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FOREWORD

This Final Technical Report covers work performed under Contract
AF 33(615)-1385 from 15 May 1964 to 31 December 1965. The manu-

script was released by the author in December 1965 for publication
as an AFML Technical Report. |

This contract with Metcut Research Associates Inc., Cincinnati, Ohio,
was initiated under Manufacturing Methods Project 8-240, '"Machinability
of Materials.'" It is being accomplished under the technical direction of
Mr. Robert T. Jameson of the Advanced Fabrication Techniques Branch
. (MATF), Manufacturing Technology Division, Air Force Materials

. Laboratory, Wright-Patterson Air Force Base, Ohio.

Mr. Norman Zlatin, Director of Machinability Research at Metcut was
the engineer in charge. Others who cooperated in the preparation of
this report were: Dr. Michael Field, Dr. William P, Koster, and
Messrs. John Christopher and L. R. Gatto. This project has been
given the Metcut Research Internal Number 750-6000,

This project has been accomplished as a part of the Air Force Manu-
facturing Methods Program, the primary objective of which is to develop
on a timely basis manufacturing processes, techniques and equipment
for use in economical production of USAF materials and components,
The program encompasses the following technical areas:

.Rolled Sheet, Forgings, Extrusions, Castings, Fiber and
Powder Metallurgy, Component Fabrication, Joining, Forming,

- Material Removal, Fuels, Lubricants, Ceramics, Graphites,
Non-Metallic Structural Materials, Solid State Devices, Passive
Devices, Thermionic Devices

Your comments are solicited on the potential utilization of the information
contained herein as applied to your present or future production programs.
Suggestions concerning additional manufacturing methods development
required on this or other subjects will be appreciated.

This technical report has been reviewed and is approved.

IMalisinn. € . Daletl,

MELVIN E. FIELDS, COLONEL, USAF
Chief, Manufacturing Technology Division
Air Force Materials Laboratory
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ABSTRACT

FINAL REPORT ON MACHINABILITY OF MATERIALS

Norman Zlatin, Michael Field, William P. Koster, et al

In this program the machining characteristics were determined for
a variety of ultra high strength steels, titanium alloys, nickel base
alloys and cobalt base alloys of current production interest to the
Air Force. This group of alloys was the result of a field survey
intended to select the most difficult to machine materials presently

' being fabricated in aerospace components.

Most of the conventional machining operations on these alloys can be
performed with reasonable tool life, providing that specific machining
conditions are followed. This report presents recommendations

for particular machining operations. It should be noted, however,
that even small departures from suggested variables, such as cutting
speed, feed, cutting fluid, as well as tool material and geometry,
may result in a significant reduction in tool life.

High speed edge milling tests were also run on a select group of
materials. This particular operation is becoming increasingly
important in airframe fabrication. In addition, residual stress

and distortion studies were run on four high strength structural
alloys. The data developed give an indication of the large variations
possible in surface integrity as a function of machining conditions
employed.
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1. INTRODUCTION

Advances in aircraft and missile performance are tied closely to the
capabilities and limitations of materials from which these vehicles are
to be built, Higher performance aircraft as well as propulsion systems
require both alloys and non-metallics having increased structural
characteristics and/or ability to withstand higher and higher operating
temperatures. To be in keeping with this need, much effort has been
expended in developing vastly improved structural materials as well

as new materials systems.

Almost without exception, higher strength materials as well as higher

" temperature materials are more difficult to fabricate and machine than
their counterparts of lesser ability. The Air Force Manufacturing -
Methods Program, however, has been keeping pace with aerospace
materials development by providing production know-how in advance

of extensive production requirements. The subject MMP project is
concerned primarily with the conventional machining of these materials.
It has the following objectives: ’

1. To provide conventional machining data which have not been
made available previously for new and important aerospace
materials.

2. To extend the development of standardized machining data
into new areas which may be advantageous to aerospace
production,

3. To supply data to help solve specific machining problems in
the aerospace industry.

Phase I of this program consisted of a survey intended to isolate signifi- '
cant machining problems, followed by the formulation of a suitable
machining program, ’

Phase II consisted of development of machinability data on a group of

ultra high strength steels, titanium alloys and nickel base alloys. Data

was also developed on a single cobalt base alloy and a fiber reinforced
plastic.

The results of the program are summarized in this report.
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2. EQUIPMENT AND TESTING PROCEDURES USED

Turning

2.2

All of the turning tests described in this report were conducted on an
American Pacemaker 16" x 30" lathe equipped with a 30 HP variable
speed drive, illustrated in Figure 1, page 6. The spindle rpm could
be varied to maintain the required cutting speed for any workpiece
diameter, Carbide and high speed steel tools were used in the turning
tests. The turning test bars were 3" to 4'" in diameter by 18' long.

A skin cut of . 100" depth was taken on each test bar prior to making a

turning test to remove any surface effects. Both throwaway insert and
brazed carbide tools were used. '

The nomenclature for the single point lathe tools is shown in Appendix
A, page 437,

Face Milling

2.3

The face milling tests were performed on a Cincinnati No. 3 Horizontal
Dial and a Cincinnati No. 2 Vertical Dial Type Milling Machine,

These machines are shown in Figures 2 and 3, pages 7 and 8. Single
and multiple tooth carbide and high speed steel cutters were used in
face milling. The setups used are shown in Figure 4, page 9.

The milling test bars were clamped in position on the milling machine
using a specially designed fixture to insure maximum rigidity. All
test bars were 2" thick by 4" wide by 10" long. In most tests the 2"
side was milled; thus, the width of cut was 2", A clean-up machining

cut of 0.100" depth was made on all sides to remove any surface effects
on the test bar.

Tool geometry, tool material, cutting speed and feed were evaluated
using a 4'" diameter single tooth inserted cutter. A 4" diameter 8
tooth face milling cutter with inserted carbide tipped blades was used
for multiple tooth milling tests. The nomenclature for a typical face
milling cutter is shown in Appendix B, page 438.

Side Milling

The Cincinnati No. 3 Horizontal Dial Type Milling Machine shown in
Figure 2, page 7, was also used in the side milling tests. The same

size bars and setup used in the face milling tests were also employed
in the side milling tests.



2.

Side Milling (continued)

2.4

Several tool materials were evaluated over a range of cutting speeds
and feeds using a 4" diameter single tooth inserted tooth cutter.

The nomenclature for a typical cutter is shown in Appendix B, page
438, |

Peripheral End Milling and End Mill Slotting

2.

5

The end milling tests were made on the Cincinnati No. 2 Dial Type
Vertical Milling Machine shown in Figure 3, pzge 8. The test bar

was clamped in an 8'" heavy duty vise attached to the milling machine
table, Straight shank end mills were used and held in the machine with
an adapter, In addition to the standard integral cutting fluid system,
the machine was equipped with a spray mist applicator system in order
to evaluate cutting fluid application methods.

The test bars were 2" x 4" x 10" long. All heat treated bars were
first face milled to a depth of 0.100'" to remove any surface effects
on the bars.

Full width cuts 3/4" deep were made in 10" long test bars as shown
in Figure 5, page 10, Tool life is expressed in inches work travel
to obtain the specified wearland on the tool,

High speed steel end milling cutters were used. The cutters were
3/4" diameter, 4 flute right hand spiral, right hand cut. The nomen-
clature for end mills is illustrated in Appendix C, page 439.

Drilling

The drilling tests were performed on a 25" Fosdick Upright Drill
Press and a Cincinnati 16" Sliding Head Box Column Drilling Machine
equipped with a continuously variable speed drive to produce any
desired spindle speed in the speed range of 220 to 4500 rpm. An
additional variable speed unit was used to drive the feed mechanism,
making available feeds ranging from 0. 0001 in. /rev. to 0,015

in. /rev. This equipment is illustrated in Figure 6, page 11. The
drilling test samples were 1/2" thick plates cut from the 2' x 4"
milling bar stock. A face milling cut of 0. 060" was made on both
faces of each plate to remove any surface effects and provide a
smooth surface for drilling. '

Most of the drilling tests were performed using 1/4' diameter high
speed steel drills. Some tests were performed with smaller size
drills. Drills made from several types of high speed steels were
used. '
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2.5

Drilling (continued)

The drill nomenclature for standard point and crankshaft point grind
is illustrated in Appendix D, page 440,

The Cincinnati 16" Sliding Head Box Column Drilling Machine shown

in Figure 6, page 11, was also used for the reaming tests. The ream-

ing test samples were the 1/2" thick plates that had been used in the

Most of the reamiﬁg tests were conducted with letter I (. 272" dia.)

