeth nowhere touch the surface of the workpiece 

underneath the layer of scale, as this will crumble the carbide bar. 

20 

Upon increase in the milling width B, the life of the mill is reduced due to 

the increase in the path followed by its teeth in the metal. The life of the mill 

also diminishes if the diameter D is reduced and no change is made in the milling 

width. 

It is common to consider the effect upon cutter life exerted by the ratio of j 

milling width to mill diameter. The greater the ratio S, the lower the life of the 
D 

end mill. 

On the basis of experimental data, the relation between cutting speed and the 

f. ^ —-J j R 

ratio -- in tha milling of steels by cemented-carbide end mills may be expressed as 

follows: 
28_j 

- ~i 

3 0.j 

32 I 

'24 

V 
B 

(ij 

m¡min. 

i 

Investigations and industrial practice have determined that face milling of 

22-3teels will occur under the most favorable conditions if, with the min in symmetri- 

2t!_ cal position, the width is B “ 0.55 ~ 0.65)0. FVoceeding from this basis, the diam-i 

eter of a mill is, in practice, determined from the condition: 
_ 

42 

«d 
0 = 

Is 

r>o 

P.A.Markelov reconmends that the diameter of an end mill be based on the power 

of the milling machine: 

02 j 

Power of milling ma¬ 
chine N, in kw. up to 3.5 over 3.5 to 5.5 over 5.5 to 7.5 over 7.5 to 12.0 

Maximum diameter of 
r.; j end mill D, in mm ... no 

58 

60 

i 
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ilnfluence of Number of Teeth Upon Mill Life and Cuttirg Spaed 

4_ 

«J 

10 J 

12-1 

11 

16 

18 

20 

In studios of the high-speed milling of steels with cemented-carbide face millflj, 

it is recommended that the cutting speed be calculated without consideration of the 
I 
number of teeth in the mill. This is based on the fact that the number of teeth in 

the end mill has so negligible an effect upon the life that it may be neglected for 

all practical purposes. ¡ 

A.V.Shchegolev and V.I.Tkachevskiy (Bibl.62^ investigated the influence of the 

cutting speed upon the lives of end mills with vax ious numbers of teeth in the ma¬ 

chining of chromium-molybdenum steel with ot - 70 kg/mm2. The tests were run with a 

mill tipped with T15K6 alloy ( D - 265 mm), at t - 3 mm, B - 90 mm, and a% - 
22 J I 

> 0.13 mm/tooth. Experiments have shown that the life of a six-tooth mill differs 
L’1‘* 

very little from that of a three-tooth and one-tooth cutter. 
26 J ! 

30 

3? J 

34 

38 

38. 

Generalized Formulas for Cutting Speed j 

-1 

The following formulas exist for determining the cutting speeds in the face- 

milling of hardened steels: 

Formula by P.A.Markelov: 

V 
Cv 

40 J 

10,24 m.'min • • 

.1" where Cv is a constant varying in the 319 to 170 interval with increase in the ten- 
J I , - 

; 4 _ sile strength of the machined steel o^ from 120 to 130 kg/mn • 
-j 

40 

48 

50 

52- 

54. 

Formula by P.P.Grudov and S.I .Volkov: i 

t'soo' 

C - D,,,i 
^00 7 ml min , 

where C 
V300 

65O and y - 0.1 for s- - 0.04 - 0.08 mm/tooth; C. ▼300 
305 and 

yv - 0.4 for Sj > 0.08 mm/tooth. 

---1 ' 
>8 1 

- kcL-406/V 
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Formula by th« NIBTNs 
0_ 

O 
4» - 

4 

H. 

ö_ 

^300 = 

1 
I •_ 

P.A.Markelov’a formula pertains to the zone of low feeds (iz < 0.1 mm/tooth), 

The difference in the value of the az exponent here (yT - 0.3^) and in the v - sg 

12 

1G 

relation, presented above (yy - 0.28) is explained by the various ranges of strength 

of hardened steels. 

On the basis of an analysis of the literature data, the author has arrived at 
i 

1 the following formula for the cutting speed: 

20 J _ ' 
Vm — '«300 

ßvO.JO 

24 

2*i 

28 

30 

.32- 

m ! mm , (13) 

The value of the constant Cv are presented in Table 68. 

1 
300 

'v300 

Table 68 

Coefficient 

34. J 

•JO-2 
1 

38—I 

40 ! 
1 

. - 

42 J 

Character¬ 
istics of 
steel being 
machined 

at in 

kg/ran^ 
120 130 140 1)(1 100 170 180 190 200 210 220 

"«c 
38 41 44 47 49 51 54 56 58 60 62 

Values of 
constant 

70 50,5 51 

1 

44 39 35 31,5 28 25 22,5 16 

44 

40-..4 

48 

50.J 

52-1 

54 _! 

Calculating of the cutting speed corresponding to a 300-min cutter life for a 

steel with - 120 kg/mm^ (Hr ■ 38), t “ 3 nm, B - 90 mm, D * 150 mm, and two 
.J C 
values of feed per tooth, yields the following results: 

sz - 0.09 mm/tooth sg - 0.04 mm/tooth 

As per formula of P.A.Markelov ... ^qO " H® n/min v^qq ■ 154 m/min 

«■ e 
xJ U ... 

As per formula of P.P.Crudov and 
S.I .Volkov...v-joQ “ 150 m/min v^qq ■ 168 m/min 

3 ] 53 

G0- 
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t 

V300 - 157 »/min 

ma 

As per eq.(l3) .. ^300 " m/min 

As per formula of NIBIN (Bibl.27). - 134 »/»in " AT2 m/mln_ 

' As we see, the formula derived by the author yields results corresponding to 

'those of P.A.Markelov’3 equation. They differ only slightly (10* on the average) 

from the cutting speed values obtained by the equations of P.P.Grudov, S.I.Volkov, 

and hJlBTN. 
12 i 

26. Cutting Speed and Effective Output 

We give here the data by P.A.Markelov (Bibl.60), based on an investigation he j 

18 made into cutting forces and output in high-speed milling with cemented-carbide face 

"0_ mills of unhardened steels 30KhGSNA and 30KhGSA (ot - 75 - 80 kg/mm2). The author 

"of the investigation suggests coefficients for determining, on the basis of the re- 

^? ~ lationships he found for unhardened steels, the peripheral cutting force and effec- ¡ 

26 

28- 

30- 

32- 

31. 

36. 

23. 

10- 

12 —! 

44 

4u 

43 .J 

«VI 

"tive output for the end milling of hardened steels of various hardnesses. 
1 

The experiments were run with a single-tooth end mill of D “ 200 mm. The flank| 

wear of the mill teeth was taken as h ■■ 1.5 mm. In all experiments other than those 

for investigating individual factors of shape, the following was used as cutter 

geometry: a = 16°, y m -5°, ^ ” 15°, f Œ 60°, “ 15°, “ 30 , f ■ 1.5 nnn. The 

maximum peripheral force P_ was measursd. 
max j 

Let us list the results of the investigation. 

1. With an increase in the number of teeth z in the mill and in the ratio of 

cutting width to mill diameter |, a reduction occurs in the difference between the 

maximum P- and the average P_ of the peripheral forces. Whereas, for a single- 
zmax * 

tooth m4V\ and for S “ 0.15, the maximum peripheral force is 21 times as large as 

the average, the ratio of these forces becomes 1.2 at z - 10 (D - 200 mm) and | - 0.V 

2. Within the interval from +10 to -5°, the true rake angle y does not influ¬ 

ence the value of the maximum peripheral force. The maximum increases as the 

true rake angle changes from -5 to -20°• For Y “ -20°. it is 20¡¿ larger than 

58-. 

sad 
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’ 

for T * -5o. j 
3, A change in axial rake A in the +30 to -10° interval does not affect the 

4 

ti.... i. 

force P, 
•max* 

! 
4. The complement of the peripheral cutting edge angle seriously affects the 

value of P. . At its smallest, this force is 9 - 60°. A change in the angle ¥ 
•max 1 in 

its 60° value in either direction results in an increase in the force P, . 

12 
5. With an increase in the wear of the cutter teeth, the force P will rise. 

nnax 

4 “At a wear of h - 1.5 - 2.0 mm, the force will be 40 - 50* higher than at the outset 

10-) 

18.j 

20 

‘>0 

24 — 

28 J 

of the cutter operation. 

6. The cutting speed influences the value of the force ?t . An 11-fold in- 
max 

crease in cutting speed (from 50 to 550 m/min) causes a reduction in this force 

by 20*. 

7. When the feed per tooth sz rises 5-fold (from 0.06 to 0.30 mm), the force 

28 

will rise by a factor of 3.6. 
•max 

1 30-- 

32- 

31 . 

36 li 

38 "1 

— 
8. The maximum peripheral force and the depth of cut (depth of cut varying 

within the limits of t - 1 - 10 mm) are in direct proportion to each other. 
I 

9. The most important influence upon the power consumed by the drive of the 
I i 
feed mechanism of a milling machine is its feed per tooth sf. 

The depth of cut t has a considerably smaller effect thereon, and the cutter 

diameter D as well as the cutting width B have very little effect. 

10. The effective output N of the feed drive of milling machines is negligible 
• I 4 O ! 

compared with that of the main drive. The relative effective power of the feed 
44 _j i 

drive may be characterized by the following data: 

o”i 
N of main drive, in kw ... 1 2 3 4 5 

A w 
4 5...., 

50 
-J 

N of feed drive in * of 
8N of main drive .12 10 8 6.5 5.5 4.5 4 4 0 

6 7 8 9 10 11 12 

4 3.5 3.5 3 

¡ 

11. The dulling of the teeth of an end mill has a pronounced influence upon the 

power consumed by the main drive oí the milli ig machine. If we take as unity the 



f 

0. 

oí] 

output of the main drive when a freshly-ground mill is used, the power at variou« 

hovels of dulling of the teeth may ^expressed by the following factor«! 

4 j Wear h, in mm.1«5 2.0 - 2.3 5«3 
_ I , _ ____—... 

M- * _ Coefficient K 1.25 1«35 1»65 

8.1 

10 1 

The author has employed the following equation, derived by P.A.Markelov, for 

determining the efrectlv. eutput in fast machining of ate.l, oy cemented-carbid. and 

1 I 

mills with prismatic teeth: i 

11. ^ 

\t _r... vit-.*. t' • 2 • 

16d 
18 J 

N0 = Cn • • t ’ ’ z •-Q k* 
(U) 

20- 

For stepped mills with prismatic teeth, the formula takes on the form: 

B 

N, 
CNv ,0.* --04-_ a-s, * D 

kw » 
— ¡ 

L'-lJ I 
\,here a is the allowance in mm. taken off the work per pass of cutter; 

1 _ J 
i is the number of steps of the cutter * 

The author employe the following equation to determine the value of the con- 

or» 

34 

stant CN relative to the tensile strength of hardened steel; 

1 

^ = 0,034.-^-. 

33-1 

40 J 

42 J 

44 J 
46 

48 

where o\ is the tensile strength of the given steel, in kg/ma2; 

o* - 120 kg/mm2 (Hr “ 38 steel, for which (¾ - 0.034). 
t ^ '' nC , 

The total output of the main drive of milling machines can be determined by 

i 
means of the following approximate formula^: 

1) In the absence of a special motor for the feed drive: 

1 

52-i] 

54 _i 

58. 

58 

kw ; 

2) In the presence of an electric motor on the feed ot the milling machine 

50—i- 

KCL-406A 

kw, 
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2—1 

■i 

< i _L 

where t) Is the efficiency of the machine tool. 

27. Surface Finish 

■H 
8_J 

10 

12 

14 

in i 

isd ] 
20- J 

24 -.j 

2öZ| 

28-J 
i 

<'A 1 
I 

32-J 

34 I 

36-j 

The machining of steels with end mills tipped with cemented carbides results 
I 

38.. 

■Î0_| 

Fig.146 - Effect of Feed Upon Quality of Machined Surface in End Mill¬ 
ing of Unhardened Steels 

I 
1 - Experimental data according to P.A.Karkelov for 30KhGSA steel of 

o*, =* 60 - 70 kg/mm2; 2 - NIBTN data for steel of - 70 kg/mm2 

a) Root-mean-square average roughness microns; b) Class of fin¬ 
ish; c) Grade of finish; d) Feed per rotation of cutter s0, mm 

in a better surface finish than does machining with cutters of high-speed steel. 

U 

46 

Higher cutting speeds promote an improvement in surface finish. 

In addition to the cutting speed, the feed per cutter revolution s0 and the 

J. 
face cutting edge angle of the cutter have a significant effect upon the surface 

^ J V. ! ^ -n roughness. i 

if ! Í 
r.. 1 Figure 146 shows the relation between the height of the surface roughnesses and 

d ! I 
r l" the feed 3Q, in the end milling of unhardened steel by a tool tipped vdth titanium- 

tungsten carbides. Curve 1 presents the results of experiments (Bibl,60) performed 

1CL-406/? 260 
58 
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=1 

10 J 

with a cutter with D - 200 m, z - 8, and <* « 60° at t - 3 ran, B - HO ran, and 
I 

V ■ 315 m/min. The curve shows that, on increasing the feed s0 from 0.1 to _ 
.. —— , 

‘1.24 mr./rev, the finish of the machined surface drops by more than one class (from 

W 6b to \A/5a). 

P.A.Markelov has found that, on machining hardened steels in this fashion, the 
j 

surface quality achieved is one to two classes higher than with unhardened steels. 

He recommends the following feeds per revolution of an end mill relative to the 
11 

given surface finish: 
10—1 

Surface Finish Class 
or Subclass 

20- 

OO 

24 

2(3 

W 5 

VV 6a 

VV 6b 

Feed s0 

0.35 - 1.60 

0.20 - 0.35 

0.15 - 0.20 

28_! 

These feeds are calculated with respect to the machining of unhardened steels 

with end mills with z - 8, the run-out of the teeth in radial and axial directions 
30.4 

being not greater than 0.03 - 0,04 ran. 
32 _J 

34 

38 _J 

88. 

40-J 

44 

40- 

18- 

30 

The feeds s0 recommended by the NIBTN (Bibl.27) for unhardened and hardened 
I - Í 
steels (Table 69) are calculated for a face run-out of the cutter up to 0.02 ran, a 

flank wear of the teeth of h = 0.8 to 1.4 mm, and a face cutting edge angle of 
i 1 ' ' 
>, = 50. The relation between the feed s0 and the roughnesses of unhardened steel 

i • 
of ot = 70 kg/mm2, according to NIBTN data, is shown by curve 2 in Fig.146. Obvious- 

~ly, the relation between the feed s0 and the surface finish, according to ths NIBTN, 

corresponds to P.A.Markelov*s data (curve 1) only in a small interval of feeds. 

Despite the different nature of the relationships under examination, both data 

confirm the possibility of achieving a surface quality equal to that of class 8 by 
l 
end milling of hardened steels with low feeds so. 

5° 4 
The investigations have led to the following conclusions: 

S4 -4---- 
-4 

53-1- 

53 

1. the quality of the ’machined surface increases with the strength of the steel 

toCL-406/V _ 281 
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1 f .. 
.„machined (Table 69). This surface quality is achieved by the machining of hardened^ 

*-—■I 

steels at considerably higher feeds sQ than are employed for unhardened steels* 
4_j 

6.i 

8_J 

It’ - J 
H...j 

16 ¡ 

18 

20._ 

Thus, at s0 * 0.22 - 0.35 um/rev, the surface finish of hardened steels is of 

class 7, whereas for steels with ot - 70 kg/mm2 it is only of class 6. 
I 

2. With a reduction in the face cutting edge angle <j>^, the roughnesses are 

smoothened. The feeds sQ presented in Table 69 may be doubled with cutters of 

2°. 

Table 69 

« ] 
Feeds s0 Recommended by the NIBTN Relative to Required Surface Finish, 

in End Milling of Steels 

24 J 
26.J 

cd 

:32-- 

:34 ..J 
( 

3SZ| 

38_i 

■10' 

Surface finish qlass, 
GOST 2789 - 51 

Onhardened steels 

Hardened 
steels 

Tensile strength ot, in kg/mm2 
Designa¬ 

tion ^Vra» *n 
microns 

70 90 no 

Feed s, in mm/rev 

W 5 
VV 6 

VVV 7 

VVV 8 

Abivr3,2 <0 6,3 

- ).6 1o 3,2 

- 0,8 to 1.6 

» 0,4 to 0,8 

0,35-0,50 

0,20-0,35 

0,15-0,20 

0,15 

0,40-0,60 

0,25-0.40 

0,15-0,25 

0,15 

0,50-0,75 

0,30-0,50 

0,20-0,30 

0,15-0,20 

0,60-0,90 

0,35-0,60 

0,22-0.35 

0,15-0,22 

42 

14 _J 

46 

48..j 

ho 

3. The true rake angle y of end mill teeth and the axial rake X. do not affect 
! ! 

the heights of the roughnesses so long as these angles are between 0 and 15°, but | 

the heights do increase somewhat in work with cutters for which X > 15°. In the 
I 

range from 45 to 75°, the working relief angle a and the complement of the peripher-j 

al cutting edge angle 7 have a negligible influence upon the surface finish. 

4. In the initial period of operation of an end mill, when the tooth wear is 

still insignificant, the surface finish is considerably lower than in the subsequent! 

period, when the cutter wear becomes greater. 

In choosing a cutting schedule for the end milling of hardened steels, the data- 

in Table 69 with respect to such steels should be employed. 
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2i; : 
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2B_! 

30 Z 

22.ÍJ 

,,::1 
36 

33 =1 

CHAPTüR ? 

THE DRILLING OF HARDENED STEELS* 

Drill Design. Figure 147 presents the design of a straight-fluted drill tipped 

Í 
with cemented carbide. This type of drill 

L 
has come into wide use for machining holes 

I 
in hardened-steel parts. These drills have 

a number of advantages over twist drills. ' 

The shorter body length and the consider¬ 

ably larger cross section thereof Increase 

the rigidity and the ability of the body 

I 
to absorb vibrations generated during the 

cutting process, and protect the carbide 

bar against their effects. The straight 

Fig.147 - Design of Straight-Fluted 
Drill, Carbide-Tipped 

•to—! 

14. 

flutes simplify manufacture. For the rest, the structural dimensions of drills with 

-i ' 
straight flutes are taken to be the same as those of twist drills. Drills with di- ! 

4 i 
ameters of D < 10 mm are made with straight shanks, while those with D - 10 to 30 ran 

.1,5 »The drilling of hardened steels with tools tipped with carbide first came into use 
simultaneously with the turning of hardened steels on lathes, and perhaps even earli- 

.13 er. However, unlike turning, drilling has had little coverage in the literature. Un¬ 
til recently, the data were limited to a study by B.G.Levin (Bibl.65) and to the ex- 

r,r) ceedingly brief data on the selection of cutting speeds provided in the standards for 
high-speed machining of metals issued by the NIBTN of the Ministry of the Machine- 

52-Tool Industry (Bibl.66). However, drills tipped with cemented carbides have been del 
signed (Bibl.16) that have proved satisfactory in the machining of hardened steels. 

__In 1956, the results of an investigation by B.A.Ignatov into the process of drill'*- 
ing hardened tool steels KhVG, 3KhV8, and R18 were published in condensed form 

56_jBibl,67)._;_ 

58 
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are ¡nado with taper shanks. 
I 

VKII-designed drills with oblique flutes and cemented-carbide tips (Figs.lAB 

and 149) have been developed to drill hardened sheet steel (Bibl.l6). Their flutes 

for chip removal are short. As a result, the design with oblique flutes is charac- 

8_! 

—I 
10 J 

12 J 
-I (- 3- 

J 
20-J 

i 

“—1 

24 _ 

20 _ 

:’8_ 

30-- 

32- 

34- 

30. 

39- 

40- 

i 

J 
42-( 

443 

•16 

48. 

00 

52 

54 

3 

d 

Fig.148 - Design of Oblique-Flute Carbide-Tipped Drills, D » 2.5 to 10.5 nus 

a) Section through A-A; b) Section through B-B 

b) 

60- 

CL-406/V 

a) Section through A-A; b) Section through B-B 

284. 



terized by massiveness and increased rigidity. Depending upon the drill diameter, 

“j I 
the rake is between 10 and 20°. Grinding of the outside diameter is facilitated by 

fi_ 

8- 

lr> 

12 

It 

in 

the fact that the body diameter is smaller than the tip diameter. 

_.......... I . .. , . . . -, 
The guidance data issued by the VNII (Bibl.16) list two types of designs: short 

I 

and long drills. The latter type is about twice as long as the former, 
j I 

Drills with triangular points and cemer.ted-carbide inserts (Fig.150) are em¬ 

ployed to drill hard-alloy steels of great hardness. The triangular drill has a 

] : 
straight shank and a point consisting of a 

I ) I 
triangular cemented-carbide insert. The cut- 

2 b—, 

28_ 

30- 

.12- 

Fig.150 - Triangular-Point, 
Carbide-Insert Drill 

ting end of the insert has rounded sides 

i 
converging at the center, while the other 

end is tapered and is inserted into the hole 

in the shank. The design is quite simple 
I 

and presents no difficulties in drill manu- 

i :ture. All that is necessary is to make 

sure that the triangular insert is properly 

11 

3¾ 

38—I 

40_J 

42 

44 

seated in the body of the tool. Triangular drills with carbide inserts are used to 

} ¡ 
machine holes of D = 3 - 20 um. 

In a paper by V.S.Rakovskiy and others. Carbides in the Manufacture of Machin- 
J 

ery (Bibl.16), Tables 156, 158, 159, and 160 present the dimensions of the design 
t 

elements of straight-flute drills (Fig.HV), oblique-flute drills (Figs.148 and 149)^ 
¡ j 
and triangular-point, carbide-insert drills (Fig.150). 

1 ! 

Cemented Carbide Grades. V.G.Levin (Bibl.65) has tested the following cemented 

carbides: VK3, VK8, VK12, VK15, and T21K8. Drills tipped with hard alloy T21K8 and 

48-1 

50 

52- 

54. 

58- 

58 

80- 

VK3 crumbled out shortly after the start of cutting, due to the excessive brittle- 

I I 
ness of the carbides. The best results in terms of tool life were obtained with 

J ‘ 
drills tipped with VK8. 

Of the cemented carbides tested by V.Á.Ignatov (T5K1Ò, T15K6, VK6, and VK8), 

MCL-406/V .2$ 5 



VK8 also proved best. The cutting schedules (Appendix III) are calculated for this 

hard alloy. 
4 

(i J 

8_J 

in J 

Geometry of Cutting Edge of Drill, B.G .Levin recommends that the true rake 

angle at the drill periphery be y - -15°. B.A.Ignatov takes Y - -15° for steel of 

Hd =* 62; y ■ -10° for steel of Ho * 55; Y * -5° for soeel of Hr - 50, and Y ■ 0° 

IL’ 

1 •! J 

IR i 

18 J 
20.1 

for steel of Hr < 40. The VNII data (Bibl.l6) for hardened steels specify an angle 
c 

y from 0 to -5°# 

■fn I 

For steels ofHj, “35-65, the author employs a true rake angle y from 0 to 
“C 

-10°. These cutting schedules are based on the indicated true rake angle. 

In accordance with the VNII data, the working relief angle a is taken as 8°. j 
j I 

Criteria of Drill Dulling. The ma¬ 

chining of hardened steels with carbide- 

tipped drills results in the same typo of i 
i ' 

wear as that resulting from the drilling j 

of unhardened steels: Wear occurs along 

the radial edge and the flanks. The drill 

also wears along its faces, but this wear ! 
I 
is insignificant. The author has taken 

the following values for the wear h as 
I 
criterion for the dulling of drills tipped 

with VK8 alloy (Fig.151)# which agree with the data by B.A.Ignatov: 

44 

4 G 

48' 

50- 

M. 

53- 

58- 

CO 

Drill diameter D, in mm 

10-14 

16-20 

24-30 

Wear h, in ms 

0.4 

0.6 

1.0 

Feed. The feed s may be calculated from the formula 

y = C, • D',M ¡rtv, -(15) 



0. 
.where D is the drill diameter, in ran; 

C_ la a conatant coefficient. 

...., 

4. 

.J 

8_ 

10 

12 

14. 

16. 

1« 

20- 

The following are the values for the coefficient C8 employed (for the hard 

alloy VK8): 

Hardness of machined steel Hp 
RC 

35 - U5 

46-56 

57 - 65 

Value of C( 

0.007 

0.005 

0.004 

24. 

26U 
28 

The feeds calculated in accordance with eq.(l5) (rounded-off) are presented in | 

i ¡ 
;Table 70. 
J ! 

The small feed s for small-diameter drills is of interest. Feeds of s - 0.03 - 

0.06 mm/rev are possible on the radial drills 2G53, and still lower feeds are ob¬ 

tainable by hand. 

Cutting Speed. For hardened steel 3KhV8 brought to HR * 50, B.A.Ignatov has 
C 

drived the following formula for the cutting speed (in work with VK8 alloy): 
30_J I 

'32_j 
! 

31 

,0.a 

V 
Cv- Ü 
7-0.24 , 40,5 

m/min , 

A 
36_j Under this formula, cutting speed v ■ 32 m/min for drills of D - 10 to 30 ran 

32_diameter. According to the data of B.G.Levin, the cutting speed is v * 20 m/min for 

steels brought to the same hardness, when VK8 drill tips are used at a rate result- 
J I 

.•2 _ ing in the same drill life. 
_j 

The lower cutting speeds obtained by B.G.Levin compared to those by B.A.Ignatov 
i 

Ki can be explained by the improvement in the quality of VK8 (and other hard alloys), 

<., 'achieved since the days of B.G.Levin. 
i 

30 ; The author has taken the cutting speed at the level suggested by B.A.Ignatov 

52 anc* ha3 u3ed ^he above formula for steels hardened to HR - 35 - 65. J I "C ' 
The cutting speeds recommended in Appendix III are calculated from the.formula. 



t>_I. 

hiI 

12 

1} 

)6 

20 

24 

26 I] 
2tí__ 

no 2 
32J 

The following values have been taken for the constant coefficient C : 
v30 

Hardness of machined steel HR Value of Gy 

35 

¿6 

57 

45 

56 

65 

30 
7.9 

4.2 

2.7 

Table 70 
I 

Feeds for Drills Tipped with VK8 Alloy in Machining Hardened Steels 
Brought to Hj* - 35 - 65 

c 

Hardness 
of Hard¬ 

ened 
Steel Hp 

nC 

Drill diameter D, in mm 

10 13 14 ie 20 24 28 30 

Feed s, in mm/rev 

35—4S 
46—56 
57—65 

0,050 
0,035 
0.030 

0,055 
0,040 
0,035 

0,065 
0,045 
0,040 

0,070 
0,055 
0,045 

0,085 
0,065 
0,050 

0,100 
0,075 
0,060 

0.110 

0,085 
0,065 

0,120 
0,090 
0,070 

•••! Axial Force. In his determination of the axial force the author has employed, 

;jij with insignificant amendments, the equation proposed by V.A.Ignatov for hardened 

28—ateei R18 brought to % - 62: 
C 

40. 

42 J 
-J 

14 -. 
-j 

•1G 

48* 

DO 1 

D2.j 

54 _.! 

52.. B*0. 

P0 = Cp ' D • 5"*5 Kq. 

The following are the values of the Cp coefficient: 

(17) 

Hardness of work steel Hj^ 

35 - 45 

46-56 

57 - 65 

Value of Cp 

230 

250 

300 

The values Cp employed are midway between those given by. B.A.Ignatov and 

58 2 
-I 

60-.i 

Levin. The ratio of the Cp to the hardness of the tempered steel is taken to 
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o 

2-1 
agree with the data by B.G.Levin. 1 

i.T 
Torsional Moment. In order to determine the torque, the formula suggested by 

ti 
B.A.Ignatov for RIB steel hardened to Hj, - 62 is employed, with negligible changes«! 

AC i 
I 

8-j 

lolj 

i"4 

1 d 1] 

10 _] 

18 

20-J 

O») 

21 

Mi = Car • D „0.1 
S ' Kf-m. (IB) 

The following are the values of the coefficientï 

Hardness of work steel Hp Value Cg 

0.038 

0.044 

0.051 

28_ 

30. 

32-} 

35 - 45 

46 - 56 

57 - 65 

The ratio of the value to the hardness of the tempered steel is taken to 

agree with the data by B.G.Levin. 
I . ' 

Interruptions in the Work. When drilling steels are hardened to more than 
j j ! 
Hr - 40, the drill must be lifted periodically from the hole being machined. Others 

wise the red-hot chip, undergoing deformation in the drill flute, might weld to the j 
J j 
flute walls. Withdrawal of the drill from the hole guarantees that its flutes will j 

be freed from the chip. In drilling steels of a hardness below HR ■ 40, no welding1 
34. I j C 

_of the chip to the flute walls occurs and cutting proceeds without interruption. 
:30_| 

This welding of the chip is observed more frequently, the higher the hardness 
Oft \ 

.< 

40_I 

42- 

44 . 

of the material machined and the heating of the drilled metal. The number of times 

the drill has to be withdrawn from the machined hole increases with a reduction in 

tool diameter. Table 71 illustrates the number of withdrawals of the drill for 

every 10 mm of drilling depth. The cutting process is Interrupted for 5-6 sec to 
46-] 

withdraw the drill. 
48 J 

Drilling of Hardened Stoels With Introduction of Electric Current Into the 
50 

Cutting Zone. The following was determined as the result of an investigation of the 
J "1 
process of drilling hardened steels, conducted by B.A.Ignatov. 

1. In the machining of hardened steels of normal microstructure (absence of 

CL-406A 289 
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—l&rgs carbides or of carbide inhomogeneities with excessive concentration of car- 
i 

cides), the life of a drill tipped with hard alloys may be increased by introducing 

4.. 

6. 

1 

8_„ 

in 

12 

11 

16 

IS _ 

20. 

_Table 71 

Number of Drill Withdrawals 

_I 

Hardness of 

work steel 

Hr 

Drill diameter D mm 

10 Hi 30 34 30 

Number of drill withdrawals per each 10 nm of drilling depth 

45 - 60 

above 60 

3 

6 

3 

6 

2 

4 

2 

4 

2 

4 

2'3 

28 

30.. 

32-1 

low-voltage current of optimum amerage into the cutting tone. 

^ : '• ! 

2. The effect obtained from the use of current depends upon the hardness of the; 
I i ; 

machined steel, its structure, the cutting proceedure, and other factors. Under 
I 

given conditions, the effect may be quite considerable. 

Whereas for steel of “ 50, an increase in drill life due to the introduction 

:uJ 
of optimum current into the cutting one is expressed by the coefficient 1.5, the 

coefficient for hR - 62 steel will be 2.5* 

36 _J 
The effectiveness of use of current rises with a reduction in the thickness of 

ad¬ 

io "1 
\he cut. If the structure of the machined steel is unfavorable, the use of current 

42 

■i'i. 

*16 

48 

50 

will have a very insignificant effect. j 

3. With an increase in cutting speed v and feed s, the optimum current will 

] ¡ 

diminish• 

1 I 
Uê When hardened KhVG steel “ 62) is drilled without current, a change in 

cutting speed in the range of v - 12.8 to 51.3 m/min will first result in some in- 

52 _J 

crease, but then in a substantial decrease in the forces P0 and K^. 

54. 

36—1 

sd 

At v - 51.3 m/min, the force P will diminish by 75* and the torsional moment 
! 

by 30* relative to their values at v » Í2.8 m/min. 
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=1 

q 

The introduction of current of optimum strength when ▼ “ 12.8 m/min reduce« 
I 

the P by¡ 61.55Í» ____|_________ 

5. In the drilling of KhVG hardened steel (% - 62), the surface finish will 
i C 
be VW? and VW8. By using current of optimum strength, the surface finish will 

be improved by one grade. 
10 _| 

12 J 

11 

Iß.J 

18 

20. 

21 _ 

2öZ 

28— 

30— 
j 

‘.izJ 

36- 

38- 

■10- 

42~ 

li¬ 

lt) 

48* 

50 -j 

52- 

54 _L 

6. The drilling of hardened steels results in a shrinkage of the hole, i.e., 

the diameter of the hole will be smaller than that of the drill. The use of current 

reduces this effect. 

58. 

58 ! 
KCL-/1O6/V 2?1 
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38- 

38- 
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42 
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16 

48 

CHAPTER VI 

FINISH-REAMING OF HARDENED STEELS -1 

j 
26. Design of Flute Reamers and Fixtures Required 

j I : 
Design of Flute Reamers 

Experimental studies* and industrial experience have demonstrated that, for 

] ' i 
purposes of machining hardened steels, flute reamers tipped with cemented carbides 

should be of a design differing siomewhat from the reamers used in the machining of ¡ 

"unhardened steels. Unlike the flute reamers designed by the VNII (Bibl.57, 58)» thej 
1 1 
entering edge and finishing sections nave to be separated by a second bevel with a | 

taper of <P0 “ lo30, to 2°, and length l0 “ 1.0 to 1.5 mm (Fig.152). This provides 

separation from the finishing section of the portion of the cutting edge that is 

subject to the most intensive wear. j 
1 i . ! 

The design has to provide for the use of guide bushings (if necessary, flute 

reamers may be employed without these). Centering in the guide bushing should not be 
-j I 

effected by means of the working portion of the tool, but by its rear pilot. The dij- 

ri ■ ' 
ameter of the pilot must be larger than that of the flute. This prevents crumbling- 

out of the carbide cutting edges, a phenomenon not infrequently observed when a 

38. 

58 

00 

' «As indicated in the Introduction, the literature data on flute and rose reaming of 
hardened steels are limited (unlike those on turning and milling) and consist solely 
of the work by K.F.Romanov (Bibl.68) and the cutting conditions recommended by the 
NIBTN of the Ministry of Machine-Tool Manufacture (Bibl.66). The experimental data 
presented in this Chapter and in Chapter VI were obtained in K.F.Romanov*3 investi- 
jgation. 

MCL-406/V 292 

<5 



r, 

2-\ 

4--] 

8_J 

10 ..Ij 
12 j 

1 i ' 

.reamer passes through a guide bushing (duo to run-out of the reamer and fail»ire of 
I 

its axis to coincide with that of the bushing). 
I.. " ... ~ 

However, an increase in the diameter of the rear pilot makes it necessary for 

such a reamer to be longer than one in which guidance is performed by means of the 

flute. This reduces the rigidity of the system machine tool-workpiece-reamer and 
I 

increases the danger of vibrations. 

A successful solution is the use of an adapter (Fig.162) which enters the guide 

4S 
bushing as the reamer is brought up to the workpiece and remains there so long as 

reaming continues. 
:.2-J 

ri 
Adapters are employed in the reaming of holes whose length is more than three 

times the tool diameter, if the flute diameter is larger than that of the rear pilot 



The diameter of the front pilot in these reamer designs is smaller than that 

of their flutes by a magnitude exceeding the combined reaming allowance and the pos-i 

Î 

.i 

8_J 

IP j 
i 

" '1 
12 J 

M i 

lß_j 

18 J 

20- : 

*»** 

24 

261 

28. 

30- 

34 

36 

38 

40—¡ 

42 ..j 

14 .-j 

46 

48 

50 

sible deviation of the axis of the hole, j 

Figure 153 presents a 6-tooth reamer with two pilots and internal cooling. 

This design has proved satisfactory in the machining of hardened steels. 

Investigations have shown that the appearance of longitudinal scratches on the 

machined surface, as the reamer is withdrawn from the hole, are due to shrinkage of 

the hole after reaming, i.e., to the fact that the diameter of the machined hole 

becomes smaller than that of the reamer. | 

The appearance of scratches is due to the fact that higher cutting speeds are 

used than those at which steels are machined with high-speed reamers. Protection of 

the machined holes against scratching can not be obtained by setting the cutting 

blades at a 3° axial rake, as is specified in the VNII design. This shortcoming is j 
I 

eliminated by changing the conventional pattern for reamer allowance fields. 

Reamers with carbide tips brazed to their bodies are used for small diameters 
i 

(to 30 mm), at which it is difficult to mount attached blades tipped with carbide, j 

Shell reamers, 40 mm diameter and larger, are of the assembled type. The major 
I ! 
requirement to be met by the assembled type of reamer is provision for axial and 

radial adjustment of the blades. This is necessary because the reamer undergoes 
1 j 

wear both on its entering and finishing edges. Moreover, the appearance of fine 
- 

crumblings of the cutting edge along the finishing section as the reamer is dulled 

on its entering edges makes it necessary to grind the reamer along its guiding lands 

(to diameter) after every - or every second - regrinding on the entering edge. Grind¬ 

ing of the guiding lands should also be performed in cases when the reamer has not 

wom beyond its wear allowance on the diameter. 
1 ï 

Several types of flute (and rose) reamers have been developed in which the car- 

' “ bide tips are mechanically fitted on. However, these designs have not yet passed 

the experimentation stage and are therefore not in industrial use. 

56. 1 

58 
4" 
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_] When the carbide tips are fitted mechanically to flute (and rose) reamers, the 
‘¿J 

tool operating costs are substantially reduced, since the expenditures Involved in 

(>._)....-. ^ ' .. 

lS^s _ 
) .—."====Yil- 

- ( j .-M ■ 
1^- 
C 

8 10 

ferVrrZ- i. .mnr_ 
14 E " 

P 

24 J 

2Ü _ 

28_ 

30. J 

32-J 

34._j 

9 f> 

I 

Fig.154 - Design of Carbide-Tipped, Straight-Shank Reamers of D - 6 - 
- 9 mm, With Rear Pilots 

a) Section through E-E; b) Back taper; c) Section through D-D; d) Section 
through A-A; e) Section through B-B; f) Section through C-C 

'33- 

40- 

42 

44 

40 

48 

no 

52 

54 . 

5fi 

58 

60- 

the making of inserted blades are eliminated. However, mechanical fastening results 
J I 
in uneconomical consumption of carbides, due to incomplete utilization of the carbid« 

_J i 
bars and cracking during assembly. 

The experience accumulated in the reaming of hardened steels indicates that the 
I 
use of mechanically fitted carbide tips is not practicable. 

' 
The carbide-tipped reamers illustrated in Figs.154 - 157 are recommended for the 

I 
machining of hardened steels. 

H As shown by tests, the method of fastening inserted blades employed with as¬ 

sembled reamers does provide dependable clamping and precise adjustment to the de- 
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2 I 

4 

tí—, 

8_ 

10 

12 

i ¡ 

in .{ 

18 ...] 

20. 

''sired diameter. Axial serrations are provided on the support side of the inserted 

blade (2) (Fig.156, 157). Identical longitudinal serrations are present on thejrear 

IA 

26 j 
-• 

28— 
30-J 
32-J 
34 J 
36— 
38- 
40. 
42 

14 

46 

•18 

Fie.156 - Carbide-Tipped Inserted-Blade Flute Reamers of Diameter 

K D » 25 - 50 mm, V/ith Rear Pilots and Taper Shank 

1 - Body; 2 - Inserted blade; 3 - Wedge 

a) Section through A-A; b) Section through B-B; c) Section through C-C; 
d) Section through D-D 

i i 
'wall of the slot in the body (1). Contact between blade and slot on these serra- 

'tiens prevents radial movement of the blade. The radial serrations on the opposite 

side of the blade and on the adjacent surface of the wedge (3) attach the blade ùo 

the wedge, and thus prevent axial movement. 

Adjustment of the blade to the required reamer diameter is achieved by moving 

the blade one serration in either direction, relative to the wedge. The blade and 

wedge are then inserted in the slot, which is axially angled into the reamer body. 

In the cutting process, the inserted blade and the wedge are firmly wedged into the 

slot under the effect of the force of feed. 
i 

f6 

r8 

GO 

:1 
"'4 

This design ensures reliable” fastening of the inserted teeth into the body of^ 

HCL-406/V 
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’the reamer without the need for particularly precise fitting of the slots, blades, 

and wedges._;_ _____ 

4. J 

i; Tolerance System ___________ 

Fig.157 - Inserted Carbide-Tipped Shell Reamers, D - 40 - 80 mm 

1 - Body; 2 - Inserted blade; 3 - Wedge 

48_ 

a) Section through A-A; b) Section through B-B; c) Section through C-C; 
d) Section through D-D; e) Section through E-E 

r.Q pansion but in shrinkage of the holes, the system of tolerances for the reamer has 

-3 /3° fundamentally different than those for the holes machined. K.F.Romanov has 

1 1 
3 suggested the system of tolerances presented in Fig,158b. Figure 158a shows the— 

common system of tolerances for high-speed and cemented-carbide reamers.__ 

58 
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8_: 

10 J 
] 

12_I 

11 .j 

16 _ J 
I 

18.4 

The following is the notation employed in Fig.158: 

û - tolerance on hole; 

AB - maximum deviation of reamer diameter; 

CD - minimum déviation of reamer diameter; 

H+J - total reaming tolerance; 
I 

N - Tolerance for inaccurate manufacture of the reamer; 

J - tolerance for reamer wear; 

Pmax “ ^xiraum expansion of hole; 

Pmin “ “inimimi expansion of hole; 

Ri^ - maximum shrinkage of hole; 

Kinin - minimum shrinkage of hole. 

24 , 

26 J 

28__ 

30__~ 

,72..J 

31 

36 _4 

38— I 
Í0..2 

I 

•12 J 
—J 

!4 J 
— j 

46 

49 

DO 

r.‘* 

™ 

3H 

Fig.158 - Reaming Tolerance Systems 

a - As generally accepted for high-speed and carbide tools; 
b - Proposed by K.F.Romanov for carbide tools in reaming 

hardened alloy steels for which HR » 49 - 54 

Jigs and Fixtures _ _ j 

4 
..BushtPK,s» The reaming of hardened steels proceeds at cutting speeds 

higher than those at which unhardened steels are reamed by high-speed (HSS) tools*... 

