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PRIMARY CRYSTALLIZATION OF HEAT-RESISTING ALLOYS «J 
^/Following is the translation of an article 
by A.Ya. Ioffe in the Russian-language publi- 
cation Trudy LPI (Transactions of Leningrad 
Poly. Inst.), No 224, Moscow, 1963, PP 91-W2J 

(Primary crystallization has a decisive influence on 
the properties of castings from the heat-resistant alloys 
since in the majority of the cases recrystallization of 
these alloys in the solid state does not take place.  The 
present paper reports on a study of the iron and nickle base 
alloys having a constant chromium content. In addition, the . 
alloys are alloyed with various strengthening elements (see 
Yu.A. Nekhendzi, The Selection of Heat-Resistant Alloys for 
the Study of Casting Properties, page 9 of present collection). 

In connection with the fact that our reference alloy 
is an lron-nickel-chromlum alloy, we_ are/interested in the 
composition of the structural phase^^hic^ are formed in this 
alloy under equilibrium conditionJ(Figs 1,6).— ———-»_>, 

The state diagram of the nickel-chromium alloys shows 
that this system is of the eutectic type with mutual limited 
solubility.  The nickel-base solid solutions have a y   struc- 
ture, those with chromium base are <i    while the intermediates 
are d-t X"   .  The limit of the solubility of chromium in 
nickel at normal temperature amounts to 33$ (atomic), i.e. 
about 30$ (weictht).  At temperatures above 700C this limit 
increases and at the temperature of the eutectic trans- 
formation (1340C) reaches 50$ (atomic). Similarly the solu- 
bility of nickel.in chromium varies from 11$ (atomic), i.e. 
9$ (weicht),'at normal temperature to 30$ at 1340C. .The 
eutectic mixture consists of 45$ (atomic) Ni and 55$ (atomic) 
Cr (50$ by weight of each element). At 550C in the region 
of the solid solution of the chromium in the nickel there is 
formed the chemical compound NijCr. As a result of the low 
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Fig 1.  State diagram of the Ni-Cr system alloys 

a - atomic % 

temperature the rate of formation of this compound is not 
high. 

Depending on the composition, the ternary alloys 
Fe-Ni-Cr (see Fist 6) (Refs 3,4) may have differing struc- 
ture:  ferrltic o( , austenitic V   and mixed o^f Y .  In the 
process of slow cooling from 950C, in the solid state there 
may be formed the intermetallic <7--phase.  The position of 
the boundaries of the structural regions o< and f  varies 
as a function of the temperature: with an increase of the 
temperature the boundary of the Y   region is shifted toward 
the lower nickel content.  A purely austenitic structure 
containing 12# Cr and \2%  Ni can be obtained at normal 
temperature in the alloy. With an increase or decrease of 
the chromium content a larger nickel content is required 
to obtain the austenitic structure.  Thus, in the alloys 
studied containing about 20%  Cr the minimum nickel content 
for an austenitic 'structure is 15$.  If the alloy contains 
more than \0%  Cr the austenitic structure can be obtained 
only with a nickel content equal to or greater than the 
critical value (Refs 5,6). 

However, the state diagrams considered for the Ni-Cr 
and Fe-Ni-Cr alloys cannot completely characterize the 
structure and the phase composition for nonequllibrium cool- 
ing, i.e. in the actual conditions of the production:of 



Castings with variable cooling rate, different liquid state 
of the metal depending on the melt conditions, differing 
contamination by nonmetallic inclusions, etc. 

The state diagrams presented cannot characterize the 
structures found for the alloys tested for the additional 
reason that these alloys were alloyed with those elements 
which expand both the region of the Y solid solution 
(manganese, nitrogen) and the region of the V  solid solution 
(silicon, molybdenum, tungsten, niobium, titanium).  In any 
case, as mentioned above (Nekhendzi), the alloys studied 
having a constant hydrogen (0.12 and 0.35$) and chromium 
(about 20#) content had such a balanced composition that 
they were in essence austenitic with a hardening carbide, 
carbonltride, or lntermetallic phase. 

Depending on the conditions, the primary crystalliza- 
tion of the alloys with both the iron and nickel bases leads 
to some growth of the zones of the austenitic equiaxed and 
the columnar crystallites, to some particular dimension of 
the primary grains of the primary solid solution and the 
hardening phase.  The sensitivity of the alloys to a change 
of the crystallization conditions (for example cooling rate, 
superheat;, differs and depends on the nature of the alloys. 
Therefore the study of the primary crystallization of the 
alloys mentioned above was carried out in conditions where 
the primary factors affecting the nature of the crystal- 
lization were varied over a wide range. 