~ 6 flute high speed steel reamers. Four flute carbide reamers were

used on several of the metals reamed. Reamer sizes were used to
obtain 60% and 75% threads. The nomenclature for the reamers is
shown in Appendix E, page 441.

A special tapping machine with a variable speed drive and a 25"
Fosdick Upright Drill Press shown in Figures 6 and 7, pages 11 and
12, were used for the tapping tests. The tapping test samples were
1/2" thick plates with the previously reamed holes. The tapping tests
were run with 4/16-24 NF taps made from several high speed steels,
Tap nomenclature is indicated by Appendix ¥, page 442.

2.6 Reaming
drilling tests.

2.7 Tapping

2.8 Grinding

A Norton 8'" x 24'" Hydraulic Surface Grinder equipped with a 2 HP
variable speed spindle drive was used for the grinding tests. This
grinder is shown in Figure 8, page 13, and the test setup is shown in
Figure 9, page 14. A fixture was used to hold the test specimens,
which were 1" x 2" x 6'" long. This fixture was slotted at both ends
and in the center so that specimen thickness measurements could be
made without removing the specimen or fixture from the machine.

The effects of grinding conditions on grinding ratio (G) were evaluated.

The grinding ratio (G) is a measure of grinding wheel life, analogous
to tool life in other machining operations, and is defined as:

G _ Volume Metal Removed
B Volume Wheel Removed

A wheel size of 10" x 1" x 3" was used for all tests.



2.8

Grinding (continued)

2.9

The following procedure was used for grinding tests. Before the
grinding tests were started, a 0.030" deep by 1/2" wide step was
dressed in the grinding wheel; see Figure 9, page 14. This step was
used as a reference in measuring wheel wear. A 0.0001" dial
indicator mounted on a fixture attached to the wheel housing was
brought in contact with this step and the indicator was set to read zero.
The indicator was then moved to the upper step or grinding surface of
the wheel and the initial reading was taken. Indicator readings were
taken after 0,025'" or after .050" depth metal removed. The differ-
ence between the initial indicator reading and successive readings
was a measure of the radial wheel wear. The initial outside diameter
of the wheel was accurately measured before each test with a vernier
caliper. The volume of wheel removed was calculated from initial
and final wheel diameters. Grinding ratios were calculated corres-
ponding to 0. 050" stock removal.

Cutting Tool Nomenclature

High speed steel and carbide cutting tools were used for this program.
In general, the commercial designation for these materials is used
throughout this report. An identification of these cutting tool
materials is presented in Appendices G and H, pages 443 and 444.

A hardness conversion chart is shown in Appendix J, page 446.
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End milling tests were performed on a Cincinnati No. 2 Vertical
Dial Type Milling Machine, A spray mist cutting fluid applicator
is shown on the machine, A rotary seal is shown attached to the
top of a hollow draw bar for applying spray mist or cutting fluid

through a hole along the axis of the rotating cutter.

See Text, page 2 - 8 - Figure 3



Face Milling Setups
Illustrating Up and Down Milling

Centerline of Cutter on
Centerline of Workpiece

Cutter Rotation

Work Feed

>

((((((((( ¢

Down Milling

Up Milling

See Text, page 2

Figure 4
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Drilling tests were performed on a Fosdick 25" Upright Box Column
Drill Press (right) and a Cincinnati 16" Box Column Drilling

Machine. Both machines are equipped with continuously variable feed
drive units to provide feeds from .0001 to . 025 inches/rev.

See Text, page 3 - 11 - Figure 6
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Tapping tests were performed on a special tapping machine
equipped with a continuously variable speed drive. Available
spindle speeds range from 70 to 4000 rpm.

See Text, page 4

Figure 7
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.0001" Dial Indicator

.030" Initial Reading

. 000" Reference ——e=

Grinding Wheel
10" x 1" x 3"

Wheel
R_otation

s S

l.a—— Test Bar

Table Feed

GRINDING TEST SETUP

See Text, page 4 - 14 -

Figure 9



3. MACHINING ULTRA-HIGH STRENGTH STEELS

Within the aerospace industry the ultra-high strength steels are used for a

wide variety of structural parts which operate at temperatures as high as

- 600-800°F. Major use is found in applications calling for maximum strength
and maximum rigidity. Typical components include landing gears, ribs, spars,
struts and fasteners. Because of strength-weight-toughness requirements,
ultra-high strength steels are also used for rocket motor cases, fuel cells

and similar pressure vessels., A fairly new class of materials within this
group, the maraging steels, is used for the same range of applications, but

predominantly in situations requiring an absolute minimum of distortion
during processing. '

3.1 AISI 4340 Steel
| Alloy Identification

The nominal analysis of AISI 4340 is as follows:
Fe-0.8Cr-1.8Ni-0.4C

Material for milling tests was procured as 2'" x 4" bar stock in the hot
rolled-annealed condition. Drilling stock was obtained as 1/2" x 4"
bar stock in the cold drawn-annealed condition.

Part of the material was subsequently re~annealed in annealing carbon
with the following cycle:

1650°F/1 hour/furnace cool at 50°F per hour to 1450°F/air cool

The resulting hardness was 207-217 BHN. The microstructure, con-
sisting of ferrite and fine pearlite which have been partially spheroid-
ized, is illustrated below:

o, g
.‘ ! SN
X ‘a{§r L)

[ Booes T &M T
}% rog '} x%‘; x :' o
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s
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AISI 4340, Annealed
Etchant: Nital Mag: 1000X

~ 15 -




3.1

________”

AISI 4340 Steel (continued)

The remainder of the material was normalized from 1600°F, resulting
in a hardness of 321-341 BHN., The structure, consisting of a mar-
tensite matrix with some dispersed acicular bainite, is illustrated below:

AISI 4340, Normalized

Etchant: Nital Mag: 500X

Peripheral End Milling (Annealed, 207-217 BHN)

A comparison of conventional milling with climb milling AISI 4340
steel annealed to 207-217 BHN is presented in Figure 10, page 19.
The setup used is shown in Figure 5, page 10. Cutter life was almost
2-1/2 times longer with climb milling than with conventional milling
at a cutting speed of 190 ft. /min, and a feed of . 004 in. /tooth., As
shown in Figure 11, page 19, cutter life was maximum at a feed of

about . 004 in. /tooth for peripheral end milling AISI 4340 steel in the
annealed condition,

A further improvement in cutter life was obtained when the cutting
fluid was changed from soluble oil to an active sulfurized oil. An
increase of more than 50% in cutter life resulted when the active oil
was used as compared to the soluble oil at a cutting speed of 190

ft. /min., see Figure 12, page 20.

- 16 -



.1

AISI 4340 Steel (continued)

End Mill Slotting (Annealed, 207-217 BHN)

The tool life curves for two feeds over a range of cutting speeds for
slotting are shown in Figure 13, page 20. Note that while the tool
life was somewhat greater at a feed of . 002 in. /tooth than at . 004
in, /tooth, the fact that at the higher feed the metal removal rate
was double that at . 002 in. /tooth more than justifies using the feed
of . 004 in. /tooth. See Figure 5, page 10 for the setup used.

Figure 14, page 21, illustrates the effect of feed on tool life for
several cutting speeds. Even at a cutting speed of 153 ft. /min., the
decrease in cutter life for the higher feed was only minor compared
to doubling the metal removal rate at the feed of . 004 in, /tooth.

As shown in Figure 15, page 21, a 15 to 20% increase in tool life was
obtained by substituting an active sulfurized oil for the soluble oil.

The comparison is shown for a light feed of . 002 in. /tooth.

Drilling (Annealed, 207-217 BHN)

The drill life in drilling AISI 4340 steel in the annealed condition
(207-217 BHN) is substantially greater when using a highly sulfurized
oil compared to a soluble oil. As shown in Figure 16, page 22, at

a drill life of 250 holes, the cutting speed with a highly sulfurized

oil was over 60% faster than with a soluble oil.