Experience in the reaming of hardened steels shows that the use of holding fixtures 

CO. 
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for a rear, or for a rear and front pilot of a tool with rigid guide buahinga re- 
iil] ! 

suits in premature failure of both reamers and guide bushings. The slightest skew- 

■1 J 
ing results in seizing of the tool pilots in the bushings. 

38- 

40- 

42. 

‘1 i 

46. 

Fig.159 - Rotary Guide Bushing, Mounted on Ball Bearings 

1 - Outer bushing; 2 - Inner bushing; 3 - Guard ring; 4 - Separ¬ 
ator rings; 5 and S - Ball bcirings; 6 - Washer; 7 - Annular spring 

j 

Rotary guide bushings are free of this shortcoming. A design found satisfact 

is presented in Fig.159. The axial forces are absorbed by ball bearings (8), in a 

i 

or^ 

groove in the upper portion of the outer bearing (1). The inner bearing (2) is re- 

m tained from below by a ring (6), which fits into a hollow in the outer bush (l), and 

r.) by an annular spring (7). This creates a labyrinth packing that protects the ball 

bearings (5) from fouling. The same function with respect to the ball-bearings (8) 
I 

5 is played by the ring (3) which is mounted to the bead of the inner bushing (2)._ 
-j : 

Coolant Supply. Figure 160 shows an arrangement for flute-reaming of holes of .0_ 

58-. 
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i 
4. 

8_ 

10 

112 

14 

10 

18 

20- 

lesa than two diameters depth and of holes of small diameter, with the coolant fed 

through tubular rings. The rings are illustrated separately in Fig.161. 

20 

28 

20 

32 

34 

36 

33 

40 

12 

44 

46 

48. 

50 

r o 

54. 

56 

58 

C0- 

—4 
1 - 

Fig.160 - Flute Reaming Setup With Coolant Introduced 
Through Special Ringe 

Part being machined; 2 - Flute reamer; 3 - Tubular rings for coolant 

a) Coolant 

The arrangement illustrated in Fig.162 is employed for reaming with internal ! 
_j 

feeding of coolant to the cutting edge of the tool when the hole is to be over 25 mm 

in dicirnôt-or ¿ind moro than two diâinotors in dopth« Tho roainor is clâjnpod in sl 

i 
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58-i 
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GO-J- 

Fig.161 - Tubular Rings for 
Coolant Supply 

I 
1 - Union; 2 - Ring; 3 - Sup- ! 
port; U - Pipe; 5 - Sleeve 

a) Section through A-A 

Fig.162 - Flute Reaming Setup with Internal 
Cooling 

1 - Workpiece; 2 - Reamer; 3 - Adapter; 
U - Chuck 

a) Coolant 

303 
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() __...., ____ _ __ ,,. . , . . - - _ - - 

Z!chuck (Fig.163) tíirough which the coolant is supplied. The fluid is fed through the 

2 - J t 
stub pipe (6) held in the sleeve (U) to an internal chamber, through holes drilled ^ 

in the body (1). From this chamber, the fluid goes to the inside duct of the reamer. 

b li__-.-.- r 
The chamber also serves to clamp the tool* 

For flute reaming with internal cooling where larger holes are desired, shell 

reamers are employed and the chuck is replaced by the arbor illustrated in Fig.l6/». 

Appendix 5 of K.F.Romanov’s book (Bibl.68) presents the dimensions of the de¬ 

sign elements of flute reamers with D “ 6 - 80 mm, illustrated here in Figs. 154 —157» 

The same source presents the major dimensions of reamers tipped with T15K6 alloy for 

the machining of holes of various tolerance classifications, in alloy steel hardened 

to Mp - 49 - 54. The major dimensions are calculated in accordance with the toler- 
c 

anee system in Fig.158b. The minimum hole shrinkage is set at - 5 microns, and 
J I 1 

the maximum shrinkage on the average, at “15-20 microns. It is assumed that 
I 

J Î rotary guide bushings will be used. 

These effective dimensions may also be employed for flute reamers designed for 

the machining of hardened steels of reduced hardness < 49). The Rjnin &nd ^max 
J Í 

of hardened steels of higher hardness (HRc > 54) machine! at lower cutting speeds 

047 than steels of % “ 49 - 54, should be established by experimental means. 
*3 5 

Appendices 4 and 6 of the same paper by K.F.Pcmanov give the dimensions of the 

design elements of rotary guide bushings apd of a chuck for interiorly-cooled 
j 
reamers. 
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,.7 29. Geometry of the Flute Reamer Bit and the Cemented Carbide for Tipping 

-I I 
4 G 

•isd 

GO 

rn 
-Jw —i 

An investigation has been made as to the effect of the following geometric pa¬ 

rameters of reamer bits upon their service life: true rake angle y, working relief 

angle a, chamfer angle <p, and axial rake of cutting edge X (Fig.152). 

Tests were run on various titanium-tungsten carbides. The tests were conducted 

56-1- 

in the machining of alloy steels hardened to % “ 49 - 54 (ot - 160 - 180 kg/mm2) • 
i c 

5S 

co_L 
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Effect of True Rake Angle -y and Working Relief Angla ° on Reamer Ufa 

H 

In the course of the experiments, the true rake angle y was varied in the in¬ 

terval from G to -15°, and the working relief angle a from 6 to 15°. The depth of 

cut was t ** 0.2 mm, the feed s ■ 

16 

1« 

:’(i J 

2y_ 

30_] 

nzU 

21 ! 

:.w J 
J 

■J8 

40. 

—i 
■14 _j 

46.Z] 

4« 

50 

--•> : 

.-1 

Fig.165 - Influence of True Rake T 
and Working Relief a Angles upon 
Reamer Life. Machining of hard¬ 

ened steel, Rr “49-54 by 
c 

reamers tipped with T15K6 uiloy 

a) Tool life T, min; b) Working 
relief angle of reamer, a° 

“ 0.275 mm/rev, and the cutting speed 

V * 50 m/min. Figure 165 shows that the 

optimum values of the true rake and work¬ 

ing relief angles aire Y “ -15° and 0 “ 6°* 

The service life of the reamer rises with 
I 

a reduction in the working relief angle o 

from 15 to 6°. A further reduction in 
I I 

a angle leads to impairment of the cutting 

process: a noticeable increase in axial 

force and torque. 
! 

j 
The life of a reamer rises with in¬ 

creasing negative value of the true rake 

angle y (increase in lip angle P). The 
I 

purpose of the true rake angle here is 
j 
that of strengthening the cutting edge, 

and not of facilitating the process of 

chip formation. 

The manufacture of flute reamers may be simplified by providing a negative true 

rake angle of y “ -15° only on the entering edge. The finishing portion of the 

reamer requires an angle y of only -5 to -10°. This facilitates chip removal in the 

direction of the unmachined surface of the hole. 

] ■ I 
Influence of Chamfer Angle of the Entering Edges of the Teeth q> Upon Reamer Life.—— 

.jf- 
I 

The following chamfer angles on the entering edge were investigated: “ 5, 10- 

MCUIÛ6/Ï 
60—1—- .. 

306 
i 

J 
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—i 
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10I 

12- 

H.I¡ 

101] 

18 4 

20_ i 
I —- 4 

o., 1 
----1 

and L5° (Fig.l66a); <p - 15° and <po - 1°30 o^n» _ 2o (Fig.l66b). At K - 5o, vibration* 

appear at the outset of operation of the reamer, when it bites into the metal. The 

i!0 

28. 

30 

:32. 

:34. 

33. 

38. 

40. 

•12 

44 

•10 

13 

50 

52 

54. 

33- 

58 

60- 

Fig.166 - Chamfer Angle of Reamer 

' I 

chip is soon ground up, which makes its removal difficult. The life of the reamer 

■ 
is satisfactory: T - 19.3 min. At V * 10°J 

Fig.16? - Effect of Axial Rake y upon 
Reamer Life. Geometry of reamer 

bit: a “ 6 - 8°, Y * -5°, 9 * 15°, 
<p0 = l^O* to 2®, width of margin 
on finishing portion f “ 0.15 to 

0.20 ran 

a) Reamer life T, min; b) Axial 
rake \° 

the machined surface is not as well fln- 

ished as at f ■ 5 , and the life is con¬ 

siderably shorter: T “ 7.2 - 0.6 min, and 

the cutting edges of the reamer blade* 

crumble out. At <p - ¿5°, the finish of 

Î 
the machined surface is not higher than 

' 

Class 7. The cutting edges crumble out 

i 
soon after the onset of cutting. The best 

results are achieved at ■ 15° and 
I 

<p0 = l°30f - 2°. The finish of the ma¬ 

chined surface is of Class 11, and the 

reamer life is high (T ■ 11.7 - 25.5 min). 

For purposes of reaming hardened 

MCL-A06/V 307- 



0_ 
steel, the chamfer angle, and the second bevel recommended are as shown in Fig.l66b. 

f 'Effect of Axial Rake Upon Reamer Life 

H __j. « 

8 

in 

12 1 

14 _] 

in. j 

18 .1 

on 

0*1 

Special sharpening of the blades along the entering edge of the reamer at an 

angle X to its axis (Fig.152) assists the chip in flowing toward the unmachined sur¬ 

face of the hole. However, this weakens the cutting edges, and a positive true rake 

angle on the entering edge will then be variable. 

Reamers tipped with T15K6 alloy have been tested with the following axial 

rakes: X » o, 5 and 10°. Machining was done at t = 0.2 mm, s * 0.275 mm/rev, and 

V - 50 m/min. It was found that special sharpening was unnecessary. The longest 

life was obtained at X - C° (Fig.167). 

Influence of the Grade of Hard Alloy Upon Reamer Life 

29d 

28. 

30. 

32 

Experiments have shown that the titanium-tungsten carbides T15K6 and T15K6T 
1 

should be used in the reaming of hardened steels. The alloy T15K6T permits opera¬ 

tion at higher cutting speeds than does the T15K6. Reamers tipped with tungsten 

carbides have a considerably shorter life. 

Efforts to use the alloys T30K4 and T60K6, which are particularly wear-resistant, 

36 _J 

38—J 

in the reaming of hardened steels, have not been successful. These cemented carbides 

40- 

42 

44 

46 

yield good results when employed in cutters and mills. Reamers are less rigid than 

I ! 
single-point cutters and mills. Therefore, reaming is accompanied by vibrations, 

1 ' 
and the cutting edges of reamers tipped with highly brittle T30K4 and T60K6 tend to 

crumble out. 
“1 

1 
j t 30. Reamer Wear and Dulling Criteria 

50 
Reamer Wear 

r,-j> *J*m.-{ 

54- 

56- 

58 

60 

;; 

Reamers tipped with carbides undergo wear on their entering and finishing edges 

its entering edge, a reamer undergoes wear particularly along the flanks of its_ 
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blades (Fig.168). The use of a second bevel <pQ, considerably smaller than the 

chamfer angle y, tends to remove the portion of the cutting edge that undergoes the 

0 

==1 

<i 

8 

1 
12 j 

14 J 

lolj 
Id i 

Hardened Steels -1 
OO 
•“““ i i 

_I 
>>,« most wear (the portion where the edge changes sharply) from the machined surface. 

~ J I 
•>(j The wear of the reamer along the diameter of the finishing portion is of im- 

" _J { 
portance since it determines its service life. Experiments have shown that the cut- 

20 ting speed is the most important factor in determining the wear of the finishing 

3‘> edge. Tests of reamers tipped with T15K6 (t * 0.2 mm and s - 0.275 mm/rev) showed 

- ¡ 

2« that, as the cutting speed v was increased from 8.3 to 50 m/min, the wear of the 
i 

2-;_ finishing edge of the reamer diminished. The results of these tests are presented 

_Í 
23 in Table 72. 

•;o- 
Obviously, the unit wear diminishes as the cutting speed rises, although in the 

range of cutting speeds up to v • 20 m/min, the wear diminishes more sharply than 

J 
14 _for speeds in the v * 20 - 50 m/min range. At v - 19.9 m/min, the unit wear is highi- 

4»j er by a factor of 1.82 than at v = 50 m/min, and is 13 times higher at v ■ 8.3 m/min. 
_] 

43 From the viewpoint of unit wear at the finishing edge it is most desirable to work 

J 1 
r,Q at cutting speeds in excess of 20 m/min. 

—j 
52 -J 

Criteria of Reamer Dulling 

54 i ! __ 

n 
56_ 

58 

60- 

In determining the dulling criteria for a reamer, it must be considered that. 

MCL-AQ6/V 309 



_j this tool is used to provide the finishing dimensions of the hole, while giving it 

I , 
the required surface finish. All the criteria employed for HSS reamers cannot be 

. 

1 

h 

8 

10 J 

12 

1 i 

If. 

18 

20 

Table 72 

Wear of Cemented-Carbide Reamers in the Machining of Steels 
Hardened to * 49 to 54 

2(3 2 

28 J 

Cutting 
speed V, 

in 
m/min 

Reamer wear on 
diameter of fin¬ 
ishing edge dur¬ 
ing service life 
T, in microns 

Number of 
machined 
holes 

Unit wear 
h*, in 

microns 

Ratio of unit 
wear to wear at 

V - 50 m/min 

8,3 

13,4 

19,9 

32 

50 

28 

38 

13 

12 

8 

39 

78 

130 

137 

144 

0,718 

0,487 

0,100 

0,088 

0,055 

13,00 

8,85 

1,82 

1,60 

1,00 

«Unit wear is the wear of a reamer per hole machined. 

20,,.. applied to carbide-tipped reamers. For example, the criterion for enlargement of ' 

32- the machined hole past the given tolerance is not applicable. High-speed machining j 

of hardened steels with carbide reamers 

results not in enlargement but in 

shrinkage of the holes. 

The quality of the machined sur¬ 

face is also useless as a criterion of 

dulling. Unlike HSS reamers, it is 

characteristic of carbide tools in this 

class that there is no impairment of 

surface quality as the wear reaches 

h * 0.7 - 0.8 mm. 

In the reaming, as in the turning,, 

of hardened steels, the acquisition, of 

, anca of Chip in the Machining of Alloy 

■5j Steels Hardened to Hr^ -49-54 

58 J 
KCL-406A 

CO- 

310 

1 ' 



a goffered shape by the chip may be taken as a visible criterion of the dulling of 

nil I 
the tool. Figure 169 presents three chips resulting from different degrees of dul- 

1T 

b 

8. 

J 

ling of a carbide reamer (t - 0.2 ntn, s - 0.275 mm/rev, v - 31.2 rpon). The topmost j 
chip came from the first hole drilled, and the next from the 85^ hole when the 

tooth wear along the flank of the entering edge of the reamer was h - 0.15 - 0,2 nm. 

12. J 

The lowest chip represents a wear of h - 0.30 - 0.35 nm and was obtained in the ma¬ 

ll 

16 

18 

20 

L’l J 

28 ! 

chining of the 120^11 hole. ^ 

Since a reamer wear of h * 0.3 - 0.35 mm is accompanied by the formation of 

chip of a clearly visible goffered appearance, this criterion can be used widely 

under industrial conditions. 
I 

.4 j 
When employing this criterion, it must be remembered that the size of the ma¬ 

chined hole must not be allowed to become smaller than the minimum tolerance. 

An investigation was made on the ratio of shrinkage of the hole and surface 

finish to reaming time, at various cutting speeds. The experiments were run at 

28. 

30. 

32- 

t - 0.2 mm, s ** 0.27 mm/rev, and v - 8.3 - 51.5 m/min. It was found that, at cut¬ 

ting speeds higher than 20 m/min, the shrinkage of the hole and the surface finish 

are practically independent of the reaming time. The hole shrinkage was about 

34 ¡ , ! 
0.02 mm. At cutting speeds below 20 m/min, the shrinkage rose in prop>ortion to the 

36-4 

38-J 

-„q 

12 

44 

time the tool was in use, while the surface finish varied greatly and was impaired 
~1 i 

as the reaming waa continued. 

These data confirm the desiraoility o 
j ! 
hardened alloy steels with carbide reamers. 

high cutting speeds in the machining of 

'(¡ 31. Service Life Relationships 

48- 
telation Between Cutting Speed and Reamer Life 

f;0 

rjo ^ Table 73 and Fig. 170 present the results of experiments to determine the rela- 

5j tionship between the cutting speed v and the reamer life T in the machining of alloy 

5q” steels hardened to Ho - 49 - 54. Reamers with a diameter of 14 and 28 mm, tipped 
T . C *.". _ ..*. "..... .... ~ ~ 
1 ! 58—J 
JÍCL-406/V 311 
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36_ 

with T15K6 and T60K6 alloys, were tested with the following lubricants: 10* emulsol 
-I j 

5í sulfofrezol, 0.21¾ sodium carbonate, and the remainder water. 

The curves show that reamer life decreases with increasing cutting time, no 
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Fig.170 - Effect of Cutting Speed v Upon Life of Reamer T in the Machining 
of Hardened Alloy Steels, HR(, - 49 - 54 (t - 0.2 mm, s - 0.275 mm/rev); 

1 - Reamers of D - 14 mm, tipped with T15K6 alloy; 2 - Reamers of D - 28 mm, 
tipped with T15K6 alloy; 3 - Reamers of D =■ 14 mm, tipped with T60K6 alloy 

I 
a) Reamer life T, min; b) Cutting speed v, m/min 

I 
I 

matter which of these carbides is employed. The range of cutting speeds v from 8.3 
j . I 
to 19.9 m/min for reamers 14 mm in diameter tipped with T15K6 alloy constitutes an 

J ! 
exception. Here the tool life actually rises with the cutting speed. 

J ! 
Table 74 presents the values of the relative life indices m in the equation 

(G V - i 
J T“ 1 

48~. A cutting speed of v > 20 m/min is of practical interest for reamers with 0 - 

50 " to increase in the cutting speed results in an increase in output by this 

52 process (Fig.171). This has been defined for the life of the reamers tested under 
j i 

51 .conditions of identical wear of theirteeth at the entering edge (h -.0.3 mm)._ 

•M 

M 

J 
Work at lower speeds impairs the surface finish and causes an increase in .the_ 

53 

60- 

1 
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Table 73 
I I 

Effect of Cutting Speed Upon Tool Life in Flute Reaming of Hardened Steel*, 

Hrc - « - 54 

Tablé 74 

! 

Magnitude of Relative Life Index m in Flute Reaming of Steel* Hardened to 

Hu - 49 - 54 

Cemented 
Carbide 

Reamer diam¬ 
eter D, mm 

Conditions of Experiment 
Index 

D 

T15K6 

14 At V > 20 m/min 

At V < 20 m/min 

0,85 

—2,55 

28 Excluding experiments where 
life is T < 10 min. 

Including all experiment* 

1,0 

1.3 
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o _ 
unit wear of the reamers along their finishing edge, as well as hole shrinkage. 

Í 
It should be noted that the life of a reamer of 28 mm diameter, at equal cut- q 

i i 
ting speeds, is somewhat greater than that of reamers with a diameter of 14 mnu 

«-IL. .-.-.-.: , ■—¡ 
Cutting speeds for the reaming of hardened steels should be In excess of 

8_! 
.I 20 m/min. I 

Effect of Feed Upon Reamer Life 
I 

Table 75 presents experimental data descriptive of the influence of feed upon 

the life of a reamer (14 or 28 mm di- 

10 

1 * 

1 -I.I 

16 \ 

hardened to Hrc - 49 - 54 by reamers 
14 mm in diameter, tipped with 

T15K6 alloy 

a) Length of machined surface,L, mm; 
b) Cutting speed v, m/mln 

■iO-j 

42~I¡ 

14 J 

46 

48_I 

60 

52-) 

51 

*j6qj" 
58 J 

KCL-4C6/V 
60-1- . 

ameter) tipped with T15K6 alloy, in the 

machining of alloy steels of * 49 - 

- 54. The experiments were run with 10^ 
I 

emulsol in soda solution, with the addi¬ 

tion of 5Í sulfofrezol. 

Taper, out-of-round, shrinkage, and j 

surface finish of all the holes machined | 

in these tests were within the required 

tolerance. 

Figure 172 presents the relations 
i i 

between the lives of reamer with diameters 

i . of 14 and 28 mm and the feed. As we see,| 

life is reduced as the feed is increased. 

The curves in Fig.173 describe the 

relation between cutting speed and the life of reamers at various feeds. Machine 

oil was the coolant used in these tests. As we see, the cutting speed declines as 

.the feed increases. The curves also show that, for the feed values tested, an in¬ 

crease in the cutting speed results in a reduction in the reamer life, a law which 

holds for cutting speeds of v > 31.8 m/min at s ^ 0.1 mm/rev, and v “ 30»8 m/min at 

31k 
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■i., 

ti . 

8 .. 

10 
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lí 

10-- 

18 

20 

Table 75 

Relation of Reamer Life T to Peed s in Machining Steele Hardened to Hd ■ 

- i.9 T 54 C 

26 

28- 

20- 

32- 

s “ 0.3 mm/rev. The opposite law is valid for lower cutting speeds: The reamer life! 

■36_ increases with a rise in cutting speed. ¡ 

.J i I 

23-.! For reamers of 14 mm diameter, the folowing relationship may be established be-' 

»0—tween the feed s and the reamer life T: 

42~ „ 1,9« 
Sr=-jõM J 

44 _j 

_i I 
4f> Experiments have shown that stable results in terms of surface finish are en- 

--j I 
43 sured at feeds of s > 0.2 mm/rev. It is recommended that feeds up to 0.4 mm/rev be 

I I 

f)0 employed for reamers with D “ 14 mm and s up to 0.6 to 0.7 mm/rev for reamers with 

52 - D - 28 mm. 

51 

T 
To prevent the outflowing chip from jamming the grooves between the reamer 

58 blades, as may occur at feeds of s > 0.4 mm/rev (at which upward removal of chip 

58-1 
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bocoffifls difficult), the reamer body must be subjected to heat treatment providing 
I 

a hardness of H¡^ “ 45 - 50, and the grooves between the blades must be polished. 
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Fig.172 - Effect of Feed s Upon Ream¬ 
er Life T in the Machining of Hardened 

Steels of Ho ■ 49 -54 
C 

1 - For reamer of 14 mm diameter (t ** 
■= 0.2 mm, V * 50 m/min): 7 - For ream¬ 
ers of 28 mm diameter (t m 0.25 mm, 

y - 60 m/min) 

a) Reamer life T, min; 
b) Feed a, mm/rev 
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Fig.173 - Cutting Speed v versus Ream¬ 
er Life T at Various Feeds s (t * 

- 0.2 mm) in the Machining of Hardened 
Steels of Hrq * 49 - 54. Lubricant 

used, machine oil. 

1 - s " 0.1 mm/rev; 2 - s * 0.2 mm/rev; ■ 
3 - a “ 0.3 mm/rev 

a) Reamer life T, min; b) Cutting 
speed v, m/min 

Effect of Cutting Depth Upon Reamer Life 
•10- 

•12. Table 76 and Fig.174 present experimental data for the influence of the depth 

!.. of cut upon the life of reamers tipped with T15K6 alloy and employed to machine 

J 
steels hardened to Hr * 49 - 54* 

V 

■ q Obviously, the depth of cut t exerts a negligible influence upon the reamer 
H j 

;.j life T (at t > 0.10 mm). 

• < y The relation between the depth of cut t and the reamer life T may be expressed 

t>y the equation 

r>6 

58 

H 

KCL-406/V 
60—1_ . 
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The machining of hardened steels with carbide-tipped reamers differs signifi- 1 
I 

cantly from the machining of unhardened steels with HSS reamers. In the latter case. 

% 

< 
k 

N?"' 
►- 

Q05 0,f0 QtS ¢20 ¢25 0.30 ¢35 
b> 

Fig.174 - Depth of Cut t Versus Ream¬ 
er Life T in the Machining of Alloy 
Steels Hardened to H¡^ - 49 - 54 

1 - For reamers with D - 14 mm; 
2 - For reamers with D ■= 28 mm. 

a) Reamer life, T min; b) Depth 
of cut t, nm 

an allowance is left for finish-reaming to 
I. -. 
provide the required surface finish, of 

such size that the cutting takes place in 

a layer work-hardened by the preceding op¬ 

eration. With respect to hardened steel, 

there is no need to strengthen the material 

in the course of prior machining. There- i 

i 
fore, it becomes possible to simplify the ; 

procedure for the machining of holes. 

Table 77 gives the procedure recommended 
f 1 
by K.F.Romanov for machining holes into 

parts consisting of hard-alloy steels, in¬ 

cluding hole size and allowance for 

26_ 

28- 

30-. 

32—' i 
It will be seen that the maximum allowance for flute-reaming is 0.6 mra on di- 

34—S j 
ameter. Except for cases in which the intermediate operation of rose-reaming is 

36 J 

operations after drilling. 

38- 

40- 

42 

required (welding of assemblies with holes, final assembly and assembled finish- 
J i 
machining of holes, etc.), the procedure in the machining of holes in hardened steel| 

~jparts consists of the following operations; drilling with allowance for flute- 

reaming; neat treatment; finish flute-reaming. 
•t4._i 

The minimum allowance for flute-reaming with reamers having a chamfer angle of 
46.-1 

43 

50 

ip “ 15° is 0.14 mm on the diameter. At lower allowances, the entering edges do not 
1 ; 
participate in the work, and cutting is performed by the taper, its bevel being 

q>0 “ ]°30f- 2°. This will create the danger of spalling (as the reamer enters the 
52_j 1 

work hole). 
54 J _ 

Tests have shown that, in reaming holes into parts consisting of steels temper«. 



to high hardness, the surface finish will be independent of the allowance in a range 

of 0.2 to 0.7 mm on the diameter. 
4. 

fi 

8j 
! 

t o 
J 
J 

14-] 

10.-j 

18 . 
-J 

20, ! 
i 

24 J 

2Cid 

28-.1 

soli 
32-J 

I 
M J 

36_j 

Table 76 

Reamer Life T Versus Depth of Cut t in the Machining of Steels Hardened 
to Hr - 49 - 54 

Reamer 
diam¬ 
eter D, 
in mm 

Cutt Lng Cond itions Reamer Life 
s, in 
mm/rev 

n, in 
rpm 

v, in 
m/min 

t, in 
mm 

Number of holes 
machined 

r, in 
min 

14.10 
15,00 
15.10 
14,34 
14,01 
14,01 
14,01 
15,23 
14,89 

0,275 1140 

50.5 

54. 

54 
51.5 
50 

50.5 
50.5 

54.5 
53 

0,05 
0,10 

0,15 
0,20 

0,20 
0,23 
0,20 
0,25 
0,30 

300 

196 
130 
144 
212 
115 
251 
163 
189 

30.5 
20 
13 
14.5 
21.5 

11.5 
25.5 
16.5 
19.5 

28,32 

28,01 
27,19 
25,67 

0,275 725 

64.5 
64 
61.5 
58.5 

0,15 
0,25 
0,25 
0,35 

145 
78 

111 
93 

23 
12,5 
18 
15 

General Formula for Cutting Speed 

An equation is presented below for determining the cutting speed in the reaming 38_J 

.10-of holes into parts made of alloy steels hardened to Hr^ ■ 49 - 54: 

42. 

14 

4ti 

V 
UD0’1 

J4.8S .¿0.16 .Äl(04* 
(19) 

v l® cutting speed, in m/min; 

fiO 
. 

no 

54 . 

56_ 

58 

60.. 

D is ths reamer diameter, in mm; 

T is the reamer life, in min; 

t is the depth of cut equal .to _one-half„ the allowance ».in mm; 

s is the feed, in mm/rev.___|_ 

1 
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121 

i -i 

16 i 

18 .] 

20_j 

no'-"1 

24. Ij 

261] 

28 J 

30l! 

32-2 

34I1 

36—I 

38-J 
J 

40—j 

42H 

•14 J 

Machining Allowance After Drilling and Procedure for Reaming Holes in Alloy 
Steels Tempered to High Hardness 

Hole di¬ 
ameter D, 

mm 

Allowance on 
diameter after 
drilling, in nan 

Sequence of Operations 

1 i 

To 18 

0,3-0,6 1. Heat treatment 
2. Finish flute-reaming 

0.6-2,0 

1. Heat treatment 
2. Rose-reaming with allowance of 0.3 - 

- 0.4 mm on diameter for flute reaming 
3. Finish flute-reaming 

2,0-4,0 

1 
1. Heat treatment 
2. Preliminary rose-reaming 
9. Rose-reaming, leaving allowance of 0.3 - 

- 0.4 mm on diameter for flute reaming 
4. Finish flute-reaming 

Over 18 

0,3-0,6 
1. Heat treatment 

2. Finish flute-reaming 

0,6-3,0 

1. Heat treatment ) 
2. Rose-reaming with 0.4 - 0.5 mm allow¬ 

ance on diameter for flute reaming 
3. Finish flute-reaming 

3,0-6,0 

1., Heat treatment 
2. Preliminary rose-reaming 
3. Rose-reaming with 0.4 - 0.5 mm allow¬ 

ance on diameter for flute-reaming 
4. Finish flute-reaming 

Th® increase in cutting speed with rising reamer diameter is based on expert- 
46—I I 

ments performed with a tool of 14 and 28 mm diam (Table 75 and 76). This regular- 
49 

50 
ity has also been confirmed by tests under production conditions, involving the use 

of reamers of 34, 55, and 61 mm diameter. I 

54 ... Hachinability of Steels Hardened to Hrc ” 35 - 38 __ 

53-.1—- Experiments have shown that, in the reaming of hardened alloy steels tempered_ 

CL-406/V 
CO 
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t0 HrC ^ the relation T - V is of the same nature as for steels of - 1 

49 - 54. The curve expressing this relation has a jog at the point representing j 

( a cutting speed of v - 70 m/min. To the right of the Jog, the reamer life dimin- | 

ishes with further increase in cutting speed. 

10 J It is the interval of cutting speeds to the right of the Jog that is of practi- 

ln J0*1 9i^nlflcance- At these speeds, as compared to the interval to the left of the 

14 
Jog, a high-quality surface finish is achieved, and the intensity of tool wear along 

the finishing edge is diminished. 
18._j 

Investigations have shown that, in the machining of hardened alloy steels of I 
1 ¡3 _j I 

t)() HrC “ 35 - 38 at speeds of v - 70 to 133 m/min and splash lubrication, 

shrinkage of the holes will result. 

The general formula for determining the cutting speed in the reaming of steels ! 

i)fj -hardened to HR^ - 35 to 38 has the following form: 
1M_1 

28 

30 

V 
39 O04 

m Imin , g0,4 ^0.1» . ,0,0 (30) 

"2 32‘ !-?ureReLlng7ariOU3 FaCt°r3 °n D^5io^l Stability and Surface Quality 

34 
"I 

ll?il.ynce of Length of Finishing Edge of Reamer l and Width of Land f. 

-I 

3cC| 

4 oil 

42 J, 

44 J 

46 

48 

50 

52~ 

54- 

56_.4 

58-J 
KCL~406/V 
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Table 78 and Fig.175 present experimental data on the effect of the length l of 

Table 78 

Effect, of Length of Finishing Edge of Reamer Upon Dimensional Stability 
and Surface Finish of Holes 

Length of finish¬ 
ing Edge of Ream¬ 

er Z , in mm 

Out-of- 
True, in 
microns 

Taper, 
in 

microns 

Shrinkage, 
in 

microns 

Surface Finish 

Hrm» 
microns 

2 

5 

9 

12 

3,8 

5.2 

2.4 

3.3 

5.1 

5,4 

5.1 
7.3 

19,2 

5.4 

18,5 

12.] 

0,60 

0,74 

0.44 

0,50 

320 



''" th. finishing sdgs of a flots reamar (U nm diameter) tipped with T15K6 alloy upon 

" Ls dimensional stability (shrinkage,_out-of-troe, and hole taper) and the sorf..» 

4_ 

tí 

8 

Table 79 

Influence of Width of Reamer Land Upon Dimenaional Stability and Surface 
CM m'Í «Vi nf Hola® 

io_ 

4 i' 

M . 

16_i 

18 4 

20--1 

Width of land f, 
in mm 

Out-of- 
True, in 
microns 

Taper, 
in 

microns 

Shrinkage, 
in 

microns 

Surface finish 
Hj-rn» 
microns 

0,05 
0,10 
0,20 
0,30 
0,40 

3.5 
3.4 
3,9 
3J 
6.2 

4.7 
3.7 
5,3 
8,5 
9.9 

. 

14 
14 
13 
12,6 
21 

0,50 
0,49 
0,30 
0,42 
0,80 

24 J 
—4 

2(3 J 

28— 

30— 

:32-1 

24—I 

33- 

38—! 

40—1 

42- 

44 — 

40—I 

48 J 
no J 

Fie.175 - Effect of Length of Finishing 
Edge of Reamers with D = H mm, Tipped 
with T15K6 Alloy, Upon Out-of-True, Ta¬ 
per, and Shrinkage, and also Upon Sur¬ 
face Finish of Flute-Reamed Holes. Ma¬ 
chining of alloy steels tempered to 

V - w ^ 
a) Average roughness microns; 
b) Shrinkage, microns; c) Taper, mi¬ 
crons; d) Out-of-true, microns;-- 

“0) Length of finishing edge of reamer 
I» a®_ 

CL-406/V 

Fig.176 - Effect of Width of Land of 
T15k6-Tipped Reamer with D * 14 nm 
Upon Out-of-True, Taper, Shrinkage, 
and Surface Finish of Flute-Reamed 
Holes. Machining of alloy steels tem¬ 

pered to Hrq “49-54 

a) Average roughness H^. microns; 
b) Shrinkage, microns; c) Taper, mi¬ 
crons; d) Out—of—true, microns; 

e) Width of land f, mm_ 
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‘>'1 
4 T 
'i 1 

8 

10.j 

IL» j 

It . 

Iß J 

Id 

Í'O 

54 were testad. The finish of the machined holes. Steels tempered to m 49 

width of the land on the reamers was f - Ö.15 - 0.20 um. 

Obviously, the best results in terns of out-of-true, taper, and surface finish 

are obtained at a length of the finishing edge of 9 mm. A reamer with I - 5 mm 

showed minimum shrinkage. For reamers with D * 14 mm, the length of the finishing 

edge must be taken not less than 9 mm. Including regrindings, it is desirable to 

use ï « 15 mm. 

Table 79 and Fig.176 present the results of tests for establishing the nature 

of the effect of the land width f of flute reamers (14 mm diameter) tipped with 

T15K6 alloy on the dimensional stability and surface finish of machined holes. 

L’4 

Experimental data show that the best results in terms of out-of-true and taper 

are obtained with a land width of f *■ 0.1 mm. Minimum hole shrinkage and minimum 

.VLJ 

L’y.._ 

30 J 
32_i 
31 .J 

38 J 

•12 .. , 

■14 

Iß 

4811 

50 

r2 

^ /4 

02 I 

b) 

Fig.177 - Effect of Cooling Upon Hole 
Surface Finish in Reaming at Various 
Cutting Speeds. Machining of alloy 
steels tempered to Hrc - 49 - 54 at 
t “ 0.15 mm and s =• 0.195 mm/rev. 
Flute reamers tipped with T15K6 alloy: 

1 - Cooled with 10¾ aqueous emulsol so¬ 
lution +2¾ sulfofrezolj 2 - No coolant 

a) Hole surface microroughness after 
reaming, Hj^, microns; b) Cutting 

speed V, m/min 

Fig.178 - Effect of Cooling Upon En¬ 
largement after Reaming at Various 
Cutting Speeds. Reamers tipped with 
T15K6 alloy used in machining hard¬ 
ened alloy steels of Hr- -49-54 
at t - 0.15 mm and s - C0.195 mm/rev: 

1 - Cooling by 10¾ aqueous emulsol 
solution +2¾ sulfofrezol; 2 - No 

coolant • 

a) Hole expansion after reaming, mi¬ 
crons; b) Cutting speed v, m/min 

5! H rm va^u® are attained at f - 0.2 mm. On this basis, the land width to be recom-r 
-1 

5Ü mended is f - 0.1 to 0.2 mm. 

r’8 ^ 
MCL-406/V 

00-...1__ 
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10. J 
j 

12 J 

11 .J 

10 

Id . 

I 

24 

2ü 

28_J 

30.._ 
I 

32—¡ 

34- 

36— 

38- 

40- 

42. 

■14 

46 4 

48—1 ] 
00 J 

« 

A 

4. i 1 

1' 

10 ¿0 30 
b) 

Fig.179 - Effect of Cooling Upon Hole 
Taper after Flute-Reaming at Various 
Cutting Speeds. Machining by T15K6- 
tipped flute reamers of alloy steels 

tempered to Hrq =» 49 - 54 at t “ 
= 0.15 nun and s = 0.195 mm/rev 

1 - Cooling by 10% aqueous emulsol 
+2^ sulfofrezol; 2 - No coolant 

a) Hole taper after reaming, mi¬ 
crons; b) Cutting speed v, m/min 

K' 

* 

/ / 

/ / 

-y- 
/ i i 

54 - 

56. 

58- 

eo. 

-1 

b) 

Fig.181 - Effect of Lubricant Upon Rate 
of Wear on Diameter of Finishing Edge 
of Reamer. Machining by T15K6-tipped 
reamers of alloy steels tempered to 
Hrc = 49 - 54 at t * 0.2 mm, s “ 

- 0.275 mm/rev, and v = 50 m/min; 

1 - Cooling by 10¾ aqueous emulsol so¬ 
lution +5¾ sulfofrezol; 2 - Cooling by 

10¾ aqueous emulsol solution +2¾ 
sulfofrezol 

10 
% k 

\ 
\ 

• \ 

1 \ 2 
/ 

10 20 30 
b) 

i*0 50 

¿0 

t 

/ 

rmf 
t j 

/ » 

10 15 
b) 

20 25 

Fig.180 - Effect of Cooling Upon Out- 
of-True of Hole after Flute-Reaming at 
Various Cutting Speeds. Machining by 
T15K6-tipped fïute reamers of alloy 
steels tempered to - 49 - 54 at 

t ” 0.15 mm and s “ 0.195 mm/rev 
j 

1 - Cooling by 10¾ aqueous emulsol so¬ 
lution +2¾ sulfofrezol; 2 - No coolant 

a) Hole out-of-true after reaming, mi¬ 
crons; b) Cutting speed v, m/min 

a) Wear of finishing edge of reamer, mi¬ 
crons; b) Reamer operating time T, min J 

Fig.182 - Effect of Composition of Lu¬ 
bricant Upon Rate of Wear of Flank of 
Entering Edge of Reamer. Machining by 
T15K6-tipped reamers of alloy steels 
tempered to ” 49 - 54 at t “ 0.2 mm, 
s =* 0.275 mm/rev, and v - 50 m/min. 

1 - Cooling by 10¾ aqueous emulsol so¬ 
lution +5¾ sulfofrezol; 2 - Cooling by 

10¾ aqueous emulsol solution +2¾ 
sulfofrezol 

a) Wear of flank of entering edge of 
reamer h, microns; b) Reamer..oper-.._ 

ating time T, min 
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-] 

A back taper of 3 - 5 microns on the finishing edge of a carbide-tipped reamer] 
I i 

is recommended to provide normal functioning. This taper reduces the axial force 

and the torque. 
>> ........ .. _ 
J 

j Influence of Lubricants 

10 

12 

1-1 

Hi 

! 

20 

24 

2‘j 

2a. 

uO 

32 J 

‘M 

_I 

33— 

The following fluids were tested to determine the optimum lubricant-coolant for 

use in the flute-reaming of parts made of hardened alloy steels (% •* 49 - 54): 
c 

1) 5Í aqueous emulsol solution; 
I 

2) 10¾ aqueous emulsol solution; 
I 

3) Bulfofreiolj 
) 

4) machine oil; 

5) spindle oil; 

6) 10¾ aqueous emulsol solution + 2¾ sulfofrezol. 
j I 

The reamed holes were tested for expansion after reaming for dimensional stabil¬ 

ity, out-of-true, taper, and surface finish. Machining was performed at a cutting 

speed of V - 50 m/min, depth of cut of t = 0.2 mm, and feeds in the s - 0.2 to 

1.1 mm/rev interval. The best results were obtained with spindle oil and with 10¾ 

aqueous emulsol solution +2¾ sulfofrezol as lubricants. The latter fluid is to be 

perferred in terms of safety at cutting speeds resulting in highly heated chip. 
I 

Comparative tests with and without the selected fluid were run to determine its 
40. 

1 
effectiveness. A check was rade of expansion beyond reaming dimensions, out-of-trueL 

42 J 

14 

<b 

13 

50 

5-4 

taper, and surface finish of the holes machined, as well as of the flank wear of the 

entering edges and on the wear on the diameter of the finishing edge. The results 

of these tests are plotted in Figs.177 - 182. The curves in Fig.177 demonstrate the 
'J 
effect of the cutting speed on the surface finish of the hole. The curves in 

Figs.178, 179, and 180 demonstrate the effect of the cutting speed on the expansion 

eyond reaming dimensions, the taper, and the out-of-true of the holes after reaming 

Jt will be seen that surface finish is higher, while the elongation, taper, and 

l 

:>6_4 
- J 

53 

60 
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1 

f) 

out-of-true axe lesa when a coolant ia usad. 

In reaming without coolant at cutting speeds in excesa of 20 m/min, the high 
I ' ..... ! ~ 
temperature generated in the cutting zone may have a harmful influence upon the 

8_J 

10 J 

12 

10 

18 .j 

20- 

quality of the surface layer of metal. Moreover, excessive wear of the finishing 
I 

edge of the reamers occurs under these circumstances. 

Experiments have also shown that an increase from 2 to 5Í in the aulfofrezol 

content of the fluid results in a lowered wear of the finishing edge of the reamer 

(Fig.181). Figure 182 shows that the percentage of sulfofrezol in the lubricant- 

coolant fluid has little effect upon the extent of wear on the flanks of the enter- l 

ing edge of a reamer. j ! 