■■i, 

.. fME1 METHOD OF INVESTIGATION 

The primary structure Is characterized by the macro- 
structure, the dimensions of the primary grain, and the 
variation of the shape of the grain across the section. As 
we mentioned, these parameters depend not only on the alloy 

^Composition but also on its liquid state and the rate of 
'cooling in the solidification period,*/, An  the present study 
the variation of the cooling; rate^Vas 'achieved by variation 
of the section of the samples, the temperature of the form 
and the temperature of the metal during casting.  The effect 
of the liquid state was studied only in the most important 
cases by variation of the metal superheat temperature dur- 
ing melting and pourlngj_J p -V  -v":> 

In connection with the fact that the change of the 
rate of cooling, no matter how it is accomplished, In the 
final analysis affects the duration of the solidification' 
(Refs 9,13), the factors listed above were evaluated and 



analyzed on the basis of the results of the measurement of 
the duration of the solidification of standard specimens 
(see V.Ya. Bilyk. Critical Temperatures and the Duration 
of Solidification of the Heat-Resistant Alloys, present col- 
lection^ page 61). 

fTwo values were determined to characterize the macro- 
structure of the alloys studied: the grain size (area) and 
the width of the transcrystalllzation zone, i.e. the zone of 
the columnar crystals with relation to the entire section,/ 
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Fig 2. Stepped specimen for the Btudy of the 
structure with thermocouple inserted for'the 
recording/of the rate of cooling. 

ä - thermocouple 



For the determination of the macrestructure, stepped 
specimens were cast (Fig 2) which were cut along the plane 
of symmetry and ground.  The ground sections were etched 
with aaua regia }one part nitric acid ana three parts hydro- 
chloric acid) or with concentrated nitric acid at 200.  The 
duration of the etch is civen in Table 1. After etching 
the specimens were carefully washed in running water and 
then in alcohol. .. 

The Krain size was determined by two methods, witn 
the aid of the 16-point reference scale (Table 2) or by 
means of the computation of the mean section Scp.from the 
equation 

Scp = F/N, 

where F is the area under study; 
N is the number of grains in the area studied. 
In order to exclude the effect of the neighboring 

sections in the steoued specimen on the macrostructure the 
grain size was determined in the central portion of each 

The investigation of the relation of the duration of 
the solidification of the stepped specimen and of the 
individually cast cylindrical sample of corresponding dl- 
mensions with diameters of 10, 20, and 40 mm indicated that 
they differed by only 3-5$.  Consequently the data obtained 
characterizes the castings of the corresponding reduced 
thickness with sufficient accuracy. 

The dimensions of the stepped specimen used permitted 
the variation of the duration of the solidification and 
consequently of the rate of cooling over a comparatively 
narrow range. In order to expand this range in the direction 
of reduction of the rate of cooling and also to approach 
realistic conditions of casting into ceramic forms using 
investment casting, the specimens were cast into both cold 
forms and forms heated to 800C.  The cooling in the heated 
forms reduces the excess temperature ß  and is equivalent to 
an increase of the diameter of the specimens. 



Table 1 

Duration of Etch, Minutes, of Macrospeciraena 
(Alloys of Fe-Cr-Ni and Ni-Cr Systems)« 

As a Function of the Content of the Alloying Elements, 

(CO   Tpa» 
Al 

3HCI + HNO, 

10 

Co 

5     10    15 

10 20 

w 

25 25 

10 

Mo 

5  | 10 

Nb 

10 

15 

20 25 

Tl 

I      3 

25 

HNOj KOHueHTpitpoDaHHaa 

* The duration of the etch of these alloys without 
alloying elements is 5-20 minutes 

a - etchants; b - concentrated 

25 

Table 2 

Reference Macrostructure Scale 

n^omaAb n/iomaAb njiomaÄb ruomaflb 

■& 

^epcH, MM* x-sepeH, MM* ySepcH,  MM* ,-BaJUi r »epCH, MM* 

1 1.0 9 37.5 5 7.5 13 125 
2 1.0 10 50 6 10.0 14 150 
3 3.0 11 75 7 17,5 15 225 
4 5.0 12 100 8 25.0 16 300 H 6cwiee 

a - points; b- area of grains, mm2; c - and more 

In order to establish the relation between the diameters 
of the specimens during casting into cold Dx and heated De- 
forms we studied their conditions of solidification (du- 
ration) and the macrostructure, on the basis of which we 
established the following relation: 

Dr,   MM    . .    10 20 40 60 
Dx,  MM     . .    18 38 70 105 

Thus the increase of the form temperature to 800C is equiva- 
lent to the increase of the specimen diameter by a factor 
of 1.75. 