It is interesting to note in Figure 17, page 22, that when soluble
oil was used the drill life was considerably lower at a feed of . 005
in, /rev. as compared to . 002 in. /rev. However, as presented in
Figure 18, page 23, with an active sulfurized oil the drill life was
approximately the same for the two feeds. From these results, a
feed of . 005 in. /rev. would be recommended at a cutting speed of
100 to 125 ft, /min. with an active cutting oil.

- 17 -
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Drill Life - number of holes

| | | |
Drillig&AISI 4340 Steel Annealed 207-217 BHN

Effect of Cutting Speed and Feed

Drill: 1/4" Dia. M-1 HSS
Screw Machine Length

Point Angle: 118° Point Type: Plain
Clearance Angle: 7°
Helix Angle: 29°

Feed: See below :

Cutting Fluid: Highly Sulphurized Oil

Depth of Hole: .500" through

Drill Life End Point: .015'" wearland

300

250 |

200

150

100

50

100 120 140 160 180 200

Cutting Speed - feet/minute

See Text, page 17 . =23 - Figure 18



.1

AISI 4340 Steel (continued)

Peripheral End Milling (Normalized, 321-341 BHN)

The results of peripheral end milling of AISI 4340 steel normalized
to 321-341 BHN with both water base and oil base cutting fluids are
presented in Figure 19, page 27.

Climb milling was used throughout
these tests,

since it was found in similar tests on the annealed steel

- that climb milling was superior to conventional milling. Under the

conditions employed in these tests, there were no significant differ-
ences between the tool life results obtained with (1) highly sulfurized
oil, (2) soluble oil (flood), or (3) soluble oil (spray mist).

Figure 20, page 27, shows a comparison of peripheral end milling
AISI 4340 steel in two heat treated conditions, namely annealed and
normalized. The importance of selecting the proper heat treated
form before starting the rough machining is quite evident from this
comparison. Note that for a tool life of 200 inches of work travel,
the normalized 4340 steel must be peripheral end milled at 70

ft. /min. as compared to 210 ft. /min. for the annealed steel; a 300%

increase in cutting speed.

End Mill Slotting (Normalized, 321-341 BHN)

The effect of cutting speed and cutting fluid on tool life in end mill
slotting 4340 steel in the normalized condition is demonstrated in
Figure 21, page 28, The soluble oil (1:20) was far superior to the
highly sulfurized oil. For a tool life of 150 inches the cutting speed
with the soluble o0il was more than double that used with the highly
sulfurized oil. As shown in Figure 22, page 28, the cutting speed
at which a 4340 steel in the annealed condition (207-217 BHN) can
be end mill slotted is far higher than that for a 4340 steel in the
normalized condition. The cutting speed for the annealed 4340 steel

was over 300% faster than for the normalized 4340 steel at a tool
life of 200 inches of work travel,

It is demonstrated in Figure 23, page 29, that the feed should not
exceed .002 in. /tooth in slotting normalized 4340 steel with an end
mill. The tool life decreased more than 40% when the feed was
increased from . 002 to . 004 in. /tooth.

- 24 -



3.1 AISI 4340 Steel (continued)

Drilling (Normalized, 321-341 BHN)

Comparisons of the results obtained in drilling the 4340 steel in
the normalized condition (321-341 BHN) with two cutting fluids and
at two feeds are shown in Figures 24 through 28, pages 29 through
31. As shown in Figure 24, page 29, the drill life was approximately
the same for both the soluble oil (1:20) and the highly sulfurized oil
at a feed of . 002 in. /rev. and a cutting speed of 50 ft. /min.
However, in the cutting speed range of 20 to 30 ft. /min. and a

feed of ., 005 in. /rev. the soluble oil was appreciably better, see
Figure 30, page 36. For a drill life of 175 holes, the cutting speed
with the soluble oil was 30 ft. /min. as compared to 20 ft. /min.
with the sulfurized oil.

Comparisons of the drill life results at the two feeds of . 002 and
. 005 in. /rev. for each of the cutting fluids are shown in Figures 26
and 27, pages 30 and 31. While the drill life with the lighter feed
of . 002 in. /rev. was considerably greater than at a feed of . 005
in. /rev., the production rate was about 60% greater at the . 005
. -+ in. /rev. feed than at the lighter feed with equivalent drill life with
- the soluble oil.

The advantage of machining in the annealed condition, although not

s as great as in the milling operations, also exists in drilling, see
Figure 28, page 31. The cutting speed for a drill life of 175 holes
was over 50% higher on the annealed steel as compared to the
normalized steel,

- 25 -
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3.2 Db6AC Steel

Alloy Identification

The nominal analysis of D6AC is as follows:
; Fe-1Cr-0.5Ni-1Mo-0.46C

1 The material for the tests described in this report was procured as 2'" x
‘ 4" bar stock in the hot rolled-annealed condition. To assure uniformity,
i the bars were re-annealed in annealing carbon as follows:

1450F/4 hours/furnace cool to 1200F/air cool

The resulting hardness was 217-229 BHN. The microstructure obtained,
ferrite plus very fine pearlite, somewhat segregated, is illustrated
‘ below.

D6AC, Annealed

Etchant: Nital Mag: 1000X
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.2

D6AC Steel (continued)

Peripheral End Milling (Annealed, 217-229 BHN)

A comparison of conventional and climb milling is made in Figure 29,
page 35, in peripheral end milling D6AC steel in the annealed condi-
tion having a hardness of 217-229 BHN. A 60% increase in cutting
speed was accomplished by using climb milling over conventional
milling.

The difference in cutter life when using a highly sulfurized oil or a
soluble oil either in flooding the cutting tool or as a spray mist is
negligible. As shown in Figure 30, page 35, cutter life was slightly
longer when flooding the tool with soluble oil.

The test results presented in Figure 31, page 36, show that a feed of
. 004 in. /tooth was optimum using either a soluble oil or a highly
sulfurized oil. Cutter life decreased approximately 30% at a feed of
.002 in, /tooth and 20% at . 005 in. /tooth compared to a feed of .004
in, /tooth.

End Mill Slotting (Annealed, 217-229 BHN)

Tool life curves for a range of cutting speeds using soluble oil and
highly sulfurized oil are shown in Figure 32, page 36. Note that for
equivalent tool life, the cutting speed with the soluble oil was approxi-
mately 20% faster than with the highly sulfurized oil. Note that in
peripheral end milling the sulfurized oil was far superior to the
soluble oil,

Figure 33, page 37, indicates the rapid decline in tool life as the feed:
was increased beyond . 002 in. /tooth. With the soluble oil at a cutting
speed of 124 ft. /min. cutter life decreased from 215 inches of work
travel to 132 inches as the feed was increased from . 002 to . 004

in. /tooth.

Drilling (Annealed, 217-229 BHN)

Figures 34 and 35, pages 37 and 38, present the tool life curves for
drilling D6AC steel annealed (217-229 BHN) using feeds of . 002 and

. 005 in. /rev. with two different cutting fluids. Note in Figure 34,
page 37, that for a given cutting speed the drill life with the . 002

in. /rev. feed was more than double that obtained with the feed of . 005

in. /rev. However, if the cutting speed is reduced approximately 30%,

the higher feed of . 005 in. /rev. will produce the same number of holes
as the lighter feed and at a much higher production rate. Almost the
same situation existed when a soluble oil was used, see Figure 35,
page 38. .

A comparison is also shown in Figure 34, page 37, of the tool life
results obtained with a soluble oil and a highly sulfurized oil at a feed
of . 005 in. /rev. An appreciable increase in drill life resulted when
the highly sulfurized oil was used.
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Drilling D6AC Steel Annealed 217-229 BHN
Effect of Cutting Speed and Feed

- Drill: 1/4'" Dia. M-1 HSS Screw Machine -

Length
Point Angle: 118° Clearance: 7°
Helix Angle: 29° Point Type: Plain

Feed: See below

Depth of Hole: 1/2'" through

Cutting Fluid: Soluble Oil (1:20), unless
otherwise noted

Tool Life End Point: .015" wearland

|
300 @)

—— ]

e O

250

200

.005 in. /rev.
/  Highly Sulphurized Oil

150

' Tbol Life - number of holes

100

50

75 100 125 150 175

Cutting Speed - feet/minute

See text, page 33 - 38 - Figure 35



18% Nickel 250 Grade Maraging Steel

Alloy Identification

The nominal analysis of the 250 grade maraging steel is as follows:

Fe-18Ni-7.8Co-4.9Mo-.02C-.5Ti-. 1Al

The alloy is normally martensitic and may be further strengthened
by an aging process known as maraging.