In reaming holes in alloy-steel parts tempered to high hardness, the use of a j 

lubricant may be deemed obligatory, and the best results are obtained with 10Í soda- 

.* 
emulsol solution (0.2^ soda) and of 5Í activated sulfofrezol. 

2<iJ 
! 

Effect of Cutting Conditions Upon Shrinkage of Holes After Reaming 

30_! 

32. 

34 

36. 

28- 

40_4 

42— 

44.:1 

The curves in Figs.183, 184, and 185 show the effect of the cutting speed r, 

feed s, and depth of cut t upon the shrinkage of holes after reaming. The experi- 
] ¡ 
mental data pertain to reamers of 14 mm diameter tipped with T15K6 alloy, used in 

3 ! 
the machining of alloy steels hardaned to % = 49 - 54. The center line (X) of the 

3 I 
graph gives the average deviations of the diameters of the flute-reamed holes. The 

I 
broken lines represent the theoretical limits of the hole-dimension scatter. As we 

see, this closely approximates the real limits of the range of scatter. 

An examination of these curves indicates that, unlike feed and depth of cut. 

46 
—t 

48 

the cutting speed has a significant influence upon the shrinkage of holes after 

1 ! 
reaming, and upon the area over which the experimental points are scattered. In the 

50 i 
- case of cutting speeds in excess of 20 m/min, the area of scatter is substantially 

rn _j 
~ narrowed when compared to cutting speeds of less than 20 m/min (Fig.183). The range 

1 __ j __ ___ _ _ 
" of scatter of the hole dimensions is least at v ** 33 m/min. However, at this speed. 

S8- 
I 

58--1 
MCL-406/V 
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Fig.183 - Cutting Speed versus Hole 
Shrinkage after Flute-Reaming. Ma¬ 
chining of alloy steels tempered to 

Hr- - 49 - 5*» at t “ 0.2 mm and 
s * 0.275 mm/rev 

a) Shrinkage of holes after flute- 

reaming, microns; b) Cutting 
speed V, m/min 

Fig.184 - Influence of Feed Upon Hole 
Shrinkage after Flute-Reaming. Machin¬ 

ing of alloy steels tempered to Hrc - 
=» 49 - 54 at t - 0.2 mm and 

V * 50 m/min 

a) Shrinkage of holes after flute- 

reaming, microns; b) Feed s, mm/rev 

Al 

■*o 

■33 

■23 
I 

■20 

/-X— y * 
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IIP 
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003 <W 
b) 

Fig.185 - Influence of Depth of Cut Upon Hole Shrinkage 
after Reaming. Machining of alloy steels tempered to 
Hr * 49 - 54 at s ” 0.275 mm/rev and v - 52 m/min 

a) Shrinkage of holes after flute-reaming, microns; 
• b) Depth of cut t. inn 

. 
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- 

the average deviation of the diameters of the flute-reamed holes is comparatively 

1 ! large. This value is considerably less at v ■ 51 m/min. _ _ 

The least shrinkage of holes after reaming is achieved in the case of hardened 
J __ ... ........I . - 
alloy steels, at cutting speeds in excess of 20 m/min. The use of guides reduces 

the area of scatter of machined hole sizes to the 5-30 micron interval. 
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CHAPTER VII 

ROSE-REAMING OF HARDENED STEELS 

Rose Reamer Design and Jigs, The machining of holes in hardened steel parts 

18 ' I 
with rose reamers requires the use of guides as does work with flute reamers. The 

20.-J 
tool is guided by means of a rear guide bushing, or by front and rear bushings. Dual 

22 J 
guides are used in the following cases: when the length of the hole is more than two 

'4 ! 
diameters; when several coaxial holes are being machined; when the axis of a pre- 

'1 I 
viously machined hole has been substantially shifted relative to the axis of the 

D 
guide bushings. 

Holding fixtures for rose reamers should also have rotary guide bushings. In 

24 

28 

28. 

30 

32- 
work with holding fixtures, the rose reamer is mounted by means of a floating arbor. 

34 

36-4 
The design of the assembled type of rose reamer, tipped with carbide, is analo-j 

gous to that of assembled flute reamers, differing from the latter only by the geo- 
38- 

18. 

42 

■14. 

4 G 

48 

metric parameters of the cutting part. The considerations in Chapter VI with respec 

J L 
to flute-reamer designs, and the methods of feeding the lubricant, are wholly appli- 

1 ! 
]cable to rose reamers. 

J 1 
In the rose-reaming of hardened steels it is necessary to employ the lubricant 

1 I 
and coolant fluid that yields the best results in flute-reaming, namely a 10Í solu- 

~1 j 
tion of emulsol in caustic +5% sulfofrezol* 

The cutting conditions for rose-reaming, presented in Appendix V, will yield a 
'1 
finish of the machined surface as high as W 6 and up to Class U accuracy. 

54 
i 

58_L 

4 

Figure 186 presents the design of a rose reamer tipped with T15K6 alloy, with 

58 

C0- 
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o. 

2I] 

"dual guides and internal cooling. Figure 187 shows a rose reamer with rear guide 

4II 

8 

101 

and inserted teeth, as designed by the NIAT. These designs have proved satisfactory 

in the machining of hardened steels. i 
___ j... _ _____............ 

Geometry of Rose-Reamer Bit and Type of Carbide to be Used. Experiments hart 

established that for machining hardened alloy steels of %c “ A9 - 54, rose reamers 

must have a true rake angle of y “ -15° and a working relief angle bf <* “ 10° 

12 / 
(Fig.188). At a chamfer angle of <p “ 60° and a second bevel of T0|" 15°, the most 

14 4 ! / 

16.-] 

18 _4 
I 

20-..1 

a---^ 
241 

28_ J 

30_1 
I 

32—J 

34 

36 

33. 

40 3 

42. 

44. 

46- 

48^ 

50 

Fig.188 - Geometric Parameters of Cutting Portion of Rose Reamer 

I 
a) Section through A-A; b) Deflecting bevel; c) Section 

through C-C; d) Section through B-B 

extensive wear of a rose reamer does not occur at the point of transition between thf 

f ' ! 
finishing and the entering edge but at the point of contact between the main cutting 

1 
edge and the transitional cutting edge (Fig.189). The axial rake is taken to be 

> - OP. I 

glé y, and its radi The main true rake counterpart Y0, both negative, are 



o. 
produced by a special recess (Fig.190). Point A denotes the point of contact ba- 

I tween the main cutting edge on the entering edge and the transitional^ edge, while 

1M_ 

2fl" 

28 1 

Fig.189 - Wear of T15K6-Tipped Rose 
Reamer Along Flank of Entering Edge 
in the Machining of Hardened Alloy 

Steels, * 51 

point B is the point of contact between 
j..._............ 
the guiding land on the finishing edge 

with the transitional edge, and point C 

the intersection of the flat on the leading 
Í 

edge with the land. Figure 190a illus¬ 

trate a recessing job properly done; 

Fig.190b and 190c show incorrect recessing; 

in the former instance the cutting edge is 

formed without a recess, whereas in the 
¡ 

latter the guiding land is intersected. 

The recess which forms the negative 

true rake angle also facilitates forward removal of chip, in the direction of the 

unmachined surface. Toward this purpose, a "deflecting bevel" (Fig.188) is formed 
30Ü ¡ 

_ on the flank of the rose-reamer blade immediately ahead of the one in question. As 
32 Ij I 

_ a result, the chip flowing off at high speed normal to the peripheral cutting edge 
34 _! I 

(in the form of a straight ribbon) strikes the deflecting bevel, curls, and is di- 
3614 I 

rected forward. 
3811 I 

Figure 191 shows curves for the relation between the cutting speed v and the 
40_H ! 

life of a rose reamer T, for the hard alloys T15K6 and T5K10. The work material was 
42_ ! 

_hardened steel tempered to - 51» machined at a cutting depth t - 0.65 mm and a 
44 1 

4G I 
feed 3-0.4 mm/rev. The diameter of the rose reamer was D - 25 mm. Obviously, the 

life of rose reamers tipped with T15K6 carbide is longer than that of reamers tipped 
48Zj I 

with T5K10 alloy. For the rose-reaming of hardened alloy steels, the hard allpys 
fioZj , 

115K6 and T15K6T must be used. 
I 

Wear of Rose Reamers and Dulling Criteria. In the machining of hardened steels 

the wear of a rose reamer occurs in approximately the same manner as that of a flute 



Figuro 192 presenta empirical data on the relationship between length of opera- 

c) 

_rearner. A rose reamer undergoes maximum wear at the point of intersection between 
2-1 ! 

the main peripheral and transitional cutting edges (Fig.189). The wear occurs along 

4-1 ! 
.the flank and is insignificant on the face. 

6. 

8_ 

1CL 

12 

!■:. 

19. 

18 

20. _. Fig. 190 - Special Recessing of Rose-Reamer Face. 
(a) Correct; (b) Incorrect 

’H 

tion and flank wear of a rose reamer h, and also between taper and out-of-true of 

'the hole after rose-reaming. The tests were made with rose reamers tipped with 
—1 

28_„T15K6 carbide, at t =* 0.65 mm, s m 0.U mm/rev, and v - 60 m/min. As we see, the 

20 

32- 

34- 

36. 

38- 

40- 

i 

42—j 

H 
-1 
A 

44 

46 

48- 

50 J 

Fig.191 - Relation Between Cutting Speed v and Life T for Rose Ream¬ 
ers Tipped with Carbides T15K6 and T5K10 

a) Life of rose reamer T, min; b) Cutting speed v, m/min 

51. wear rises rapidly to a value of h - 0.6 mm and then stabilizes. Crumbling-out of 
J 

r,R the cutting edge begins on reaching h “ 0.7 mm. The flank wear of a. rose reamer has. 

58- 

to. 
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2H 
little effect upon the taper and out-of-true of the machined holes. The surface 

finish of the holes is not impaired with increase in wear of the reamer h. 
4 1 ! 

Experiments show that flank wear of the rose reamer rises with an increase in 
.1 __ __ _ _ ___ I 

the cutting speed. In the machining of steel tempered to Hr - 51 by rose reamers 
8.H I C 

tipped with T15K6 alloy (geometry of cutting edge of reamers: y ” -15°, a - 10°, 

j 

mil 
12 

14 

10 

18 — 

20. j 

22..] 

24 J I -J 
20 J 

—4 
28_I 

——4 
30- I 
32Z.I 

-1 
36-J 

9 ■ 60°, f0 m 15°), with t ■ O.65 mm and s ■ 0.4 nm/revf the flank wear after 15 min 

a) 

ao 

70 
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50 

b0 
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38—J 

4oZ| 

42 —j 

44 ..J 
46_ 

4 Si 

50-J 
J —-j 

52 J 

Silfii work waa h " rnm at a cutting speed of v - 20.7 m/min, h - 0.8 mm at a speed 

rt.- of v ” 41.2 m/mln. 

CO. 

20 60 60 80 100 120 160 160 180 200 220 260 260 280 300 

Fig.192 - Relationship of Flank Wear of Rose Reamer, Taper, and Out-of- 
True of Holes after Rose Reaming, to Duration of Work in the Machining 

of Steel Tempered to Hr_ ■ 51 

a) Flank wear of rose reamer h, microns; b) Number of holes machined; c) Ta¬ 
per of holes after rose-reaming, microns; d) Out-of-true of holes after 

rose-reaming, microns 

..j ; 
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Zj In the case of reamers tipped with titaniun-tur,c sten carbides, the dulling 
21] i 

criterion employed in the machining of hardened alloy steels is h - 0.7 ran. Visible 
4 ] i 

evidence of the dulling of a tool on rose-reaming, as in turning and flute-reaming. 
(U 

8—] 

10.j 

12 H H 
14 J 

is offered by the fact that the removed chip takes on a goffered appearance. 
Î * ! 

An equation is presented for determining the cutting speeds in the rose-reaming 

of holes in alloy steel parts tempered to %£ -38- 51s 

V 
^ V * D0,8 

16 
..., 

1 

where D is the diameter of the rose reamer, in mm; 

j-O.ib . ¿0.8 . 

i 
mjmin , (21) 

20- 

--] 
<u‘l..j 

2d 

28 

T is the life of the reamer, in min; 

t is the depth of cut, in mm; 

s is the feed, in mm/rev; 

34 

36^ 

38-J 

40. 

42~ 

44. 

46- 

Cy is a constant. 

The following are the values adopted for Cyj 

Hftç hardness of steel 

51 

45 

38 

Value of CT 

10 

15.5 

23 

..5 ^ 
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CHAPTER VIII 

I 
THREADING HARDENED STEELS 

i 
This Chapter gives results of an investigation conducted by the author into the1 

18.J 
^process of threading our steel C tempered to Hrt.* 65. This investigation was started 

on -j, I 
>ecause of difficulties encountered in a machine-building plant in the course of 

24- 

26- 

28- 

30_| 

32-J 

34 

36-J 

39 

10 

42 

■14 

45 

48_ 

00 

graphic not .reproducible 

- 

J i 
¡Í 

r~ 

Fig.193 - Portion of Billet of1C Steel, HR - 65, With Thread 

:/2.j 

nastering this process. Under industrial conditions, thread cutting was character¬ 

ized by the following data: 

1) Work material steel tempered to HR^ » 60; 

2) External Whitworth thread, 8 threads per inch, root radially rounded at 

bottom, length of thread t “ 20 mm; 

54 

56 
=f « 

3) Equipment - DIP-200 thread-cutting machine; 
I 

U) Cutting tool- single-point tool tipped with VK8 carbide, with no lapping 

58-,. 

60. ' 
<!CL-W)6/V 336 
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16_J 
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24 J 

28_ 

30’ 

32—J 

34- 

36l 

3bI 

40. 

42" 

44. 

4G 

48. 

50" 

of cutting end, and rake angle of jy * 0°. Setting of the tip below the 

lathe center line gave the cutter a rake angle of T "* -5° during the cutting 

process; 

~'J) Cutting conditions: cutting speed v ** 8 m/min, number of passes for 

threading a single part i - 30 - 35. Tool life T - 2 min. For threading a 

single part (1 “ 20 mm), 7-8 cutters (reamers). 

The investigation was performed under laboratory conditions, with a specially 

Fig.194 - Single-Point Thread Cutting Tool 

prepared steel billet, L - 1150 mm, diameter D « 200 mm. The stoel was tempered to 

- 65. 

Hardness testing was with a Rockwell tester, using a disk of 55 mm thickness 

rV cut from the billet. The hardness was determined at four points, at the following 

□ f 
cj distances from the center of the disk: 30. 44..79* end.88_mm_(disk diameter—D.i. 

56lLl98 mm) • Hardness at all points was HRr- 65. 

53- 

60- 
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o —J Subsequently, the hardness of the material was determined on the billet Itself, 

2- j 
.Thisdemonstrated deep penetration of hardness. 

8_. ] 

1 10 

12 J 

14 

16 : 

Three threads were studied: 12, 8, and 6 threads per inch, respectively. Rings 
,... . ____, I 

of 20 and 40 ram were formed along the ïengjtn of the billet. Grooves for the cutting 

tool to slide across were provided between each two rings. Figure 193 shows a por¬ 

tion of the threaded billet. j 
I 

The cutting tool employed was a bar-type single-point tool (Fig.194), tipped 

with VK-0, T15K6, and T21K8 carbides. Most of the experiments were run on a DIP-300 

18 _| 
.J 

20- j 

lathe, and the others on a DIP-400 lathe. 

«»i I 

The process is doubtless one of the most difficult in the machining of metals. 

The very high hardness of the material being machined, which approaches that of the 

24 J 
cutting tool, is combined with large feed (over 4 mm when cutting 6 threads per inch1 

I j 
and a small tip radius, although this is the most critical part of the cutting edge 

2ö._j I 
of carbide-tipped tools. The cutter operates under "constrained" conditions, in 

which the entire profile of the cutting edge of the tool participates (in the finish¬ 

ing passes). 

The results obtained in the Investigation have demonstrated the possibility of 

-j I 
significantly increasing the productivity of the process over that achieved in in¬ 

dustrial practice. 

28_ 

30. 

32- 
34 

36- 

3SI 

40^3. Cutter Dulling Criteria 

42" 

44 

46 
i 

Flank wear and change in chip appearance may be taken as criteria of cutter 

dulling. 

48 J Flank Wear. This process is characterized by the fact that the major wear oc- 

50_ 

Curs on the curved portion of the cutter flank. This is clearly evident in finishing ; 

52 Zj 

54 

58 

58 

60 

cutters, whose full profiles participate in the operation. 

The operation of roughing cutters is such that their right-hand cutting edges 

lardly participate in the cutting process, so that they undergo flank wear similar in 





0_ 

:-. 

would havB crumbled out if it had not beert taken out of operation. The wear along 

4-1 
a 

the curved portion of the flank had attained h • 0.27 mm. The vear of a VK8 cutter 

having the same geometry and used to normal dulling, was h - 0.5 ram. Both cutters 

8-H 

10 

A O 
J. «... 

14 

18 J 

20-J 

were engaged along their full profiles. 

In the case of the T15K6 cutter used to normal dulling (Fig.196), a wear of 

I 
h - 0.52 mm resulted in no trace of crumbling-out. This substantial superiority of 

the life of T15K6 alloy over T21K8 alloy 1,3 due to the fact that the T15K6 cutter 
j 

,had a negative rake (y - -5°). 

Chanre in Appearance of Chip. The appearance of the chip changes as the cutter! 

gets duller. At the start of the cutting ¡process, when the tool has as yet under- ; 
I 

gone little dulling, elementary chip comes off smoothly in the form of a spiral rib- 
on_ 

- .bon with an absolutely smooth outer surface - that being the surface of contact with| 
I 24 

2'i I) 
28 

30 

3,? 

34 

3¾-j 
38 

4oZj 
42 

44-j 

4 611 

48 

50 

-the face. As the cutter becomes duller, tiie chip loses its spiral shape, and its 

external surface acquires a characteristic goffered appearance. 
i i 

Figure 197 illustrates several chips produced at various stages in the dulling 

—I i 

of a T15K6 roughing cutter. This cutter was used for T = 6.6 min before becoming 

-i ! 
completely dulled. The upper chip represents a life of T = 1.6 min, the second from 

! I 

'the top of T = U.U min, and the bottom one oi T = 6.2 min. Figure 198 illustrates a 

‘number of identical chips obtained in the final stage of dulling of a finishing cut' 
I 

ter having the same geometry as the preceding example. This cutter, unlike the 
j I 

roughing cutter, worked over its entire prbfile and removed a chip of triangular 

cross section. ) 

The following conclusions may be drawn from these experiments. 

i 
In the cutting of threads on hardened steels, the flank wear and change in the 

appearance of the chip may serve as the dulling criterion. 

. 

, A change in the appearance of the chip - acquisition of a goffered appearance - 
I 
H i 
is the most obvious criterion of cutter dulling,, useful for application under indus- 

54 

.■ j 

r8 

Ù0- 

trial conditions. 

:1 
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Fig.197 - Effect of Stage of Cut'ter Dulling upon Chip Appearance 
(a “ 13°, a-, =* 6°, y = 0°, A = 0°, r - O.h mm). The upper chip 
was produced at the start of operation of the cutter; the low¬ 

er, at normal dulling 
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U__ __________ 

--1 inve3^ifation, the author employed both criteria Jointly: the appearance 

.of.the ?.hlP heinE used for general purposes, and flank wear being used for control 

purposes. H 

8_J 
1) For roughing cutters, h “ 0,3 to 0,5 wn (lower values for the cutters T15K6 

io J ! 

Normal flank wear was taken to be as follows: 

^•1 1: 

ll 

and T21KP and higher values for the cutters VK8); 

2) For finishing cutters, h *= 0,2 mm. 

Hi 34, Determination of Optimum Number of Passes 

18 .] 
_J 

20. I 

a 

i 
The experiments to determine the number of passes were complex. The problem to¡ 

be solved was that of producing a completely finished thread at the smallest number : 

I 
of passes, under simultaneous study of the influence of a number of factors upon the1 

f-lJ ! I 
cutter life and upon the cutting process as a whole. 

2fl_I ¡ I 
Let us agree to use the term cross feed s, to describe the depth of cut per 

28_! ( 

pass in thread cutting on thrsad-cutting lathes. Various methods may be used to 
30_! 
_make the plunge cut (Fig.199). 

32_ j , 
Mien making a plunge cut in a direction normal to the axis of the part being 

_ cut (Fig.199a), the cutter is in the least favorable state since its entire profile 

J i 
^ making the cut# This method has to be used in the final passes, in 

28. J i 
finishing the cut. 

Figure 199b shows a method of plunging the cutter in which its right cutting 

edge is almost entirely non-participating. This is accomplished as follows: Having 

been given the required displacement in a direction normal to the axis of the part, 

the cutter is also edged leftward toward the headstock of the lathe. 

•10 

4 21] 

44 

40 

48 .j 

50 

52J 

54 

Figure 199c illustrates the method of plunging the cutter at an angle. To ac¬ 

complish this, the top slide of the carriage has to be turned through a 30° angle in 

the cutting of metric thread and through 27°30» in cutting Whitworth thread. When 

this method is employed, the right-hand “cutting edge of the.cutter is also eliminated 

58 
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4. 

(i 

- 

8— 

10 

12 

14 J 

10.j 

18 J 

20 

oo I 

26 2 

All three methods were employed in our investigation. The final finishing of 

Fig.199 - Various Methods of Cross Feed (for Depth of Cut) 
in Thread Cutting 

28 1 

30 

32 

34 

36 

38 

401] 

the thread was by the first method (Fig.199a); and the second and third methods were 

used in rough cutting (Figs.199, b and c). 
I 

Below we present the results of the tests made. Except for the tip radius r, 

-! I 
the cutters were identical in geometry: a «= 13°, a, =* 6°, T “ 0°, A - 0°. 

J 
Experiments in cutting thread with 8 thr/in were run on a length of I - 20 nm, 

and a cutting speed of v = 8.5 m/min. Roughing cutters had a tip radius of 

_I* =• 0.6 mm, and the finishing cutters had r = 0.A mm. The hard alloys VK8, T15K6, 

42_j j 
_and T21K8 were employed. The second method was used in roughing cuts, and the first 

44_| 
in finishing cuts. 

uQ 
_ The thread was finished on nine rings. 

48_ ! 
_ ters, or an average of two cutters (one roughing and one finishing) per ring. The 

. This required 18 grindings of the cut- 

50 

52—) 

54 _L 
W, 

56 

58 

60 

total number of passes required to cut the nine rings was: a) 151 roughing passes 

for s^ = 0.10 mm; b) 59 finishing passes for s^ * 0.10 mm. Consequently, each ring 

as threaded on an average of seventeen roughing and seven finishing passes. The 

I 
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o 
^average life of the roughing cutter was Tr 6.3 min, and that of the finishing cut-] 

ter was T ■" 3.1 min. 

4 

6 . 

The shorter life of the finishing cutters is due to the fact that their smaller 

1 

8-J 

loZj 
12I] 

n 14 

radius r and due to their severe operating conditions (the entire cutter face parti- 
I ’ 

cipates in the cutting). 

Experimental data illustrate the nature of the effect of the cross feed Sj^ and 

the grade of carbide upon the life of the cutter. Whereas, at - 0.10 mm, the 

16.-j 

3 

mean life of a VKP roughing cutter (r - 0.6 mm) is 6.3 min, it will be only 1.5 min 

18 

20 -l 

<'n — — —< 

24 J 

23 

28. 

30- 

32- 

at * 0,15 mm, although cutters with s^ • 0.15 mm underwent extreme dulling and 1 

! Í 
crumbled out at their tips. Due to its high brittleness, the alloy T2LK8 had a veryj 

short life. 

Experiments in cutting 12 tpi thread were conducted over a length o£ I - 20 mm 
I 

at V - 8.5 m/min. For the roughing cutters, the value was r » 0.4 and 0.6 mm and 

for finishing cutters, r = 0.3 mm. The cutter was plunged in the manner indicated 

in Fig.l99b, except for two rings on which the plunging of roughing cutters was per¬ 

formed by the third method (Fig.199c). The thread was completely finished on eleven 

_] i 
.Tings, and 31 cutters were required to accomplish this, of which 18 were for rough 

1 

34-- 

36. 

38- 

cuts and 13 were for finish cuts. 

Each ring requires an average of three cutters, of which about 50£ are roughersL 

The cutting of one belt required an average of 22 passes, of which 9 were roughing 

•iO-J 
jpasses and 13 were finishing passes. The life of a single cutter was T - 5.1 min 

42 J 
for a rougher, and T “ 5.0 min for a finisher, on the average. 

44 .J 

48Ü 

DO 

52 J 

Thus, in our experiments, finishing cutters had the same life as roughing cut- 

jters (T - 5 min). However, roughing cutters operated at s-^ =* 0.10 mm, and finishing 

cutters at s^ =* 0.05 mm. At an identical value Sjl the life of roughing cutters would 
j 

be higher than that of finishers because of the fact that the tip radius of the 

roughing cutters is higher than that of the finishing cutters. It is Important to 

ojióte"" that.the.life of roughing ctibiers",'" In] cutting12 tpi thread, 4« lower than ♦.hat. 
56 ' 

58 

CO 
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2~í 

of the same cutters in cutting 8 tpi thread. At identical feeds of Sj^ - 0.10 mm, 
j 

the mean life of a cutter in cutting 12 tpi thread (s ** 2.12 mm) is T ** 5»1 

4 J 
whereas it is T “ 6.3 min in 8 tpi thread (a - 3»17 nm). 

_ _ __ _l___ __ ...... .*.. ... .I 
The apparent contradiction (since the cutter life should really rise with a 

reduction in pitch) can be attributed to the strong influence of the radius r on the 

life. A reduction in the radius r from 0.6 mm (roughing cutters for 8 tpi) to 

0.4 mm (roughing cutters for 12 tpi) led to a reduction in the cutter life, despite 

8—i 

10 _ 

12 .] 

1 
the fact that the pitch diminished from 3#17 to 2.12 mm. 

10 I 
Experimental data reveal the T15K6 and VK8 cutters to have virtually identical 

18 J I 
life. At r = 0.6 mm and s1 - 0.10 mm, the life of VK8 cutters on four rings was 

20. j I 
_ T =■ 5.3 and 6.0 min, and that of the T15K6 cutter was T - 6.6 min. 

*)•> j ! 

The two methods of cutting ("ig.l99b and 199c) revealed virtually identical re- 

2(3_I 
.suits. When the cutting was done in accordance with Fig.199b, the VK8 cutters 

30. 

(r = 0.4 mm and S! = 0.10 mm) had a life of T = 4, 7.9 and 7.3 min (three rings) 

when cut in accordance with Fig.199b, whereas the life of the VK8 cutter, when the 

Í L cutting was done in accordance with Fig.199®, T =• 6 min. 
32_! ~ I 

Experiments in cutting 6 tpi thread were conducted over a length of I =• 40 mm, 
04 J ! 

__at V = 7 m/min. A portion of the experiments were run with roughing cutters at 
C6_l ! 
3 = 0.8 mm. In the other experiments, the cutters were of r = 0.6 mm. The roughing| 

38- 
"cutters were plunged by two methods. The thread was cut completely on seven rings. 

40—J 

■12 

14- 

Six rings were cut completely, for which seventeen roughing and eight finishing 

tools were required. Consequently, an average of two roughing and one finishing 
] ’ j 
cutter, in 22 roughing and 16 finishing passes, were required to thread a single 

4M i 
band (l =■ 40 mm). The life of a single cutter constituted on the average T - 6.3 miji 

43-] i 
_ for a rougher, and T = 9.3 min for a finishing tool. 

50 i 
The average for the life of finishing cutters reflected the fact that the finalj 

J j 
passes on two bands were run at s-j^ = 0.05 mm (all the other passes, both roughing and 

D; 1 ! 
Zjflnlshing were run at sj^ - 0.10 mm). Thus, as distinct from the results with 8 and 

53- J 
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o 

=q 
4 

H 

5 

Î12 tpi threads, the finishinf cutters were not inferior to rouphing cutters in life 

when 6 tpi were cut. This is explained by the fact that the finishing cutters had 

the same large radius (r * 0,6 nm). i 

10 Ij 

12 J 

14 J 

10_| 
4 

The life of the cutters proved to be higher for 6 tpi than for 8 and 12 tpi, 1 

due to the fact that 6 tpi thread was cut at v ** 7 m/r.in, while the 8 and 12 tpi 

threads were cut at v * 8.5 m/min. This confirms the previous conclusion with re¬ 

spect to the approximately equal cutting capacity of the hard alloys VK8 and T15K6. 

Table 80 contains systematized data on the number of passes required for com¬ 

plete cutting of 12, 8, and 6 tpi thread on twenty-six bands. As we see, the cuttir^ 
18 

of a single band required an average of 22 passes for 12 tpi, 24 for 8 tpi, and 38 
20 

! 4 
for 6 tpi. 

Due to the bounce caused by the radial force Pv, the actual depth to which the 

20 

28. 

_tool penetrates is less than the depth for which it is set at the start of the pass. 

jTable 81 illustrates the degree of cutter jbounce for twenty-seven bands. "Actual 

tool penetration" (column 9) was determined by direct measurement of the outside and 

32—1. 

inside diameters of the thread. "Total bounce" (column 10) was obtained by subtract- 

1 
34. 

36_] 

30- 

40 

_ing "actual tool penetration" from "nominal penetration" (column 8), which is the 

product of the actual number of passes by the nominal (rated) cross feed of the cut¬ 

ter (per pass). The average data on cutter bounce do not include bands 51 and 52, 
J 
since they are not indicative. 

1 
42. 

14 4 

Obviously, the cutter bounce is extensive and increases markedly with an in¬ 

crease in pitch. Due to the cutter bounce, the actual number of passes in cutting 

6 tpi thread proved to bs 35Í larger than the number indicated by the depth of cut 
46.! J _ J 

and the given cross feed of the cutter. Cutter bounce may be reduced by reducing 
48 1 

50 J 

the tip radius of the cutter r, but this shortens the life of the tool. 

Tho experimental data were derived with a DIP-300 lathe, whose carriage is quite 

'igid. The author believes that, in determining the number of passes, it is neces- 
54 _1 

58 I 
.4 

58 [ 

' sary to begin with the average cutter bounce values (Table 81) except for 6 tpi 
! i 
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Actual Number of Passes InCutting 12, ß,and 6 tpi Thread 

(i _ 

8_ 

mZ 
12- 

I 

i.rq 

10 li I 
J 

16 J 
J 

20-.: 

ÍJO t— — 

24 

26 

28 

— 

9« 

30. 

32. 

31.. 

36. 

38_ 

40- 

4M 

44 .2 

4G J 

48 

50 Z\ 
52 Z] 

54. 

56- 

58- 

60- 

Thread 
Thread 
length, 
in mm 

12 tpi 
S «=* 2,12 mm 

20 

51 

52 
53 

54 
56 
57 
58 
59 
77 
78 
79 

Mean data 
(per band) 

Band 

No. 

Actu¬ 
al 

Cut- 
ting 
Depth 
in mr. 

1,22 

Actual number of passes 

In rough 
Cutting 

Cut¬ 
ter r, 
in mm 

0,6 
0,4 
0.4 
0,6 
0.4 
0,44 
0,4 
0,6 
0.6 
0.6 
0,4 
0,4 
0,4 

mm 

0,10 
0,10 
0,10 
0,10 
0,10 
0,10 
0.10 
0,10 
0,10 
0,10 
0,10 
0,10 
0.10 

In finish 
cutting 

Cut¬ 
ter r, 
in mm 

10 
5 

14 
8 
3 

11 
11 
9 
9 
9 
3 
3 
3 

0,3 

0,3 
0,3 

0,3 
0,3 
0,3 
0,3 
0.3 
0.3 
0,3 
0,3 

0,4 
*mI 0,6 0,10 

8 tpi 
=* 3,17 mm. 

20 

30 
31 
32 
33 
34 
35 
36 
38 
45 

Mean data 
(per band) 

1,90 

0,6 
0,6 
0,6 
0.6 
0,6 
0,6 
06 
0,6 
0,6 

0.6 

6 tpi 
=* 4,23 mm 

40 

65 
66 

67 
68 

69 

70 

Mean data 
(per band) 

2.58 

0,8 
0.8 

0,6 
0.6 

0,6 

0,6 

0,6 
»"4 0,8 

0,10 
0,10 
0.10 
0,10 
0.10 
0,10 
0,10 
0.10 
0,10 

19 
19 
17 
15 
15 
18 
17 
17 
16 

0,3 

mm 

0,05 

0,05 
0,05 

0,05 
0,05 
0,05 
0,05 
0,05 
0,05 
0,05 
0,05 

0,05 

0.4 
0,4 
0,4 
0.4 
0.4 
0,4 
0,4 
0,4 
0.4 

0,10 17 0,4 

0.10 
0,10 
0,10 
0.10 
0,10 
0,10 
0,10 
0.10 
0,10 

12 

10 
9 

9 
8 
9 
8 
9 

22 
22 
22 

13 

5 
5 
7 
7 
6 
9 
7 
8 
8 

0,10 

0,10 
0,10 

0.10 
0,10 

0,10 

0,10‘ 

16 
27 

17 
33 

22 

20 

0,10 22 

0,6 
0,6 
0,6 
0,6 
0,6 
0,6 

0.6 
0,6 

0,6 

0,10 
0,10 
0,05 
0,10 
0,10 
0,10 

0,05 
0,10 

0,05 

nfi ! 0,05 
°’6 1*40,10 

21 
15 

4 
15 
15 
10 

5 
7 

16 
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Total, 
i 

27 

24 
20 

20 
19 
18 
17 
18 
25 
25 
25 

22 

24 
24 
24 
22 
21 
25 
24 
25 
24 

24 

37 
46 

29 
48 

37 

32 

38 
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4. 

8. 

8 

10 

H 

J 
12 J 

H j 

inH 

18 J 
i _j 

20_ 

24 

28_J 

30^ 

32-J 

34 .J 
_i 

t)3-J 

40—j 

■12J 

44 
-4 

46_ 

60.J 

TabI« 81 
__ I 

Bounce of the Cutter Due to the Influence of the Radial Force P_ 

68.. 
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10- 

12 

Il. 

10 

18.J 

Recommended Number of Passes for Cutting 12, 8, and 6 tpi Thread 
Steel of Hardness HR(, * 65» 

Thread 

Roughing cuts. Tool 
plunged as per 

Figs. 199b and c 

Finishing cutí. Cutter 
plunged as per 
Fig.199a 

Total 
Number 
of cuts, Cr.tter 

r, in mm ,sl» 
in mm 

i Cutter 
r, in mm *1» in mm i 

12 tpi 
8 tpi 

6 tpi 

0,4 

0,6 

0,6 

0,10 

0,10 

0,10 

1U 1 

19 

26 

0,3 

0,4 

0,6 

0,6 

0,05 

0,05 

0,10 

0,05 

8 

10 

6 

8 

18 

29 

40 

20 thread, for which the bounce may be taker, as 1.0 mm. Table 82 presents the number 

of passos recommended for the threads studied. 

Conclusions 

28ïf 
2¾_ 1. The cutting of threads into hardened steels requires a large number of 

_I 1 
30 .passes, increasing in proportion to the increase in pitch. The need for a large 

32-dumber of passes is duo to the high hardness of the material machined, the brittle- 

31_hess of the carbides, and the considerable bounce of the tool. The latter is due to 

38. 

3o_-he high absolute and relative values of the radial force Py. 

_ 2. With a reduction in the hardness of the tempered steel, the number of pass.a 

10required diminishes. 

3. The cutting of thread in hardened steels should be done on machine tools with 

14—highly rigid carriages. 

48_ 

48 

_J55* Effect of Cutter Cross Feed Upon Tool ¿ife 

IJ i 
50 ; The experimental data discussed earlier provide a partial solution to the ques- 

J,ion of the relation between the cross feed of a cutter Si and its life T. To fill 
-_J 

5 i out the _ inve stigation, special experiments .were run to. determine the T-versus 

5Ö . lation in the rough cutting of .8 tpi thread at 1. “ 20 mm and at a cutting speed-of— 

58- 

60- 
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0_ 
Jv = 8.5 m/iain. The tool was plunged as shown in Fig.199b. The cross feed was 

2'-1 , I 
varied in the limits of s^ - O.Cf to 0.12 mm. The tools had the following geometry: 

4 
a ■ 

« _j_ 

8. 

10. 

12 

11 

16 

id 

20 

Table 83 

Average Tool Life at Various Cross 
Feeds 

24 J 

sod 

d 
i 

30-J 

37 _( 
_ J 

34..i 

38 ij 

13°, - 6°, T ■ 0°, A - 0°, and r - 0.6 mm. 

Table 83 presents average values for the cutter life, at various feeds s^. Ob¬ 

viously, in the cutting of threads into 
i ' 
hardened steels, the cross feed exerts a 

significant influence upon the tool life. 

At V • 8.5 m/min, the relatively acceptable 

life of T > 10 min was achieved at s-. ■ Í 

I , I j* 0.06 mm. At s^ » 0.09 - 0.10 mm, the j 

life was less than 10 min. With a further! 

rise in 3-., the life drops to a level that 
i 
is no longer of any practical significance. 

In this connection, it should be borne ir. | 

mind that the data for s^ - 0.06 - 0.10 

pertain to cutters that had undergone 

normal dulling, while at s^ > 0.10 mm, the 

cutters underwent greater dulling, accom¬ 

panied by crumbling-out of the cutting edg^s. 
38 j I ! 

The VK8 and T15K6 carbides had approximately identical cutting properties. Due 

31* in 
mm 

Grade of 
hard alloy 

T, in mm 

0,06 
0,09 
0,10 
0,12 
0,15 

VK8 

13,3 
3,0 
7,0 
2,3 
1.5 

0,06 
0,10 
0,15 

T15K6 13,7 
6,6 
0,9 

0,10 T21K8 4.9 

mnj 

40 j 
to the elevated brittleness of the alloy, cutters of T21K8 had a considerably short 

42 
er life, and the dulling was accompanied by crumbling-out of the cutting edges. 

14 -J 

46 

hcG 

Experiments were made to determine the effect of the feed s-. upon the tool life 
‘ • I x 

in cutting 6 tpi thread on a length of I m LO mm at v * 7 m/min. The cutter geometry 

1 * was the same as in the preceding series cf experiments. The cross feed was changed 

over the range of s-. * 0.15 to 0.20 mm. Table ßU gives data on the mean tool life. 

r>2“J ; 
As we see, cross feeds of s^ < 0.10 mm are of practical significance in the 

54 1 
'cutting of 6 tpi thread at a cutting spied of v “ 7 The hard alloys VK8 

'5. 

CO 

J 
14CL-406/V 350 



f 

and T15K6 are characterized by identical tutting capacity. 

No investigation was made of the effect of the tool-plunging method upon its_ 

4--J 
life. However, the experience obtained in the course of the work and an analysis oi' 

experimental data with respect to 12 tpi thread, permit the conclusion that the 

sJ i 
plunge methods of Figs.199b and c show no superiority over each other. This is 

10 , 
logical when taking into consideration the fact that the cutter operates under iden- 

12 

14 

16 

18 J 

20 

24 J 

26—J 

28_ 

Table SU 

Average Tool Life at Various Feeds 6 tpi Thread. 
Length of Threaded Section I ■ /.0 mm; v * 7 m/min 

,31' 
in mm 

Grade of 
Hard Alloy 

T. 
in min 

t 
sl* 

in m 
Grade of 
Hard Alloy 

T, 1 
in min \ 

0,15 

0.20 

VK8 
1.7 j 
1.2 

0.10 

0.15 

0.20 

T15K6 
6.7 

2.2 

L3 

30 tical conditions in the two cases and that the right cutting edge virtually does not 

32_ participate in the cutting. 

_j 1 
34 VJhen the method shown in Fig.199a is employed, the life of the cutter dimin- 

-! i 
3Q 'ishes since it has to work with its entire profile under the severe conditions of 

q 
constrained" cutting. 

40 
Summary 

42 J 
—I j , 

«4 J 1. In threading steel tempered to Hn =* 65, the cross feed has a considerable 

4^effect upon the tool life. j 
48n ^01, 8 and 6 tpi cutters, at a cutting speea v * 8.5 to 7 m/min and a cutter tip 
J ¡ 1 

r;o "radius of r = 0.6 mm, a practically acceptable tool life is achieved at a feed of 

—I i 
5*> Sn < 0.10 mm. 

54 i_2. An increase in tool.life is achievable when the cutting speed is reduced to, 
! 

56.,Y <.7 ra/rain- 

58 



o. 
o 

4 

ü. 

3» The hard alloya VK8 and T15K6 have identical cutting capacity. 
I 

_**• The method of plungingthe tool shown in Fig.l99a should be employed only 

in finish-threading during the final finishing of the thread. 

10 ] 
12.j 
1 1 

10 

18 

20 

36. Effect of Cutter Tip Radius and Cutter Rake Upon Tool Life 

! : 
tocpe rimen tal data show that the tip radius of the tool r exerts a significant 

influence upon its life. The tool life increases with an increase in the radius r. 

'The radius r is the major factor limiting the field of application of the process of 

H 

2tL_ 

ooZ 
02.] 

31J 

dolj 
28-J. 

•H) ! 
-J 

■12 -j 

44 

46 

181 

50 

t ; o 

54- 

17 
IS 
15 
11 
15 
12 
11 

aV* 
s 
8 
7 
S 
5 
1 
3 

s^VK 3 

1 L 71586^ \ 
V \ 

> A ̂
 . 