The material for the machining tests was procured as 4' square bars
in the hot rolled-annealed condition. This material had been solution
annealed at the mill as follows:

1500°F/1 hour per inch of thickness/air cool
The resulting solution annealed hardness was 311-341 BHN. The

microstructure of the annealed material, consisting of roughly
equiaxed plate-like martensite, is shown below.

18% Nickel 250 Grade Maraging Steel, Annealed

Etchant: FeClj Mag: 500X

A portion of this material was also evaluated in the aged condition,
using the standard maraging treatment, as follows:

900°F/3 hours/air cool

-39 -



3.

3

18% Nickel 250 Grade Maraging Steel (continued)

This treatment resulted in a hardness of 50-53 R.. The micro-~
structure of the aged grade, which is illustrated below, consists
of a martensitic matrix strengthened by intermetallics precipitated
from the aging operation.

18% Nickel 250 Grade Maraging Steel, Aged

Etchant: FeCljy Mag: 500X

Turning (Annealed, 341 BHN)

The effect of cutting fluid on tool life in turning the 18% nickel 250
grade maraging steel in the annealed condition with HSS tools is shown
in Figure 36, page 48. The soluble oil (1:20) used in turning this
steel with type M-2 HSS tools permitted a 10% higher cutting speed
than the highly chlorinated oil for a given tool life, A comparison of
the two types of cutting fluids at a cutting speed of 80 ft. /min. shows
that the tool life with the highly chlorinated oil was only 36 minutes as
compared to 82 minutes with the soluble oil (1:20),

The results of turning with two types of HSS tools are plotted in
Figure 37, page 48. The T-15 HSS tools permitted a 7% higher
cutting speed than the M-~-2 HSS tools for a tool life of 60 minutes.

The cutting speed was 84 ft. /min. with the M-2 tool and 90 ft. /min.
with the T-15 tool.
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18% Nickel 250 Grade Maraging Steel (continued)

Four grades of carbides are compared in Figure 38, page 49, in turn-
ing. Note the steepness of the tool life curves. Increasing the cutting
speed from 490 ft. /min. to 500 ft. /min. with the K-8 (the best of the
group tested) carbide resulted in decreasing the tool life from over 40
minutes to less than 10 minutes. The 883, 370 and K-68 tools did not
perform as well as the K-8 carbide.

As indicated in Figure 39, page 49, a 20% increase in cutting speed
was obtained by using a soluble oil (1:20) instead of cutting dry in
turning the 250 grade steel in the annealed condition with a carbide
tool.

Face Milling (Annealed 321 BHN)

A comparison of T-15 and M-2 high speed steels is shown in Figure 40,
page 50, in face milling 250 grade maraging steel annealed to 321 BHN
over a range of feeds. The average tool life was about 30% higher with
the T-15 over the M-2. Also, both types of high speed steels produced
appreciably higher tool life at the lighter feeds. However, as shown
in Figure 41, page 50, if the cutting speed is reduced about 25%, a
reasonable cutter life can be obtained at a feed of . 005 in. /tooth with
both types of high speed steels. Thus, for equivalent tool life, the
production rate would be appreciably higher by using a cutting speed -
of 142 ft. /min. and a feed of . 005 in. /tooth than at a cutting speed of
178 ft. /min. and a feed of . 003 in. /tooth. The difference in the per-
formances of the T-15 and M-2 high speed steels was not significant at
the lower cutting speed and a feed of . 005 in. /rev.

Note in Figure 42, page 51, that the tool life with the highly chlorinated
oil was about 30% longer at a cutting speed of 142 ft. /min. than that
obtained with a soluble oil using an M-2 high speed steel cutter.

Figure 43, page 51, shows the effect of tool geometry on tool life in
face milling the skin of the annealed 250 grade maraging steel. It is
quite apparent that axial rake should be positive, while the radial rake

should be about 0° for the longest tool life. The combination of 10°
positive axial rake with a 0° radial rake angle produced a 60% longer

tool life than that obtained with -7°, -7° axial and radial rake angles.,
In Figure 44, page 52, a comparison is made of face milling both the
skin and under the skin over a range of feeds. Note that a different
cutting speed was used for each curve. The effect of feed on tool life
is more critical when cutting the skin. The tool life dropped from
140 to 12 inches of work travel as the feed was increased from . 003
to . 008 in. /tooth, while when face milling under the skin for the same
feed range, the tool life dropped less than 50%. Again, by using a

- 41 -




18% Nickel 250 Grade Maraging Steel (continued)

slower cutting speed, as shown in Figure 45, page 52, a reasonable
tool life can be obtained at a feed of . 005 in. /tooth. Note in Figure 45,
page 52, that for a given tool life the cutting speed under the skin was
almost double that when face milling the skin.

It is quite obvious from Figure 46, page 53, that the annealed 250 grade
maraging steel should be face milled dry. At a given cutting speed,
the tool life was almost double that obtained with a soluble oil.

A comparison is made in Figure 47, page 53, between a single tooth
and an eight tooth cutter in face milling 250 grade maraging steel
annealed to 321 BHN., It is quite apparent from these curves that the
cutter life per tooth was appreciably less with the multiple tooth cutter.
However, it should be noted that while, for a given tool life per tooth
the single tooth cutter performed at twice the cutting speed at which
the eight tooth cutter performed, the eight tooth cutter was still pro-
ducing chips four times as fast as the single tooth cutter. Since the
cutter had eight teeth and was cutting at approximately half the cutting
speed, the production rate was four times as great.

Side Milling (Annealed 321 BHN)

Figure 48, page 54, shows the effect of tool geometry on tool life in
side milling 250 grade maraging steel annealed to 321 BHN. The
differences in the tool life values obtained were not very great for the
three tool geometries used. However, the tool with the positive rake
angles did produce the longest tool life. Using a tool with 5° positive
axial and radial rake angles, it was found as shown in Figure 49,
page 54, that the tool life was longer for the lighter feeds. At a feed
of . 003 in. /tooth a tool life of 145 inches of work travel was obtained,
while at a feed of . 005 in. /tooth the tool life was 95 inches of work
travel. Nevertheless, it was found that by reducing the cutting speed,
a reasonable tool life could be obtained with a feed of . 005 in. /tooth.
For example, as shown in Figure 50, page 55, with the K-6 carbide
a tool life of 180 inches of work travel was obtained at a cutting speed
of 675 ft. /min. using a feed of . 005 in. /tooth.

Peripheral End Milling (Annealed 321 BHN)

A feed of about .004 in. /tooth was found to be the optimum for the
conditions shown in Figure 51, page 55, for peripheral end milling

250 grade maraging steel in the annealed condition. This feed produced
the longest tool life with both the soluble oil and the highly chlorinated
cutting fluids. The tool life at a feed of . 006 in. /tooth was only 50%

of that obtained at a feed of . 004 in. /tooth. Note also that the tool life

- 42 -



18% Nickel 250 Grade Maraging Steel (continued)

was 50% better using a soluble oil over that obtained using a highly
chlorinated oil. Figure 52, page 56, illustrates how the tool life
changes with cutting speed when using a feed of . 004 in. /tooth. This
chart indicates that the cutting speed should be about 175 ft. /min.
when peripheral end milling the annealed maraging steel.

Cutter deflection is one of the more serious problems in peripheral
end milling of deep pockets. When this occurs, the machined surface
along the axial length of the cutter (width of cut) is tapered. This
condition is illustrated by Figure 53, page 56.