-6 -* -3 -Í L 2 « 

thread cutting of hardened steels for 
I 
12 tpi, at a pitch of s ■ 2.12 mm and a 

*>) 

J 

Fig.200 - Effect of Tool Rake Y Upon 
Life T. Machining of C steel of 
Hrc *= 65 at a1 = 0.08 mm and v m 
“8.5 m/min; 8 tpi thread. Length 

of threaded section Í =* 20 mm. Cut¬ 
ter geometry: a “ 13°, ai =* 6°, 

\ - o , r - 0,4 nm 

a) Tool life T, min; b) Rake of 
tool Y° 

root radius of r « 0.3 mm. It is difficult; 

to cut thread into high-hardness tempered 1 

steel whose root radius is r <0.3 mm, 

when taking the considerable brittleness 
i 
of modern cemented carbides into consider¬ 

ation. I I 
Finish cutters should have a rake of 

I 1 
Y = 0°. If the tool has a rake of more or 

less than 0°, distortion of the profile of 
Í 
the thread being cut will result.- In the 

case of roughing cutters, which are 
j 
plunged in the manner indicated in 

56.... 

58 

C0- 

• Figs.199b and c, the rake may be negative 

(y < 0°). This problem will be discussed iselow. 

, Experiments have been made to determine the effect of the tool rake upon the 

tool life. Thread of 8 tpi was cut by VK8 cutters over a length of I =* 40 mm and by 
: 
T15K6 cutters over a length of I - 20 mm at a cutting speed of v = 8.5 m/min and a 

cross feed (in accordance with Fig.l99c) of s]L = 0.08 irm. The following was the 

MCL-406/V 352 



geometry of the cutters: a = 13°, * 6°, ^ * 0°, r *• 0.4 mm. The rake was varied 

from +6 to -6°. 
4_ 

«a 
8_ 

10 _ 

12_ 

14 _ 
16- 

1« 

‘■>0_ 

I iU\ 

24 J 
26 

28- , 
30 

3 2 _IS 

Table 85 and Fig.200 present the relation of tool life to rake. The life of 

VK8 cutters is extrapolated to a thread length of ï ^ 20 mm. Experiments with nor- 
I 

mal tool dulling are considered. 

As we see, tool life diminishes as the rake ir 'reases. At high positive 

i 

Tabíe 85 

Cutter Life Versus Rake Angle Y 

1 

VK8 Cutters T15K6 Cutters 

T* T i** . T* T i* min» 

+ 6 

-f 4 

+ 3 

-3 

-6 

5,0 

5,4 

9,6 

13,0 

16,0 

-j- 6 

-M 
+ 2 

— 2 

— 4 
— 6 

4.4 
5,0 

8.4 
10,8 

12,6 

13,5 

36 With a reduction in the angle y there is an increase in the radial force P , 
i * 

34 _ values y, dulling of T15K6 cutters is accompanied by crumbling-out at the tip 

j 

33 v/hich results in a rise in the tool bounce, making it necessary to increase the 

! 

40 number of passes. From this viewpoint, the use of cutters with large negative rakes 
□ 1 

43 offers no advantage. The author believes that roughing cutters should be ground to 

44 _'a rake of Y * -3°. 

46 

43 

00 i Three hard alloys were tested: tungsten carbide VK8 and titanium-tungsten car- 
‘ ! 
5» bides T15K6 and T21K8. Experimental data show that the hard alloys VK8 and T15K6 
“J ! 

54 are characterized by approximately identical cutting properties. The cutting proper!- 

4 ' 
5C ’ties of the alloy T21K8 are lower because of its increased brittleness 

~T .....~ ~ ¡ 
58~l 

37. Choice of Hard Alloy 

-f 
G O-J- 
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0. “T ‘ 
, The results obtained differs from results in the turning of hardened steels 

2~I ' 

T 

(Ch.III). There the alloys T15K6 and T21E8 were considerably superior to the alloy 

VK8. This is explained by the fact that the radius r of the turning tools used was 
hIL. . . . -.-. .. 

: considerably higher than that of the threading tools. The brittleness of titanium- 
8—1 

tungsten alloys, and particularly of T21K8 is manifested first in the most critical 
10 J 

segment of the cutting portion of the tool, namely, its tip. The VK8 alloy, being 

14 

10 

1 
_ the more ductile, is greatly superior to the alloy T21K8. 
1 1 

The merits of the alloy T15K.6 include the fact that it yields a surface of 

18 J 

_ higher quality than does the alloy VK8. The present investigation has confirmed 

20 

24 

2« 

^ that the cemented carbides made ir ^his country make it possible to cut thread of 

fast pitch into steels hardened virtually to the limit for structural steels. 
Il I 

Alloys VK8 and T15K6 should be employed in cutting 12, 8, and 6 tpi thread inte 
I 1 

_ steels tempered to high hardness. The alloy VKS may be recommended for roughing 

'1 
passes, and the alloy T15K6 for finishing^ 

»C> _ 38. Effect of Lapping the Cutting Elements on the Tool Life 

32—i 

31-_| 

36-] 
! 

38—J 

40l] 

42~ 

44 

46.J 

48. J 

r'0 

Õ2 —I 

54 _L 

50-1 

Figure 201 illustrates the effect of lapping of the threading cutters upon 

their life. The experiments were made with T21K8 cutters in the finish-threading 

(as per Fig.199a) of ß tpi thread over a length of I = AO mm. The same cutters were 
i 

tested, with and without lapping of their cutting elements. The experimental data j 

indicates that the lapping of a cutter increases its life. It is of interest that, 
! 

^in cutting thread into hardened steels, lapping had less effect than when these 

same steels were turned. This can be explained by the fact that, in finish thread 
1 j 
cutting, the cutter tip carries a larger load, and the quality lapping of the bit of 

I I 
the thread cutter is not high, since it is done by hand. At the same time, lapping 

gives evenness and smoothness to the straight cutting edges of a lathe tool as the 

result of using special jigs for the cutter face and flank. 

The effect of lapping is greater in the case of roughing cutters of which only 

58 Z1 
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0.. 
one cutting edge is used, in a manner analogous to the situation with turning tools. 

I 
I 

4 J 39. Relation of Cutting Speed to Tool Life. Pitch, and Cross Feed 

0. 

8-H 

10 

12 

11 

16 

18 
4 

20- J 

<1*1 

L'*t ! 

üöd 

28-J 
j 

30"J 

32 _! 

34 

33 

38 

40 

b) 

E223 c) 

The process under study is characterized by low cutting speed and short cutter ; 

I 

I 
Mitt Mltr CulUt 

WH2 

i 
C»Ult 

I 
*4 

Cttlli* 
ms 

1 
Cu< 
W*7 

(if " 

»71 

I 

Fig.201 - Effect of Lapping of Cutter upon its Life. Machining of Steel C 
Hrc = 65, at s1 = 0.10 mm and v = 8.5 m/min. Length of threaded portion 

l =* L0 mm. Geometry of T21K8 cutters: a = 13°, a, = 6°, 
y = 0°, \ * 0°, r - 0.U mm 

I 
a) Tool life T, min; b) Cutters without lapping; c) Cutters with lapping 

I 

life. This is due to the high hardness of^ the material being machined, the large 

42. 

14 J 

feeds (pitches) arid the small tool tip radius. The tool life found in the present 
j . ! 
,study is considerably higher than the results obtained in practical production, as 

46 

48 

'noted at the beginning of this Chapter. Nevertheless, the low tool life made it 
j j 
necessary to investigate the relation between cutting speed and cutter life to de¬ 

termine the conditions for increasing these factors. Table 86 contains the results 
60.-4 

^of the experiments conducted to determine the ratio T - v for various cross feeds s- 

As we see, the tool life may be increased by reducing the cutting speeds era- i 

56_I 
ployed in the earlier tests. At increasing cutting speed, the life of the cutter 

58.J 

60—L 
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0_T_ 

8 

10 

IL’ 

14 

10 J 

18.3 
20-j 

i»»ï I 

26.J 

28-J 

30._3 

:32Zj 

,cj 

36 J 

38 

•iO_J 

•U 

16-J 

i8 

50 

d 

52 —! 

51 

"6_I 

56 

60 

Table 86 

Cutting Speed Versus Tool Life, Pitch and Cros¿ Feed 

Band 
ÎJo. 

182 

183 

184 

185 

186 

187 

188 

189 

190 

Thread 
Thread 
pitch 

s, in mm 

8 <pi 3,17 ' 

Cross feed 
Of tool Si, 

in mm 

i.'umber of 
passes, 
in i 

I Cutting 
1 speed V, 
in m/min 

Tool life 
T, in min 

0,05 

18 

16 

19 

8.5 

16 

15 

17 

0,05 

24 

28 

27 
7.5 

24 

28 

27 

0,05 

44 

53 

45 

6,5 
52 

62 

53 

0,08 
13 

13 

12 
8*> 

12 

12 

11 

0,08 
18 

23 

22 
7.0 

20 

25 

24 

0,08 

29 

32 

35 
_% 

6,5 

• 

34 

38 

4i 

0.10 

8 

9 

8 

8,5 

7 

8 

7 

0-.10 

15 

14 

16 
7,0 

16.5 

15.5 

17.5 

0,10 
28 
26 
30 

6,0 
36 
33 
38 
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. '1 8- . 

10 

1” 

14 J 

10 J 
18 

20.. 

4)0 

L’4 IJ 
20 J 

28-J 
I 

30-J 

32-1 

34 J 

36- 

38—! 

40-J 

42“1 

44-1 

46_ 

48 

no J 
J 

r o 

I. Tabie 86 (Cont»d) 

■r 

Band 
No. 

Thread 

191 

192 

193 

194 

195 

196 

197 

198 

Thread 
pitch 

s, in mm 

6 Ip» 

Cross feed 
of tool SJ, 

in mm 

Number of 
passes, 
in i 

8 tpi' 

12 tp.’ 

4.23 

0,10 

0,10 

0,10 

3,17 

0,05 

0,10 

2,12 

0,05 

0,05 

0,05 

13 
14 
11,5 

20 

22 
18 

38 
41 
35,5 

4 
2 

4 

1 

2 
2 

1 

0,5 
0.5 

Cutting 
speed V, 
in m/min 

7.0 

6,0 

5,0 

15 

15 

23 

50 

80 

Tool life 
T, in min 

10 

11 
9 

16 
17 
14 

30 
32 
28 

2 
1 

2 

0,5 

1 

1 

0,5 
0.2 
0,2 

0 

0 

0 

0 

0 

0 

«Life stated at zero in cases of instantaneous dulling and 
crumbling-out of tools. 



'■1 H 

4 

tí 

8 

10 

V¿ J 

decreases. At v • 23 m/ir.in, a life of no practical significance is achieved even 

for a 12 tpi thread (s-, » 0.05 nm and r - 0.6 mm). Cutting speeds of v > 23 m/min 
~r .. ' .. ■■ ■ . 

result in instantaneous dulling and crumbling-out of the cutters. 

16 J 

16 ] 
J 

L'4d 
2Ü J 

.28-J 
! 

30Z! 

Fig.202 - Cutting speed v Versus Tool Life T for Various Threads s and 
Cross Feeds (at machining depth) s1. Machining of steel C tempered to 
% = 65. Geometry of the VK8 tools: a = 13°, = 6°, Y * 0°, A = 0°, 

r “ 0.6 mm 

a) Cutting speed v, m/min; b) Thread of 8 tpi; c) Thread of 6 tpi; 
d) Tool life T, min 

Figure 202 presents the ratio T - v for various values s^. The three upper 
I I 

32../curves pertain to 8 tpi thread, and the lower one to 6 tpi. Table 87 presents values 

31 . for cutting speeds to attain a 30-minute cutter life (v^q) and gives the relative 

36—.life indices m for various values s^ and si. 

28— I 

•10- 

■I'd! 

■14 _ 

4 el 

¿81 
-H 

.r)0 1 

Tab^e 87 

Values v^q and m for Various Values of s^ and s 

Thread 
, 

Pitch s, in mm s^, in mm. in rJy'min m 

8 tpi 
- 

3,17 0,05 
0,08 
0,10 

7,4 
6.7 
6,2 

0,19 
0,25 
0,21 

6 tp*' 

'Wfi' 
4,23 0,10 5,0 0,32 



The ratio of cutting speed to cutterilife is expressed by the equation 

C 

Tm 
4_ 

(i , i . .. 
The magnitude of the m index depends upon the pitch. For B tpi pitch, the 

8 J 
.index m = 0.19 - 0.25, and for 6 tpi, m = 0.32. 

10 _ 

11’ 

-1 The data in Table 86 have been employed to plot a curve for the relation be- 

14 _ 

16 

18 

20 

«O I .-1 

-J 

20 J 

28 J 
3oLI 

22—1 

, tveen cutting speed v^q and cross feed of the cutter (Fig.203). This relation is 

expressed by the equation 

Vio 
C 

.0.ÏS 

Figure 20h presents the relation between cutting speed v^q and pitch s for 

3.1 1 

36_. 

2SJ. 

■ioU 

44- 

4 G_ 

48l 

50 _ 

b) 

Fig.203 - Cutting Speed v^q Versus 
Tool Cross Feed Si. Thread of 0 tpi. 

Machining of steel C tempered to 
= 65. Geometry of- VK8 cutters: 

a = 13°, a1 = 6°, Y =* 0o, V = 0°, 
r * 0.6 mm 

a) Cutting speed v™, m/min; b) Cross 

Fig.20/t - Cutting Speed v-jq Versus 
Thread Pitch s. Machining of steel C 
tempered to HR(, = 65 at = 0.10 mm. 

Geometry of VK8 cutters: 0 ^ 13°, 
«1 = 6°, y = 0°, \ “ 0°, r “ 0.6 mm 

a) Cutting speed V30, m/min; 
b) Thread pitch s^, mm feed of cu?ter s^, mm 

s^ = 0.10 mm. The values v^q for 8 and 6 tpi threads are derived from Table 87, and 

^for 12 tpi from the test data for a cutter presenting a life of 18 min at 

52 _| ¡ 
_Jv - 8.5 m/min. The curve makes it possible to relate v^ and s by the equation 

54.j______ 1 ** __ 

i 

56 
I 

58-1 

«1 
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The equation relating v^q, a, and a-^has the following fora: 

4 

ti. 

V so S0A . n.ï» m/min , (22) 

8„where Cy is a constant coefficient equal to 7.0. 

I 

q 

-I 

j It must be borne in mind that eq.(22j is valid only for roughing passes in 

1L’ ^ which the cutter radius is r - 0.6 mm. Moreover, the exponent of 3l (0.25) was de¬ 

lí jrived for 8 tpi thread. For other threads and other r, the values of the exponents 

!f> of s and may be other than this. ! 

1« 
J Equation (22) has more theoretical than practical significance, if we take into 

:m ^ consideration the fact that the range of cutting speeds employed in tho given pro- j 

Ce3S 13 ^116 narrow- ^is makes it possible to determine certain special features 
i '¿g, 

LM of thread cutting for hardened steels. 

—j 
Here we adduce the equation, recommended by KIBTN, for the relation of cutting 

20 -5peed t0 the factors influencing it, for rough cutting of thread on unhardened 
- --«j 

30-. structural steels (Bibl.66): 

32_j 

34 

36_ 

38. 

40. 

12 

14—1 

40 

48 

50 

V 
158 470 • t°‘n 

T»-*. . ’ 

A comparison of this equation with eq.(22) shows that, in the cutting of threa 

'on hardened steels, the pitch plays a considerably greater role in determining the 

cutting speed than in cutting thread on unhardened steels. This follows from the 
4 

fact that, in such steels, the exponent of s is considerably smaller than for hard¬ 

ened C steel. Í 

The result obtained agrees with the authors conclusions with respect to turn- 

. -jings. In the machining of hardened steels, the feed has a more pronounced effect o 

Á 

-¡the cutting speed than in the machining of unhardened steels, 
«M. —J 
J ! 

54 _ ’Summary__ __ 

>nj 

56.4 

58— 

GO 

1. The relation between cutting speed, and tool life in the cutting of thread-on 
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' hardened steels is subject to the basic liw of cutting theory, to the effect that 
2-3 I 

_ ] the tool life is reduced as the cutting speed rises. 
^ 3 i 

2. Thread may be cut in steels tempered to 1¾ ”65 and having a pitch of 
fij___ _' 1 .... C.. ... 

s = 2.0 to 4.0 mm, at low cutting speeds of v < 10 m/min. The use of higher cutting 
8.J 

speeds leads to a rapid dulling and crumbling-out of the tools. 
10 j 

J 3. For such threads, the tool life is T » 10 min at a cross feed of 
12 j 

-l 5 ^ at v - 7.0 - 8.5 m/min. ( 
1 i J 

An increase in life to T ” 30 - 60 min is achievable by reducing the cutting 
16 i 

; speed to v = 5 - 6 m/min. Consequently, ¿ 3 to 6-fold increase in the cutter life i 
IS j 

yields a reduction in the cutting speed and a consequent 20 - 25Í? increase in .na- 
20.. J 

chine time. 

24 

2ti J 

4. In the cutting of thread on hardened steels, the cutting speed decreases 
I 

_ with increasing pitch s and cross feed s-ji 

28 
As distinct from unhardened steels, the pitch has a greater influence upon the 

. J 
cutting speed than does the tool cross feed in thread cutting 

32_ 40. Summary 

'M 

36-4 

38_ 

10. 

1. The material presented in this Chapter expands our knowledge of the cutting 

1capacitites of cemented carbides. The cemented carbides made in our country have 
1 I 

_^such high cutting properties as to make it possible to cut thread of more than 4 mm 

pitch into steel tempered to virtually thë maximum obtainable for structural steels 
42 _ J 

-¡IHKC 
44—! 

(HRr “ 65). 
■ 

The significance of the results obtained by the author is not diminished by the 
46. J ! 

fact that this process has been very low in rate of output. It must be borne in 
4371 ! 

raind that the productivity of the process will increase in the cutting of thread on 
1 
steels tempered to a lesser degree of hardness. 

r,2 ^ 

54 
2. The brittleness of hard alloys, which limits the possibilities for full 

utilization of their excellent 
S3. 

58. J 
eo 

,MCL-406/V 

cutting properties, is at the sama time a factor 
I 

J 
3¿1 



limiting the range of applicability of the process of thread-cutting in hardened 

I 
steels. The minimum limit is a thread of s » 2 mn pitch. The present study has 

demonstrated in practice the possibility of cutting thread of s • 4 mm pitch into 

6.1........ .... Í . . . . . _ _i 
steel of = ^5* To determine the maximum limit of applicability of the process 

8_J 
it is necessary to investigate thread of s > 4 mm pitch. It is obvious that the 

10 J 1 
cutting of such thread will require cutting speeds of v < 5 m/min. 

12 1 

M j 

IO..] 

18 3 

3. In Appendix VI we adduce the cutting conditions developed by the author for 

cutting 12, B, and 6 tpi thread in steel tempered to Hr * 35 - 65« 

4. A comparison of the results obtained by the author with the industrial data I 

given at the beginning of this Chapter shows that the latter are sharply understated. 

20 J 
It should be noted that the .factory data pertain, to steels tempered to a low'er de- 

*)0 1 

gree of hardness (Hr- " 60). 
21J 

Mil) 

28 J 

30~_] 

32 

34 —j 

36 J 

38-J 

40Z] 

42 

14 

46_ 

48 

f)0 

32 

54 

56 

! Actually, under plant conditions, an average of 30 - 35 passes and 7 - P tools ¡ 
! 

was required for the complete job of threading 8 tpi thread of t “ 20 mm at a cut¬ 

ting speed of v = 8 m/min. The cutting conditions recommended by the author, and 

based on experimental data, specify the use of 24 passes and only two tools for this 

operation. 

The fact that industrial tools have such a short service life can be explained 

chiefly by their poor grinding and the failure to lap the cutting elements. Tools 

I 
must be lapped, and properly ground, if the process of thread cutting of hardened 

steels is to be performed prrt>erly. | 
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20—j 

12° 
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26_j 

CHAPTER II 

DISCUSSION OF PHYSICAL PHENOMENA IN THE MACHINING OF HARDENED STEELS 

This Chapter presents some generalizing conclusions and ideas pertaining to thd 

question of the physical principles of high-speed metal cutting, derived from an 

I 
analysis of the process of machining hardened steels. 

41. High-Speed Cutting of Hardened Steels 

28. 

30. 

At present, the cutting speeds attained in the turning of steels by HSS cutters 

I 
usually do not exceed 80 m/min, whereas carbide cutters permit cutting speeds of up 

to 300 - 400 m/min. Skilled workers are cutting at even higher speeds. 

32_J I 
The machining of metals by carbide-tipped tools has come to be called "fast 

34 j I 
machining of metals". 

36 H 
38— 

The cutting speeds achieved in the experiments of the author and other investi- 

;gators are lower than those employed in the fast machining of ordinary (unhardened) 

rieren 
40. , 
_steels. However, if one consider the difference in hardness between hardened and 

42_j i 
..ordinary steels, and the pronounced effect of the hardness of steel upon the pormis- 

44 h 
.sible cutting speed, it becomes obvious that it was high-speed machining that actual}- 

46.1] j 
ly took place in the experiments with hardened steels. 

48.1 i 
j Let us present a validation of this preposition. It is obvious from the cutting 

conditions developed by the author (Appendix I) that the cutting speed of T15K6 cut- 

52 _| 
_;ters for steel A tempered to HR =■ 41, at a depth of cut of t - 1.0 mm and a feed of 
54_l_1 

s ** 0.2 mm/rev, was v¿q * 82 m/min. 



Steel A (0KHN3M), which had been subjected to ordinary heat treatment (oil 

4 I 
.1 

8 

10 _| 

12 

14 

16 

18 

hardening at 8/+0 - 860°Cf followed by quenching at 580 - 600°C) acquiree a hardness 

I 
of Hflç " 28 (Hg « 277). Consequently, the hardness of steel A in the tempered statt 

exceeds the hardness of the same steel in the ordinary condition, by 13 Rockwell 

scale C units. It will be seen from Fig.77 that an increase in the hardness of 

] ’ 
' tempered steel by 13 units in the interval from “ 41 to “ 54, will cause the 

Cv, constant to diminish from 50 to 22, i.e., by a factor of 2.27. 
v60 

Vftien using the same ratio for the hardness interval of interest to us, we will 

[ find that, when steel A is machined in the unhardened condition (at HR(, - 28) and atj 
j 

20- 

25 J 

28 

30_ 

32 

34— j 

35- 

38- 

40—j 

the same t and s, it is possible to increase the cutting speed by a factor of 2.27 

.and to bring it to v¿q - 82 * 2.27 “ 186 ra/min, corresponding to high-speed machin- 

2° ' 
ing. In fact, under the conditions of high-speed cutting of nonferrous metale 

24 I 2 
(Bibl.27), the v^q cutting speed is 197 m/min for alloy steels of ot - 85 kg/mm at 

a cutting speed of t - 1.0 mm and a feed of s =■ 0.2 mm/rev. Let us introduce cor- 

-1 I 
.rective factors for the shorter life (T - 60 min) Kp - 1.08, and for higher hardness 

(HRc - 28; ot =■ 100 kg/mm2) KR » 0.87. In this situation, the cutting speed sought 

will be v60 - 197 x 1.08 * 0.87 - 185 m/mir. 

These considerations make it possible to state that, in the experiments with 

I 
hardened steels performed in our country long prior to World War II, in which carbide 

cutters of negative rake were used, speeds corresponding to those of high-speed cut 

.ting were employed. 

42. J 
11 42. Surface Finish in the Machining of Hardened Steels 

-j ! 

46—I 

48 8 J 

DO J 

Let us first present the generalized data of scientific investigations 

, I 
(Bibl.47) which will offer an idea of the influence of surface finish upon the ser- 

52q 
54 

53 

53 

60 

vice characteristics of machine parts, determining their resistance to wear and 

'fatigue strength. 

[■he concept "surface finish" includes the geometric characteristics of the ma- 

r: 
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2q 
chined surface and the physical and mechanical properties of the surface layer of j 
metal. In the cutting process, the surface layer undergoes extensive plastic d# 

^formations. Therefore, the properties of the metal of the surface layer differ sig- 

(j J 

8—! 

nificantly from the initial properties of the material machined. The metal in the 

surface layer increases in mechanical strength (becomes work-hardened); its hardness 

in 
rises, and internal stresses develop. 

1 Effect of Surface Finish Upon the Resistance of Machine Parts to 

10 J 
lb 

20. 

i 

24 

‘>1! 1 

Influence of Surface Micropeometry. Research has established that the micro¬ 

geometry of machine parts exerts a significant influence upon the resistance to wear* 
j 

If a pair of rubbing surfaces is to function successfully and for a long time, the 

i 
contact areas should have microscopic roughnesses of a given optimum height. An in- 

j \ 
crease or decrease in the height of the microscopic roughnesses, relative to the 

28.J 

3o._: 

32- 

optimum value, will result in a reduction of wear resistance and in accelerated wear 

1 I 
of the rubbing parts. The increase in wear is due primarily to the rapid abrasion, 

warping, and shear of excessively large microroughnesses, and secondly to leakage of 

lubricant as well to molecular adhesion and seizing of rubbing surfaces whose finish 

34 

38q 

33-j 

.ioI] 

44. 

4(j_ 

48Í 

r.o 

is excessively fine. 

Influence of Work-Hardening of Metal. The work-hardening of a surface layer 

may significantly reduce the wear of rubbing parts. There are various hypotheses a 

to the influence of work-hardening upon the process of wear. However, the opinion 

of all investigators agrees in rating the wear due to seizing as the most intensive 

and dangerous form of wear, completely impermissible in normally operating machines, 

1 ! 
It may be hypothesized that pre-hardening of the metal in tu« surface layers of mat¬ 

ing parts, which reduces their ductility, significantly reduces the amount of plas- 

1 1 I 
tic deformation suffered by both rubbing surfaces, and prevents or reduces the seiz- 

52.\ 
ing of metals. 

Experiments on dry frictionbetween steel specimens and a hardened disk of U8 

15) 



o ____________________.. 
__ staol demonstrated that, In all cases, the wear of specimens which were given pre- 

2— 
_ liminar y work-hardening in the process of machining the amples will be much lower 

4-- 
than the wear of specimens which have the same microroughnesses but, were pre- 

ti -.i----- ---...-.-.—,---J.. ..-......... ... 
annealed in vacuum to remove work-hardening, prior to subjection to wear. 

8_! 

In addition to the existence of an optimum microgeometry of rubbing surfaces, 

there is an optimum microhardness of the surface layers of the rubbing parts. If a 

microhardness, optimum for the given conditions of friction, is created in the sur¬ 

face layers of the parts, the wear will reach a minimum and the microhardness of the 

in 

12..:] 

h 

16 j 

18 

20. 

, surface layer of the rubbing parts will not change during the process of wear. 
J i 

In the case in which the microhardness of the surface layer, after manufacture 

of the parts, is less than the optimum microhardness, intensified wear will occur 

21_j 

26 J 

28_J 

30 _¡ 

32- 

during the run-in period, and this will continue until the plastic deformation of 
i 

the surface layer raises its microhardness to the optimum level. 

If, after manufacture of the parts, the microhardness of the surface layer is 

higher than optimum, normal wear of the surface layer will gradually eliminate the 
, 
layers of elevated microhardness, subsequent to which optimum microhardness will set 

_ .in, in the layers actively involved in friction. 
34-I It has been experimentally determined (Bibl.70) that the resistance of parts tc 
38-] i 

-.*e&r is not dependent upon residual stresses in the surface layer of the metal. 
33—J j 

—I I 
10 Effect of Surface Finish upon Fatigue Strength of Machine Parts 

42-1 

44 J 
4 b 

48 

50...-1 

Failure of machine parts due to metal fatigue starts at certain points on their 
1 I 
surfaces. Therefore, the fatigue strength of machine parts is largely determined by 

the microgeometry of their surfaces and the physical conditions of the surface layer 
j 

Influence of Surface Mlcroceometry. The presence, on the surface of parts op¬ 

erating under cyclic loads that change in sign, of various defects and microscopic 

roughnesses will lead to a concentration of stresses, whose magnitude may exceed thrt 
51- 

56- 

58 

G 0-1 

fatigue strength of the metal. In this case, the surface defects and machining 
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6- 

8_ 

crack? serve as nuclei for the development of submicroscopic discontinuities of the 

metal in the surface layer and for the development of crazings which, in turn, fora 

_starting points for fatigue cracks. 

An increase in the height of microscopic roughnesses on the surfaces of parts 

io7J 
12 

14 

10 

18 

20- 

*)■ i 

24 

26 

28. 

30 

32 

34 

subject to cyclic loadings is accompanied by a pronounced reduction in fatigue 

'strength. Conversely, a decrease in the height of these microscopic roughnesses 
1 
results in an increase in fatigue strengtlj. 

It follows from Table 88 that, on moving from polished to rough-turned finishes. 

TabljB 88 

Effect of Surface Finish of Steel Specimens Upon Ultimate Bending Strength 
I 

Type of Surface 
Machining 

Tensile strength, ot, in kg/mm^ 
47 I 95 I 1« 

Endurance limit, % 

Fine-polishing 
Rough-polishing 
Finish-polishing and finish¬ 
turning 

Rough-grinding or rough- 
turning 

100 
95 

93 

90 

100 
93 

90 

80 

100 
90 

88 

70 

□ I 
■¿$ there is a reduction by 10 - 20% in the fatigue strength of a given part, the reduc- 
J 1 

33 tion being 30% in the case of high-strengtfi steel. 
' ' j I 
40 1 With an increase in the strength of the steel, a sharp increase occurs in the 
□ ! 

43_ influence of the height of microroughnesses upon the fatigue strength. Not infre- 
I] 

quently this effect may be greater than the positive effect upon fatigue strength of 
J 

Hi 

48. 

the increasing strength of the steel. 

The service life of parts working under shock loadings is as highly dependent 

r,Q upon surface microroughnesses as is the service life of parts subject to loadings 
—I ■ ! 

50 which change in sign. For example, a reduction from 8 to 5.7 microns in the height 
"_4 ! 

r 1 _ of the roughnesses in a steel p3rt__sub jected to shock loading raised its-service- 
i I 

esZM-í® . by_60jC.___ I___ 

58- 

60- 
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ti.I 

10 

12 .1 

M j 

20_.J 

The fatigue strength of hardened machine parts, in the case of contact load- 
I 

ings, depends upon the surface finish to the same degree as it does in shock load- 
I 

. ing. Under these conditions, microscopic roughnesses on working surfaces result in 

considerable contact stresses, tending to reduce the service life of the parts. 
I 

Effect of Work-Hardening of Surface Layer. Work-hardening of metal increases 

the fatigue strength of machine parts. Moreover, the creation, in the surface layer 
] 
of the part, of a work-hardened crust inhibits the growth of existing, and the de- 

velopment of new, fatigue cracks. Experiments have shown that cyclic loading of 

parts with a work-hardened cruet, by stresses exceeding the fatigue limit will re- ! 

suit in the formation of fatigue cracks not on the surface of the part but deep 

26_1 

within the surface layer, beneath the work-hardened crust. The nucléation and de¬ 

velopment of fatigue cracks underneath the strengthened layer occurs at higher 
1 ¡ 
stresses and at a larger number of cyclic loadings than in the case of no work- 

, hardening. 
2d. 

30. 
Effect of Residual Stresses. The investigations by I.V.Kudryavtsev pemit the 

following conclusions: 
32—j I 

1. Residual stresses, set up in machine parts, affect the fatigue strength onl 
34—j ! 

_ when the metal of the part differs in tensile and compressive strength; 
30_j j 

2. Residual tensile stresses reduce the fatigue strength less than compressive 
38—j I 

.stresses of the same magnitude increase these stresses. 
'10_J 

42_| 
According to data by S.V.Serensen, the increase in fatigue strength due to cca- 

•14 

,pression is 50% higher, and reduction in the same factor when due to tension, is 

46d 
48 

50 

30Í lower, in the case of steels of elevated hardness. 
i 

3. Residual stresses have a greater effect upon changes in endurance limit in 

flexure, tension, and compression, and less in torsion; 

A. The degree to which residual stresses influence the endurance limit depends 

not only upon the value and sign of the residual stresses but also upon their nature. 
54 - J 

56 

58 

The maximum influence upon the endurance limit is that due to three-dimensional 

MCL-406/V 3½ 
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'residual stresses, while the minimum is due to linear residual stresses. 
1 ! 

It has been experimentally determined that the positive influence of compres-_ 

4. 

H-., 

10 

sive surface stresses is manifested particularly sharply when the surface of the 

part is grooved, has deep machining scratches, or other stress concentrations. The 

fatigue strength of parts is noticeably reduced upon the development of residual 

tensile stresses in the surface layer. 

Higher surface finish specifications for critical machine parts have resulted 
_1 1 

in the developr.' nt of special methods in work-hardening engineering: ball or bar 
I I 
burnishing, shot blasting, coatings of various types, etc. 

18 J 

12 j 

14 

1G 

20—J 

24 

26 a 

However, the objectives pursued by hardening procedures are attainable by nak- ; 

ing use of the possibilities of cemented carbide (and mineroceramics) in the machin«* 

ing of hardened steels. 

The experimental data presented in Section 17 of Chapter III permit the state¬ 

ment that machining of hard-alloy structural steels will result in such a microge- 
28. J 

30- 
,ometry of the machined surface and in such physical and mechanical properties of thi 

32-J 
surface layer as to impart excellent service characteristics, both with respect to 

wear resistance and fatigue strength, to machine parts produced in this manner. 
34 — 

36—1 
The high hardness acquired by steel in the tempering process rises in the sur- 

I 

face layer of the part as the result of the work-hardening which takes place in the 
38- 

40—1 

■12 J 

44-j 

46.1) 

_i 
48-j 

GO 

52-) 

54 

^machining of steel. As has been shown in experiments by Ye.A.Belousova, hardened 

alloy steels of Hr - 50 - 65 undergo considerable work-hardening in the turning 

process - the level of work-hardening of the metal in the surface layer being 

l.U - 1.1. 
It is obvious that where a contact load is involved, the service life of parts 

whose metal has such a high wear resistance will be quite long. Here, apparently, 

there Is no need for special work-hardoning operations. 

The machining of hardened steels by carbide tools at low feeds yields a ma- 

,chined surface which is not inferior to a ground surface. As the hardness of the 
r ■: .)0 

53 

GO 

=1 
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4 i 

d 

tempered steel increases, the conditions for obtaining a good surface finish are 

I 
relaxed. In combination with the high hardness of tempered steels, which rises in 

the surface layer during the machining process, and with the formation of residual 

compressive stresses in this layer, this results in high indices of fatigue strength 

ft J 

in j 
for parts of hardened steel. The same statement is true for machine parts working 

under contact loading. 

12 

14 

10 

18 

Let us compare machining by a cemented-carbide tool and the grinding of hard¬ 

ened steels as to the quality of the surface layer of metal. Research (Bibl.30, 

,47, 71) shows that considerably belter results are obtained by machining with a 

20. J 

-d 

cemented-carbide tool. 

No structural transformations occur in the work-hardened layer formed upon the 

24 J 

turning of hardened steels (Bibl.30). The hardness of this layer diminishes smooth J 
ly from a maximum on the machined surface to the initial level acquired by the metal 

2ti 
in work-hardening. The work-hardened layer is distributed uniformly over the entir« 

28-J 
machined surface and faithfully follows its profile. 

3öl| , ! 
In the grinding of hardened steels (Bibl.47, 71), structural changes occur in 

32 _J i 
the surface layer of metal, due to the appearance of instantaneously high tempera- 

34 1 I 
tures. As a result, after grinding, there frequently is an inhomogeneity in the 

06 _ J ! 
hardness of the machined part in its cross section: a layer of highly tempered metallj 

38_! I 
over the upper hardened stratum, this tempered layer proceeding with depth through 

I 
all the stages of tempering to the initial hardened structure. 

The stressed condition of the surface layer after grinding, resulting from 
I 

structural changes in the metal, results in some cases in the appearance of grindint 

cracks. 

40—1 

42':] 

44 .. ■ 

46 ' 

48.rj 

30 ! 

The appearance of grinding cracks is also frequently observed when severe grino- 

ing conditions result in considerable emission of heat, and, in connection there- 
I _4 » 
with, in local change in the microstructure of the metal, which is called grinding 

_I 

50 1 
burns. The structure of the burned sections differs from that of the main mass of 

370 
58 
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. : the metal, and is also lower in hardness (Hc * ¿»5 to 55 instead of the normal 
o 1 ■ RC 
.%c " 61 - 64). The depth of the burns is several millimeters. 

n 
Hie latest investigations have established (Bibl.47) that in high-speed grind- 

ling (the rate of rotation of the abrasive wheel is v - 50 m/sec instead of • 

10 j 
* 25 m/sec, as in ordinary grinding) of hardened steels at elevated rates of rota- 

' tion and longitudinal feed of the part being machined, the quality of the surface 

12 J 

14 

10 

18 

layer of metal is higher than in ordinary grinding: th*> dimensions of the structur¬ 

ally changed zone of the surface layer diminish. Nevertheless, in this situation 

J 
as well, machining with carbide tools offers significant advantages. I 

The investigations that have been performed thus far in the field of surface ¡ 

20—j 
finish in the machining of hardened steels cannot be deemed sufficient for the pre- i 

go 

sentation of practical recommendations. However, these studies make it possible to 

20 J 
. conclude that the machining of hardened steels by cemented carbide (and minerocer- 

amic) tools is competitive with grinding in terms of the resultant surface finish. 

28. 

30... 43« Nature of Chip and Built-Up Edge on the Tool in the Turning of Hardened Steels 

32—I 

34-! 
Nature of Chip. In the author’s investigations, elementary chip was obtained 

36. 

3S_J 

under all cutting conditions, varying over a wide range (t =1 0.1 to 2.4 nro, a * 0.5 

to 0.61 mm/rev, and v =■ 6 to 81.5 m/min) In the turning of hardened steels whose 

hardness varied within the limits of HR « 41 to 65. This type of chip was obtained 

40—j , , > 
¡under both high (v =* 81.5 m/min) and low cutting speeds (v - 6 m/min). Investigat- 

44 

^ing fine-turning of alloy steels, tempered to HRc - 50 to 69, Logak also obtained 

46-13 

48...3 

elementary chip. Chip of the same type was obtained in K.F.Romanov’s experiments, 

in the finish-reaming of hardened steels. 

We know from the theory of chip formation for ordinary (unhardened steels) that!. 

60 

52—1 

.in the machining of ductile metals, the formation of elementary chip is facilitated ' 

j 
by high cutting speed, a high positive rake on the cutting tool, and low thickness 

54 . 

56. 

58. 

CO- 

of cut. 
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' A considerable portion of the experiments with high-hardness tempered steels 

2I] I 
was performed with tools of negative rake and at low cutting speeds. Prom the view- 

■1 ] j 
point of the theory in question, the conditions for these experiments did not favor 

the production of elementary chip. 

gj 
The steels investigated are characterized by high tensile strength and low 

in.J I 
elongation per unit length. Using the classification of metals and alloys into 

12 J 
brittle (capable of failure without noticeable plastic deformation) and ductile 

h :, 
(metals and alloys capable of withstanding considerable plastic deformation without 

in.j 
fail' re), these steels have to be classified with the ductile types, when in the un- 

18 J I 
hardened condition. In the hardened condition they occupy a position midway between 

20 J 
the ductile and the brittle metals, and tempered steels of high hardness (for exam- ! 

22 J j 
pie, steel C) are typical brittle materials. 

24 _J 
Thus, the conditions of investigation of hardened steels would be expected thec¿* 

2ü j ! 
retically to result in continuous rather than elementary chip. In reality, however, 

28 J 
it was elementary chip that was formed in the overwhelming majority of the experi- 

30j 
ments. 

32~ -1 

34—j 

36-J 
38—j 

40 J 
12 

14 

46 J 

The fact that elementary chip was obtained in the machining of steels tempered 
I 

to high hardness confirms the concepts of Ya.8.Fridman and B.Ya.Grozin (Chapter I) 

with respect to the ductility of brittle materials under given stressed conditions. 

During the cutting process; the layer of metal being removed is in a state of 

! 

stress in which the ductility properties are manifested in the class of brittle mat¬ 

erials which includes steels tempered to high hardness. 

Built-Up Edge. In the machining of ductile metals, a built-up edge appears in 

the cutting process. Ya.G.Usachev, the researcher who first provided an explanation 

48_ 
for this phenomenon, offered forth the hypothesis that a built-up edge would facil- 

50 

r.«> 

itate the cutting process, since it creates a rake Y of the tool that is the most 

favorable for the machining of the given material. Theresia also another point of 

view'to the effect that a built-up edge makes chip formation difficult and results 

} 
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o. 

-1 
, in the formation of uneven spots and fissures. 

In the author’s experiments, there was no built-up edge in any of the machiniry; 

schedules he employed or with any of the hardnesses of materials, and the surface 
I I 6_1_ 

8_J 

10 ] 

12 

U ^ 

16.j 

18 

was characterized by good finish. 

The absence of a built-up edge in the machining of hardened steels is due to 

the fact that such steels occupy a position intermediate between the ductile and 

’brittle metals. As we know, there is no built-up edge when brittle metals are ma¬ 

chined. 

The very good surface finish attainable in the machining of hardened steels is 

20. 

4 explained by the formation of elementary chip and the fact that the process is not 

accompanied by the appearance of a built-up edge. 

21 

26.J 

28. 

30- 

32-J 

34 

36. 

UL. Rake and Working Relief Angles of a Cutter in the Turning of Hardened Steels 

Cemented carbides came into use as tool material about 25 years ago. The greatj 
1 j 
superiority of cemented carbides over high-speed steel in terms of hardness, resis¬ 

tance to wear, and in particular to heat, created favorable conditions for their in- 
i 

troduction into the field of large-scale machine-building. Nevertheless, for a 

’number of years carbides had very limited application - somewhat more in the machin- 

I ’ 
ling of cast iron, but to only a very limited degree in the machining of steels. This 

38 

•in_4 

"was explained by the elevated brittleness of carbides leading to the crumbling-out 

42_ 

14 

46 

43 i 

of the cutting edge of the tool in the cutting process. This pertained particularly 

to the use of titanium-tungsten carbides infrthe machining of steels. 

In the past it was deemed axiomatic in both the theory and practice of machin¬ 

ing that the tbol had to have a poaitive-rake, that the working relief angle had to 
V 

be Içw, ?.nd that the higher the hardness of the raterial^ being machined, the lower 

50 J 
‘the working relief angle should be. In the machining of hard steels it was recom- 

5° J i o 
“ ^.mended that cutters^ be given a working relief angle of not more than 6 . 

5414- 

56—L 

These propositions, which were valid in general for high-speed tools, were 

53- 

GO 
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I 

a 
extrapolated mechanically to cemented carbides. The result was that it became a 

1 I 
general phenomenon for titanium-tungsten cutters to crumble out in the machining of 

steels. This largely destroyed the confidence of technical men in carbides, and 

8.. J 

10 J 

inhibited extensive introduction thereof into production* 

In the Mid-Thirties, the development of machine-building in our country at 

12 j 
ever increasing rates posed new technical problems. The solution of many of these 

14 
resulted in a sharp upgrading of the specifications for cutting tools. Specifically, 

16 ,J 
the problem of the machining of special steels, tempered to high hardness, became 

pressing. At that time it was believed that hardened steel could be machined by i 
18.J . J 

grinding only. It goes without saying that the use of HSS tools was considered out 
20- 

<K) i 
. of the question. The point was that in a number of cases the material being ma- 

24 
chined (the hardened steel) was harder than the cutting tool. And cemented carbide« 

26 

28 

30_! 

32-1) 

34..j 

36 J 
33_j 

40 j 

44 

46.j 

were the only materials in question. 
1 -J 
1 The first experiments in the machining of hardened steels were run with carbide 
2 I 
^cutters with positive rakes. These ended in failure: The cutting edge of the tool 

crumbled out virtually at the very start of cutting. This led investigators to the 
4 ! 
idea of strengthening the cutting edge of the tool by grinding the face at an angle 

■] I 
opposite to that generally employed. As expressed in the terminology subsequently 

adopted, cutters were ground at negative rake. Cutters with this geometry showed 

good results. The possibility of machining hardened steels of any hardness was 

demonstrated in practice. 
I 

No less interesting and important was the fact that the experimental cutting 

speeds ware considerably higher than those used at the time in the machining of or¬ 

dinary steels of low hardness by carbide-tipped tools. This served as proof of the 
J 

fact that, in the machining of unhardened steels with hard-alloy cutters of negative 

rake, the cutting speeds may bu increased considerably over those generally employed 

It was in this manner that the first steps were made in the high-speed machin- 

48 

50 

52. 

54 . 

56. 

_ MCI^40é/y 
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ing of metals - one of the major achievements of modern engineering in the field of 
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! 

•J 

i i: 

the machine-building. 

The idea of a negative rake for j^rbide-tipped cutters did not appear by acci- 

8_1 

10 j 

12 

14 

16 

18 J 

20_j 

dent in the investigation of the machining of hardened steels. In the machining of 

these steels, the physical phenomena in question are clearly evident, and the regu¬ 

larities of the cutting process are more sharply defined than in the cutting of 

Jsteels with the usual mechanical properties (unhardened steels). 

The results of these experiments with hardened steels were published in the 

"literature in our country as far back as 1938 - 1940 (Bibl.28, 72, 73). During the 

Í postwar period, highly valuable studies in the field of the machining of hardened 

steels have been published by P.P.Grudov ¿Bibl.29), V.A.Krivoukhov (Bibl.32), 

A.Ya.Malkin (Bibl.23), N.S.Logak (Bibl.21), N.N.Zorev (Bibl.22, 74), and others. 

It must be noted that for a number of years after publication of these studies, 
,,j I Í 

" the problem of the negative rake of carbide-tipped tools did not attract the atten¬ 

tion of scientific workers. However, negative rake found practical application in 

28-J 
industry in the ma-hining of hardened steexa. 

1 
Renewed interest in this question appeared in connection with the extensive 

32 development of high-speed methods of machining. There is a large number of scien- 

34 tifie studies devoted to investigations of the influence of negative rake upon the 

36^process of machining. In some studies, negative rake was regarded as a necessary 
-j j 
prerequisite for the success of the cutting process, out of relation to the problem 

! ! 
'of the brittleness of modern cemented cartiideo. ■10- 

42 

44 d 

50 .J 

r o I 
J». —i 

The erroneousness of this point of view must be noted. Cutters of negative 

rake have serious shortcomings. Their employment involves an increased load on the 

machine tool. All the cutting forces increase, particularly the radial force Py 

which has a direct influence upon the precision of machining. It was shown in 
i 
Chapter III that, in general, negative rake is only slightly superior to positive 

Iraké in terms of permissible cutting speed, but that it gives the cutting edge the 

54. 

58-1 

required strength. Lacking this, it would be“a practical impossibility to employ 

58—1 
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0_ 
cutter tipped with carbides of the titanium-tungsten group in the machining of hard4 

er.ed steels due to the resultant crumbling-out of the carbide bare. 

1 

Negative rake in cutters should be regarded as a factor compensating for the 

8_! 

tod 

ti’ ; 

it 

16 

1 

still inadequate quality of modern carbides. With elimination of their brittleness* 

the need to provide a negative rake both in the machining of unhardened and hardened 

steels will disappear. It was noted in Chapter II that experimental studies for the 

development of new carbides, which would be midway between modern carbides and high¬ 

speed steels in bending strength, are already under way. 

.1 18 

20 j 

Let us turn to the matter of the working relief angle. As we have noted, it 

was taken for granted only a short time ago that the working relief angle for the 

machining of hard steals should not be in excess of 6°. Tests run by the author in 
‘>o ! 

the turning of hardened steels led to the opposite conclusion. It was found that 

24 J 
the cutter life increased considerably with an increase in the working relief angle, 

26 j ^ 
The machining of steel tempered to % *■ 65 was performed successfully with cutter» 

i I» I 

28 J 
for which the working relief angle was a ** 25 . We know that larger working relief 

30 J ! 
angles are now in wide use in the finish-machining of hardened and unhardened steels 

32—j j 
_ j j ' 

31 L5. Theoretical Investigation of Cutting Forces in the Turning of Hardened Steels 

36. 

J 

401] 

Experimental investigations have shown that other relationships of the cutting 
j 

forces P , P , and P are characteristic of the turning process than in the machin- 
Í 

ing of unhardened steels. This feature of the machining of hardened steels found 

42 

14 

its theoretical explanation in the studies by N.N.Zorev (Bibl.74). N.N.Zorev»s 
j 
views on the cutting forces In the machining of hardened steels are discussed below. 

4 6 
Figure 205 presents a diagram of the forces acting upon the working faces of 

48 
the cutting element under conditions of free rectangular cutting (f “ 0°). Acting 

upon the face OB are the normal force N and the tangential force P, which together 

52 .. j ! 
yield the resultant R. The flank OA is acted upon by the normal force N* and the 

54. 
'tangential force r*, which together yield the resultant R». Together, the forces R 

56 
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o 
and R’ yield the cutting force P. The magnitude and direction of this force in un-| 

*> 1 ! 
constrained machining has come to be characterized by its projections and Py_ 

i 
4_ 

fi_ 

8J 

10 

H 
14 j 

10.j 

18 

20 

1 

24- 

20 

28- 

30- 

32lj 

34 

30 — 

38 

■10 

42 

44 

46 

48 

50 

upon the z and y axes. Since the projections of the force P upon the z and y axes 
! 

are equal to the sums of the projections of the forces R and R« upon these same 

axes, it follows that 

P^Pl + P'y V’ 
I 

whe^e P" and P" are the projections of thd force R upon the z and y axes, or verti- 
* y I 

cal and horizontal projections of the forces at work upon the face; 

are the projections of the force R» upon the z and y axis, or verti- 
I 

cal and horizontal projections of the force acting upon the flank. 

where P* - F* and P^ - N*. 

The forces acting upon the flank are related by the following expression: 

P = ^ • AT, 

5.1 where Ff is the tangential force; 

N* is the normal force;_ 58. 

58.1 
1ÍCL-W36/V 

60—1—-- 

377. 



o.„T 
n' ia the coefficient of friction. 

In the cutting proceas, the flank of the cutting element is in contact with the 

«.I 
workpiece unless this ia not prevented by a built-up edge or a dead zone. Moreover, 

8_j 
the flank absorbs the unit loads on contact, both normal qj and tangential q*, which 

10- 

12- 

14- 

16 

are determined by the relations of the normal force Nf and tangential force F* to the 

‘area of the wear flat f. Normal unit loadings develop as a result of the elastic 
] i 
reaction of layers of the work material underneath the surface of the cut. Unit 

tangential stresses are a consequence of friction between the work material and the 

iflank of the cutting element. The sums of the normal and tangential unit loads 
18 .J 

20_ 
represent, respectively, the normal and tangential forces at the flank. 

If a dead zone at the face is either absent or minor, the forces at the flank 

will be chiefly dependent upon the yield point of the star face layer of the material 

jeing machined, the length and width of contact of the flank, and the coefficient of 
26-4 

friction thereon. The forces on the flank increase with an increase in yield point 
28 J 

.and the scale of contact of the flank, and diminish with an increase in the coeffi- 
30—j i 

—cient of friction. 
32_j 

A strongly developed dead zone and - to an even greater degree - the presence 
34-1 I 

_.of a built-up edge on the face of the cutting element significantly influence the 
36—j 

_ conditions of contact between the flank and the workpiece. Moreover, the forces on 

-L 

Hi ^ .. MM 

\ 
4<q 

.the flank become dependent upon the action, of factors that govern the development of 

42 
.dead-zone phenomena on the face: cutting speed, depth of cut, etc. 

44 . J 
The affect of a built-up edge on the conditions of contact of the flank are 

46 ...J 
..similar to the effect of a dead zone, but manifest themselves more sharply, A built- 

48. 

r>9 

up edge may project so far beyond the cutting edge that the resultant cutting plane 

;nay not touch the flank at all, which in turn will be completely free of contact 

I-oads, 

=H 
r.i_i 

Contrary to the forces on the face, those on the flank do not participate in the 

process of chip formation. The forces acting upon the face and flank are different 

fiS j 
MCL-A06/V 
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0. 

2r1 

q_ 

in nature, 30 that the majority of factors influence the magnitude of these forces 

differently. For example, rake and thickness of cut seriously influence the forces 

acting upon the face but have only a minor effect upon those acting on the flank. 

•J 

8_J 
The width of contact of the flank has little influence upon the forces acting upon 

the face, but greatly affect those acting upon the flank. 

10 J 

12 j 

11 

1G 

j 
Inasmuch as the forces acting upon the flank and face of the cutting element 

depend upon different factors, or upon the same factors but to a different degree, 
I 1 
the relation between the forces may vary within very broad limits. In the machining 

of soft materials with thick cuts by a tool in which there is little wear on the 

18 _| 
Jl 

20_J 

24 J 

4 » i 
flank, the forces on this flank are negligible relative to those on the face. Con- : 

1 ! 

versely, in the machining of materials of high hardness with low thicknesses of cut, 
! i 

by an instrument that has undergone considerable flank wear, the forces on this 

2(3 
flank may exceed those on the face. 

1 28 

30 

32_! 

34 

The cutting force is the sum of forces acting upon the faca and flank. Depend¬ 

ing upon the relationship of forces acting upon the working edges of a tool, one 
! j 

j 
encounters different laws governing the change in cutting force. In the majority of 

I 
cases, the forces on the face are considerably greater than those on the back edge. 

36—j 
and any change in the cutting force is determined by changes in forces on the face 

and, consequently, by changes in chip shrinkage. In some cases, however, when the 

38- 

40— 
'forces on the back edge exceed those on the face, the change in the cutting force 

Inay not match that on the face or, consequently, the change in chip shrinkage. 

42 

44-^ 

46- 

In the machining of hardened steels by tools that have undergone considerable 

, I 
flank wear, the forces on this edge are a major factor in the cutting process. In 

contrast to the situation in the machining of unhardened steels, here the action of 

48 
ithe forces on the back edge of the tool determines the general nature of the princi- 

J 
pies of change in cutting force, and the process of chip formation, while the forces 
j { 

on the tool facs play a secondary role. 



1 

jflank is the comparison of cutting forcas under different conditions of tool wear. 

Th« 
1 

«_ 

8_ 

10 

12 

The forces on the flank relate to the cutting forces, as measured by a dynamometer, 

as follows: 

àh ’ 

p' _ AP JL • ry — or* — , 

p; = ap. 
Ml 

111 where P^, P^, P¡ are the forces on the fla^k; 

16 ..\ 

1H_ 

20- 

ÛP , AP , AP_ is the incrsase in cutting forces at different widths of wear flat X' y' z r 

on the flank; 

h and Ah are the width of the wear flat, and the increase therein, respec- 

n.n 

-J 
24 

tively. 

Inasmuch as, given a constant depth of cut, the area of the wear flat on the 
1 j 

2ti cutter flank is proportional to its width,, these equations may be written as follows^ 

(23) 

(24) 

28 

30 Pa = a -{j î 

Py = iiPy ; 

pf — \p JL 
~ - A/ ’ 

32-J 

34._ 

36l 

381] 

(25) 

where f and Af are the area and +he increase in area of the wear flat. 

■10 

42 

14 

Experiments conducted by N.N.Zorev haye shown that large forces develop on the 

putter flank in the machining of hardened steels. Where steels of high hardness are 

concerned, they considerably exceed the forces acting upon the face. 

Figures 206, 207, and 208 describe the effect of the area of the wear flat upon 
46 4 

the cutting force in the machining of hardened steels 40KhKM2, 40KhNM3, and 9KhS3 
48 II I 

whose hardnesses are, respectively, % * 35, 46, and 65. Table 89 presents data 
soil c 

for the relationship of forces operating on the flank and face, at an area of the 
52 J 

wear flat of f * 1.8 mm . 
54 

56 _L 

58 J 

The magnitude of the forces Px, Py, and ?z is determined from the curves in 

60- 
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and from s Figs.206 - 20P, and the values of the forties on the flank P , P , 
2-| ! * y « 

eqs.(23) - (25). The magnitude of the forces on the face P^f P^, and p£ represent 
4 

a 

8_.J 

10 j 
J 

12 

14 .4 

10 ..] 

.d 
I 

20- 1 

24 . 

20 . 
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Fig.206 - Influence of Area of Wear 
Flat at the Flank Upon the Cutting 
Forces in the Turning of 40KhNM2 

Steel Tempered to % * 35. c 
Cutting conditions; t =* 2 mm; s ■ 

=* O.I56 mra/rev; v “ 75 m/min. 
Geometry of VK6 cutter; a * 12°, 
Y * -10°, A * 0°, Ç “ 30°, V-, * 

- 10°, r - 0.5 mm. 

a) Forces Px, Pyf Pz, kg; b) Area of 
wear flat on the flank f, mm2 

b) 

Fig.207 - Influence of Area of Wear 
Flat at the Flank Upon the Cutting 
Forces in the Turning of A0KhNM3 

Steel Tempered to Hrq "46, 
at t * 2 mm, s * 0.156 mm/rev, and 

Various Cutting Speeds. 

Geometry of VK6 cutter; 0 » 12°, 
Y - -10°, \ » 0°, q> « 30°, <P1 - 10°, 

r ■* 0.5 mm. 

a) Forces Px» V P*' kg; b) Area of 
wear flat on the flank f, mm2 

the differences between the cutting forces and the corresponding forces on the flank 
i 
i 

o'. 

P" = P, - P'. 
I I 

By way of example, let us calculate the forces p' and p" for 9KhS3 steel. Let 
# J 

¡j-) us employ eq.(24). 

Wo find, from Fig.208; for f =* 1.8 mm2 a force Py - 850 kg, and for f » 1.0 mm2. 

54-V“ 515 kg* 

H 56 

58 

C0- 
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y 

8. 

10. 

12 

14 

10 

18 

20. 

no 
- 

24 

1 
^ = 850 — 515 = 335 

= 1,8 — 1,0 = 0,8 /um*; 

p;=AP, r 335.= 750 * A/ 

Pl = Py — Py = 850 — 750 = 100 Kÿ. 

1 1 ' These data permit a number of conclusions. In the first place, we find con- 
1 
firmation of the proposition that high relative values of the radial force Py and the 

longitudinal force ?x are characteristic of hardened steels, and that these increase 
J 
.with a rise in the hardness of the steel. Moreover, the force Py is considerably 

larger than the tangential force Pz# 
J f ! , 

The radial force Py and the longitudinal force P^, acting upon the flank, con- ' 

Table 89 

26 _ 

o8d 

Relationship of Forces Acting Upon Cutter Face and Flank in the Turning of 
Hardened Steels 

(Area of Wear flat on the flank f - 1.8 mm2) 

siderably exceed the radial force P" and the longitudinal force p£ acting upon the 
•14 J 

face. This excess rises with the steel hardness. For hardened steels of low and 
46. J , v ! 

medium hardness U0KhNM2 and AOKhUM?), the tangential force on the flank is smaller 
48 ..] 

than the tangential force on the face, whereas for 9KhS3 high-hardness steel, on the 
50 . ] 

other hand, the force on the flank P* is 85% higher than the force P" acting on the 
52.J 

face. With increase in the hardness of tempered steel, the radial force P* on the 
i- « i y 

increases, and the radial force Py on the face diminishes somewhat. 

53 
MCL-A06/V 

60-1- 
382 

»f7 



0. 

f> 

8_.J 

ioH 

■> 

tl! I 

11 J 

18 J 
-\ 

20-, 

2li j 

28- 

30l 

32- 

31 — 

36_ 

38- 

40- 

42- 

44- 

4G — 

48- 

50 . 

Table 90 

Normal q!, and Tanpential ql Unit Loads Upon Flank in the Machining of Hard- 
N h er.ed Steels 

Steel 
/ 

qff 
in nqlmm* 

f 
Op 

im Kq/mm9 

/ 

Oil 

AOKhNMl 

40KhNM2 

A0KhKM3 

40KhKM5 

9KhS3 

20 

35 
46 

58 

65 

59 

107 

207 

295 

445 

33 

38 

47 

80 

no 

0,56 

0,35 

. 0,23 

0,27 

0,25 

0,2 ¢4 US 0.8 1.0 1,1 1,0 1.6 <.6 10 

b) 

Fig.208 - Effect of Area of Wear Flat 
on Flank Upon the Cutting Forces in 
the Turning of 9KhS3 Steel Tempered 

to Hr 65. 

Cutting conditions: t =* 1 mm; s ** 
=* 0.156 mm/rev; v =■ 12 m/min. 

Geometry of the VK6 cutter: 0 “ 12°t 
I y ’ -20°, A =« 0°, 9 = 30°, <f1 = 10°, 

r.«> "] r * 0.5 mm. 

1 
54 _l a) Forces kg;, b) Area of- 

vear flat on flank f, mm¿ 

58_ ' 

58 
MCL-4O6A 
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The nature of the effect of the hardj- 

ness of tempered steel upon the forces 

acting on the flank are more clearly seen 

in an analysis of the normal force qj and 

the tangential force qj of the unit loads 

upon the flank. Table 90 presents the 

values of q^ and qp, as well as the co¬ 

efficient of friction \i*. 

We see from Table 90 that the unit 
I 
‘ loadings upon the flank of the cutter are 

quite high where hardened steels are con¬ 

cerned. For purposes of comparison, we 

note that, in the case of unhardened car¬ 

bon steels of Hg =* 97 - 185, the unit 

normal loading qj^ varies within the range 

of 37 - 61 kg/mm^. Also notable is the 

fact that the coefficient of friction on 

.the flank u!_ diminishes with an increase 
I 
in the hardness of the hardened steel.- 

383 
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19 

18 

20 

Figure 209 illustrates the effect of the hardness of tempered steel upon the 
I 

magnitude of unit contact loadings, and the coefficient of friction on the flank. 

It will be seer, that, with an increase in the hardness of the steel, the tangential 

force qp and the normal force increase, the latter rise being the sharper. 

On the basis of experimental data, N.N.Zorev believes that the excess in the 
I 

tangential force ?z over the axial fore* 

21 

26 

2« 

30. 

to) 

Fig.209 - Effect of Hardness of Tem¬ 
pered Steel Upon Unit Normal Load q^ 
and Tangential Load qp and on the Co¬ 
efficient of Friction on the Cutter 
Flank. Tests made at cutting condi¬ 
tions preventing the development of 

32.2 a built-up edge and a pronounced dead 
zone on the cutter fac*. 

34 .-1 

36 J 
3d 

40— 

42 

a) Unit load on flank q*, kg/ram^; 
b) Hardness of work material, HR„; 

c) Coefficient of friction on 
flank, M * 

wear on the cutter is similar. 

Py in the machining of hardened steels 

can be explained by the effect of inten¬ 

sive forces on the flank of the tool. The 
! I f 

normal force on the flank N , determining 

the magnitude of the force P , is greater 
y I 

than the tangential force F* which influ-; 
I 
enees the magnitude of the force P_. With 

! 
an increase in the hardness of the work 

I 
material, increases occur in both forces, 

j but the normal force N* increases more 

rapidly than does tne tangential force Ff, 
I 

As a result, an increase occurs in the 

ratio in connection therewith, the raL 

P ^ 
(tio -I also rises. The influence of flank 

pz 

44 ! 

46 

48 

50 

5H 

54ll 
58 J 

Let us proceed to the problem of the structure of the formulas for determining 
i 

the cutting forces. In the turning of hardened steels, the influence of thickness 

of the cut upon the cutting force drops with an increase in the flank wear on the 
j 

tool. This is obvious from Figs.210 and 211 which show the relationship of the 

forces Pz and Py to the feed s and the tool wear h. The tests wore run with VK6 out¬ 

ers on AOKhNKS steel of H^p ■ 58. 

The dependence of the cutting forces upon the feed s (Figs.210 and 211) may be 

58 J 
jíCL-406/V 
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expressed by formulas of the general type:j 

At a width of the area of the cutter flank wear of h ■ 0; 

^ = c,.f • Pv — Cpy' s0*'; 

At h - 0.25 ran: 

Pt--=Cp -s0 45, 

4 

6_4 

8 

10_, 

12 _ 
I 

l' As we see, the exponent for the feed is largely dependent upon the flank wear h. 

If, so that the very nature of ths cutting force relationships to feed changes with 

ly change in h. Therefore, N.fJ.Zorev believes the general type of equation (P ■* Cp’^^ 

J i 
20- .to be unsuited to the case of hardened steels and instead suggests a formula of the ! 

Cp .S0*18. 
V 

following type: 

L’4 
—i 

26H 

-1 

"1 

28 

Px = Cpx- sP*+ qs- f • 

P¥ = Gry ■ spy -f- ^ / • cos «fÄv; 

Pt — Cpt • s'1’, 4- ç'Ff, 
30_j 

0av ts the average complement of the side-cutting-edge angle. If the length 

4-- - 
yfj_plement of the side-cutting-edge angle qp. i 

38- 
J 

j 
The right-hand sides of these equations consist of two terms: the first terms 

j(j represent the forces acting upon the cutter face, and the second the forces acting 
J ! 

42 opon the flank. With this particular structure of the equations, ths feed exponents 

j4 are not dependent upon the amount of wear to which the tool has been subjected. 
J ! 

Let us consider the question of unit cutting force in the turning of hardened 48—1 

islj3' 43 Steels. N.N.Zorev suggests the following equation for determining the unit cutting 

30 
1 
"force: 

51 

55-. I 

p = Cpg • a pt~x q'F ‘ (26) 

58 MCL-A06/V 
60 J.. . - .. 

The second term on the right-hand side of eq.(26) characterizes the effect of_ 

365. 
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8__ 

in.J 
I 

11! i 

M . 

16 -i 
18 

20 

the forces acting upon the cutter flank at unit cutting force. This influence rises 

vith the wear h and with any reduction in the thickness of cut a. In tha machining 

2-1 _ 

26 j 

2 a i 

30Z¡ 

2Z-\ 
_ J 

Ü4 

36- 

38- 

40 I 

Fig.210 - Feed Versus Tangential Force 

Pz in the Turning of 40KhKM5 Steel Tem¬ 
pered to Hr ** 58, with t “ 1 mm and 

v1'- 17 m/min. 

Geometry of VK6 cutter: a = 12°, Y “ I 
- -10°, X » 0°, 9 " 30°, »! - 10°, 

r =* 0.5 mm. 

1 - Flank wear h - 0; 2 - Wear h - 

= 0.25 mm. 

a) Force Fz, kg; b) Feed s, mm/rev 

Fig.211 - Feed Versus Radial Force Py 

in Turning 40KHNM5 Steel Tempered to 
Hrç = 58, t ** 1 ram and v ■* 17 m/min. 

Geometry of VK6 cutter: a m 12°, Y “ 
° -10°, X - 0°, » - 30°, ” 10°, 

r “ 0.5 mm. 

1 - Flank wear h * 0; 2 - Wear h “ 
- 0.25 mm. 

a) Force Py, kg; b) Feed s, mm/rev 

42~1. 

14 

46 

48 

Df steels tempered to high hardness, the unit cutting force p attains high values 

Lie to the large contact loadings q£ and the low thicknesses of cut a. With respect 

to hardened 40KhKM5 steel of Hr,, - 58, the equation for determining the unit cutting 

1 * ' 
force takes on the following form: 

50 
1 

51 

56 

171 a-0,2 4-80-^-. 

This equation has been used to plot curves (Fig.212) illustrating the influence 

of the width of the wear flat upon the unit cutting force, for three thicknesses of 

1 j 
cut a » 0.02, 0.10, and 0.50.mm. The ’init'force p varies within very broad limits - 

“jfiron 210 kg/mm2 when the cutter wear is low (h - 0.1 mm) and the thickness of cut is 

,o~1 

56. 

60- 
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The unit cutting force is numerically equal to the unit work of cutting, and 

therefore eq.(26) may be considered as the 

formula for the unit work of cutting. The 

IM J 

-4 
20.J 

0 _ (a = ^ t0 2370 kg/tnm2 when the wear is high (h - 0.5 mm) and the thick- 

ness of cut is low (a « 0.02 mm)._ 

4_ 

0_ 

Ö_I 

-I 
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12 

14 J 

10 . j 
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20- ] 

b) 

..y 1 Fig.212 - Effect of Width of Wear Face , 
~~ and Thickness of Cut upon Unit Cutting tion on the flank. 

Force in Turning of 40KhNM5 Steel, 

hRc =1 58, at V = 17 m/min. 

Geometry of VK6 cutter: o * 12°, 
Y = -10°, X - 0°, “ 30°, q>x - 10°, 

r = 0.5 mm. 

first term on the right-hand side of the 

equation represents the unit work of the 

forces acting upon the cutter face, i.e., j 

the unit work of chip formation. The 

I I 
second term represents the unit work of the 
I I 

forces on the flank, i.e., the unit work I 

of friction on the flank. When the cutter 

wear is high, the bulk of the work of cut¬ 

ting is comprised of the unit work of fricf 

30 

32 

34 

36 

38 

For example, in the case of 40KhNM5 

steel tempered to ” 58, at a ■ 0.1 mm 

I 

and h - 0.8 mm, the unit work of cutting 

is 912 kg/mm2, and the unit work of chip 

! . 

jformation is 272 kg/mm2, i.e., 30¡£ of the 

J I 
former. The remaining 70^ goes to unit work of friction on the flank. 

a) Unit cutting force p, kg/mra2; 
b) Width of flank wear area h, mm. 

10 
■fn-moT'. The remaining VU* EOes co unie wt. 

42 J 

14 ¿6. Thermo-Velocity Uvnothesis of the Machining of Hardened Steels 

46 

48 

50 

52.1 

5-1 

56 

58—! 

In the postwar period the hypothesis of fast machining advanced by N.I. 

J.I.Shchelkonogov (Bibl.28), which we term the «thermo-velocity" hypothesis for the 

machining of hardened steels, has attained wide recognition. This theory has been 

1 I 
employed to find a physical basis for the fast machining of all steels, and not only 

of hardened steels. In some later studies, this'hypothesis was rejected. However, 
“1 ! ___ 

60- 
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n 
„it continues to be used in studies devoted to hardened steels, 

■1 Essence of the Hypothesis 

ii 

8 

10 j 

12-1 

14 

10 

181 

J 
20—j 

O* » 

L'4 . 

26 J 

28_j 
' 

30-J 

32—j 

34 

36 

38 

40 

Tn Fig.213 we present curves for the temperature of heating upon the tensile“ 

strength of steels of various strengths. The upper curve pertains to steels with 

j°t " 160 “ 1?0 kF/n®2* As «C see, upon heating to t - 100°C, the tensile strength 

°t diminishes. With further heating, ot in- j 

creases, to attain a maximum at t - 300°C. 

I j 
Another increase in temperature results in a > 

sharp drop in ot. At t - 800°C the tensile 

strength is approximately 20 kg/rim2. 
j 

Moreover, Fig.213 shows that the influ- 

I 
ence of the temperature of heating upon 

I 
changes in the tensile strength is mani¬ 

fested more strongly, the higher the tensile 

I 
strength of the steel at room temperature. 

Advocates of hypothesis are of the 
I 

opinion that the machining of hardened steels 

requires establishing a certain temperature 

in ),he zone of origin of plastic deformations 

in the layer of metal being removed, high enough to provide the same change in the 

mechanical properties of the machined material as that obtained in artificial heating 

.of steels to 700 - 800oC. As a result, the tool will actually not be cutting hard- 

46--1 I 
-] d 3teel of hiFh hardness and strength and of low machinability, but ductile steel 

48.J 
Pf low hardness and high machinability. 

50.J 
ro j N.I.Shchelkonogov advanced his thesis on the basis of his investigation Of the 

Zprocess of turning of hardened steels: structural steel (carbon No.40 and KhN alloy) 
54_!_____ _ ___1_ _ J ' 

?f HRC " 49 - 52 and t001 steel’(U7, UÏ0, and R18), of The e^iiT“ 

.# m 300 ¡00 
b) 

Fig.213 - Effect of Temperature 
of Heating upon the Tensile 

Strength of Steel. 

a) Tensile strength cl, kg/mm2; 
b) Temperature of heating, t° 

42-4 

53 Ij 
KCL-406/V 388 
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4.. 

6_ 

8_ 

10 . 

12_ 

14 

10 

nents were run with cutters tipped with VK8, VK6, T21K0 and with Wgonite cutters*. 

- The following are the most interesting of K.I.Shchelkonogov*s conclusions: 

-] 

18 J 

2oJ 

1) The machining of hardened steels is an exception to the general law of ma- 
j_____ _ j 
chining: with an increase in cutting speed (up to a given limit) the cutter life 

does not diminish, but rises; | 

2) In the machining of hardened steels, the cutting speed does not diminish as 

the hardness of the work material rises; 
! 

3) Machining of hardened steels can only be done at high cutting speeds. 

For finish-turning of hardened steels, cutting speeds of not less than 150 m/min 

ave to be employed. 

::2 Results of Experimental Verification of the Hypothesis 

24 j 

26 J 

28 

30. 

32 

n 
A large series of experiments conducted by the present author tc determine the 

ratio T - V has disproved the thermo-velocity hypothesis. It was found that a sligh^ 

increase in cutting speed resulted in a sharp drop in cutter life. 

^ Numerous attempts made to cut at speeds of v - 100 - 150 m/min at low cutting 
* —— 

_ depth t and feed s (process: turning of high-hardness steels) were unsuccessful - thi 
I i T 
leutters dulled and crumbled out instantaneously. Nevertheless, further experiments 

rere run with A and C steels, of HR ” U and 65, to determine the nature of the in 
1 I 
fluence of cutting speed upon tool life, and also the possibilities for machining 

34 

36 li 
Wi 

38 

U 40 , 
hardened steels at "super-high« speeds. Table 91 presents data or. A steel of 

42 _J 
He 

44 

4G_ 

4SI 

50 “I 

Hrc - U. The experiments were conducted with lapped T21K8 and VK8 cutters of the 

following geometry: a » 6°, y 15°, A = 0Ò, 9 - 45°, ^ - 15°, r - 1.15 mm. The 

cutters worked to normal dulling,. 
I 

It follows from the experimental data that the familiar regularity also holds 

in the turning of hardened steels: The tool life diminishes with an increase in cut- 

ling speed. ! 
54_Í.. 

58 

60- 

;*A titanium-tungsten carbide no longer manufactured: 7L% WC# 18¾ TiC, 6% Co. 

389 JÍCL-A06/V 



.4 

: 

o 

2- 

4. 

ti. 

8_ 

10 

12 

14 

tfl 

18 

20.. j 

J 

24 

2Ö 

28 

30 _¡ 
I 

32lj 

34.. 

36- 

38- 

10- 

4 24 

14. 

46 

48 

-4 

Table 91 
_ I 

Effect of Cutting Speed Upon Tool Life 
I 

Turning of A Steel, Hrc * 1»1 

Table 92 

Influence of Cutting Speed Upon Tool Life 
! 

Turning of C Steel, ■ 65 

Grade of 
Hard Alloy 

Cutting 
Sf»ed V, 
m/min 

VK3 100 
75 

T21K8 100 
75 

T15K6 100 
75 

Tool Life T 

Tools lasted 
a few 
seconds 

Description of Experi¬ 
mental Results 

Instantaneous dulling of 
tools and crumbling-out 
of cemented-carbide bar. 
Chip was bright red ae 
it came off. 

Grade of 
Hard Alloy 

Depth of 
Cut t, in mm 

Feed s, in 
irm/rev 

Cutting speed 
V, in m/min 

Tool life 
T, in min 

VK8 1.0 
1.0 
1.15 
1.30 

0,31 
0,31 
0.31 
0.31 

150 
100 
50 
30 

1.3 
5.5 

53 
126 

T21K8 0.30 
0.30 
0,30 

0.225 
0.225 
0.225 

171 
130 
108 

0.3 
0.2 

72 

Table 92 presents the results of experiments with C steel of Hr » 65 (t 

50 **0.5 mm, s “ 0.1L mm/rev). The machining was done with lapped VK3, T15K6, and 
—I ! 

52 -I21K8 cutters of the following geometry: a - 15°, y - -5°, A = 0°, <P w 45°, - 15° 

51 Jr..“-1.3 .mm._    J- 
J Î 

’ 1 _The working relief angle of the tools was increased, with the purpose of 1m- 56 

58 
KCL-406/V 
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proving their functioning. In view of the hardness of the work material (%c ” 65), 

the cutting speeds of v * 75 to 100 :n/min must be regarded as quite high. Itshould 
4 

(3 

8. 

10 

12 

14 

16—j 

18 

20- 

be noted that, at the recommended cutting conditions (Appendix I) for steel of 
J_ __ __________ _ ,. . ......j 

Hr_ - 65 with T15K6 carbide, t ^ 0.5 mm and s - 0.1U mm/rev, the v^q cutting speed 
1 vc I 
is 8 m/min. 

The cemented carbides tested were characterized by high cutting properties. 

As we see, the cutter life was measured in seconds. Instantaneous dulling and 

^crumbling-out of the cutters took place at the very outset of the machining process. 
I I 
This would indicate that the machining of steels of Hr^ * 65 at very high cutting j 

speeds is impossible. | j 

Analysis of the Hypothesis 

24 j 

28—3 

30 

32 

34 

36 

38—! 
I 

40Zj 

Let us analyze the thermo-velocity hypothesis as it applies to unhardened and 

to hardened steels. 

Fast Machining of Unhardened Steels. Let us briefly review studies on the fast 
1 
^cutting of unhardened steels, dealing with the question of the effect of the cuttingj- 

,_1 ! , 
zone temperature upon the mechanical properties of the layer of metal being removed. 

V.I.Rukavishrikov (Bibl.75) investigated the influence of the temperature of 

heating upon the machinability of steel (Q.U2% C, 0.75% Ni, 0.28% Kn, 0.28^ Si, 
[ 
0.30¾ Cr), possessing the following mechanical properties in the "cold" state: 

- 60 kg/mm2, 6 ** 18¾. Hr “ 179. The experiments were run with cutters tipped 
42 1 

_ with VK8 and T21K8 at t - 8 mm, s » 0.945 mm/rev, and v - 24.5 m/min. The investi- 
4 j_ 

gation showed that, on heating the steel from zero to 560°C, the force Pa diminished 
46.J 

48 

50 

from 1150 to 378 kg, i.e., by two-thirds. 

According to the data by B.M.Askinazi and G.N.Babat (Bibl.75), the unit cutting 

bree drops by a factor of 4.2 as the work-steel temperature is raised from zero to 

00°C. 
54. 

58_ 

58- 

60- 

The data by M.M.Ioffe (Bibi.75) demonstrate that chromium steel (Hb - 320) is 

tCL-406/V _ J91- 



, ■ > 

..Jnuch more advantageously machined in the heated condition than in the ordinary way, 

2--1 I 
in terms of tool life and the productivity; of the process. Preheating of the work 

material to 700°C increased the tool life ^-fold, and the productivity of the pro¬ 

cess by 3.5 - 5 times, 
1 

10 J 
ft 

1 2 1 

In analyzing the data presented, P.P.Grudcv (Bibl,75) notes that one cannot 

draw an analogy between "cold" machining at high speeds, and machining with preheat- 

H J 

ing of the workpiece. A study of the process of cutting unheated steels at high 

16 

18 

temperatures, with the chip temperature attaining l?00oC and more, may create the im- 
I j 

.pression that here, as in the artificial heating of the work material, the layer of ! 

jnetal was heated both prior to and during the process of deformation to the same 

20_ J 

22 J 
.temperature attained in artificial heating and lost its mechanical properties, and 

24 

„that this is the decisive factor in the process and rate of machining. This is not 

actually the case since, if it were, we wopld be justified in expecting a reduction 
20 J 

,by a factor of 3 - 5 in the cutting force, and numerous experiments have shown that 
I 

these forces diminish by only 20 - U0%» 

In the opinion of P.P.Grudov, such a reduction in the cutting force (by 20 - 

-I n 
- 40¾) results not only from a change in the mechanical properties of the work materl 

28. 

30. 

32. 

34 . 

ial in the cutting zone, but also from a change in the condition of the rubbing sur- 

36-1 
faces. It may be assumed that, here, the second factor is of greater significance. 

38—2 j 
.. A.A.Avakov (Bibl.76) was the first to advance the idea that one cannot identify 

40—1 
_>he machining of artificially heated steels with that of the same steels in the 

42-] j 
.„cold" state, merely on the basis of the fact that the artificial heating of the 

■14 J 
metal brings It to the same temperature as that created in the cutting zone during 

46.J , j 
the "cold" method of machining at high speeds. 

48. J 
! In the machining of artificially heated steel, the tool is actually engaged in 

M2 
cutting softened metal at a unit cutting force that has been reduced several-fold. 

5° 
.1 [owever, in the machining of "cold" metal at high speeds, heating has been localized 

M _j 
in areas very small (in thickness) and directly in contact with the working edges of 

M 

58 
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I 

_Jthe tool. Between the two solids - the tool and the unsoftened portion of the chip 

2- \ ! 

a layer of work metal with a high temperature due to the heat emitted in the cutting 

4- -i 
process is formed. I 

f According to the calculations by A.A.Avakov, in the turning of steel of ot - 

10 H 

4 _ 
-95 kg/mm2, depth of cut t - 3 mm, feed s - 0.5 mm/rev, and cutting speed v - 

12-1 

> 230 m/min, the depth of penetration of heat into the depth of the chip is 24 mi¬ 

li 

10 

crons in 0.0002 sec. I 

Experiments show that the increase in the thickness of the high-temperature 

18 J 

20- 

;iayer of the chip sharply lags behind the jgrowth in thickness of the chips thea- 

Jselves, and the thickness of the high temperature layer will be approximately identij- 

cal both for thin and thick chip. 
4) •") I GP ^ 

The heating of chip in depth to high temperatures (with the chip coming off 

24 J ’ ' I 
.Jred-hot), as sometimes observed in high-speed turning of steels, should, in the 

20 j . I 
opinion of A.A.Avakov, be explained by the fact that the chip emerging from contact 

28J • ^ j 
with the cutter face has already been subjected to the rubbing effect of this face. 

30_] . ¡ , . 
Below we present data from research by E.I.Fel’dshteyn (Bibl.44), characteriz- 

32 J 
_ ing the heating conditions of the contact layers of the workpiece in the high-speed 

34 J I 
^cutting of unhardened steels. Table 93 presents the mechanical properties and strucj- 

36 Zj ' 
„ture of the steels tested. 

38—J ' 
The experiments presented in Fig.214 (t “ 1.5 mm, s - 0.2 mm/rev, v " 17 - 

40_J 
r 150 m/min for high-speed cutters and v = 150 - 550 m/min for cutters tipped with 

jri5K6) show that, with the exception of a single instance, the sequence in the posi- 
T 
tion of the steels with respect to v¿q is identical both in ordinary and in high¬ 

speed cutting. 