A comparison is shown in Figure 54, page 57, of the cutter deflection
that occurred for various flute lengths as the tool became dull at a
depth of cut of . 125" for 3/4'" dia. cutters. Note that the deflection
with a cutter having a 3" flute length was almost six times greater
than that with a cutter having a 3/4" flute length vhen the wearland
was . 008", It is also interesting to note that the deflection with both
of the cutters having 3/4" and. 1-5/8" flute lengths remained constant
as the wearland increased up to . 008", '

In Figure 55, page 57, with a depth of cut of . 250" the deflection of
the cutter increased rapidly as the wearland on the cutter developed.
For example, with the cutter having 3/4'" flute length the deflection
was . 005" at a wearland of . 004" and . 008" deflection at a wearland
of . 008", Note also that the flute length of the cutter was more
critical for the higher depth of cut.

Figure 56, page 58, shows the deflection that resulted with a cutter
having a 3" flute length for various depths of cut as a tool became dull.
Note that the deflection of the cutter was from 2-1/2 to 4 times greater
at a depth of cut of . 250" as compared to a depth of cut of . 062" for a
3/4" dia. cutter.

End Mill Slotting (Annealed 321 BHN)

Cutter life in end mill slotting 250 grade maraging steel in the annealed
condition is sensitive to the feed. As shown in Figure 57, page 58,

the cutter life was negligible at . 003 in. /tooth using soluble oil at a
speed of 143 ft. /min., while at .002 in. /tooth 62 inches of work was
slotted. The feed was less critical when using the highly chlorinated
oil, for the tool life at . 002 in. /tooth was 84 inches as compared to

72 inches for . 003 in. /tooth feed. A more drastic change in tool life
occurred, however, when the feed was increased still further to . 004
in. /tooth.
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18% Nickel 250 Grade Maraging Steel (continued)

In order to get a reasonable cutter life one should use an active cutting
oil such as a highly chlorinated oil. As shown in Figure 58, page 59,
a maximum tool life even at a cutting speed of 115 ft. /min. was only
65 inches of work travel when using a soluble oil., However, with the

highly chlorinated oil, at a cutting speed of 142 ft. /min. a cutter life
of 200 inches of work travel was obtained.

As shown in Figure 59, page 59, the T-15 high speed steel cutter
produced appreciably longer tool life than the M-2 high speed steel
cutter when using a soluble oil. At a cutting speed of 145 ft. /min.,
the cutter life with the M-~2 high speed steel tool was 60 inches of

work travel as compared to 120 inches with the T-15 high speed steel
cutter,

Drilling (Annealed 321 BHN)

A comparison of the tool life curves obtained with three different types
of cutting fluids over a range of feeds is shown in Figure 60, page 66.
Note that drill life dropped sharply when the feed was decreased from
. 005 in. /rev. to .002 in. /rev. using a high sulfurized oil. Under the
same conditions but with a highly chlorinated oil, a sharp increase in
drill life resulted when the feed was decreased to . 002 in. /rev. A
further comparison of the three cutting fluids is shown in Figure 61,

page 60, for a range of cutting speeds. A feed of .005 in. /rev. was

used in these tests. The highly sulfurized oil was superior to both of

the other two types of cutting fluids, For a drill life of 125 holes, the
cutting speed was 10% higher with the highly sulfurized oil as compared

to the highly chlorinated oil. The soluble oil was the poorest of the
three.

The curves in Figure 62, page 61, compare the results obtained in
drilling 1/2" deep through holes with 1/2'" deep blind holes. Note that
for a given drill life the through holes could be drilled 10% faster than
the blind holes. Also, at a cutting speed of 100 ft. /min. the drill life
on the blind holes was 25 holes as compared to 125 through holes.

Data is presented in Figure 63, page 61, for deep hole drilling the

250 grade maraging steel in the annealed condition. The drill diameter
was 1/8'" and the depth of hole 1/2". A drill life of 75 holes was obtained
at a cutting speed of 55 ft. /min. when the hole was drilled in one step.
The cutting speed could be increased to 75 ft. /min. with the same drill
life when the hole was drilled in two steps (1/4'" deep each step). By
drilling the hole in three steps, namely 1/4", 1/8'" and 1/8", the drilling
speed could be further increased to 85 ft. /min.
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18% Nickel 250 Grade Maraging Steel (continued)

Reaming (Annealed 321 BHN)

Active cutting oils appear to be much more effective in reaming 250
grade maraging steel in the annealed condition than soluble oil. As
shown in Figure 64, page 62, with either the highly sulfurized or
highly chlorinated oil the cutting speed for a given number of holes
reamed was more than double that obtained with a soluble oil. At a
feed of . 009 in. /rev., this steel could be reamed at a cutting speed
of 150 ft. /min. using one of the active cutting oils.

Tapping (Annealed 321 BHN)

A tool life curve showing a relationship between tool life and number
of holes tapped and cutting speed is presented in Figure 65, page 62.
With the highly sulfurized oil it was possible to tap 175 holes at a
cutting speed of 150 ft. /min. '
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18% Nickel 250 Grade Maraging Steel (continued)

Turning (Aged 52-53 R¢)

A comparison of several types of high speed steel tools is presented
in Figure 66, page 72, in turning the 18% nickel maraging steel 250
grade aged to a hardness of 52-53 R¢. The cutting speeds with the
two premium grades %-15 and M-44 were approximately 30% higher
than with the type M-2 high speed steel tool. The difference in the
cutting speeds for a given tool life with the T-15 and M-44 tools was
negligible, however, at a cutting speed of 60 ft. /min. the tool life with
the T-15 high speed steel tool was more than 50% greater than with the
M-44 tool.

The tool life curves shown in Figure 67, page 72, indicate the advantage
of using a soluble oil (1:20) over a highly chlorinated oil in turning the
aged 250 grade of maraging steel. The cutting speed was 40% higher
with the soluble oil.

Note in Figure 68, page 73, how critical the feed is when turning a
steel at a hardness level of 52-53 R¢ with a high speed steel tool. The
tool life at a feed of . 003 in. /rev. was 67 minutes, which was double
that obtained at a feed of . 005 in. /rev. At a feed of . 009 in. /rev. the
tool life was less than 5 minutes.

The results of turning the aged 250 grade maraging steel with several
different grades of carbides are plotted in Figure 69, page 73. The
harder grade of carbide K-8 was superior to the grade 883. The
cutting speed with the K-8 carbide was about 50% faster than with the
883 carbide. The tool life was even less with the 370 and K-2S grades.
A comparison of the performance of the best high speed steel tool
tested, T-15 (see Figure 66, page 72), with that of the K-8 carbide
tool shown in Figure 69, page 73, reveals that not only can the carbide
tool be used at a cutting speed that is at least 4 times faster but the
feed is also 80% greater.

The feed curve in Figure 70, page 74, indicates that feeds up to about
.009 in. /rev. are suitable with carbide tools. While a lighter feed of
. 005 in. /rev. provided an appreciably longer tool life in terms of
minutes, the feed of . 009 in. /rev. is 80% faster. As a matter of fact,
as shown in Figure 69, page 73, a 20% reduction in cutting speed at
the higher feed would result in about the same tool life in terms of
minutes. In addition, the combination of slightly lower cutting speed
and the higher feed would have the advantage of a higher production
rate. '
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18% Nickel 250 Grade Maraging Steel (continued)

The relative production rates at which the 250 grade maraging steel

in the annealed (341 BHN) compared to the aged (53 R¢) conditions

can be turned with high speed steel tools are indicated in Figure 71,
page 74. Note that not only is the cutting speed on the steel in the aged

condition 30 to 50% less than that on the annealed steel, but the feed is
also 40% less. |

A comparison is presented in Figure 72, page 75, of turning with
carbide tools the 250 grade maraging steels in two heat treated condi-
tions: 1) annealed 341 BHN, and 2) aged 52-53 R.. The annealed

steel (341 BHN) could be machined about 70% faster than the aged steel
(53 R¢). This fact should be noted when the decision must be made

regarding rough turning in the annealed conditions and finish turning
in the aged condition. '

Face Milling (Aged 50 R¢)

The longest tool life in face milling 250 grade maraging steel aged to
50 Rc was obtained at the lighter feeds. As shown in Figure 73,

page 75, there was an appreciable decrease in tool life as the feed

was increased from . 003 in. /tooth to . 008 in. /tooth. This occurred
both with the highly chlorinated oil and the soluble oil in face milling
with a T-15 high speed steel cutter. However, it should again be noted
that a higher production rate can be obtained by reducing the cutting
speed 20% using a feed of . 005 in. /tooth. A comparison of the T-15
and M-2 high speed steels is shown in Figure 74, page 76. The cutter
life was about 75% longer with the T-15 over the M-2 high speed steel
at a cutting speed of 74 ft. /min. For an equivalent tool life, the cutting
speeds were about 15% higher when using the T-15 high speed steel
instead of the M-2. Also, as shown in Figure 75, page 76, the highly
chlorinated oil is superior to the soluble oil. The highly chlorinated
oil permitted 10% higher cutting speeds than the soluble oil.