The good correspondence between the relative machinability indices obtained in 

the turning of various steels by high-speed cutters (i.e., under conditions in which 

i Í 
there is no possibility of structural transformations of the workpiece - low cutting 

42 J 
* 

44 _J 

46 

48 

50 ‘1 

52.J 

54 
speed and thereforo low temperature in the cutting zone) testify to the fact that 
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Tabl® 93 
I 

Structure and Mechanical Properties of Steels, According to Data by 
E.I.Fel’dshteyn 

58-1,. 
I 

58 

60 

Steel 
Grade and 
Identifi¬ 
cation 

State 

1 

J Structure % : 

[ » 
le

n
sa

ae
 

1 S
tr

en
g
th
 

o*
,»

 
I k

g/
nm

^ 
II 

IT*
'! _

_
A

 J 

— 
0 -0 

-»■rt « n cx: . 

ou c ■ 

S'* 

0 

O « 
a ® 
Vi 

“TO Normaliza¬ 
tion 

Ferrite and fine grains of 
thin lamellar pearlite 121 41,8 36,6 58,0 

. 40. Normaliza¬ 
tion 

Thin lamellar pearlite and 
ferrite in a coarse lat¬ 
tice; fine grain 

179 63,9 25,1 4,0 

IOKh-P Annealing Thin lamellar pearlite and 
ferrite in a lattice; 
fine grain 1 

187 67,5 23,0 — 

40Kh-3e Hardening 
and high- 
terapera- 
ture tem¬ 
pering 

Granular (fine) pearlite 
with very fine grains of 
cementite | 

192 67,5 23,5 69,2 

40KhN Normaliza¬ 
tion 
(rolled 
products) 

Sorbitic and fine lamellar 
pearlite and ferrite in 
the form of a fine and, in 
spots, broken lattice; 
coarse grain 248 85,5 15,3 33,0 

3ÖKHK3 Normaliza¬ 
tion 

Thin lamellar pearlite and 
ferrite in the form of 
grains; ferrite ghost is 
encountered 207 

35KhGS- 
P3« 

Annealing Lamellar pearlite changing 
in spots to granular; fer¬ 
rite in lattice form; mixed 
grain size j 217 76,5 18,6 42.0 

~~35khGS-P Anneal!ng lamellar pearlite and fer¬ 
rite in lattice form; 
mixed grain size 

217 77,1 21,8 40,0 

35KhGS-3e Annealing Granular pearlite 
197 68,5 23,7 53,6 

35KhGS-Ul Quenching 
(tampered 

and 
innealed) 

Sorbite 
341 103,0 12,1 43,8 

ÍCL-406/V 



I 

^ 1 

the nature of the influence of the initial 

remains the same in high-speed machining. 

properties of steels upon th* cutter life 

Consequently, in the fast machining of unhardened steels, the metal being 

•worked undergoes no structural changes which would eliminate the differences in the 

machined steel due to special features of 

1M ,_| 
-J 

1ÍÜ—J 

1 

structure and properties in the initial 

ptate. 
I 

The most important conclusion which 
j 

can be drawn from the data in Table 94 is 

the fact that high-speed machining retains 

the influence of various steel structures 

1 

28 

30 

32 

34 

36 

33J 

40 

42 

44 

4ö_ 

48 _ 

f>0 

52 — 

54 .. 

53— 

58- 

Ü0- 

on the life of high-speed tools, working 

Lt relatively low cutting speeds and re¬ 

sulting in low temperatures in the cutting 

zone. 

The data by E.I.Felidshteyn presented 

liere pertain to experiments in which a 

given amount of flank wear was employed 

as the criterion for the dulling of carbide cutters. 

Fig.214 - Relative Machinability of 
Various Steels 

1 - In turning with HSS tools; 
2 - In very fast turning 

a) Relative cuttirg speed v^q, 
b) Conventional designations of 

steels tested 

E.I.Fel’dshteyn also investigated the nature of the face wear of cutting tools 

Table 94 

Relative Cutting Speeds v¿0 for Steels of Various Structures (in Percent) 

Type of 
Machining 

Conventional Designation of Steel 

40Kh-P 40Kh-3e 35KhGS- 
P 

35KhGS- 
3e 

3£KhGS- 35KhGS- 
U1 

Turning with 
HSS tools 

Very fast_ 
turning 

(00 

100 

109,5 

124 

100 

100 

125 

121 

147 

148 

50 

83 
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4 

ti 

in the high-speed turning of 35KhCS steel, with a structure of granular pearlit«, 

lamellar pearlite, and ferrite. 

The experiments showed that the intensity of wear on the cutter faces, like 
f_____ .. _ ..... _ _ I 
.that on their flanks, depends upon the structure of the work material in its initial 

state: With a granular pearlitic structure, the depth and width of the craters is 

significantly less. 

These experimental data serve as proof of the fact that in very fast machining 

of steels the layer of metal removed, in direct contact with the cutter face, also ¡ 

'undergoes no structural transformations. ¡ 

E.I.Fel»dshteyn substantiated his conclusions by the following theoretical con- 
20—I 

.sidérations: In the very fast machining of unhardened steels, the cutting tempera- I 
-1 

24.. j 

26 J 
28—! 

30 

32—J 

10 

12 Zj 

id 
16 

18 ... j 

tures are sufficiently high for structural transformations to occur. Data derived 

from numerous experiments show that the cutting temperature reaches not less than 

i700 - :'00°C, and that actually the temperature at the interfaces between cutting 

tool and chip and the workpiece is even higher. The point is that in measuring the 

cutting temperature by the natural thermocouple method (the method in widest use), 

34 -j 

36 Zj 

38—j 

the results obtained are somewhat understated. 

However, structural transformations need a certain amount of time to occur. 

.Studies show that, at a temperature of 800 - 850°C, the time necessary for the trans- 

Xormation of pearlite to austenite to begin is at least tenths of a second. However 40-1 i r 
—the duration of heating of the metal removed ir> very fast cutting is measured in tenr 

42—J r 
_ thousandths of a second. For example, at à contact length of I ** 2 mm, a chip 

44 _) 
shrinkage of ç - 2.0, and a cutting speed of v » 300 m/min, the contact time will be 

46_ 

48~ 

50 
J 
J 

60/6 _ 60.2.2 niw,a . 
"" lOOOt; 1000 • 300 *“ 

It is obvious that, under these conditions of heating in the layer being re- 

51 _F‘ov«d» no structural transformations can occur. 
J ~ .. .. i ' ~ 

56.-.—.—,., Further, the heating of the contact layer of metal proceeds at a very high ve- 

58- 
ICL-/4O6/V 
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o 
llocity in very fast machining. If we assume a temperature difference of 500°C and 

S-*! I 
_a contact time of 0.0008 sec, the rate of heating ie __ _ _ 

4 

(i 

8_1 

10 

-—^-37 500000 dtq I min. 

We know that the temperature interval for transformation of pearlite into aus- 
I i 

tenite increases with the rate of heating. An investigation of the nature of the be- 
J I 

] ; havior of steel in high-speed heating with high-frequency currents showed that, at 

H', rapid heating, the transformation of pearlite into austenite occurs at temperature» 

Itj ’considerably in excess of the critical point . This overheating is greater, 
j ! ^ 

•>q the higher the rate of heating. For example, in heating at a rate of about 
”1 j 
2'_> 30,OCX) deg/min, the minimum hardening temperature exceeds by about 200°C the zone 

—j ! 
of hardening temperatures characteristic of slow heating. 

2(j_J Consequently, under conditions analogous to very fast cutting of metals, struc- 
..J ! 

2«_tural transforrations will occur at temperatures considerably higher than the usual 

30- ½011^^0119 of heat treatment of steels. | 

32-d The data by P.P.Grudov, A.A.Avakov, and E.I.Fel»dshteyn refute the heat-and- 
j 

;»i_ velocity hypothesis for very fast cutting of unhardened steels. Let us now turn to 
_| 

the case of hardened steels. 

23 ! Very Fast Machining of Hardened Steels. The data obtained by the author with 

loHsteel C of H¡^, = 65 (Table U6) are of the greatest interest. The cutting conditions 

.<2 varied over a wide range: depth of cut t from 0.10 to 1.0 mm, feed s from 0.05 to 

^43).28 mm/rev, cutting speed v from 23.A to 5«A m/min. In the majority of cases the 

40 cutters had an acceptable tool life: T ■* 10 - 60 min. 

43H An analysis of the experimental data yielded the following relation between cutj* 

50~^ing speed and cutter life: 



4 HJ 
»3 

Consequently, there is a regular reduction in tool life with rise in cutting 

speed. This indicates.that_the hypothesis is not supported in the 

case of high-alloy chromium-nickel-molybdenum steel tempered to very high hardness 

8—! 

10 

(C steel). 

The ratio T *■ — for steel C of Hp ** 65 was derived for a range of relatively 
¿ C 

12 - low cutting speeds. 

1‘»—¡ ^ see from Figs.61 - 64, a ratio T - v of identical nature was obtained for 
-I . I ' ; 

10- .steel B of HR - 59, for a range of higher cutting speeds v - 17.9 - 54 m/min, and i 
0 i i 

16 also for steel B of » 49, for cutting speeds of v - 30 - 75 m/min. 

-°j To this °ne may raise the objection that the hypothesis might find confirmation 
i I i 

- in tha zone of even higher cutting speeds. However, this objection is invalidated 

—L 
21‘by the experimental data presented in Tables 91 and 92. The data in Table 92 in- 

_J I 
1:0 ..dicate +hat the machining of steel C of Hß, * 65 at cutting speeds of v - 75 - 

-1 f 
2j100 m/min is unrealizeable, since instantaneous dulling of the cutter results. 

--1 1 
jO—, It follows from Table 91 that the machining of steel A of HR - 41, at high 

—: I ^ 
32- cutting speeds (v =1 30 to 171 m/min) is also subject to the basic law of cutting 

theory, expressed by the equation v - j 
J T® 

38_J Nor is the thermo-velocity theory supported in the studies by P.P.Grudov 

33— (Bibl.29) and A.V.Alekseyev (Bibl.72), devoted to hardened steels. -I 
40 ' 

I 
These data on hardened steels permit the conclusion that in this case, as in 

-<4 I 

the very fast machining of unhardened steels, no structural changes occur in the 

44 - layer of metal being removed. This is also confirmed by the experimental data of 

ifi-jtbe author and of P.P.Grudov, which indicate that the hardness of tempered steel 

4«lj»xerts a powerful effect upon its machinability. It is obvious that if, in the cut- 

:,0 ting process, the work material underwent structural transformations (lost its hard- 

52 pesa), then, regardless of Its hardness, steel B would be characterized by an identi- 

—*4 

5 Î cal machinability, determined by the permissible- cutting speedl v^q..To fact, as we 

r,G—8e® from Table 49» steel B of HR ■ 59» has a lower machinability. than «he same atee!. 
_J c T 

58. J ■ ! 
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o. 

o_j 
temperad to Hrq * 49. 

The author* s observations of the cutting process of hardened steels show that_ 

the chip leaves the tool in a red-hot state only at high cutting speeds (speed high 

with respect to the hardness of the workpiece), low thicknesses of cut, and consideró¬ 

lo 

12 - 

11... 

16- 

able dulling of the tool. At greater thickness of cut and low cutting speeds, the 

chip has a regular ("cold**) appearance and only narrow strips of chip, immediately 

J ! 
adjoining the leading edge of the cutter, will heat to red-hot heat and that merely 

! 

at great dulling of the cutter. Numerous experiments with steol C hardened to 

j 
.Hrç * 65 permitted to establish the fact that the chip did not undergo heating to 

18 J I 
red heat over a long period of tool operation, and that the cutting proceeded 

20. 
p ormally. 

The fact that no structural transformations occur in the layer removed in the 

24_! ! 
machining of hardened steels, similar to the very fast machining of unhardened 

2öZj 
_steels, may be substantiated by data derived in the investigations by V.D.Sadovskiy, 

28_3 
_K.A.Malyshev, and B.G.Sazanov (Bibl.77). These writers note that the decomposition 

of martensite in the heating of hardened steel over a broad range of heating speeds L 
32—! 

proceeds in the temperature interval of HXXrC and higher and consequently lasts for 

34. 

36-4 
not less than 0.5 sec, for example, when the heating speed is 200 deg/sec. However, 

33 

40_I 

the heating time t of the removed layer of metal - if it is taken to be the same as 
J ! 
_jthe contact time between chip and tool face - will, at v ■ 100 m/min (a high speed 

for hardened steels) by only 0.0024 sec 

face - 

, ot 0. 008 sec at v - 30 m/min. 

42—I 

44 -j 
Hypothesis of A.Ya.Malkln. On the basis of theoretical and experimental in¬ 

vestigations, A.Ya.Malkin (Bibl.23) further developed the hypothesis of 

46—i 
N.I 

48_! 

50 _J 

Shchelkonogov and advanced a theory in accordance with which the basis for the 

J 
machining of hardened steels is "control of heat during the cutting process". This 

J 
theory has been encountered in recent studies of the machining of hardened steels 

no_i 

“jBibl^O, 68)« 
54. 

In the opinion of A.Ya.Malkln, the problem of productive machining of hardened 

53. 
-MCL-406/V 
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'steels is successfully solved if proper utilisation is made of the heat developed in 
2-1 I 

i the cutting process. This heat is reauired in order to produce an exceedingly brief 
4. ] 

Ö 

8 

10 

reduction in the mechanical properti T the workpiece in the zone of chip forma¬ 

tion. 

According to the data by A.Ya.Malkin (Fig.215), the heat resulting from the 

12 — 

14 _ 
1 

16 ^ 

18- 

20.1 

» 

I 

Fig.215 - Schematic of the Temperature Field in the Major Secant of 
the Flane, in the Machining of Metals 

a) Isotherms of the temperature field (lines of equal temperature); b) Cut¬ 
ting edge; c) Machined surface 

30 ' 

3 2 ID 

34—] 

36-I| ! 
friction between the chip and the cutter face will cause the temperature in the seg- 

38-11 , o 
ment AB to reach - 1000 C. In accordance >dth the law of heat exchange for the 

40-] ! 
temperature field of a body limited on one'side, a temperature of about 500°C may be 

42_j 
expected in the zone ABC. The internal friction occurring as the result of deforma- 

44 J i 
_tion of layer of metal being removed, produces a rise of not less than 150 - 200°C ijt 

46.. 

4SI 

no.. 

52_] 

temperatura in the zone ABC. As a result, the temperature of the chip coming off 

the tool face has to be not less than 650 - 700°C. 
1 1 

Since the amount of heat generated in the cutting process depends primarily 

_Jipon the cutting speed v, the thickness of cut a, and the rake y of the cutter (de- 
; .. 

58. 

58 

60- 

termining the position of the temperature field in the cutting process), a regulation 
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of these factors will yield the desired teinperature in the zone of chip formation. 

-!*:&**. 216 illustrates these propositions of the Malkin hypothesis. Curve 3 

expresses the relation between the cutting speed v and the life of the cutter T in 
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Fig.216 - Ratio of Cutting Speed to Tool Life in the Turning of Steel 
Tempered to Hjjc * 51 - 53. Data by A.Ya.Malkln 

a) Longitudinal shrinkage of chip Çj b) Tensile strength a., kg/nmi2; 
c) Tool life T, min: d) Cutting speed v, m/min; e) Chip temperature, °Cî 

f) Temperature on cutter flanks, °C 

■ioHc 

the turning of hardened OKhN^M steel (Hr - 51 - 53) by tools tipped with VKS alloy 

ü ! 
h * 0.6 mm). C’orves 1 and 2 describe the relation between the tensile strength o^ 

-„ bf the steel and the strength oT of REN6 carbide on the one hand, and the heating 
—J ' j 

44_ temperatures 9 and 9* on the other. The relation of the longitudinal shrinkage of 

46_the chip Ç to the cutting speed v is shown*in curve 4. 

43— The cutting speeds are laid off on thé abscissa, and the chip temperatures 9 

50and the tool flank temperatures corresponding to these cutting speeds are laid off 

52_,n lines parallel to the abscissa. The temperature was measured with the aid of an 

54 _ Optical pyrometer._ ! _ _ 

53_;_Asjwe see, the cutting speed v » 10 m/min, at which the chip temperature_is_ 

ssd 
MCL-406/V— ... * 4Q1 
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o 
^Zp ■ 300°C, correspjonds to minimum tool life T and maximum tensile strength o^ of the 

Z|workpiece._ A. Ya.Walk in believes thatthe tool life minimum is determined by the 
4.1 T - ~ ~ --- 

<> 
-Ji96» at this temperature, of the ot strength of the work material. 

8_J 

10 U 

12 q 

14 

16..-) 

18.] 
20 

22_) 
24 Ij 

26.Zj 

28 

30 

32—1 

Consequently, the Malkin hypothesis, kike that of N.I.Shchelkonogov, is based “ 

on the concept that, under the influence of the heat generated in the cutting pro— 
i 
cess, the layer removed loses its mechanical properties prior to being cut by the 

tool. 

The erroneousness of this hypothesis is confirmed by the data of P.P.Grudov, 
, 

E.I.Fel’dshtyen, the author, and other investigators. In fact, if the work were 

softened in the cutting zone, hardened steels of different degrees of hardness would 
1 I j 

have identical machinability since, upon heating to 700 - g00°C (which in Malkin»s ! 
i . j • ! 

opinion is the temperature in the interval of onset of plastic deformation), these 

steels would differ little as to tensile strength and other mechanical properties, j 
Moreover, with an increase in cutting speed, the longitudinal shrinkage of the 

chip I should increase. However, as we see from Fig.216 (curve U), it actually 1 
H i 
diminishes. 

i 
¿7» Relation Between Hardnesses of Work and Cutting Tool 

36 

33 

40 . 
the cutting tool and the material of the workpiece. In fact, in the machining with 

42 J I 
- Pss tools of unhardened alloy steels of a hardness of Hr < 30 (Hn» < 286) the dif- 

44 J 1 c~ 

46 

48 

As compared to the machining of ordinary (unhardened) steels, that of hardened 
■-i i 

steels is distinguished by a smaller difference in hardness between the material of 

^ 1 vOi 

ha 

ference in hardness between the cutting tool (Hr„ • 64) and the work material is 
lJ 

When these steels are machined with cemented-carbide tools, this differ- 

T)0 

52 Zj 

>C ^ 34‘ 

4nce increases even further, attaining HRc > 50, for example, in the case of the 

jiard alloy T15K6 (Bibl.50). 

In the machining of hardened steels, the difference in hardness between the 

pitting tool and the work material diminishes to an insignificant ïeveîZ In the~cas< 

MCL-406/V 



—.of the hardened alloy steels (Hr “ 41 - 65) Investigated by the author, the differ- 

2—| C 
_ ence in hardness between tools tipped with T15K6 (¾ - 90 or HR * 80) and the mat- 

4_j ~ 1 “ ' A .. .. 
erial of the workpiece varied from 39 to 15 units on the Rockwell C scale. 

The experimental data presented in Chapters III and VIII demonstrate that the j 

8—1 1 
^turning of steel C, tempered to Hr “ 65, is performed successfully with tools tipped 

10 J C 
with any of the grades of carbide we have studied, including VK12, which is lowest 

12 J , 
in hardness Hp.r * 73 (Hr. ■ 86.5). Consequently, the hardness of VK12 tools ex- 

14 .j 
ceeded that of the steel machined by only eight units on the Rockwell C scale. If 

16—j 
Jve bear in mind the inaccuracy of readings on the Rockwell scale and in the Tables 

16 J 
_for conversion of hardness from one scale to another, it may be assumed that the 

20—j 
. difference in hardness was actuallv somewhat larger. 

24 J 

It is a question whether this difference in hardness between the tool and the 

Í6J 
material of the workpiece suffices for the cutting process to take place. This 

question arises with respect to steels hardened to high hardness, since in the cut- 

28. 

30. 

ting of ordinary and of hardened steels of only moderate hardness, the cutting tool 

is considerably harder than the work. 

32-J 

34._! 

The difference in hardness noted (Hr > 8) pertains to the tool (VK12 carbide) 
Vi 

36.J 

and the work materials (hardened steel C) in their initial ("cold") condition, with 

38 

out consideration of the physical phenomena occurring in the cutting process. Due 

_to thermal phenomena, the initial physical(and mechanical properties of the tool and 

■lo' 
_the work materials undergo specific changes in the cutting process. In our further 

42-] 1 
reasoning, we proceeded from the proposition that high cutting temperature, leading 

44 J 
to some reduction in the strength characteristics only of a very thin layer of work 

46.1 j 
inaterial, in contact with the tool face, does not, however, facilitate the condition? 

48_ 
_)f work of the cutting edges. Their hardness, which diminishes under the action of 

501 
the cutting temperature, must necessarily constantly exceed, in the cutting process, 

52-J .( 
_Jthe initial hardness of the work material.: 

58. 

58 

In the given instance, VK12 tools machined C steel. Hr ■ 65 at low speeds 

GO—L 
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* 

o 
Z](v * 9 to 13 m/min at t “ 0.5 oi and s * 0.14 irai/rev). The temperature in the cut¬ 

ting »one waa low. Let ua assume that it waa 200°C. According to the data of_ 

process from * 86.5 to H¡^ * 80, corresponding to * 64. 

N.F.Kazakov (Table 13), the hardness of the tool edges diminished in the cutting 

« 4 

8_J , , V 
This unrealistic relation between the hardness of the tool (Ho. - 64) and the 

toll I c 
work material (Ho - 65) in the cutting process is to be explained by the insuffici- 

12 1 C 
ent accuracy of the data of IJ.F.Kazakov, and also by the fact that the cutting tem- 

11 
perature actually was apparently under 200°C. In any case, one may conclude that 

16 J 
performance of the cutting process requires that the cutting tool must be somewhat 

10 

20—J 

26_ 

28. 

30. 

harder than the work material. 

At the same time, it must be noted that greater reliability attaches to the 
J I 

data of R.Kieffer and P.Schworzkopf than to those of N.F.Kazakov, and particularly 

] j 
those of A.I.Betaneli. If we proceed from the data of A.I.Betaneli (Table 13), we 

J Í 
get even less probable results: the hardness of the work material - 65, and the 

hardness of the cutting edge of the tool Hrc “ 54 (%A “ 76). let, a machining pro¬ 

cess actually took place. 

32_J I 
From the data of Kieffer and Schworzkopf it would follow that in this instance 

34—1 ! 

the hardness of the tool material was Hr ■ 72 (Hr ■ 84). 

36 J C ! A 
In conclusion it should be noted that the machining of steels brought to high 

38^ i 
hardness has posed an interesting question with respect to the relationship between 

ioJ I 
the hardness of the work material and the tool in the cutting process. The elabora- 

42-11 
tion of this problem will demand further research. 

I4I" 
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56. 

Cutting Speeds, Cutting Forces and Effective Power in the Turning of Hardened 
Constructional Alloy Steels of Hj^ - 38 with Tools Tipped with T19C6 Carbide - 

Tool shape: a - 15° for s < 0.2 ran/rev, a - 10° for s > 0.2 nan/rev; Y - 0^, 
\ • cP, f * A5°, ei ■ 15°, r * I nm. Tool lapped with boron carbide. 
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- a) characteristic} b) Depth of cut t, mn; c) Feed s, nan/rev 
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]_ Cutting Speeds, Cutting Forces and Effective Power in the Turning of Hardened 
Constructional Alloy Steels of HRg - U with Tools Tipped with T15K6 Carbide 

Cutter shape: a - 15° for a < 0.2 mm/rev, a - 10° for S > 0.2 mm/rev; T * Of*, 
3_J X ■ 0°, f - 45°, ?i * 15°» r ■ 1 mm. Cutter lapped with boron carbide. 
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2 Tab:.* 3 

Cuttin* Speeds. Cutting Forces and Effective Power in the Turning of Hardened 
Constructional Alloy Steels of - U with Tools Tipped with T15K6 Carbide 

Cutter shape: <* - 15° for ■ < 0.2 tm/rtv, a - 10° for s > 0.2 ran/rev; T ■ -3°» 
X ■ Cr# f - i*5°, * 15°, r * 1 mm. Cutter lapped with boron carbide. 
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Cutting Speeds, Cutting Forces and Effective Power in the Turning of Hardened 
Constructional Alloy Steels of Hj^ - 47 with Tools Tipped with T15K6 Carbide 

Cutter shape: a - 15° for s < 0.2 mm/rev, a * 10° for s > 0.2 ran/rev; T * -3®î 
A » Cri f • 45°; - 15°; r * 1 ran. Cutter lapped with boron carbide. 
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«■a» (MMN, —> 

»1.0 >* 
P, .-. K, 
ble m Km 

0.5 — 
92 
26 

0,39 

76 
37 

0,46 

66 
47 

0,51 

55 
65 
0,59 

48 
81 

0,64 
— — __ 

— 

VflO i* m¡m>m 
Pt im Kj 
Ng Km 

0,8 E 
82 
40 
0,54 

67 
56 

0,62 

59 
71 

0,69 

49 
97 
0,78 

43 
121 

0,85 
— 

— 
__ 

I'oo !» m/rnm 
P, .V K j 
Ng t* Km 

1,0 __ 
77 
•50 

0,63 

63 
70 

0,73 

55 
87 

0,78 

46 
118 
0,89 

41 
149 

1,00 

37 
178 

1,08 «M» 

»60 i» ""/«i.'*! 
P, ,*• icj 
Ng .-. if- 

1.5 — 
57 
99 

0,93 

50 
125 
1,03 

42 
170 
1;17 

37 
214 
1,30 

33 
256 
1,39 

»ao ;» 
P, ;« K j 
A/e ■. Km 

2.0 — 
.""" 46 

164 
1,24 

38 
220 
1,37 

34 
278 
1,55 

31 
330 
1,68 

28 
384 
1,76 

— _ 

»60 •» '"/w" 
P, K] 

, ■« Kw 
2,5 — — 

44 
197 
1,42 

37 
269 
1,64 

32 
338 
1,78 

29 
400 
1,91 

27 
465 

2,06 

25 
530 
2,18 

__ 

»60 i. »/•**•’" 
P.i.Ki 
Ng .. if— 

3.0 
— 

— — 
35 

316 
1,81 

31 
400 

2,04 

28 
475 

2,18 

26 
550 
2,35 

24 
625 
2,46 

22 
700 
2,52 

a) Characteristic; b) Depth of cut t, mm;-c) Feed » in aa^/rev¬ 
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_j 
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i Tabl« 5 

Cutting Speeds, Cutting Forces, and Effective Power in the Turning of Hardened 
Constructional Alloy Steels of - 50 with Tools Tipped with T15K6 Carbide 

Cutter shape: <* » 150 for s < 0.2 mm/rev, 0 - 10° for s > 0.2 œin/rev; T - „5OJ 
\ ■ 0°; 9 ■ 45| <pi * 155; r • 1 mm. Cutter lapped with boron carbide. 

A) b) 
O 

0.05 0.10 0.15 0.W j (1,25 0.30 0,35 0.« 0,45 0.50 

V,)o i. m/mi* 
Pt m 
N0 M Kw 

0.1 
151 

4 
0,10 

112 
8 

0.15 

91 
9 

0.15 

81 
12 

0,16 

73 
14 

0.17 

68 
16 

0.18 
— 

mmm. •mm. 

(/an •« m/iMin 
P.mKi 
N0 «. if»* 

0.2 
127 

8 
0.17 

93 
12 

0.18 

77 
17 

0,21 

68 
22 
0,25 

61 
26 
0,26 

56 
30 

0.28 
_ 

„ . 

<mmm 

U« w m/mm 
P, ¡n «J 
N0 m Kw 

0.3 
114 

9 
0.17 

85 
18 

0.25 

70 
24 

0.28 

62 
31 

0.32 

55 
37 
0.33 

51 
42 

0,35 E r 
— 

Vfo m/mm 
P, m 
N, im K« 

0.5 — 

75 
28 

0,35 

61 
39 
0.39 

54 
50 

0.44 

49 
59 

0,47 

45 
68 

0,50 

42 
76 

0.52 

40 
85 

0.56 
— 

VgQ m m/mm 
P, in Kf 
N0 m Kw 

0.8 
"" "" 66 

42 
0,46 

55 
59 

0.53 

48 
75 

0,59 

43 
89 
0.63 

40 
102 
0,67 

37 
115 

0,70 

35 
128 

0,74 E — 

Vfo m m/mim 
Pa « iff 

N0 • *w 

1.0 
•M. 63 

53 
0.55 

51 
74 

0.62 

45 
92 
0.68 

41 
109 
0.73 

38 
124 

0,77 

35 
141 

0,81 

33 
157 

0,85 

31 
174 

0,89 

30 
187 
0.92 

(/qo » ml mm 
Pa m iff 

AT, m ifw 

1.3 E 
amM> 48 

92 
0,73 

42 
116 
0,80 

38 
136 
0.85 

36 
157 

0,93 

33 
178 

0,97 

31 
198 

1.01 

29 
220 
1,05 

28 
236 
1,09 

t/j0 fa m/mm 
P, m Kq 
jVg ». Kw 

1.5 — __ 
47 

105 
0.81 

41 
132 
0.89 

37 
156 
0.95 

34 
180 

1.00 

32 
203 
1.07 

30 
227 
1.12 

28 
250 
1.15 

27 
270 
1.20 

U(J0 m Wmin 

P, m Kf 

- N, in KW 

1.8 E 
39 

156 
1.00 

35 
184 
1,06 

33 
212 
1,15 

31 
240 
1,22 

29 
267 
1.27 

27 
296 
1.31 

26 
317 
1,36 

(/,)0 >n m/mm 

P, m Kj 
N0 in Kw 

2.0 — E 
37 

173 
1.05 

34 
202 
1.13 

31 
233 
1,18 

30 
262 
1,29 

28 
293 
1,35 

26 
326 
1.39 

25 
350 
1,44 

a) Characteristic; b) Depth of cut t, nm; c) Feed a in mm/rev 
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Cutting Speeds, Cutting Forces, and Effective Power in the Turning of Hardened 
Constructional Alloy Steels of Hj^ « 52 with Tools Tipped with T15K6 Carbide 

Cutter shape: a 
\ - 00; <P ■ 

15° for s < 0.2 cm/rev, a - 1Q0 for s > 0.2 nin/rev; y - -5°; 
“ 15°; r ■ 1 mm. Cutter lapped with boron carbide« 45°’ 

a) b> 
c5 

0,05 0,10 0,15 0,20 0,25 1 0,30 0.35 0,40 0.45 0,50 

Ojo i" *•/**>" 
Pg m Kq 

Nt Ik Km 
0,1 

134 
4 

0,09 

99 

8 
0,13 

81 
10 

0,13 

72 
12 

0,14 

65 
15 

0,16 

60 
16 

0,16 
— 

MM MM. MM 

Ogo m m/mi" 
Pa ;» a j 
AT, in Kw 

0.2 

112 

8 
0,15 

83 
12 

0,16 

68 

18 
0,20 

60 
23 

0,23 

54 
27 
0,24 

50 

32 
0,26 

MM — MM. — 

Vfg\ in m /mm 
P,^K1 
Nt in K* 

0,3 
105 

10 
0,17 

75 
19 

0,23 

62 
25 
0,25 

54 
33 

0,29 

49 
38 

0,31 

45 
43 

0,32 

— 

MM MM 

— 

0(0 i» m/r"i" 
P, !m 
AT, in Km 

0.5 — 

66 

29 
0,31 

55 

41 
0,37 

48 
52 

0,41 

43 

62 
0,44 

40 
71 

0,47 

37 

80 

0,49 

35 

89 
0,51 

— — 

Ogo m m/mi" 
PB in Kj 

Nt m Km 
0,8 E 

59 
44 

0,43 

48 

62 
0,49 

43 

78 
0,55 

38 
93 

0,58 

35 
107 

0,62 

33 

121 
0,66 

31 
135 

0,69 

•MM 

— 

0(0 i" m/ min 

P( iV* /CJ 

Nt m Km 
1,0 

56 
55 

0,51 

46 
77 

0,58 

40 
96 

0,63 

36 

114 
0,67 

34 
130 

0,73 

32 
148 

0,78 

30 
165 

0,82 

28 
182 

0,84 

27 
196 

0,87 

0(0 rn/min 

P$ m 
Na m Km 

1,3 

"" 43 
96 
0,68 

37 
122 
0,74 

34 
143 
0,80 

32 
164 

0,86 

29 
187 

0,89 

28 
208 

0,96 

26 
230 

0.98 

25 
247 
1,01 

V(o m m/mi" 

Pt m Kt 
Nf m Kw 

1,5 E — 

41 
110 
0,74 

36 
138 
0,82 

33 
163 

0,88 

30 
188 

0,93 

28 
212 

0,98 

27 
237 
1,05 

25 
262 
1,08 

24 
282 

1,11 

O(o '» m/mi" 
Pa in Ky 
N, in Krn 

1,8 — — 

MM 34 
163 
0,91 

31 
192 
0,98 

99 
222 
1,06 

27 
250 
1,10 

25 
279 
1,15 

24 
310 
1,22 

23 
332 
1,26 

0(0 in m/mi" 

P, in Ky 
in Km 

2,0 — __ — 

33 
181 
0,98 

30 
211 
1,04 

28 
244 
1,12 

26 
274 
1.17 

24 
306 
1.21 

23 
340 

1,28 

22 
366 
1,32 

-MCL-406A 

a) Characteristic; b) Depth of cut t, mm; ¢) Feed s in rev 
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Cutting Speeds, Cutting Forces and Effective Power in the Turning’of Hardened 
Constructional Alloy Steels, of • 5/* with Tools Tipped with T15K6 Carbide 

Cutter shape: 0 - 15° for s < 0.2 nm/rev, a - 10° for 3 > 0.2 nia/rev; T ■ 7°j 
A » 0°; e - 45°; - 15°, r - 1 m*u Cutter lapped with boron carbide 

A) b) 
e) 

0.U6 0.10 0.1:. tt.a> 0,2, 0.30 03 0,40 0.45 0.30 

Vfm in m/imim 
Pt m 
N e !» K* 

0.1 
120 

4 
0.08 

89 
8 

0.12 

73 
10 

0.12 

65 
14 

0,15 

58 
16 

0,15 

54 
17 

0,15 

-- — 
— 

— 

VK !m un tmin 
P$ *J 
Nt in Kw 

0.2 
101 

8 
0.13 

74 
14 

0.17 

61 
19 

0.19 

54 
24 

0.21 

48 
28 
0.22 

45 
33 

0,25 
_ — 

—* 
— 

fflO in n./ mm 
P, m Kj 
N, in 

0.3 
91 
10 

0.15 

68 
20 

0.22 

56 
26 
0.24 

49 
34 

0,27 

44 
40 

0,29 

41 
46 

0.31 
— 

— — — 

Vfß w m /i'Hi^e 
P» ** Kf 
Nê in Kw 

0.5 
. 

60 
30 

0.30 

49 
43 

0,35 

43 
54 

0,38 

38 
64 
0,40 

36 
74 

0.44 

34 
82 

0,46 

32 
92 

0,48 

_ _ 

Vga in m/m*'« 
P, in Kj 
W, in Kw 

0.8 
. 

53 
46 

0,40 

43 
64 
0.45 

38 
81 

0.51 

34 
97 

0,54 

32 
111 

0,58 

30 
125 

0,62 

28 
140 

0,65 

— — 

I'eo i. m/mirt 

P* •• «Í 
Af, in Kw 

1.0 — 
50 
57 

0,47 

41 
80 
0,54 

36 
100 
0.59 

32 
118 
0.62 

30 
135 

0.6? 

28 
154 

0.71 

26 
171 

0.73 

25 
189 

0,78 

24 
203 
0,80 

ffio ;• m/mm 

P. in 
A/g m ÄTw 

1,3 — 
. 38 

100 
0.62 

33 
126 
0.68 

30 
148 
0,73 

28 
170 

0.78 

26 
193 

0.83 

25 
216 

0.89 

24 
238 
0,94 

23 
256 
0,97 

0(0 in m/mÍB 
Pt in Kj 
Nt in Kw 

1,5 — 
37 

114 
0.69 

32,5 
144 
0.77 

29 
169 
0.81 

27 
195 

0.87 

25 
220 

0.91 

24 
246 

0,97 

23 
272 
1,03 

22 
292 
1,06 

t'flO » m/mm 
P* in 
A/ g rw lf%# 

1.8 — 
: 

.1 31 
169 
0.86 

28 
199 
0,92 

26 
230 

0.99 

24.5 
260 
1,05 

23 
290 

1,0* 

21,5 
321 
1.13 

20,5 
344 
1,16 

t'en in m/mm 
P, in Kj 
A/, in K^ 

2.0 — — — 
30 

187 
0,92 

27 
219 
0,97 

25 
253 
1,04 

24 
284 
1.12 

22 
318 
1,15 

21 
352 
1,21 

20,5 
380 
1,28 

56__ 
—J 

58-.| 
MCL-4O6/7 

00 —1_ 

a) Characteristic; b) Depth of cut t, mm; c) Feed s in mm/rey 
i . 
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l. Table 8 

Cutting Speeds, Cutting Forces and ïfíective Power in the Turning oî Hardened' 
Constructional Alloy Steels of Hj^ - 56 with Tools Tipped with T15K6 Carbide 

Cutter shaoe: 0 - 15° for s ¿0.2 nan/reV, a - 10° for s > 0.2 œm/rev: y - -7°i' 
m CPl V m U5 i m I50» r * 1 sun. Cutter lapped with boron carbide 

Ä5 b) 
O 

0.0s 0.10 0.15 0,20 0,25 0,30 0,35 .40 j 0,45 0,50 

t/flo •« m/nun 
P, . - K4 
N' m Kw 

0.1 
110 

4 
0,07 

82 
8 

0.11 

67 
10 

0,11 

59 
13 

0,13 

53 
16 

0,14 

49 
18 

0,14 
— 

—* 
_ — 

Pqq i - mf ou r. 

P0 
AT# aw 

0,2 
92 

8 

0,12 

68 
13 

0,15 

56 
19 

0,18 

49 
25 

0,20 

44 
30 

0,22 

41 
34 

0,23 
— — 

— —1 

tfehi/mi* 
P, in Kf 
N g t" Kw 

0.3 
83 
10 

0,14 

62 
21 

0.21 

51 
27 

0,23 

44 
35 

0,25 

40 
41 

0,27 

37 
47 

0,29 
— 

— 

o«0 «• 
i- K] 
.■** aw 

0,5 — 
55 
31 

0,28 

45 
44 

0,33 

39 
56 

0,36 

35 
66 

0,38 

33 
77 

0,42 

31 
85 

0,43 

29 
96 

0,46 

— 

W** m m/inm 
^• in Jfj 
AT0 in aw 

0.8 
48 
47 

0,37 

40 
66 

0,43 

35 
84 

0.48 

31 
99 

0,51 

29 
115 

0,55 

27 
129 

0,57 

25,5 
144 

0,60 

— — 

Pjo in m/m/n 
P0 in aj 
A^a in aw 

1.0 — 
46 
59 

0,44 

38 
82 

0,51 

33 
103 
0.56 

29 
122 
0,58 

27,5 
140 

0,63 

26 
159 

0,68 

24 
176 

0,70 

23 
196 

0,74 

22 
210 
0,76 

P«) in m/min 

P, •" «f 
/V, in aw 

1.3 
■ „i 

— 
35 

103 
0,59 

30 
131 
0,65 

28 
153 
0,70 

26 
176 

0,75 

24 
200 

0,79 

22,5 
224 

0,83 

21,5 
247 

0,87 

20,5 
265 
0,89 

PftO in m/mm 
Pg in aj 

in aw 
1.5 -- 

. 

34 
117 
0,65 

29,5 
148 
0,72 

26,5 
175 
0,76 

25 
202 

0,83 

23 
228 

0,86 

22 
254 

0,92 

20,5 
280 

0,94 

19.5 
303 
0,97 

P/10 in Ht/mi" 
Pg in aj 
AT0 in aw 

1.8 — 
. 

a*—. 28 
175 
0,81 

25.5 
206 
0,86 

23,5 
238 

0,92 

22,5 
269 
1,00 

21 
300 
1,03 

20 
332 
1,09 

19 
.356 
1.1! 

Poo in Hi/mi" 
Pg in aj 

in aw 
2.0 — — 

— 

27 
194 
0,86 

25 
226 
0,93 

23 
262 
0,99 

22 
294 
1,06 

20 
328 
1,08 

19 
364 
1.14 

18,5 
392 
1,19 

MCL-4O6A 

a) Charact eristic ; _ b) ^ Depth, of cut t, mm; c)_Feed s imm/rer 
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TabU 9 

Cutting Speeds, Cutting Forces and Effective Power in the Turning of Hardened 
Constructional Alloy Steels of - 58 with Tools Tipped with T15K6 Carbide 

Cutter shape: a - 15° for s < 0.2 mm/rev, a - loP for s > 0.2 nra/rev; Y - -7°; 
A ■ Or. ? - 1,5o; ^ ■ 15°’; r ■ 1 irim# Cutter lapped with boron carbide. 

b) 
O 

o.os 0,07 0,1(1 0,12 u.is 11,17 0,20 11,22 0.2Ä 0.27 0,30 

Vgo mjmin 
P, in K, 
Nq im Kw 

0,1 

99 
5 

0,08 

86 
6 

0,09 

73 
9 

0,11 

67 
11 

0.11 

60 

11 
0,11 

57 
12 

0,11 

53 
14 

0,12 

51 
15 

0,12 

48 
15 

0.12 

46 

17 
0,13 

44,5 
18 

0,13 

Pgg im m/mim 

P* *4 
N0 ¿m Kw 

0.2 
84 

9 
0,12 

74 
12 

0,14 

62 
14 

0,14 

56 

17 

0.15 

51 
20 

0,17 

48 

21 
0,17 

45 
26 

0,19 

42,5 
27 

0,19 

40 
30 

0,20 

38,5 
32 

0,20 

37 
35 

0,21 

f(jo in m/mim 
P, i. 

Na im K* 

0,3 

75 

11 
0,13 

65 
15 

0,16 

56 
21 

0,19 

50 
23 
0,19 

46 
27 
0,20 

44 
30 

0.22 

40 

37 
0,24 

38 

38 

0,24 

36 
43 

0,26 

35 

46 
0,27 

33,5 
49 

0,27 

fflo im rn/mim 
P, m Ky 

Na im K<* 

0,4 — 
60 

20 
0,20 

51 
26 

0,22 

46 
30 

0,23 

43 

36 
0,25 

40 

39 
0,26 

37 

47 
0,29 

36 
50 

0,29 

34 
55 

0,31 

32 
59 

0,31 

31 
64 

0,33 

Vfft im m/mim 

P* •- «J 
Na <m Km 

0,5 
: 

_ 
49 
32 

0,26 

44 
36 
0,26 

41 
45 

0,30 

38 
48 

0,30 

35 
57 

0,33 

33 

60 
0.33 

32 
67 

0,35 

30,5 

72 
0,36 

29,5 
79 

0,38 

Oflc im m/mim 

Pf im Ky 
Ng im *iw 

0,6 
- 

— 
47 
38 

0.29 

43 
42 

0,30 

39 
53 

0,34 

37 
57 

0,35 

34 

66 
0,37 

32 

71 
0.37 

30 

79 
0,39 

29 
85 

0,40 

28,5 
91 

0,43 

Wgo m/mim 
P, im Kf 
Ng im K* 

0,7 
._ . 

45 
44 

0,33 

41 
50 

0.34 

38 
57 
0.36 

35 
66 

0,38 

33 

78 
0,42 

31 

84 
0,43 

29,5 
90 

0,44 

28,5 
97 

0,45 

27,5 

106 
0,48 

VW im m/nt‘" 
P, im K¡ 
Nt im Kw 

0,8 — 
.- 

44 
49 

0,36 

39 

58 
0,37 

36 
68 

0,40 

34 

76 
0,43 

32 
87 

0,45 

30 

96 
0,47 

28 

107 
0,49 

27 
113 

0,50 

26,5 
119 
0,52 

t'jO <• ">/mim 
P, im re, 
Ng im re w 

0,9 
: : 

43 

56 
0.39 

38,5 

62 
0.39 

35,5 
76 

0,44 

33 
84 

0,45 

30 

97 
0,48 

29 
103 

0,49 

28 
114 

0,53 

27 
122 

0,54 

26 
132 
0,56 

vw irn m/mim 

P. i- Kj 
Ng im Kw 

1,0 

/- 

— 
41,5 
61 
0,42 

37 
69 
0,42 

34 
85 
0,47 

32 
91 

0,48 

30 
107 

0,53 

28 
114 

0,53 

27 
126 

0,56 

26 
<34 

0,57 

25 
144 
0,59 

a) Characteristic; b) Depth of. cut t, mn; c) Feed s in aan/rev 

coJ 
MCL-¿,06/V Ulh 
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Table 10 

tZ: tí ^ _ nRc 00 with Tools Tipped with T15K6 Carbide, 

Cutter shape: a -15° for "»ToTè mn/rev/a - 10» for B> 0 2 
X - CP- , - U5°: ¢1 - IS«»: r -1b™.' li ! ^0.2 mm/rev; T - -Id0* 

MCL-4O6A 45- 

b) O 
- 

0,05 J 0,07 1 0.10 0,12 0,15 j 0,17 0.20 I 0,22 0.25 0,27 0,30 

im m/ num 
P,±Kl 
N t 1» Kw 

0.1 
86 
5 

0,07 

1 74 

! 6 
j 0,07 

64 
10 

0,10 

57 
11 

0,10 

52 
11 

0.10 

49 
13 

0,10 

46 
14 

0,11 

44 
16 

0,11 

41 
16 

0,11 

40 
17 

0,11 

38,5 
19 

0,12 

i 

j 

WflO "• m/mtn 
Pt •» Kf 
Ne m ICw 

0,2 
72 
10 

0.12 

62 
13 

0.12 

53 
14 

0,12 

45 
17 

0,13 

44 
21 

0,15 

42 
22 

0,15 

38,5 
27 

0,17 

36,5 
29 

0,17 

34,5 
32 

0,18 

33,5 
33 

0,18 

32 
37 

0.20 

O» « ml min 
P, m Kj 
A^g m Kw 

0,3 
65 
11 

0,12 

56 
16 

015 

48 
22 

0,17 

44 
24 

0.17 

40 
29 

0,19 

38 
32 

0,20 

35 
38 

0,22 

33 
40 

0.22 

31 
44 

0,23 

30 
47 

0.23 

29 
51 

0,25 

Vco •" mimt» 
Pt m If j 

m IfW 

0.4 — 
52 
21 

0,18 

45 
27 

0,20 

40 
32 

0,21 

37 
38 

0,23 

35 
41 

0,24 

32 
49 

0,26 

31 
52 

0,27 

29 
57 

0,27 

28 
62 

0,29 

27 
67 

0,30 
Vgo in m/min 
P, m If j 

Af* in IfW 
0,5 — 

n—. 

42 
33 

0,23 

38 
38 

0,24 

35 
48 

0,28 

33 
51 

0,28 

¿1 

60 
0,30 

29 
63 

0,30 

28 
70 

0,32 

26,5 
74 

0,32 

25,5 
82 

0,34 
UjO in m/min 
P$ in Iff 

in. If** 

0,6 — 

40 
4G 

0,26 

37 
44 

0,27 

34 
55 

0,31 

31 
60 

0,31 

29 
70 

0,33 

28 
74 

0,34 

26 
82 

0,35 

25 
89 

0,37 

24,5 
95 

0,38 
t’co in m/min 
P, in Kf 
N g ¡n Kw 

0.7 
— —». 

39 
46 

0,30 

35 
52 

0,30 

33 
60 

0,32 

30,5 
70 

0,35 

28 
81 

0,37 

27 
87 

0,38 

25,5 
95 

0,40 

24,5 
102 

0.41 

24 
111 
0,44 

Vu m m/min 

p» ■« «j 
A^e in ifw 

0,8 — _ 
38 
51 

0,32 

34 
60 

0,34 

31 
71 

0,36 

29 
81 

0,39 

27 
90 

0,40 

26 
100 

O.J'’ 

24 
111 

0,44 

23,5 
117 

0.45 

23 
12! 
0,47 

t/flO m/min 
Pt in Kf 

Ng in Km 
0,9 

~~ 
— 

37 
59 

0,35 

33 
65 
0,35 

30,5 
79 

0.39 

28,5 
87 

0,41 

26 
101 

0,43 

25 
108 

0,44 

23,5 
118 

0,45 

23 
126 

0,48 

22,5 
137 
0,51 

VgO in m/yn,n 

PB in WJ 

W0 i*i Ifnr 
1.0 _ 

— 

36 
63 

0,37 

32 
71 

0.37 

29 
89 

0.42 

28 
95 

0,44 

25,5 
111 

0,46 

24,5 
119 

0,48 

23 
131 

0,50 

22,5 
139 

0,52 

21,5 
150 
0,53 

-1- --- ■ . . 
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Cuu'r-*^‘; ■ xVWr- 

^0 b) C) 

0,05 I 0,07 n. io 

36 
10 

o. ot 

0,12 (1.15 1 0,17 1 0,20 0.ÎÎ 0.25 1 0,27 0.30 

UgO im m/mim 
P9 K$ 
N 9 m Kw 

0,1 
48 
5 

0.04 

42 
7 

0.0Í 

32 
12 

0,0f 

29 
12 

O.Qt 

28 
14 

5 0,06 

26 
16 

0,07 

24,5 
17 

0,07 

23 
17 

0,07 

22 
19 

0.07 

21,5 
21 

0,08 
Vf0 m m/min 

f*. »*9 
N, m KW 

0.2 
41 
10 

0,07 

35 
14 

0,08 

30 
16 

0,08 

27 
19 

0,(i£ 

24.Í 
23 

0.0< 

23 
21 

0,09 

22 
30 

0.11 

20,5 
31 

0,11 

19,5 
35 

0,11 

18 5 
37 

0,11 

17,5 
40 

0,12 
vm ¡m •"fmim 
P a m Ko 
N. UK* 

0,3 
36 
12 

0,07 

31,5 
17 

0.09 

27 
24 

0.10 

24 
26 

0.10 

22 
31 

0,11 

21 
35 

0,12 

19,5 
42 

0.13 

18,5 
43 

0,13 

17,5 
49 

0,14 

17 
52 

0,15 

16 
56 

0,15 

v00 M m/min 
P» U Km 

N, Kw 
0.4 __ 

29 
23 

0,11 

25 
30 

0,12 

22.5 
35 

0.13 

21 
42 

0.14 

19,5 
45 

0,14 

18 
54 

0,16 

17 
57 

0,16 

16 
62 

0,16 

15,5 
68 

0,17 

15 
73 

0,18 
üfl0 m rn/min 
P, - Kq 
N, -m Kw 

0,5 
— 

— 
24 
37 

0.15 

21,5 
43 

0,15 

19,5 
52 

0,16 

18,5 
55 

0,17 

17 
66 

0.18 

16 
69 

0,18 

15,5 
76 

0,19 

15 
82 

0,20 

14 
90 

0,21 
Vfo !m m/mm 

P3 U Kl 
Na m Kw 

0.6 — — 

22,5 
43 

0.16 

20,5 
49 

0.16 

19 
61 

0,19 

17,5 
66 

0,19 

16 
76 

0.20 

'15,5 
81 

0.21 

14,5 
90 

0.21 

14 
97 

0,22 

13,5 
104 
0,23 

Vgg !m m/mim 

P. m «J 

Nt i- Km 
0.7 

— 

— 
22 
50 

0.18 

20 
57 

0.19 

18,5 
66 

0.20 

17 
76 

0,21 

15,5 
88 

0,22 

15 
95 

0,23 

14 
104 

0,24 

13,5 
111 

0,25 

13 
121 
0,26 

Ww m m/mim 
P»" Kq 

Nam Km 
0,8 — — 

21 
55 

0,19 

19 
66 

0,21 

17,5 
78 

0,22 

16,5 
88 

0,24 

15 
99 

0,24 

14,5 
109 

0,26 

13,5 
121 

0,27 

13 
128 

0,27 

12,5 
135 
0,28 

Wgo »'« m/mim 

P, i. «1 
Na U Km 

0.9 — 
_ 

20,5 
64 

0,22 

18,5 
71 

0,22 

17 
87 

0,24 

16 
95 

0,25 

14,5 
111 

0,26 

14 
118 

0,27 

13 
130 

0.28 

12,5 
¡38 

0,28 

12 
150 
0,30 

Ugo m/mir* 

P» '*■ Kq 
N a ;• Kw 

* 

1.0 
— — 

20 
69 
0,23 

18 
78 

0,23 

16,5 
97 

0,26 

15,5 
104 

0,26 

14 
121 

0,28 

13,5 
130 

0,29 

13 
144 

0,31 

12,5 
152 
3,31 

12 
164 
3,32 

a) Characteristic; b). Depth of cut t, mm; c) Feed a in nan/rav- 

eo-L 
MCL-t06A 416 
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Cutting Speeds, Cutting Forces and Effective Power in the Turning of Hardened 
Constructional Alloy Steels of - 65 with Tools Tipped with T15K6 Carbide 

Cutter shape: « - 15° for a J 0.2 mm/rev, « - id0 for a > 0.2 ms/rev; t - -1CP¡ 
\ m Cr; 9*45 ; 15° ; r ■ 1 mm. Cutter lapped with boron carbide. 

*) bl 
c) 

0.06 0,07 j 0,10 0.12 0,1S 0,17 0.2U 0,22 0,2s 0,27 0J0 

I’m m/mi» 
fig m Kq 
N g m K* 

0,1 
19.2 
6 

0.02 

16,6 
8 

0,02 

14,2 
12 

0,03 

12,9 
14 

0,03 

11.7 
14 

0,03 

11,1 
16 

0,03 

10,3 
18 

0,03 

9,7 
30 

0,03 

9,3 
20 

0,03 

8,9 
22 

0,03 

8,6 
24 

0,03 

Vjq ;■ m/mm 
P, i» Kj 
Ng » KW 

0.2 
16,2 
12 

0,03 

14,0 
16 

0,04 

11,9 
18 

0,04 

10,8 
22 
0,04 

9,8 
26 

0,04 

9,3 
28 

0,04 

8,6 
34 

0,05 

8,2 
36 

0,05 

7,7 
40 

6,05 

7.4 
42 

0,05 

7,1 
46 

0.05 

fflO m rn/mm 
fig i" KJ 
Ni g m aw 

0,3 
14,5 
14 

0,03 

12,5 
20 

0,04 

10,8 
28 

0,05 

9.7 
30 

0,05 

8,9 
36 

0,05 

8,4 
40 

0,06 

7,8 
48 

0,06 

7,4 
50 

0,06 

7,0 
56 

0,06 

6,7 
60 

0,07 

6,5 
64 

0,07 

vw i, m/m'm 

Pg in KJ 
N g in Kw 

0.4 — 
11,6 
26 

0,05 

10,0 
34 

0.06 

9,0 
40 

0,06 

8,3 
48 

0,07 

7,9 
52 

0,07 

7,1 
62 

0,07 

6.9 
66 

0,08 

6,5 
72 

0,08 

6,2 
78 

0,08 

6,0 
84 

0,08 

Vgo in m/min 
Pg in Kj 
Ng in Kw 

0,5 — 
■i, 

9,5 
42 

0,07 

8,5 
48 

0,07 

7.8 
60 
0,08 

7,4 
64 

0,08 

6,8 
76 

0,09 

6,5 
80 

0,09 

6.2 
88 

0,09 

5.9 
94 

0,09 

5.7 
104 

0,10 

VfQ in m/min 

Pg in Kj 
/V, in KW 

0,6 
: 

— 
9,0 
50 

0,08 

8,2 
56 

0,08 

7,6 
70 

0,09 

7,1 
76 

0,09 

6,5 
88 

0,09 

6,2 
94 

0,10 

5,9 
104 

0,10 

5,6 
112 

0,10 

5,5 
120 

0,11 

Vgo in m/min 
Pg in K9 
N g in Kw 

0.7 — — 
8,8 
58 

0.08 

7.9 
66 

0,09 

7.3 
76 

0,09 

6,8 
88 

0,10 

6,3 
102 

0,10 

6,0 
110 

0,11 

5,7 
120 

0,11 

5,5 
128 

0,12 

5.3 
140 

0,12 

I’M in m/min 
Pg in Kq 
Ng !h Kw 

0,8 — — 
8,4 
64 

0,09 

7,6 
76 

0,09 

7.0 
90 
0,10 

6,6 
102 

0,11 

6,1 
114 

0,11 

5,8 
126 

0,12 

5,5 
140 

0,13 

5,3 
148 

0,13 

5,1 • 
156 

0,13 

t/flO in tn/miii 
Pgf m ICj 
Ne ;• K* 

0,9 
«■MB 

8,2 
74 

0,10 

7,4 
82 

0,10 

6,9 
100 
0,11 

6,5 
110 

0,12 

5.9 
128 

0,12 

5,6 
136 

0,13 

5,3 
150 

0,13 

5,1 
160 

0,13 

5.0 
174 

0,14 

Vgo in m/min 
P, In Kq 
Ng U KW 

1.0 — _ 

8,0 
80 

0,10 

7,2 
90 

0,11 

6,6 
112 
0,12 

6.2 
120 

0,12 

5,7 
140 

0,13 

5,5 
150 

0,13 

5,2 
166 

0,14 

5.0 
176 

0,14 

4.8 
190 

0,15 

a) Characteristic; b) Depth of cut t, mm; c). Feed s in aa/rur - 

HCL-4O6A Ml 



4. 

(i. 

Clarifications With Reapcct to Machining íractica 

The cutting speeds indicated in Tables 1 - 12 are calculated according to 

8_J 
•qs.(5) and (7). 

10 
. 

14 

10 

1Ö.j 

20. 

The CV6o values are presented on p.173. It is assumed that: ^ - 0.25, yT - 

12 j 0•if5, "v “ 3 for steels of Hp^ < 60; 19 for steels of > 60. 

The cutting speeds pertain to a life! of T - 60 min and to cutters tipped with, 

T15K6 carbide, which are the type most widely used in the turning of steels. 

For conditions of work differing from those indicated in Tables 1-12, the 

▼6o cutting speed has to be multiplied by^ corrective coefficients KT, K , K I 
i " tl* flt 

and Kr, representing differences in tool life (Table 13), carbide (Table U), and 

in the values of angle <p (Table 15), the angle a (Table 16), and the «dius r 

(Table 17). 

The cutting speed sought is thus determined from the equality 

j 
V æVtü'KT'Ku'Ki'Ki'Kr mjmm. 

When working on scale, the cutting speeds selected have to be multiplied by a 

24 

H 
r.8_J 

3oZ| 

32.'J 

3H 

3sIj 
factor of 0.75. 

:î3_l 1719 cuttin* speeds are determined in accordance with eqs.(l) and (2). 

,10 j 11 18 a8BUmed that! steels of - 38 to 60 hardness and 

nP* " 3*0 Tor steels of hardness Hj^ > 6oJ 

The effective powers are calculated t>y means of eq.(6). 

n 
ni- 

42-J * 

•14 _j 
—H 

j 
These values of the (¾ factor for hardened steels of various hardnesses are 

presented on p.173. 

The cutting forces indicated in the tabulations of machining practice pertain 

52-Jt0 t00lS Wlth nsharp" cuttinS edg«» or with edges that have been insignificantly 

dnUed. The cutting force increases with tool wear, and attains, at nonnal dulling. 

58 

60-1 

about A 5C* hi«her value than at the start' of cutting. Correspondingly, the effec- 

MCW06/7. tts 



t 

H 

o. 

4" 

el 
8_ 

10- 

I2I 

14 J 

let 
i 

18_i 

20 

00' C-tm, 

24 

26 

28. 

30lT 

32-,1 

34 J 

36 d 

38 

40 

42—j 

14 

Uve power aleo rlaee 50Í over the data ¿iven in the Tables. 

1 

b) 

10 
1 * 1 ” 

40 60 m ■ao 190 190 
1 940 

0 

0,20 

0.125 

0.10 

0,07 

1.43 

1.25 

1,19 

1.13 

1.24 

1.14 

Ml 
1,08 

1,15 

1.09 

1,06 

1,05 

1,08 

1,05 

1,04 

1,03 

1,00 

1,00 

1,00 

1,00 

0.92 

0.95 

0,96 

0,97 

0.86 

0.91 

0,93 

0,95 

0,82 

0.88 

0,91 

0,94 

0,80 

0,66 

0,90 

0,92 

0,75 

0,64 

0,67 

0.91 

a) Relative life index, m; b) Tool life T, in min; c) Value of factor KT 

Table U 

Factor of Correction K Relative to 
Carbide Use in Tipping Tool 

Carbide Factor Ku 

T3CKA 

T15K6 

VK2 

VK3 

VK6 

T5K10 
VK8 

1,30 

1,00 

0,88 

0,86 

0.68 

0,65 

0,65 

Table 15 

Factor of Correction Kq, Relative to 
Complement of Side-Cutting-Edge Angle 

40 Choice of Cutting Practice 

48* 

Conqolement of 
side-cutting- 
edge angle 00 

Value of 
Factor 

15 

30 

45 

60 

75 

90 

1,22 

1,07 

1.00 

P.96 

0,94 

0,93 

SO—) 

54. 

56. 

58 

The choice of the cutting practice in the turning of hardened steels is per¬ 

formed in. the same manner as in the machining of unhardened steels by carbide tools 

(Bibl.27). . i 

The oversize 4.8 detenoined by the machining error in the preceding operation 

60- 
MCL-4.O6/IÍ. U9 



I1 

( 
0. 

2- 

4. 

fí. 

ej 
J 

i'rJ 

Í2 J 

44 J 
-i 

10.J 

10 

Tabla 16 

Factor of Correction Ka Relative to 
Working Relief Angle of Tool 

Table I? 1 

Working 
Relief 
Angle a° 

s < 0.2 
mi/rev 

s > 0.2 
nan/rev 

Values of factor K 

15 

10 

6 

1,00 

0,91 

0,87 

1,00 

0,95 

Factor of Correction Kr Relative to 
Tool Noee Radine 

J 

Tool nose 
radius r, ma 

Value of 
Factor I_ r 

0.5 

1.0 

2.0 

0,95 

1,00 

1,07 

and by the distortion (hog) of the part due to hardening. The oversize should be 

as small as possible. Ho>»e’'er, in the case of hardened parts of alloy steels it la 

not infrequently 5 - 6 mm and more (in diameter)* 

The effort should be to work at the greatest possible depth of cut. In detei^ 
2u_J I 

mining the depth of cut for the first roughing pass (when oversize is large), it is 

i nece8sary to remove the scale ranaining on the part after heat treatment in that 

20. 

24-J 

20 

:32_1 

:4. 

36* 

33- 

single pass. In fine work, the finish pass should be done at a depth of cut 

t ■ 0.2 to 0.3 m* 

•12-4 

44 J 

1C 

48 J 

00-] 

1 1 
To reduce the machining time, it is desirable to work with the largest possible 

feed. A feed permissible in terms of engineering considerations is chosen in ac- 
J I . I 
cordance with the required surface finish and tolerance, and also in accord with thé 

4 Í 

rigidity of the system comprising the machine tool, the workpiece and the tool. 

In turning hardened steels, relatively small feeds are employed. However, the 

selection of the proper equipment is of major importance here. A machine tool of 

the required rigidity, and a reliable fastening of the tool, are essential. To avoii 

vibrations, the tool should project as little as possible. The tool should be in¬ 

stalled in the machine tool in such fashion that its tip is on the center line or 

beneath it by 1% of the diameter of the workpiece. 
54 
d 

58_! 
Tools must be lapped regardless of whether they are to be used for finishing ox 

j 
MCL-406A .420 
_ I 

I 



10 
H 

for roughing p&ases. 

.- At T * 60 m/ndn and higher cutting speeds, chip-breakers should be 
i 

In the turning of hardened parts, chip of low cross section is removed, and 

therefore the machine tool needs comparatively little power. As may be seen from 

the machining practice tables, the effective power for the generally employed depthi 

12 _j 

14 

16—I 

- of cut, and feeds, are at the level of N# »' 1.0 to 2.0 kw . Ac the same time, the 

18 

20. 1 

need to machine with a machine tool - workpiece - tool system cf high rigidity 

means that lathes of not lese than 7 kw power should be used to turn hardened parte* 
j * 

In working at even comparatively low cutting speeds, the machine tool has to 

be equipped with a rotating back center. 
I 

The turning of hardened steels falls into the category of finishing processes 
j 

in which high surface qualities are required. In this connection, the final passes ! 

must be made at very low feeds so as to produce a surface compaiable to rough- I 
' I 

ground, and in some cases to finish-ground. For the major passes, the feed is 

24-] 

26- 

28. 

chosen in accordance with the hardness of the material machined: the higher the 
30-J 

32- , 

3H 
36—j 

38—j 

■10_j 

4 2 —j 

44~-J 

hardness, the lower the feed. 

It must, however, be borne In mind that high surface finish may be produced on 

high-hardness hardened steel with a larger feed than on steel of lower hardness. 

The appropriate cutting speed is determined in accordance with the depths of 

cut and the feed shown in the tables of practice. 

The turning of hardened steels Is usually performed without lubricant. 

In the macldning of steel parts on which scale is present, cutters tipped with 

—I carbides VK8, VK6 and T5K10 are to be used. 

48-; *<rhe power N required to drive the machine tool exceeds the actual output N#. The 
required power is obtained by dividing Ne by the actual efficiency of the machine 

; tool T) : hO 

-,q 
AT *£ 

1 

The T) factor is always less than unity. In practice, where turning lathes are 
concerned, it may be taken that n * 0.75» —-;- 
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ad 
md 

12 

14 J 

3-H 

i* J 

20-j 
<i ! 
ï- —-i 

24 ' 

28 

2b. 

r>o_: 
i 

32Z1 

24 J 

38 

38 
5_1 
I.J 

40. 

42~ 

44 . 

46* 

48-.’ 
_J 

.80 J 

52 iJ 
I 

54 _i 
>îe 

Speeds» Per Minute and Effective Outputs in the End 
Hilling of Hardened Alloy Constructional Steels of ■ 38 by 

Mills Tipped with T15K6 Carbide. - 0.6. 

D ë B 

-—--—2:— 
Cutting 

1 ï 
• " 1 ** p 1 " I ** I ", 

75 4 45 

0,09 
0,07 

0,05 
0,03 

159 
174 
190 
222 

680 
740 
805 

940 

245 
208 

161 
113 

1,15 

1,00 
0,85 
0.65 

134 
146 

159 
186 

570 

620 
680 

790 

205 

174 
136 

95 

1.95 
1.70 

1.40 
1,10 

90 e 54 

0,09 
0,07 

0,05 
0.03 

159 

174 
190 
222 

560 

620 
670 
785 

303 

262 
202 
141 

1,70 

1,50 

1,25 
0,95 

134 
146 

159 
186 

475 
520 
560 
660 

257 

219 
168 
120 

2,95 
2.60 
2,10 
1,60 

11V 8 66 

0,09 
0,07 

0,05 
0,03 

159 

174 
190 
222 

460 
505 
550 

640 

332 
284 

220 
154 

2,25 

2,05 

1,70 
1,30 

134 

146 
159 
186 

390 
420 
460 
540 

280 
236 
184 
130 

3,90 

3,45 
2,85 
2,15 

130 8 78 

0,09 
0,07 
A AC 

0,03 

159 

174 
inn 

222 

390 

425 
460 
540 

270 

239 
184 
130 

2,25 
2,05 
1,70 
1,30 

134 
146 

159 
186 

325 
355 

390 

450 

233 
199 
156 
108 

3,90 
3,45 
2,85 
2,15 

150 10 90 

0,09 
0,07 
0,05 
0,03 

159 
174 
190 
222 

340 
370 
400 
470 

306 
260 
200 
141 

2,80 
2,55 
2,10 

1,60 

134 

146 
159 
186 

285 
310 
340 

400 

256 
216 

170 
120 

4,90 

4,30 
3,55 
2,70 

200 10 120 

0,09 
0,07 

0,05 
0,03 

159 

174 
190 
222 

250 
280 
300 
350 

225 
196 
150 

105 

2,80 
2,55 
2,10 
1,60 

134 
146 
159 
186 

215 

235 
250 

300 

194 
165 

125 
90 

4,90 
4,30 
3,55 
2.70 

250 12 150 

0.09 
0,07 

0,05 
0,03 

159 
174 
100 
222 

200 
220 
240 
305 

216 
185 
144 
110 

3,40 
3,05 

¿,50 
1,90 

134 
146 
159 
186 

170 

185 
200 
235 

183 
156 
120 
84 

5,90 

5,15 
4.25 
3.25 

- —’ ” wccun wn iraxo. ; a ■ ml i n no 
width, mn; 3Z - feed per mill tooth, mm; v =• cutting speed at mill 
life T - 300 ndn, in m/min; n » mill rpm; s - feed in mm/min; 
N« - actual output in kwT- “ ^ * 

I?v2°írí»MÜ.r7Ct0,r? forJother “ndiuO"» of «dH operation an given in Tablea 7 - 11, and on pp.428 and 430. ___ 
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Tabl* l-(Cont*d) 

8— 

10 H 
123 

1 '1' 

16:] 

18 .U 

20_J 

j ' 

:m.-_I 

23—I 

soli; 

32—J 

34—: 1 
36 

j 

38_ J 

10—j 

42 _| 

•14 J 

4 Ò —j 

43—J 
50 -1 

A 4 

V n ! N* 
V n 1 *4» 

121 
132 
143 
168 

510 
560 
610 
710 

184 
157 
123 

85 

2,65 
2,35 
1,25 
1,50 

113 
123 
135 
158 

480 
525 
575 
670 

173 
147 
116 

80 

3,35 
2,95 
2,45 
1,85 

121 
132 
143 
168 

425 
•+65 
HO 
595 

230 
197 
153 
106 

4,00 
3,55 
2,90 
2,25 

113 
123 
135 
158 

400 
440 
480 
555 

216 
186 
144 
99 

5,05 
4.45 
3,70 
2,80 

121 
132 
143 
168 

350 
380 
410 
485 

252 
214 
164 
118 

5,35 
4,70 
3,90 
3,00 

113 
123 
135 
158 

325 
360 
39G 
450 

234 
202 
156 
108 

6.70 
5.90 
4.90 
3.70 

121 
132 
143 
168 

300 
320 
350 
410 

216 
178 
140 
99 

5,35 
4,70 
3,90 
3,00 

113 
123 
135 
158 

275 
305 
330 
380 

199 
170 
132 
92 

6.70 
5.90 
4.90 
3.70 

121 
132 
143 
168 

255 
280 
305 
360 

230 
197 
153 
108 

6,70 
5,90 
4,85 
3,75 

113 * 
123 
135 
158 

240 
265 
290 
335 

216 
>87 
145 
102 

8.40 
7.40 
6,10 
4,65 

121 
132 
143 
168 

195 
210 
230 
270 

175 
148 
115 

81 

6,70 
5,90 
4,85 
3,75 

113 
123 
135 
158 

180 
195 
215 
250 

163 
136 
118 
75 

8.40 
7.40 
6,10 
4.65 

121 
132 
143 
168 

155 
165 
185 
215 

168 
140 
ill 

78 

8,00 
7,10 
5,80 
4,50 

113 
123 
135 
158 

140 
155 
170 
200 

152 . 
131 
102 

72 

10.00 
8,90 
7,35 
5,55 

52 J 

54_ 

56_ 

58— 
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18 
J 

20 

L'l J 

2ü. J 

2dZ} 

3oq 

32.J 

38^ 
J 

38_J 

40- 

.í ° 

M . 

43 

48. 

50 

52 

54 . 

53_ 

58 

eo 

Tabl« 2 

Cutting Speeds, Feeds per Minute and Effective Outputs in the End 
Milling of Hardened Alloy Constructional Steels of Hj^ - U by 

Hills Tipped with T15K6 Carbide. _jL - 0.6. 

Shape of Cutting Portion of Mill: a • 15°; y - -5°; \ - 150; - 60P; 

See Table 1 for symbols and factors of correction. 

I 

>iCL-AC6/V 4?3a 

5°. 

D 8 a 

Cufh'ny 
1 2 

’ ! » % r n *- 1 w. 1 

75 4 45 

0,09 
0,07 
0,05 
0,03 

116 
127 
139 
162 

495 
540 
585 
685 

179 
152 
118 
83 

1,05 
0,90 
0,75 
0,60 

98 
107 
116 
136 

415 
455 
495 
575 

151 
1?7 
100 
70 

1,75 
1,55 
1,25 
1,00 

90 6 54 

0,09 
0,07 
0,05 
0,03 

116 
127 
139 
162 

410 
450 
490 
575 

222 
190 
147 
103 

1,55 
1,40 
1,15 
0,85 

98 
107 
116 
136 

350 
380 
410 
480 

187 
159 
123 
87 

2,70 
2,35 
2,00 
1,45 

no 8 66 

0.09 
0.07 
0.05 
0,03 

116 
127 
139 
162 

335 
370 
400 
470 

242 
208 
160 
112 

2,05 
1,85 
1,55 
1,15 

98 
107 
116 
136 

283 
310 
335 
395 

204 
172 
134 
94 

3,55 
3,15 
2,60 
1,95 

130 8 78 

0,09 
0,07 
0,05 
0,03 

116 
127 
139 
162 

285 
310 
335 
395 

205 
175 
135 
95 

2,05 
1,85 
1,55 
1,15 

98 
107 
116 
136 

240 
260 
285 
330 

173 
146 
113 

79 

3,55 
3,15 
2,60 
1,95 

150 10 90 

0,09 
0,07 
0,05 
0,03 

116 
127 
139 
162 

250 
270 
290 
340 

223 
190 
147 
103 

2,55 
2,30 
1,90 
1,45 

98 
107 
116 
136 

210 
225 
250 
290 

188 
158 
125 
88 

4.45 
3,90 
3.25 
2.45 

200 10 120 

0.09 
0,07 
0,05 
0,03 

116 
127 
139 
162 

185 
205 
220 
255 

165 
144 
110 

71 

2,55 
2,30 
1,90 
1,45 

98 
107 
116 
136 

155 
170 
185 
220 

141 
121 

91 
66 

4.45 
3,90 
3,25 
2.45 

250 12 150 

0,09 
0,07 
0,05 
0,03 

116 
127 
139 
162 

145 
160 
175 
220 

158 
135 
105 
80 

3,10 
2,80 
2.30 
1,75 

98 
107 

'116 
136 

125 
135 
145 
170 

134 
114 
'89 
62 

5,35 
4,70 
3,90 
2.95 

[If* 



o 

fi - Tabl« 2-(Cent»d) 

8— 

10_ 
J 

12 J 

14 H 

18 J 

20-J 

24 _J 

26_1 

2öZj 

30^ 

32- 2; 

34-! 
I 

36 J 
_J 

33— ! 
i 

40—I i 

422j 
-—4 

44 — 

4CZ] 

r.o J 

Depth in m*n 

' Í 4 

V » SM Ne 1 ® « 1 >M 

88 
97 

104 
123 

370 
410 

445 
520 

135 
115 
90 

63 

2,40 

2,15 
1,75 
1,35 

83 
90 

99 
115 

350 

385 
420 
490 

127 

106 
84 
59 

3,05 
2.70 

2,20 
1.70 

88 
97 

104 
123 

310 
340 

370 
435 

168 
142 

112 
78 

3.65 
3,20 

2.65 
- 2,05 

83 

90 

99 
115 

290 
320 
350 

405 

157 

136 
105 

72 

4,60 
4,05 
3,35 
2,55 

88 
97 

104 
123 

255 
280 
300 

355 

184 
156 
120 

86 

4,85 
4,20 
3,55 
2,70 

83 

90 
99 

115 

240 
260 

285 
330 

170 

148 
114 
78 

6,10 
5.35 
4,45 
3.35 

88 
97 

104 
123 

220 

230 

255 
300 

157 
131 
103 

72 

4,85 
4,20 
3,55 
2,70 

83 
90 

99 
115 

200 

225 
240 
280 

145 
124 
96 
67 

6,10 

5.35 
4,45 
3.35 

88 
97 

104 
123 

185 
205 
220 
260 

168 
143 

112 
80 

6,10 

5,35 
4.40 
3.40 

83 

90 
99 

115 

175 
195 
210 

245 

158 
137 

107 
75 

7,65 
6,75 
5,55 
4,25 

88 
97 

104 
123 

140 
155 
170 
200 

123 
107 

84 
60 

6,10 
5.35 
4.40 
3.40 

83 
90 
99 

115 

130 
140 
155 
185 

119 
100 
79 
55 

7,65 
6,75 
5,55 
4,25 

88 
97 

104 
123 

115 
120 
135 
155 

123 
102 

8t 
57 

7,30 
6,45 
5,25 
4,10 

83 
O'-« 

b9 
115 

100 
115 
125 

145 

111 
9Q 
75 
53 

9.10 
8.10 
6,70 
5,05 

54 
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IO 

Cutting Speeds, Feeds per Minute and Effective Outputs in the End 
Milling of Hardened Alloy Constructional Steels of Hrç ■ JV9 ty 

Mills Tipped with T15K6 Carbide. - 0.6. 

Shape of Cutting Portion of Mill: cr - l^o. T . _l0o. x m 15o. ^ . 60°; e1 - 5°. 

12 

14 _j 

16_! 

18-J 
. J 

20_j 

24 _J 

Mlj 

28. 

30. 

32_I 

31-4 
_j 

38 _ 

3âIIi 

4oZj 

42 .J 

44 J 
I 

46. ! 

48. 

30 .J 
i 

' “1 

I 

D a B ». 

Cu ttirMi 

1 2 

» « *M Nt V n 

75 4 45 

0,09 
0,07 
0,05 
0,03 

89 
97 

106 
124 

378 
412 
450 
525 

136 
115 
90 
63 

0,95 
0,80 
0,70 
0,55 

75 
82 
89 

104 

318 
348 
378 
440 

115 
98 
76 
54 

1,60 
1,40 
1,15 
0,90 

90 6 54 

0,09 
0,07 
0,05 
0,03 

89 
97 

106 
124 

315 
342 
375 
438 

170 
144 
113 
78 

1,40 
1,20 
1,00 

.0,75 

75 
82 
89 

104 

265 
290 
315 
368 

143 
121 
95 
66 

2,40 
2,10 
1,70 
1,30 

110 8 66 

0,09 
0,07 
0,05 
0,03 

89 
97 

106 
124 

258 
280 
306 
359 

186 
156 
122 
86 

1,85 
1,65 
1,40 
1,05 

75 
82 
89 

104 

216 
237 
258 
300 

156 
132 
104 
72 

3,15 
2,80 
2,30 
1,75 

130 8 78 

0.09 
0,07 
0,05 
0,03 

89 
97 

106 
124 

218 
238 
260 
304 

157 
133 
104 
73 

1,85 
1,65 
1,40 
1,05 

75 
82 
89 

104 

183 
200 
218 
255 

132 
112 
88 
61 

3,15 
2,80 
2,30 
1,75 

150 10 90 

0,09 
0,07 
0,05 
0,03 

89 
97 

106 
124 

189 
206 
225 
264 

170 
145 
113 
80 

2.30 
2,10 
1,70 
1.30 

75 
82 
89 

104 

159 
174 
189 
222 

143 
122 
95 
67 

4,00 
350 
2,90 
2,20 

200 10 120 

0,09 
0,07 
0,05 
0,03 

89 
97 

106 
124 

141 
154 
168 
197 

127 
107 
84 
59 

2.30 
2,10 
1,70 
1.30 

75 
82 
89 

104 

119 
130 
141 
165 

107 
91 
71 
50 

4,00 
3,50 
2,90 
2,20 

250 12 150 

0,09 
0,07 
0,05 
0,03 

89 
97 

106 
124 

113 
123 
135 
158 

121 
104 
81 
57 

2,75 
2,50 
2,00 
1,55 

75 
82 
89 

104 

• 95 
104 
113 
132 

102 
87 
67 
48 

4.80 
4,20 
3,45 
2,65 

I 

I 

54 

56 . .. 

58 

60 -1 

See Table 1 for symbols and factors of correction. 
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Tabl# 3- (ContM) tJ 

1L’ 

13_ 
I 

13 J 
-J 

20-.J 

26 J 

23-J 

30Z 

32- 2 

31J 

36 J 
_j 

33— i 

—j 
40 I 

44—j 

UiZ] 
——Í 

43 .J 
! 

00 -J 
~ ■—-J 

ro 

54 ZI 

DspHi in *:m 

i 3 4 

! * « *j» N, V H •m 

68 
74 
80 
94 

289 
313 
340 
400 

104 
88 
68 
48 

2,15 
1,90 
1,60 
1,20 

63 
69 
76 
89 

267 
292 ‘ 
322 
378 

96 
82 
64 
45 

2,70 
2,40 
2,00 
1,50 

68 
74 
80 
94 

240 
262 
282 
332 

129 
110 
84 
60 

3,25 
2,90 
2,35 
1,85 

63 
69 
76 
89 

222 
244 
268 
315 

121 
102 

81 
48 

4,10 
3,60 
3,00 
2,30 

68 
74 
80 
94 

197 
214 
231 
272 

142 
120 
92 
66 

4,35 
3,80 
3,15 
2,45 

63 
69 
7S 
89 

182 
198 
220 
258 

130 
110 
88 
62 

5.45 
4,80 
4,00 
3,00 

68 
74 
80 
94 

166 
181 
196 
230 

120 
102 
79 
56 

4,35 
3,80 
3,15 
2,45 

63 
69 
76 
89 

154 
169 
186 
218 

111 
95 
75 
52 

5,45 
4.80 

-4,00 
3,00 

68 
74 
80 
94 

144 
157 
170 
200 

130 
110 
85 
60 

5,45 
4,80 
3,95 
3,05 

63 
69 
76 
89 

133 
146 
162 
189 

120 
102 
82 
57 

6,80 
6,00 
4,95 
3,80 

68 
74 
80 
94 

108 
118 
127 
149 

97 
83 
64 
45 

5,45 
4,80 
3,95 
3,05 

63 
69 
76 
89 

100 
109 
121 
141 

90 
76 
60 
43 

6,80 
6,00 
4,95 
3,80 

68 
74 
80 
94 

87 
94 

102 
119 

95 
79 
62 
44 

6,50 
5,75 
4,70 
3,65 

63 
69 
76 
89 

80 
88 
96 

113 

87 
74 
57 
41 

8,10 
7,20 
5,95 
4,50 

56 

58-J 
_ MCL-/f06/V_ _ 42/*b 
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14 
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18 J 
...J 

20.. J 
90 

24 _ 

2ti1j 

2ôZj 
—^ 
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32^ 
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qg_l 

.JO, 
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4 tiLj 

48l 
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52- 
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4 Tab).* U 

Cutting Speeda, Feeda per Minute knd Effective Outputa inhibe"Ënd 
Milling of Hardened Alloy Constructional Steels of Hj^ * 54 by 

Mills Tipped with T15K6 Carbide. JL 
D 

Shape of Cutting Portion of Mill: a « 2CP; y - -10°• 

- 0.6. 

^ - 15°; ? 

See Table 1 for symbols and factors of correction. 