Figure 76, page 77, shows a comparison of the results obtained with
four grades of carbide in face milling the 250 grade maraging steel in
the aged condition. The C-2 grade appeared to be by far superior to the
C-6 grade. Of the C-2 grades used, the 883 grade produced the longest
tool life. A tool life curve for this grade of carbide is shown in Figure 77,
page 77. At a cutting speed of 115 ft. /min., tool life was 120 inches.
As one might expect, the tool geometry is critical when the metal to be
machined has a hardness of 50 R¢ or higher. This is illustrated in
Figure 78, page 78. While in the annealed condition, the tool geometry
having a 10° positive axial and 0° radial rake was superior; on the

material in the aged condition, the reverse was true. A tool geometry
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18% Nickel 250 Grade Maraging Steel (continued)

of -15° axial rake and -7° radial rake was far superior to any of the
other tool geometries used. At a cutting speed of 220 ft. /min., the
light feeds were far superior to the heavier feeds. The tool life curve
showing the relation between feed and tool life in Figure 79, page 78,
shows that increasing the feed from . 002 to .004'' resulted in decreasing
tool life 60%. The tool life curve shown in Figure 80, page 79, indicates
that cutting dry is far superior to either face milling with soluble oil or
with the highly chlorinated oil.

A single tooth cutter is compared with an 8 tooth cutter in face milling
250 grade maraging steel aged to 50 R¢ in Figure 81, page 79. In
order to obtain a cutter life of 18 inches of work travel per tooth at

a cutting speed of 286 ft. /min., a feed of . 005 in. /tooth could be used
with the single tooth cutter, while the feed would have to be reduced to
. 002 in. /tooth with the multiple tooth cutter. In spite of this reduction
in feed per tooth, the multiple tooth cutter would be advancing at the
rate of . 016 in. /rev., while the single tooth cutter would advance only
at the rate of . 005 in. /rev. In other words, the eight tooth cutter
would be cutting a little over three times as fast as the single tooth
cutter. A further comparison of the multiple tooth cutter with the single
tooth cutter is presented in Figure 82, page 80, at a feed of . 004

in. /tooth. In this case, for a tool life of 30 inches of work travel per
tooth, the cutting speed with the single tooth cutter would be 270

ft. /min. as compared to 170 ft. /min. with the multiple tooth cutter.
However, the production rate with the multiple tooth cutter would be
four times higher than the single tooth cutter, and thus, the use of the
multiple tooth cutter would be justified.

Side Milling (Aged 50 R¢)

The results shown in Figure 83, page 80, indicate that a high negative
rake should be used for both the radial and axial rake angles in side
milling 250 grade maraging steel aged to 50 Rc. Note that a cutter
having a 15° negative axial rake and a 7° negative radial rake angle
produced three times the tool life that a cutter having a 00 axial rake
and a 0° radial rake angle produced. Also note in Figure 84, page 81,
that the cutter life in side milling decreased rapidly at feeds other
than . 004 in. /tooth. For example, the cutter life decreased from 72
inches of work travel at a feed of . 004 in. /tooth to 24 inches of work
travel at a feed of , 006 in. /tooth. Also, when the feed was decreased
to . 002 in, /tooth, the cutter life dropped to 60 inches of work travel.

- 65 -




.3

18% Nickel 250 Grade Maraging Steel (continued)

shows the results of such a comparison.

The C-2 grades of carbide should be used in side milling. The cutter
life with a C-2 grade was several times better than that obtained with
the C-5 or C-6 grades of carbide, as shown in Figure 85, page 81.
Also, it is desirable to side mill the 250 grade maraging steel in the
aged condition dry rather than using a soluble oil. Figure 86, page 82,

The cutting speed for a given
tool life was more than double when the material was side milled

without a cutting fluid, as compared to that obtained when using a
soluble oil.

Peripheral End Milling (Aged 50 R¢)

The effectiveness of each of two types of cutting fluids is shown in
Figure 87, page 82, in peripheral end milling 250 grade maraging
steel aged to 50 Rc. Note that the curves are drawn for a range of
feeds at different cutting speeds. Cutter life decreased rapidly with
increased feed using the highly chlorinated oil at a cutting speed of
101 ft. /min. In the light feed range, tool life did not change for the
feed range of . 001 to . 002 in. /tooth when a soluble oil was used at a
speed of 65 ft. /min. However, beyond this point, tool life decreased
rapidly. A further comparison is made between the highly chlorinated
0il and the soluble 0il over a range of cutting speeds in Figure 88,
page 83. Note that for a tool life of 150 inches of work travel the

cutting speed was 46 ft. /min. with the soluble oil and 85 ft. /min.
with the highly chlorinated oil.

The vast difference in the machinability of the annealed 250 grade
maraging steel and the aged is shown in Figure 89, page 83. For a
given tool life, not only was the cutting speed with the annealed steel
over twice as fast, but the feed was four times as great.

End Mill Slotting (Aged 50 Rc)

Very light feeds, approximately . 001 in. /tooth should be used in end
mill slotting 250 grade maraging steel aged to 50 R¢c. As shown in
Figure 90, page 84, tool life drops off rapidly as the feed is increased
from . 001 to . 002 in. /tooth with a highly chlorinated oil. Unless an
active cutting oil of this type is used, the tool life is poor regardless
of the feed (see Figure 90, page 84). Using a feed of . 001 in. /tooth
and a cutting speed of 44 ft. /min., a tool life of 180 inches of work
travel was obtained as shown in Figure 91, page 84. When the cutting

speed was increased to 61 ft. /min., tool life decreased rapidly to
60 inches of work travel.
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18% Nickel 250 Grade Maraging Steel (continued)

A comparison of several grades of carbide used in end milling this
steel aged to 50 R¢ is shown in Figure 92, page 85. The two C-2
grades, K-68 and 883, prove to be the best of the six that were used.
With a 1" dia., 2 tooth end mill using throwaway inserts, cutter life
from 140 to 170 inches of work travel was obtained with these two
grades of carbide, at a feed of . 002 in. /tooth and a cutting speed of
312 ft. /min. These results were obtained without the use of a cutting
fluid. Note also that the feed was twice that used with the high speed
steel cutter and the cutting speed was six times faster.

Drilling (Aged 50 R¢)

The curves in Figure 93, page 85, show the relationship between drill
life and cutting speed for two different types of cutting oils. For a
tool life of 100 holes, the cutting speed with the highly sulfurized oil
was about 50% greater than that with the highly chlorinated oil. Using
the sulfurized oil, the T-15 high speed steel drills permitted a cutting
speed that was double that used with the M-1 high speed steel drills.
For example, as shown in Figure 94, page 86, for 100 holes with the
M-1 high speed steel drill, the cutting speed was 24 ft. /min. as
compared to 50 ft, /min. with the T-15 high speed steel drill.

Figure 95, page 86, presents tool life curves showing the relaiionship
between drill life and feed at two different cutting speeds. Note that

in general the drill life at the speeds shown decreased about 50% when
the feed was increased from . 001 to . 002 in. /rev. However, using a
.002 in. /rev. feed at a speed of 50 ft. /min., it was possible to obtain

~ a reasonable drill life, as shown in Figure 94, page 86. Also, the

production rate was appreciably higher than could be obtained at a
feed of . 001 in. /rev. and a cutting speed of 60 ft. /min.

Various types of drill materials were used to obtain the tool life
results shown in Figure 96, page 87. First note that the split point
T-15 high speed steel drill was appreciably better than the same drill
material having a plain point. The cutting speed was about 25% faster

. with the split point drill. There was no significant difference between

the T-15 and the M-42 high speed steel drill performances.

A comparison of drilling the 250 grade maraging steel in the annealed
and aged conditions is shown in Figure 97, page 87. Note that for a
drill life of 100 holes the annealed steel was not only drilled four times
as fast, but the feed per revolution was 2-1/2 times as great.
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18% Nickel 250 Grade Maraging Steel (continued)

Reaming (Aged 50 R¢)

A comparison of two different cutting oils used in the reaming of the
250 grade maraging steel in the aged condition is shown in Figure 98,
page 88. The highly sulfurized oil permitted cutting speeds that were

ralmost 80% faster than that with the highly chlorinated oils for a given

tool life,

The tool life curve showing the relationship between reamer life and

feed is shown in Figure 99, page 88. Increasing the feed from . 005 to
. 009 in. /rev. resulted in a decrease in reamer life of 30%.

By using an M-33 high speed steel reamer, a 60% increase in cutting
speed was obtained over the M-2 high speed steel reamer for a given
reamer life. These results are shown in Figure 100, page 89.

Tapping (Aged 50 R¢)

In order to tap the 250 grade maraging steel aged, having a hardness
of 50 R¢, very low cutting speeds must be used. As shown in
Figure 101, page 89, with a highly chlorinated oil, a cutting speed
of 8 ft. /min. had to be used in order to tap 100 holes, while with a
sulfurized oil, a cutting speed of about 5 to 6 ft. /min. was used.

Surface Grinding (Aged 52-53 R¢)

The effect of wheel speed on the G Ratio in grinding the 250 grade
maraging steel is shown in Figure 102, page 90. The results are
indicated for both an H and a K hardness wheel at a down feed of

. 002 in. /pass, a table speed of 40 ft. /min. and a cross feed of . 050
in. /pass, using a soluble oil grinding fluid. The G Ratio increased
with increased wheel speed for both wheels. The K wheel seemed to
provide less wheel wear; that is provided a higher G Ratio than the H
hardness wheel, except at the higher wheel speed of 6000 ft. /min.

The effect of down feed on G Ratio is shown in Figure 103, page 90,
for wheel speeds of 4000 and 6000 ft. /min. The grinding ratio
increased with increasing down feed, and it again should be observed
that higher G Ratios were obtained with 6000 ft. /min. compared to
the 4000 ft. /min. grinding speed. '

The G Ratio was observed to be constant at cross feeds of . 025 to

. 050 in. /pass, but an appreciable increase in the grinding ratio was
obtained at . 100 in. /pass, Figure 104, page 91. Here it should be
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3.3 18% Nickel 250 Grade Maraging Steel (continued)

observed that the G Ratio increased from 7.5 to 28 as the cross feed

increased from . 050 to . 100 in. /pass. This data was obtained with a

wheel speed of 6000 ft. /min. and a down feed of . 001 in. /pass, using
. a K hardness grinding wheel.

The G Ratio increased with increaéing table speed, Figure 105,
. page 91. At a table speed of 60 ft. /min. the G Ratio was 11 compared
. to 6.8 at a table speed of 20 ft. /min.

The effect of the grinding fluid on G Ratio is indicated in Figure 106,
page 92. This data, obtained at a wheel speed of 6000 ft. /min., a
down feed of . 002 in. /pass with a K hardness grinding wheel, indicates
that the straight oils resulted in less wheel wear than the soluble oil.

The recommended conditions for surface grinding‘the 250 grade
maraging steel are given in Table 5, page 71.

In roughing, conditions can be used which produce maximum G Ratio.
These include a K hardness wheel, a wheel speed of 6000 ft, /min.,

a cross feed of ..100 in. /pass, a down feed of . 001 in. /pass and a
table speed of 40-60 ft, /min. Under these conditions, a G Ratio of
approximately 30 should be obtained. However, there is a distinct
danger of obtaining a soft white layer of resolutioned austenite in
using these roughing conditions, especially if the cutting fluid should
be accidentally cut off or if the wheel were to become loaded. To
insure a finish ground surface with high integrity, the last.010"
should be ground using the finish grinding conditions indicated in
Table 5, page 71. These conditions are those of 'low stress'' grinding
and will insure a minimum of surface damage and a minimum of
residual stress, as described in Chapter 7, pages 317-378. The
""low stress'' conditions include:

Grinding Wheel: 32A46H8VBE

Wheel Speed: 3000-4000 ft. /min.

Down Feed: Last.010" removed at feeds of . 0005 to
. 0002 in. /pass

Cutting Fluid: Highly Sulfurized Oil

The surface finish obtained in grinding the 250 grade maraging steel
was 10 to 20 microinches, arithmetical average, under finishing
conditions, and 15 to 60 microinches, arithmetical average,under
roughing' conditions.
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Grinding 250 Grade Maraging Steel Aged 52-53 R¢
Effect of Grinding Fluid

Wheel Grade: 32A46K8VBE
Wheel Speed: 6000 feet/minute
Down Feed: .002 inches/pass
Cross Feed: .050 inches/pass
Table Speed: 40 feet/minute

G Ratio

Soluble Oil Highly Highly
(1:20) Chlorinated Oil Sulphurized Oil

Grinding Fluid

See text, page 69 | - 92 - Figure 106




3.4 18% Nickel 300 Grade Maraging Steel

Alloy Identification

The nominal analysis of 18% Nickel Grade 300 maraging steel is as
follows:

Fe- 18,5Ni-9Co-4,9M0- .01C- ,7Ti
The material for turning was procured as 4' diameter bar stock

in the forged annealed condition. In this condition, it exhibited a
hardness of 302 BHN, Rectangular bar stock 2! x 4' and 4! x 4"

‘were also procured in the forged annealed condition. The hardness

of these bars was 341-351 BHN,

The as-received microstructure, a roughly equiaxed or plate shaped
martensite, is illustrated below,

18% Nickel 300 Grade Maraging Steel, Annealed

Etchant: Kalling's Mag.: 500X
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3.4 18% Nickel 300 Grade Maraging Steel (continued)

In order to compare the aged to the forged annealed condition, some
previously annealed bars were aged as follows:

900° F/3 hours/air cool

The resulting hardness was 52-54 R for both the round and rectangular
stock. The typical microstructure, illustrated below, consisted of a

martensite matrix which has been strengthened by the precipitation of
intermetallics and various carbides,

18% Nickel 300 Grade Maraging Steel, Aged

Etchant: FeClj Mag.: 500X
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18% Nickel 300 Grade Maraging Steel (continued)

Turning (Annealed 302 BHN)

A comparison of the tool life results obtained with two types of HSS
tools is presented in Figure 107, page 97, in turning the 18% nickel
300 grade maraging steel annealed to 302 BHN. The cutting speed
with the type T-15 tool was about 15% faster than with the type M-2
tool for a given tool life. Six different grades of carbide tools were
also compared in Figure 108, page 97. Grades K-165 and TXL
were superior to the other grades tested.

The relationship between tool life and cutting speed with a TXL grade
of carbide in turning is shown in Figure 109, page 98. A cutting speed

_of about 450 ft. /min. would be satisfactory for turning the annealed

300 grade maraging steel under the conditions shown.

Drilling (Annealed 341-355 BHN)

Comparison of the results obtained with two different cutting oils in
drilling the 300 grade maraging steel in the annealed condition is
shown in Figure 110, page 98. Note that for a tool life of 200 holes
the highly sulfurized oil permitted a 20% increase in cutting speed
over that used with the highly chlorinated oil.

Figure 111, page 99, shows how rapidly the drill life decreases when
the feed is increased from . 005 in. /rev. to . 009 in. /rev. at a cutting
speed of 90 ft. /min. At a speed of 95 ft. /min. the feed of . 005

in, /rev. produced the longest tool life. ’

Reaming (Annealed 341-355 BHN)

Figure 112, page 99, shows a comparison of results obtained with
three cutting fluids in reaming. The straight cutting oils were far
superior to the soluble oil, and the highly sulfurized oil was somewhat
better than the highly chlorinated oil.