MCL-A06/V t25a 

j 'A 

60°; t1 - 5°, 

D i a \ 

Cwfting 

1 2 
V n V » I *» n7 

75 4 45 

0,09 
0,07 
0,05 
0,03 

71 
78 
85 

101 

303 
332 
362 
430 

109 
93 
73 
52 

0,85 
0,73 
0,62 
0,48 

60 
66 
71 
84 

255 
280 
303 
358 

92 
79 
61 
43 

1,40 
1,25 
1,00 
0,80 

90 6 54 

0,09 
0,07 
0,05 
0,03 

71 
78 
85 

101 

252 
276 
301 
358 

136 
115 
90 
65 

1.25 
1,10 
0,90 
0,70 

60 
66 
71 
84 

213 
234 
252 
298 

115 
98 
76 
54 

2.15 
1,90 
1.55 
1.15 

110 8 66 

— 

0,09 
0,07 
0,05 
0,03 

71 
78 
85 

101 

205 
225 
245 
292 

148 
126 
98 
70 

1,65 
1,50 
1,25 
0,95 

60 
66 
71 
84 

173 
190 
205 
212 

125 
106 
82 
58 

2,85 
2,50 
2,10 
1,55 

130 8 78 

0,09 
0,07 
0,05 
0,03 

71 
78 
85 

101 

174 
191 
208 
248 

125 
107 
83 
59 

1,65 
1,50 
1,25 
0,95 

60 
66 
71 
84 

147 
161 
174 
206 

106 
90 
69 
49 

2,85 
2,50 
2,10 
1,55 

150 10 90 

0,09 
0,07 
0,05 
0,03 

71 
78 
85 

101 

151 
166 
181 
215 

136 
116 
91 
64 

2,05 
1,85 
1,55 
1.15 

60 
66 
71 
84 

127 
140 
151 
179 

114 
98 
77 
53 

3.60 
3,15 
2.60 
2,00 

200 10 120 

0,09 
0,07 
0,05 
0,03 

71 
78 
85 

101 

113 
124 
135 
161 

102 
87 
67 
49 

2,05 
1,85 
1,55 
1,15 

60 
66 
71 
84 

96 
105 
113 
134 

86 
74 
56 
40 

3.60 
3,15 
2.60 
2,00 

250 12 150 

0,09 
0.07' 
0.05 
0,03 

71 
78 
85 

101 

90 
100 
108 
128 

98 
84 
65 
47 

2,50 
2.25 
1,85 
1,40 

60 
66 
71 
84 

77 
84 
90 

107 

84 
70 
54 
39 

4,30 
3,75 
3.10 
2.10 



10- 

18 

20. 

«»*> 

a 

L’4 

1 

28.-I! 

3oZ] 

32_i 

34. 

33. 

38-J 

4oZj 
42- 

41. 

16- 

48. 

30 

3 4 

V n *M 1 N0 V n sM Ng 

55 
60 
64 

1 76 

234 
255 
272 
323 

84' 
72 
55 
39 

1.95 
1.70 
1.40 
1.10 

51 
55 
61 
71 

216 
234 
260 
303 

77 
65 
52 
37 

2.45 
2.15 
1,80 
1,35 

55 
60 
64 
76 

595 
213 
227 
270 

105 
89 : 
68 
49 

2.90 
2,60 
2,10 
1.65 

51 
55 
61 
71 

181 
195 
216 
252 

97 
82 
65 

• 45 

3.70 
3,25 
2.70 
2,05 

55 
60 
64 
76 

159 
173 
185 
220 

114 
97 
74 
53 

3.90 
3.45 
2,85 
2,20 

51 
55 
61 
71 

147 
159 
176 
205 , 

106 
89 
70 
49 

4,90 
4,30 
3.60 
2.70 

55 
60 
64 
76 

135 
147 
157 
186 

‘97 
82 
63 
45 

3.90 
3.45 
2.85 
2,20 

51 
55 
61 
71 

125 
135 
149 
174 

90 
76 
60 
41 

4,90 
4,30 
3,60 
2,70 

55 
60 
64 
76 

117 
127 
136 
162 

105 
89 
68 
48 

4,90 
4.30 
3,55 
2,75 

51 
55 
61 
71 

108 
117 
129 
151 

98 
83 
64 
45 

6,15 
5.40 
4,45 
3.40 

55 
60 
64 
76 

88 
96 

101 
121 

80 
68 
51 
36 

4,90 
4,30 
3,55 
2,75 

51 
55 
61 
71 

81 
88 
97 

113 

73 
61 
49 
34 

6,15 
5.40 
4,45 
3.40 

55 
60 
64 
76 

70 
77 
82 
97 

76 
65 
49 
35 

5,85 
5,20 
4,25 
3,30 

51 
55 
61 
71 

65 
70 
77 
90 

70 
60 
46 
33 

7,30 
6,50 
5,35 
4,05 

J>rf 
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10 

Cutting Speeds, Feeda per Minute and Effective Outputs in the End 
Mining of Hardened Alloy Constructional Steels of Hrç - 58 by 

Mills Tipped with T15K6;Carbide, -g- - 0.6. 

Shape of Cutting Portion of Mill: a “ 20°; y - -15°; X ■ 15°; f - 60°; f. 

11! 

10J 

it» j 

20-1 
I 

24 
1 

2Ü...J 

—i 
28— 

30- 

J 

34 :J 
J 

36 J 

38Zj 

a n I 

.-J 
42...... 

*14 — 
j —4 

46- 

48 

50 

54 

0 t B •• 

Cutting 

! 2 

9 it /v# 
1 * « 1 '* 1 

75 4 45 

0,09 
0,07 
0,05 
0,03 

.57 
63 
68 
80 

242 
268 
288 
340 

87 
75 
58 
41 

0,80 
0,69 
0,59 
0,45 

48 
53 
57 
67 

204 
225 
242 
285 

73 
63 
48 
34 

1,35 
1,15 
0,97 
0,76 

90 6 54 

0,09 
0,07 
0,05 
0,03 

57 
63 
68 . 
80 

202 
223 
241 
284 

110 
93 
72 
51 

1,15 
1,05 
0,86 
0,66 

48 
53 
57 
67 

170 
188 
202 
237 

91 
79 
61 
43 

2,00 
1 80 
1.45 
1,10 

110 8 66 

0,09 
0,07 
0,05 
0,0' 

57 
63 
68 
80 

165 
182 
196 
231 

119 
102 

78 
56 

1,55 
1,40 
1,15 
0,90 

48 
53 
57 
67 

138 
153 
165 
193 

100 
86 
66 
46 

2,70 
2,40 
1,95 
1,50 

130 8 78 

• 

0,09 
0,07 
0,05 
0,03 

57 
63 
68 
80 

140 
154 
166 
196 

101 
87 
67 
47 

1,55 
1,40 
1,15 
0,90 

4¾ 
53 
57 
67 

118 
130 
140 
164 

85 
73 
56 
40 

2,70 
2,40 
1,93 
1,50 

150 10 90 

0,09 
0,07 
0,05 
0,03 

57 
63 
68 
80 

121 
134 
145 
170 

87 
■75 
58 
41 

1,95 
1,75 
1,45 
1,10 

48 
53 
57 
67 

102 
112 
121 
142 

74 
63 
49 
34 

3,40 
2,95 
2,45 
1,85 

200 10 120 

0,09 
0,07 
0,05 
0,03 

57 
63 
68 
80 

91 
100 
108 
127 

83 
70 
54 
38 

1,95 
1,75 
1,45 
1,10 

48 
53 
57 
67 

77 
84 
91 

107 

70 
59 
46 
33 

3,40 
2,95 
2,45 
1,85 

250 12 150 

0,09 
0,07 
0,05 
0,03 

57 
63 
68 
80 

73 
80 
87 

102 

79 
69 
53 
37 

2,35 
2.10 
1,70 
1,30 

48 
53 
57 
67 

61 
67 
73 
85 

66 
57 
44 
31 

4,05 
3,55 
2,95 
2,25 

: I 
See Table 1 for symbols and factors of correction. 

i 

58 
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Table 5 (Cont'd) (i 

8— 

10 

14 _ 

18 -_i 

i 

32- 

•J'i ' 

40_j 

441? 

Dtpik in ntm 

i « 

0 1 » *M * 1 - \ 

44 
48 
52 
61 

187 
204 
221 

'260 

67 
57 
44 
31 

1.85 
1.60 
1.35 
1.05 

41 
44 
49 
57 

174 
187 
208 
242 

63 
53 
41 
29 

2.30 
2,05 
1.70 
1.30 

44 
48 
52 
61 

156 
170 
184 
216 

78 
72 
55 
39 

2,75 
2,45 
2.00 
1.55 

41 
44 
49 
57 

145 
156 
174 
202 

78 
66 
53 
36 

3,50 
3,10 
2,55 
1.95 

44 
48 
52 
61 

127 
138 
150 
176 

91 
77 
60 
42 

3.70 
3,25 - 
2.70 
2.10 

41 
44 
49 
57 

118 
127 
141 
165 

83 
71 
55 
40 

4.60 
4,05 
3,40 
2,55 

44 
48 
52 
61 

108 
147 
127 
149 

77 
65 
51 
36 

3.70 
3.25 
2.70 
2.10 

41 
44 
49 
57 

100 
108 
120 
140 

72 
61 
48 
33 

4,60 
4,05 
3.40 
2,55 

44 
48 
52 
61 

83 
102 
111 
130 

67 
57 
45 
31 

4.60 
4,05 
3,35 
2.60 

41 
44 
49 
57 

87 
93 

104 
121 

63 
52 
42 
29 

5,80 
5.10 
4.20 
3.20 

44 
48 
52 
61 

70 
77 
83 
97 

63 
54 
41 
29 

4,6'J 
4,05 
3,35 
2,60 

41 
44 
49 
57 

65 
70 
78 
91 

59 
49 
39 
28 

5,80 
5,10 
4.20 
3.20 

44 
48 
52 
61 

56 
61 
66 
78 

61 
51 
41 
28 

5,50 
4,90 
4.00 
3,10 

41 
44 
49 
57 

52 
56 
62 
73 

57 
48 
38 
27 

6,90 
6,15 
5,10 
3,80 

KCL-Í06A !»26b 
60—1_ 
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«4 
i 

8...j 

Cutting Speeds, Feeds per Minute and Effective Outputs in the End 
Milling of Hardened Alloy Constructional Steels of - 62 by 

Mills Tipped with T15K6 Carbide. - 0.6. 

10 
J 

M J 

IÒ4 

18 _j 

„...J 

20-.^ 

oo4 

i'4.^ 

2Ö.J 

30lj 

32J 

34 _l 
i 

36 _J 

3SJ 

4 n i - 

42..^ 

4 4 -j 

46 

iy”j 
_j 

00 , 

54 

Shape of Cutting Portion of Mill: a - 20°; y - -15°; X - 15o; q> • 60°; ^ - 

J 

4 

D « a 

Cutting 

1 2 

V n *M V n 'm 

75 
* 

4 45 

0,09 
0,07 

0,05 
0,03 

36.5 

40 

43.5 
51 

155 

170 

185 
217 

56 
48 
37 
26 

0,58 
0,50 

0,43 
0.33 

31 

33.5 
36.5 

42.5 

132 

142 
155 
180 

48 
40 
31 

21 

0,98 
0,85 
0,70 
0,55 

90 6 54 

0,09 

0,07 

0,05 
0,03 

36.5 
40 

43.5 
51 

129 

142 
154 
180 

70 

60 

46 
33 

0,85 

0,75 
0,63 
0,48 

31 

33.5 

36.5 
42.5 

110 
119 

129 

150 

60 
51 
39 
27 

1,50 

1.30 
1,05 
0,80 

110 8 66 

0.09 
0,07 

0,05 
0,03 

36.5 
40 

43.5 
51 

105 
115 

125 
147 

76 

64 
50 
35 • 

1,15 
1,00 
0,85 
0,65 

31 

33.5 

36.5 
42.5 

90 

97 
105 
123 

65 
54 

42 
30 

1,95 

1,75 
1,40 

1,10 

130 8 78 

0, J9 
0,07 

0,05 
0,03 

36.5 
40 

43.5 
51 

90 

98 

106 
125 

65 
55 

43 
30 

1,15 

1,00 
0,85 
0,65 

31 

33.5 
36.5 

42.5 

76 
82 

90 

104 

55 
46 
36 

25 

1,95 
1,75 

1,40 
1,10 

150 10 90 

0,09 
0,07 

0,05 

0,03 

36.5 
40 

43.5 
51 

77 
85 

92 

108 

65 
60 

46 
33 

1,40 
1,30 

1,05 
0,89 

31 

33.5 
36.5 
42.5 

66 
71 

77 
90 

60 

50 

38 
27 

2,45 

2,15 
1,80 

1,35 

200 

< 

10 120 

0,09 
0,07 

0,05 
0,03 

36.5 
40 

43.5 
51 

48 
64 
69 

81 

53 

45 
34 

24 

1,40 
1,30 
1,05 

0,89 

31 
33.5 
36.5 
42.5 

49 
53 

58 
68 

44 
38 
29 

21 

2,45 

2,15 
1,80 

1,35 

250 12 150 

0,09 
0,07 

0,05 
0,03 

36.5 
40 
43.5 
51 

46 
51 
55 
65 

50 
43 
.33 
24 

1,70 
1,50 
1,25 

0,95 

31 

33.5 
36.5 
42.5 

39 
43 
46 
54 

42 

36 
28 
20 

2,95 
2,60 
2,10 
1,60 

See Table 1 for symbols and factors of correction. 
56 

1 
58 

GO 
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8. 

10 

IL’ J 

11 J 
10 J 

18 J 
-j 

20 _J 

26J 
28. 

30. 

32-J 

34 J 
J 

28 J 
-1 

33_J 

4üZ¡ 
4211 

lid 

loH 
H 48_^ 
1 

50 Ij 
—i 

54. 

53_ 

58 

oO_J 

Table 6. (ContM) 

Vtpih I« mm 

28 
30,5 
33 
39 

28 
30,5 
33 
39 . 

28 
30,5 
33 
39 

A' 

60 
65 
70 
83 

54 
45 
35 
25 

3,35 
2,95 
2,40 
1.90 

44 
48 
52 
62 

40 
34 
26 
19 

3,35 
2.95 
2,40 
1,90 

36 
39 
42 
50 

39 
33 
26 
18 

4.00 
3,55 
2,90 
2,25 

KCL-i»06/V 
427b 

28 
30,5 
33 
39 

119 
130 
140 
165 

43 
37 
28 
20 

1.30 
1,20 
1,00 

. 0,75 

26 
28 
31 
36 

lio 
119 
132 
153 

40 
33 
27 
19 

A 

1,70 
1,50 
1,20 
0,90 

28 
30,5 
33 
39 

100 
108 
117 
138 

54 
. 46 

36 
25 

2.00 
1,80 
1,45 
1.15 

26 
28 
31 
36 

92 
100 
110 
127 

50 
42 
33 
23 

2,50 
2.20 r 
1,85 
1.40 

28 
30.5 
35 
39 

81 
88 
95 

113 

58 
49 
38 
27 

2.70 
2.35 
1.95 
1,50 

26 
28 
31 
36 

75 
81 
90 

104 

54 
46 
36 
25 

. 3,35 
2,95 
2.45 
1,85 

28 
30,5 
33 
39 

68 
75 
81 
95 

49 
42 
33 
23 

2,70 
2.35 
1.95 
1,50 

26 
28 
31 
36 

64 
68 
76 
88 

46 
38 
31 
21 

1 

3,35 
2,95 
2,45 
1,85 

26 "\ 
28 
31 
36 

55 
60 
66 

77 

49 
42 
33 
23 

4,2J 
3,70 
3.05 
2,30 

26 
28 
31 
36 

41 
44 
49 
57 

37 
31 
24 
17 

4,20 
3,70 
3,05 
2.30 

■26 
28 
31 
36 

33 
36 
39 
46 

36 
30 
24 
17 

5,00 
4,45 
2,65 
2,89 

U'S 
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o. 

Clarlflcatlona with Resrect to Cutting Pra.-Hf 

i able« 1-6 contain the author»« recommendation for practice in the end mll- 

b jllng of hardened ete.le, of - 38, U, 69, 56, 58 and 62. The cutting ap.eda are 

calculated on the baei. of .,.(13). Table 7 present, the author», value, for rake 

angl« y. 
1( 

12 J 
i. 

Below we present the correction factors Ky with which determination may be mad* 

16 (0f th® cuttinK BPfted for hardened steels of other hardnesses (not provided in the 

ld /abUlatl0n8 in Practice), taking as unity the cutting speeds in the Table for steel! 

of - 38. 
20 

24 

sbZ) 

28 _ 

20_! 

32_Í 

;m.J 

3d 

38— 

loi 

42- 

14- 

46_ 

481 

20 ( 

r O J - -J 

i ■» 
54.4... 

55. 

5 kCL-406/V 
CO—!.... 

Hardness of work steel, .38 U 47 51 56 ^ 

Value of Ky factor . i.O 0.85 0.6U 0.50 O.4O 0.32 | 

Table 7 | 

Recommended Values of Rake Angle y 

Factor of Correction KT Relative to Cutter Life T 

Cutter life T, min 
180 2« 300 300 480 600 720 900 

Values of correction 
factor Kt 1,13 1,05 1,0 0,95 0,88 0,84 0.80 0,75 

428 

1 



o. 
The cutting speeds presented in the Tables are calculated for a cutter life 

T - 300 min and for T15K6 carbide. 

8. 

10 

1LV 

14 . 

1C 

18 

20- 

«)•» 

L’4 

26 2 

For conditions of work other than those indicated in Tables 1-6, the cutting 

speed v300 may be multiplied by the correction factors KT, Ku and Kg, which make 

provision, respectively, for other mill lives (Table 8), grades of carbide (Table 9), 

and JL ratios (Table 10). 
D 

I 

Table 9 

Correction Factor In Terms of Carbide With Which Cutter Is Tipped 

.H 

30 ! 

Carbide Grade Value of Ku Factor 

T5K10 
T14K8 
T15K6 
T30K4 

0,73 
0,90 
1.00 
1,25 

Table 10 

Correction Factor Kß Relative to Ratio Between Killing Width B and Mill 
Diameter D 

34 

26 3 
38—j 

40— 

42Zj 

44 J 

B 
D 0,15 0,30 0.40 0,50 O.CO 0,70 0.80 0,90 

Value of Factor Kg 1,32 1.14 1,08 1.03 1,00 0.97 0.94 0.92 

Table 11 

46 Correction Factor KN Relative to Ratio of Milling Width B to Mill Diameter D 
.I 

48 

50_J 
I 

B 
D 0,15 0.30 0.40 0.50 0.60 0.70 0.80 0,90 

Value of Kfjg Factor 0,33 0.57 0.72 0.SR 1.00 1,13 1,25 1.38 

X 



4 

fi 

8_¡ 

10 J 

Th« cutting speed sought is determined from the equation 

o “ **oo ’ Kt' min. 
I 

__ [ ___ ^ _ _ .... 

Actual outputs are defined in accordance with eq.(lf). 

Below we present correction factors which permit detennination of power for 

steels of other hardnesses than those in the Tables of practice. The tabular power 
\'2 J 

1 -1 

i G 

18 _ 

20..-.. 

for H, 
lRc 

38 steel is taken as unity. 

Hardness of the machined 
steel Hj^.38 41 47 51 56 60 

Value of the Ky factor. 1.0 0.96 0.8 5 0.78 0.70 0.65 

• i 
..^ 

! ! 

At a -i- ratio other than this, the actual outputs taken from Tables 1-6 must 

be multiplied by the correction factors K« (Table 11). 
B 

;i; , In working with milling cutters having numbers of teeth z other than those 
i 

t'y _ listed in the machining-practice Tables, the feeds per minute Sj,, and actual out- 
i ’ ! 

30_.puts Ne must be increased or decreased in proportion to the change in the number of 

,--2 teeth. The machining speeds v and rpm n do not change. 

•M - In milling forgings and castings through scale, the cutting speeds v, rpm n, 

;}tj_ feeds per minute Sjjj, and actual outputs Ne must be multiplied by a factor of 0.85. 

H8_ 

■10- 

42- 

44- 

461 

4dl 

BO 

r>4 

36. 

■’8 
.HCL-4C6A 

oO—1.. 
4i0 

t 



4. 

ti. 

B_J 

iod 

-i 

HÜ 

10 J 

18 j 

20,- 

ímtmt - 

24 

20 J 

28.__| 

30H 

32_2 

30-2 
J 

38 

4l 

n i 

!J—I 

44-2 

46_i 1 

4SZÍ 
I 

50 .j 

5° 

54 -1 

56_ 

58- 

60-2 

I 
APPENDIX III 

I 
Table 1 

Cutting Speeds, Axial Forces, Moments of Torque and Actual Output in the 
Machining of Alloy Constructional Steels Hardened to - 35 to 65 With 

Drills Tipped With VK8 ^ 

Cutting parameters 

Feed s, mm/rev 

Cutting speed v™, 
m/min 

Drill rpm n, min 

Axial force Po, kg 

Moment of torque, 
Mt, kgm 

Actual output Ne, kw 

Feed s, mm/rev 

Cutting speed Vof„ 
m/min 
Drill rpm n, min 

Axial force P0, kg 

Moment of torque, 
Mt# kgm 
Actual output Ng, Ion 

Feed s, mm/rev 

Cutting speed vtq, 
m/min 

Drill rpm n, min 

Axial force P0» k« 

Moment of torque, 
Mt» kgm 

Actual output Ne, kw 

\ Hardness 
of ma¬ 

chined 
steel 

35-45 

Drill diameter D, in 

10 

0,05 

56 

1780 

520 

0.75 

1,30 

12 

0,055 

55 

1460 

645 

1,20 

1,80 

46-56 

0,015 

36 

1140 

465 

0,70 

0,80 

0,010 

34 

905 

600 

1,10 

1,00 

14 

0,065 

53 

1205 

820 

1,90 

2,35 

0,045 

34 

77C 

710 

1,70 

1,35 

57-65 

0,030 

25 

800 

520 

0.70 

0.60 

0,035 

24 

635 

675 

1,20 

0,80 

0.010 

23 

520 

810 

1,80 

0,95 

16 20 24 

0,070 

52 

1040 

975 

2,60 

2,80 

0,055 

31 

615 

935 

2,60 

1.65 

0,085 

49 

780 

1310 

4.90 

3.90 

0,065 

30 

475 

1270 

4,70 

2,30 

0,10 

47 

620 

1740 

8.30 

5.30 

0,075 

29 

385 

1650 

7,80 

3,10 

28 

0,11 

46 

520 

2150 

12,50 

6,70 

0,085 

28 

320 

2050 

12,00 

3,95 

90 

0,12 

45 

480 

2400 

15,30 

7,50 

0,090 

28 

295 

2250 

14,40 

4,35 

0,015 

22 

435 

1020 

2,60 

1,15 

0,050 

22 

350 

1350 

4.60 

1,65 

0.060 

21 

280 

1760 

7,80 

2,25 

0,065 

21 

240 

2140 

11,60 

2,85 

0,070 

20 

210 

2400 

14,00 

3,00 
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~ ' Clarifications re Machining Practica 

1 i 
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8_j 

10 J 

12 

11 J 

16 J 

18_4 

20. 

Cutting speeds are calculated In accordance with eq.(l6). 
. _ I 

The cutting speeds presented in the Table pertain to a drill life T - 30 min."! 
I 

For other lives, the cutting speed, as determined from the Table, must be multiplied 

. by a correction factor KT in accordance with Table 2. The relative life index 

m - 0.25. 

The axial forces P were determined by means of eq.(17). The moments of 
.. 1 
- torque were calculated by means of eq.(18). I 

I 
The actual outputs have been determined according to the following formula: 

U J 

2«_J} 

32-J 

36_ 

ne¬ 

in _ 

42~ 

•14- 

46l 

43I 

50 

54 _i__ 

50. 1... 
J 

P'J I 

!kcl-;*06A 
60—1___ 

N. 
716,2-1,36 

À 
Kw 

Table 2 
I 

Factor of Correction K. 

Drill life T, min 15 Id 21 24 30 36 40 45 

Values of factors of 
correction KT 

1,19 1,13 1,09 1,06 1,00 0,96 0,93 0,90 

U32 
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4 Table 1 

8_! 

4 
10 

,L'1 

in ! J 
J 

20 : 

24 .J 

2ijZ] 

28 _ 

30l] 

32.j 

3î- 

<o_ 

40- 

42-2 

•H-, 

4 G .J 

4sZ! 

54 -- f- 

1 

2^1 

^Cutting Speeds v3o and Feeds per Minute ^ in the Finish Reaming of Hardened 

Alloy Constructional Steels of Hfjç * 38 by Flute Reamers Tipped with 

Carbide T15K6 

Shape of cutting portion of reamers (rig. 152): a - 6°, y - -I50 Y . _ioo 
X *■ 0°, q, - 150, <p0 - 2°, f - 0.2 mm, a - 2 to 3 mm; lQ - 1.5 to 2.0 ram; 

t * 0.2 mm 

Composition of lubricant-coolant fluid: IQS emul’sol in soda water ♦ 5% 
sul’fofrezol 

GO—i- 
MCL-AO6/V A33a 



*r 

i 
4 

(i . 

ltd d 
12.1 

I-!.] 

10_i 

Ítí.J 

20,-. J 

2Ö.J 

d og_i 

3<d 

32lj 

34-.j 

36 _j 
I 

38 _j 

40—! 
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Tab!.* 2 

Cutting Speeds v^q and Feeds per Minute sm In the Finish Reaming of Hardened 

fi ' Alloy Constructional Steels of ■ i*5 by Flute Reamers Tipped With 

8j Carbide T15K6 

^ Shape of cutting portion of reamers (Fig.152): a - 6°; y - -15°; Y0 - -ld°| 
] \ = 0°; <p0 ■ 15°; (P0 * 2°; f ■ 0.2 mm; a * 2 to 3 l0 “ 1»5 to 2.0 nm; 

12J t - 0.2 mm 

—I i 
!‘ Composition of lubricant-coolant fluid: 10^ enml»sol in soda water ♦ 5$ aul*fo- 





4 

fi 

8 j 

10 
i 

12 J 

14 

16 

18 

20 

1 

-1 

24 J , 
2öZj 

28 _J 

30lH 

32—i 

34 J 

Mlj 
sad 

! 

•loi] 
_1 

4 ° 

44 _ 
j 

46 

48 

50 
d 

Cutting Speeds ejo and Feed, per Minute »* in the Fini.h Bering of Herd«.«! 

Alloy Constructional Steele of ■ 51 by Flute Beemere Tipped With- 

Carbide T15K6 

(fig.152):" a - 6°; T 

r.o i 

56 

Shape of cutting portion of reamers (F 
X - 0°; <P - 15 , • 2°; f - 0.2 ion; a - 2 to 3 lo 

t - 0.2 osa 

-15°; T - -10°! 
1.5 to 2.0 sm; 

54-1- 

58 

60 

H 
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ï Clarifications Re Cutting Practlc• 

4 . : . 
I Tables 1-3 present the recommended practices for the flute reaming of alloy 

steels hardened to * 38 to 51. For steels of - 51 and 38, cutting speeds 

are calculated in accordance with eqs.(19) and (20). 
10 J 

The cutting speeds for steels of Hj^, - ¿5 were obtained by multiplying ths 
12 _j 

cutting speeds for steel of Hj^, * 51 by factors of correction KT. Table U presents 
14 J ^ 

the values of factor Kv relative to feed $. 
I 

The rpmnof the flute reamer was determined in accordance with equation 
16_j 

18.] 

20 

<i*> 

24 

20 

28 

30 

32— 

34 

38 

38 

40 

42 

44 

1000 V 

n ~ ~~ñü~ rpm * 

and the feeds per minute sm in accordance with equation 
I 
I 

S* = Sn mm/mi'h. 

The cutting speeds presented in the Tables of practice are calculated on a 

Table U 

Correction Factor Kv 
I 

Feed s, in 
mm/rev 0,20 0,25 0,30 0,35 0,40 0,45 0,50 0,60 0,70 0,80 

Value of 
factor Kt 

1,34 1,43 1,53 1,62 4,70 1,78 1,86 2,02 2,14 2,22 

q 
46Zj ' j 

48H flute reamer life of T - 30 min, depth of cut t - 0.2 mm, and T15K6 carbide. The 

H ] 
50 following values for the relative tool life index m are employedi 

Hardness of work steel H j 
54. 

58- 

58- 

60- 

hc 38 U5 51 

Index m 0.40 0.60 0.85 

.1 MCL-406/V 436 
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14 

16 

For conditions of work other than those indicated, the cutting speeds selected 

from Tables 1-3 must be multiplied by the correction factors K? and Kt, which 

I ’ 
allow for other tool lives (Table 5) and depths of cut (Table 6). 

In working with flute reamers having T15K6T carbide tips, the cutting speeds 

selected from the Tables must be multiplied by the correction factor Ku • 1,10. 

The feeds for flute reaming are selected from Tables 1 - 3 in terms of the 

conditions of maximum output, if the feed is not limited by the rigidity of the 
<j 

: system comprising machine tool - workpiece - tool, the power of the machine tool. 

18 J 
-°H 

the strength of the tool, and other conditions. 

In order to achieve Class 2 tolerance and surface quality superior to Class 9, 

the following feeds must be employed in the flute reaming of holes in steel parts 

•whose hardness is Hr- - 49 to 54: for D < 20 mm, s is up to 0.3 mm/rev; for 
n 

.D > 20 mm, s is up to 0.4 mm/rev. For hardened steels of lesser hardness, one may 

employ the same feeds, bearing in mind that machining here is at greater cutting 

speeds, 

A ^ 

26j 

28 
1 

30 

32- 

34_ 

36— 

38-1 

40_ 

4‘ J 

44- 

46~ 

48— 

50- 

52— 

54 

: KCL-406/V 437 
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Table 5 

Correction Factor KT Relative to Life of Flute Reaaer 

Life of 
Flute Ream¬ 
er T, min 

Hardness of Work Steel 

Hrc - 38 I Hrc * 45 hRC “ 51 

Value of Factor Kj 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

1,55 

1,18 

1.00 

0.89 

0.81 

0,76 

0.71 

0,67 

0,64 

0,62 

0.59 

0.57 

1,93 

1.27 

1.00 

U.84 

0,74 

0,66 

0.60 

0.55 

0,51 

0,48 

0,45 

0.43 

2.54 

1.41 

1,00 

0.78 

0.65 

0,55 ' 

0.49 

0.43 

0,39 

0,36 

0..33 

0.31 

Table 6 

30.-J 
I 

38.j 

Î 0 

■13 . 
-4 

■M _j 

— -i 

•b .. j 

_i 

■18 ! 

on 

r<4 

Correction Factor Relative to Depth of Cut 

Depth of 
Cut- t, 

mm 

Hardness of Work Steel 

hrc * 38 Hrc ■ 45 Hrc ■ 51 

Value of Factor Kt 

0.05 

0,10 

0,15 

0,20 

0,25 

0,30 

1,30 

1.14 

1,06 

1,00 

0,96 

0,93 

1,73 

1,30 

1,10 

1,00 

0,91 

0,81 

2,83 

1,68 

1,25 

1,00 

0,86 

0,74 
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APPENDIX V 

~ Table 1 

Cutting Speeds v30 and Feeds per Minute in the Rose Reading of Hardened 

Alloy Constructional Steels of - 38 by Rose Reamers Tipped With 

T15K6 Carbide 

Rose reamer shape (Fig.188): a - 10°, aQ “ 10°, Y ** -15°, Y0 - -10°, \ - Cf>, 

^ ' 17o 15 , f ” 0.3 to 0.5 run; a « 1.5 to 2.0 nm, l » 0.5 to 1.0 mm* 
t - 1 mm 0 

•jO. 

* » I 
'I fc- 

■14 

■5(1 

■1M 

T;8 

r>8 

fin 
MCL-406/V L39 



Table 1 (Cont,d) 

! 

Fi»d 
s 

mr*% ff ê* 

Diameter of flute reamer D, mm. 

35 40 « 5ft 

.* 

4 

1 

t 

<1 
-1 E 

E 

£ 

«II, 
?■ 

1 
c a. 

t 

,-1 
- Í 

E 

.1 
0 f 

E 
« 

c 

<£ 
- 1 

E 

c 

B E 
I 

e t 

c 
È 

“• i 
1 

0,10 

0,50 

0,60 

0,70 

0,80 

0,90 

1,00 

72 

63 

56 

52 

48 

45 

42 

655 

570 

510 

470 

4-35 

410 

380 

262 
285 

306 

330 

348 

370 

38^) 

78 

69 

61 

56 

53 

48 

45 

620 

545 

485 

445 

420 

380 

355 

248 

273 

291 

312 

a36 
342 

355 

74 

65 

60 

56 

52 

49 

525 

460 

425 

100 

370 

350 

263 

276 

298 

320 

333 

350 

79 

70 

65 

GO 

55 

52 

^11 ' ' - 

500 

445 

413 

3») 

350 

330 

250 

267 

290 

304 

315 

.330 

Table 2 I 
i I 

Cutting Speeds V30 and Feeds per Minute sm in the Rose Rearing of Hardened 

Alloy Constructional Steels of Hp^, - 45 by Rose Reamers Tipped With T15K6 Carbide 

Rose rearer shape:(Fig.l88): or = 10°; <*o - 10°; y - -15°; Y - -10°; - 0o; 
cp = 60°; q>0 = 15°; X - 0°; f - O.3 to 0.5 mm; a - I.5 to’2.8 mm; l0’- 0.5 to 

1.0 mm; t * 1 mm 

The coolant and lubricant is of the following composition; 10% emul»sol in 
soda water + 5^ sul’fofrezol 

s 
mmjrtr 

Diameter of flute reamer D, mm 

10 12 14 16 

. S 
«»'-I 

E 

E CJ. 4 
£ 

. * 

0 E 

E 
^ 1» 4 

E 

£ 
£ f 
“ï 

E 
■= ?- 

.e 
«I 

w T 
E 

e 1- 4 
E 

0,2) 

0.25 

0,30 

0,35 

0,40 

0,45 

0.50 

0,60 

35 

31 

27 

25.5 

23 

21.5 

1115 

990 

860 

810 

735 

685 

223 

248 

258 

283 

294 

309 

39.5 

35 

30 

23 

26 

24 

1050 

930 

795 

740 

690 

635 

210 

2,32 

239 

259 

276 

286 

43.5 

38 

33.5 

31 

28 

26.5 

990 

865 

760 

705 

635 

600 

198 

216 

218 

247 

254 

270 

41 

36.5 

33.5 

31 

28.5 

27 

24 

815 

725 

666 

615 

565 

535 

473 

_ * 

204 

218 

233 

246 

254 

267 

285 

MCL-4O6/V 44O 
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Table 2 (Cont’d) 

ft tá 
» 

m<rn/rt* 

Diameter of flute reamer Dt nm 

ut 30 35 30 

& 
¿1 

r 
i 

* ?" 

t 
Ê * — 

- E 
E 

. c 
„ Í 
“7 

î 
'5- 

. * 
Ë 

<f 
E 

. K 

c? 
e 

«e- 

. K 

4 
F 

.* 
f¿ Ck 

i 

1 
B 

. t 
i 

h"? 
E 

0,»J 

e,35 

0,40 

0.45 

0.50 

0,60 

0.70 

o.au 

.15..5 

.12.5 

31 

28,5 

2() 

ftOu 

625 

575 

550 

505 

46(1 

207 

219 

230 

247 

252 

276 

41 

38 

35 

32.5 

31 

27.5 

25 

650 

605 

555 

515 

495 

440 

400 

195 

212 

222 

232 

247 

264 

280 

43.5 

40.5 

35.5 

35 

31 

29 

555 

515 

450 

445 

395 

370 

195 

206 

202 

222 

237 

259 

45 

42 

39.5 

.35 

32 

30 

480 

445 

420 

370 

340 

320 

192 

200 

210 

222 

238 

256 

Fttá 
s 

mm)rt* 

0,40 

0.45 

0.50 

0,60 

0.70 

0.Ö0 

Diameter of flute reamer D, mm 

as 40 45 50 

.t 
<?!. E 

"S- 
,1 
' Í 

E 

. t 

<rl 
F 

E c a. 

.r 

i 

F 

K 
¿•1 

F 
E « «X 1- 4 

F 

.r 
S £ .. e 

E 
*ï- 

.t 
i 

¿T 
E 

49 

45.5 

42.5 

38 

35 

33 

445 

415 

385 

345 

320 

300 

178 

1G7 

192 

207 

221 

240 

52.5 

49.5 

46.5 

41 

33 

35.5 

415 

390 

370 

325 

300 

280 

166 

175 

185 

195 

210 

224 

56.5 

53 

49.5 

44 

40.5 

38 

400 

375 

350 

310 

285 

270 

160 

169 

175 

186 

199 

216 

61 

56.5 

5.3.5 

47.5 

43.5 

40.5 

390 

360 

340 

300 

275 

260 

156 

162 

170 

180 

192 

208 

MCL-/*06/V 441 



Table 3 

Cutting Speeds v^q and Feeds per Minute sm in the Hose Reaming of Hardened 

Alloy Constructional Steels of - 51 by Hose Reamers Tipped With T15K6 Carbide 

Hose reamer shape (Fig.188): a - lO°r " - v » -is0, > - -1CP: A - 0°- 

in 

k' 

60u; - 15°; f - 0.3 to 0.5 mm; 

a0 - 10°; Y » -15°; yQ m -10°; -- u j 

a - 1.5 to 2.0 mm; l0 - 0.5 to 1.0 mm; 
- 1 mm 

The coolant and lubricant is of the following composition; 1QÍ emul'sol in 
soda water + 5Í sul’fofrezol 

? n 

VA 

•1!)-- 

1:) . 

14 . 

■If1 : 

15 

•K- —j 

54 _ l_ 
i 

—j 

56 ! - .. 

KCL-Z*06A 
60.j- 

UU2 



Table 3 (Cont’d) 

r*md 
t 

mm/rtv 

Ldameter of flute reamer D, mm 

iS 4U 5U 

C 
¿ Î 

f 

f t? **“ h. 

.f 

- f 
£ 

i 
¿i. 

f 
E 

P o- k 

270 

210 

210 

195 

c 
Ë 

* C~ - t 
I 

. K 

f 
E 

c ^ 

.C 

- i 

.*• 
A 
f 

E 
c 

■4 
i 

0,10 

0,50 

0,00 

0.70 
.. 

.31.5 

27.5 

21.5 

22.5 
_ __ 

285 

250 

220 

205 

114 

125 

1.32 

14.3 

31 

30 

20.5 

24.5 

108 

120 

120 

130 

30.5 

32 

28.5 

20 

200 

225 

2( K) 

185 

104 

113 

120 

130 

31.5 

30.5 

28 

220 

195 

180 

110 

117 

126 

Clarification With Fesrect to Cuttinp: Practicea 

Tables 1-3 present the recommended practices for rose reaming of alloy steels 

hardened to Hj^ - 38 to 51. The cutting speeds are calculated in accordance with 

eq. ( 21 ). 

The rose ream,er rpm n and the feeds per minute sm have been determined in ac¬ 

cordance with the following formulas: 

1000 V 

n~ -rir rpm ' 

Sm — sn mm/min. 

I 

The cutting conditions presented in the Tables of practice are based on a rose 

reamer life of T - 30 min, depth of cut t - 1.10 mm, and T15K6 carbide. 

For other conditions of work than these, the cutting speeds chosen from 

Tables 1-3 must be multiplied by correction factors KT and Kt, which allow, re- ! 

spectively, for other rose reamer life (Table /,) and depth of cut (Table 5). 

In the work with a rose reamer equipped with T15KÓT carbide, the cutting speeds 

selected from the Tables must be multiplied by the following correction factor 

Kc - 1.10. 

U3 MCL-406A 
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10 - i 

18 ; 

•>o 

L'4 

2 G 

L’y j 

30-J 

i 
Table U 

Correction Factor KT 

Pose reamer 
life T, min 10 20 30 40 :>o 60 75 'JO 120 150 180 

Value of 
Factor K-p 

1,64 ,, 1,00 0,88 0,80 0,73 0,66 0.61 0,54 0,48 0.45 

Table 5 

Correction Factor 

Depth of 
cut t, mm 

0,3 0,5 0,8 1,0 1,2 1.5 

Value of 
factor 

1.43 1.23 1,06 1,00 0,95 0 89 

n~2 

|> 4 

i * 

no 

ri*> 

ry ' 
KCL-406/V UA 
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APPaJDII VI 

’ 

o 

1 j 
I 
i 

f i 

8_.J 

in ] 

l:.’ 

1 > 

16 

18 

i 

L''j 

Table 1 

Cutting Speed and Nixr.ber of Passes in Cutting Thread on Alloy 
Constructional Steels Hardened to - 35 to 65 

°itC L s • rrjL i 

2 

3 

4 

bread 
ength 
l, hut. 

20 

20 

■10 

Hardness of Work Material Hj^ 
;is 65 

Cutting Conditions 
Passes 

hough iFinish 
Passes 

hough 

i t- 

Finish 

1 1.1 

4« 
38 

32 

58 

45 

38 

7 

11 

10 

27 

21 

18 

Passes 

Hough jFinish 

9 

15 

23 

12 

10 

8 

15 

11 

10 

Passes 

hough Finish 

II 

19 

30 

7,5 

6 

5 

i - Number of passes; v - Cutting speed at tool life T » 30 min. 
in n/min | 

28.. 
■ 8 

CO 
Clarification of Machining Practice in Cutting External Thread 

52 

:>j The practices presented in Table 1 provide for: 

i I 

3ti , ^ Plunging the cutter in roughing passes by the methods illustrated in 
\ : 

38 Figs.199b and c; in finishing passes by the method illustrated in Fig'.199a; 

1M J 2) For roughing cutters, the use of carbide VMS, and for finishing cutters the 
\ 

use of carbide T15K6; 

.j . i 
14 3J For roughing cutters the rake angle y - -3°, for finishing cutters Y - 0°; | 

‘ 4) for roughing and finishing cutters a - 13°, - 6°, Y - 0°; 

4 8 5) Lapping the cutters with boron carbide compound is absolutely essential; j 

50 , TiP rodius: r - 0.1* min for roughing cutters in thread for which pitch 

52 3 “0,2mx* r ’ °*6 IIJn for thread in which pitch s - 3 and 1* mm; for finishing cut- 

,-¡ tens r - 0.3 mm for thread in which pitch s - 2 mm; r - 0.1* mm for thread in which ! 

50 pitch 3 » 3 mm; r - 0.6 mm for thread in which pitch a - 1* mm. 

58 J ¡ 
KCL-1*06/V U5 

60—1............... 



1 

7) For internal thread, the number of passes should be increased by 20¾ and 

cutting speed should be reduced by 15 - 20¾ as compared to the tabular data. 

1:- 

11 
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20 
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