Tapping {Annealed 341-355 BHN)

The highly sulfurized oil was also more effective in tapping the
annealed 300 grade maraging steel. As shown in Figure 113, page 100,
the cutting speed for a given tool life with the highly sulfurized oil was
10% higher than with the highly chlorinated oil.
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Tapping 300 Grade Maraging Steel Annealed 341-355 BHN
Effect of Cutting Speed and Cutting Fluid

Tap Material: M-1 HSS
Tap Size: 5/16-24 NF

Tap Design: 2 Flute Plug - Chip Driver
Percent Thread: 75%

Depth of Hole: 1/2'" through
Tool Life End Point: Tap breakage or
undersize thread
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3.

18% Nickel 300 Grade Maraging Steel (continued)

Turning (Aged 54 R¢)

Tool life curves with three grades of carbide are shown in Figure 114,
page 107, in turning the 300 grade of steel maraged to 54 Rc. The
K-68 grade permitted a 35% higher cutting speed than either of the
other two grades. The steepness of the curve indicates how critical
the cutting speed is in turning steel having this high hardness level.
From Figure 115, page 107, it is apparent that the feed is also critical.
The tool life decreased from 45 minutes to 10 minutes when the feed
was increased from , 005 to . 009 in. /rev.

A comparison of the results obtained in turning the 300 grade steel in
the annealed and the aged conditions with a T-15 HSS tool is shown in
Figure 116, page 108. Note that the annealed steel can be machined

250% faster than the same steel in the aged condition.

Face Milling (Aged 52 R¢)

The tool life curve in Figure 117, page 108, shows the relationship
between tool life and feed in face milling 300 grade maraging steel
aged to 52 R¢ with a HSS cutter. The cutter life decreased from 94
inches of work travel to 36 inches of work travel as the feed was
increased from . 0025 to . 007 in. /tooth. A comparison of three types
of HSS cutters is shown in Figure 118, page 109. The M-44 HSS
proved to be superior to both the T-15 and the M-2 HSS cutters. For
example, at a cutting speed of 59 ft. /min., cutter life with the M-2

tool was 48 inches; the T-15, 84 inches; and the M-44, 108 inches of

work travel.

The results of face milling the 18% nickel 300 grade maraged steel
with carbide cutters are shown in Figures 119 through 123, pages 109
through 111. Figure 119, page 109, illustrates the relatively low
cutting speed range which must be used in face milling this hard steel
even with carbide tools. Tool life was poor as a result of chipping at
the cutting edge of the tool when using either the soluble oil or the
highly chlorinated oil. Chipping was almost eliminated when the steel
was face milled without a cutting fluid.

As on most hard metals, tool geometry was very important in face
milling. This was demonstrated in face milling the 18% nickel 300

grade maraged steel with a hardness of 52 R¢ (see Figure 120,

page 110). Cutter life was increased more than 100% by changing
the axial rake from -15° to -7°. Higher positive rake angles were
less effective in increasing tool life.
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3.4

18% Nickel 300 Grade Maraging Steel (continued)

Figure 121, page 110, shows the superiority of the grade 883 carbide
over the other grades tested under the machining conditions cited. Note
that the cutter life with the 883 (C-2) grade was double that obtained
with the 370 (C-6) grade of carbide.

As shown in Figure 122, page 111, the feed was another critical factor
in the face milling operation. Cutter life decreased rapidly as the feed

per tooth was increased beyond . 0035 at the cutting speed of 140
ft. /min.

A tool life curve for a range of cutting speeds at a feed of . 0035
in. /tooth is given in Figure 123, page 111. Note that a reasonable

tool life was obtained with this feed at a cutting speed of 140 ft. /min.
without the use of a cutting fluid.

Side Milling (Aged 52 R¢)

Figure 124, page 112, shows the relationship between tool life and
cutting speed in side milling the 300 grade maraging steel aged to

52 Rc. At a cutting speed of 190 ft. /min. cutter life was 76 inches
of work travel per tooth.

Peripheral End Milling (Aged 52 R¢)

Figures 125 through 127, pages 112 through 113, present the results
of the peripheral end milling tests conducted on the 18% nickel 300
grade steel maraged to 52 Re.

As shown in Figure 125, page 112, an increase in cutting speed of
more than 25% was obtained when using the highly chlorinated oil as
compared to a soluble oil (1:20). At a tool life of 80 inches of work
travel, the cutting speed with the soluble oil was 35 ft. /min., while

it was 45 ft. /min. with the highly chlorinated oil. If the cutting speed
of 45 ft. /min. has been used with the soluble oil, the tool life would
have been only about 40 inches. Note that a type M-2 high speed steel
was used in these tests. A comparison of this tool with a type T-15
high speed steel tool is presented in Figure 126, page 113, There was
a greater tendency for the T-15 HSS tool to chip and, as a result, it
did not provide any longer tool life than the M-2 HSS cutter. The
chipping was worst at the higher feeds. Figure 127, page 113, shows
that the cutter life of the T-15 tool decreased more than 50% when

the feed was increased from . 0005 to . 001 in. /tooth,
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18% Nickel 300 Grade Maraging Steel (continued)

"End Mill Slotting (Aged 52 R¢)

The feed was very critical in end mill slotting the aged 300 grade steel
with an M-2 HSS cutter. Note in Figure 128, page 114, that a cutter
life of 130 inches was obtained at a feed of . 0005 in. /tooth and a cutting
speed of 40 ft. /min., while at a feed of . 001 in. /tooth and the same
cutting speed the cutter life dropped to 25 inches of work travel. As a
matter of fact, the cutter life was uniformly low when a feed of . 001
in. /tooth was used with the M-2 HSS cutter. However, as shown in
Figure 129, page 114, the T-15 HSS cutter performed quite satisfac-
torily at a feed of . 001 in. /tooth. As a matter of fact, at a cutting
speed of 43 ft. /min. the tool life with the T-15 HSS at a feed of . 001
in. /tooth was equivalent to that obtained with an M-2 HSS cutter at a
feed of . 0005 in. /tooth.

Drilling (Aged 52 R¢)

As shown in Figure 130, page 115, two cutting fluids; namely, highly
chlorinated oil and highly sulfurized oil, performed similarly in the
drilling of the 300 grade steel maraged to 52 Rc.

Figure 131, page 115, shows the relationship between tool life and
feed for two different types of high speed steel drills, Unless light
feeds are used in the drilling of this material having a hardness of
52 R, drill life is very poor. The results indicate that the feed
should be in the vicinity of . 001 in. /rev. Both Figures 131 and 132,
pages 115 and 116, indicate the superiority of the T-15 HSS drills
over the M-1 HSS drills. For a given tool life, the cutting speed
with the T-15 HSS drill was more than 70% faster than that used with
the M-1 HSS drill. The difference in the tool lives obtained with the
M-42 and the T-15 HSS drills was not significant, as shown in
Figure 133, page 116,

Reaming (Aged 52 Rc¢)

Figure 134, page 117, shows the relationship between tool life and
feed at two different cutting speeds in reaming. The reamer life was
appreciably higher for the feed of . 005 in. /rev. as compared to . 009
in. /rev. However, from a production standpoint, the higher feed
should be used with a lower cutting speed.
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3.4

18% Nickel 300 Grade Maraging Steel (continued)

The results shown in Figure 135, page 117, indicate that a 30%
increase in production, or cutting speed, was obtained by using M-33
HSS reamers as compared to M-2 HSS reamers for a given tool life,
A further improvement in tool life was obtained by using a highly

chlorinated oil as compared to a highly sulfurized oil, see Figure 136,
page 118,

Tapping (Aged 52 R¢)

A comparison of the results obtained with several types of taps in
tapping the aged 18% nickel steel is presented in Figure 137, page 118,
Note the superiority of the 2 flute nitrided tap over the 4 flute tap.

The 4 flute tapered nitrided tap produced a maximum of 11 holes as

compared to 60 holes with the 2 flute plug nitrided tap having a spiral
point. '

As shown in Figure 138, page 119, the tool life was even greater, 75
holes, with the 2 flute tap at a cutting speed of 7 ft. /min. The tool
life with this tap was negligible at a cutting speed of 12.5 ft. /min.

By employing a 60% thread instead of a 75% thread, the tap life was

reasonably good with the 4 flute chrome plated taper tap, see
Figure 139, page 119,
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