The forms for the .casting of the specimens were fabri- 
cated from the following mixture, %i 

on 
Quartz sand 1K025 c $ 
Molding clay . ,   _ £*6 Liquid glass (sp. wt. = 1.5); M = 2.5.        £-° 
Fuel oil - 0*o 
Caustic sulfide 

The forms were dried at 200C for three hours and the 
forms intended for heating to 800C additionally covered with 
a paint of the following composition, y> 

75 Marshalite li 
Bentonite -^  5 
Dextrin 20*5 
Vater 

After coating, the forms were dried at 200C for two 

»TIT; r3iniÄ-t:,-iÄr.ts; :s„ 
™,>vi no temoerature ana the temperature of the metal in 10« 
?urn«f. Sere the superheat above the liquidus amounted to 
200C and more. an lnduotlon furnace uslne 
a magnetite lin?n"of the cruoihle. The following charse 
materials were used: 

Rod steel with 0.12% C 
Ferrochrome with 70$ Cr, grade Xhr 000 
Chromium (97-98# Cr) 
Granulated nickel 
Nickel-carbon alloy with I.05* c 
Aluminum grade AB-000 
Molybdenum in slabs 
Cobalt and tungsten of high purity im(V1 
Titanium in briquettes, degassed in a vacuum at 1000C 

at a vacuum of 10-5 mm Hg 
Ferro-niobium (58.6£ Nb; T 4 „*,„;* 
The deoxldatlon of the liquid alloy was accomplished 

by 0.3-0. VoScium-sllicon grade KaCu-0 before pouring from 
the furnace. 



2.f-THS PRIMARY CRYSTALLIZATION OF THE HEAT-RESISTANT 
ALLOYS OF REFERENCE COMPOSITIONS (20# Cr, 0.12 and 

0.35^ C, 0-80$ Ni)J_ ^   .,        -^ 

From the stat9 diagrams of the corresponding alloys 
we know that the alloys containing 20$ Ni and more have an 
austenitlc structure for both 0.12# C and 0.35# 0 and only 
two alloys with 20$ Cr and 0.35$ C, containing nickel, have 
a pearlitic structure. 

The data on the size of the grains in the various 
sections of the stepped specimens cast in the cold and hot 
forms are shown in Fig 3.  They permit us to establish the 
following relations: 

1."  The alloys containing no nickel (for both 0.12#C 
and 0.35^C) have a fine-grained structure. .The zone of the 
columnar crystals is absent in all the sections of the 
stepped specimens cast in both the hot and cold forms for 
all the superheats investigated. 

2.  The introduction of nickel to 60%  causes an in- 
crease of the grain size. With a Ni content of 80$ in the 
alloy, the grain dimensions are somewhat smaller than with 
60% Ni.  Regardless of the carbon content and the form 
temperature, the point corresponding to 60%  Ni is the in- 
flection point of the curves characterizing the variation 
of the grain size with the nickel content in the various 
sections«, 

In all the alloys containing nickel in the quantities 
investigated there is a zone of columnar crystals and this 
zone is'the more strongly developed for the lower cooling 
rates.  This effect of the nickel is explained first of all 
by the fact that the rate of growth of the crystals of the 
chrome-nickel austenlte significantly exceeds the rate of 
growth of the crystals of the ferrochrome (Ref 6).  In 
addition, with an increase of the nickel content there is a 
reduction of the thermal conductivity of the alloy and an 
increase of the temperature gradient.  The presence of a 
maximum on the curve characterizing the variation of the 
crrain size as a function of the nickel content is explained 
by the fact that the change of the nickel content has a 
significant effect on the critical points of the alloys 
with an increase of the nickel content to 60%  the tempera- 
ture of the llquidus first lowers and then increases.  In 
this connection, for the conditions used of the melting 
and pouring the superheat increases along with the increase 
of the nickel content to 60%  and then decreases. This in . 
turn has a considerable effect on the grain size (Fig 4), 
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Fig.3. Variation of the grain size of the reference 
alloys with the composition, the cooling rate, and 
the superheat of the liquid metal t/iy:  during pouring 
(specimen diameters in mm; a> - 40, Ö - 10, X - 20, 
A- 5) 

a - cold form; b - hot form 

In relation to the effect of the carbon, we 
that with an increase of the carbon content from 0. 
0.35/£ the grain dimensions in the reference alloys 
vary only slightly. In the sections with diameters 
and 40 mm, in the majority of the cases there is ob 
a tendency toward some increase of the grain size v 
indicated variation of the carbon content« 

The grain size changes sharply with a change 
section of the stepped specimen. Thus, for example 
crrain area in the alloy containing 60% Ni and 0.12$ 
the 40 mm section increased during casting into the 
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Fig 4. Variation of grain size of the reference 
alloys with the superheat above the liquidus 
temperature 

a - cold form; b - hot form 

form with the maximum pouring temperature from 1 to 125 mm 
(I e. by 125 times), and during casting into the hot form 
from 5 to 300 mm2 (i.e. by 60 times).  In the specimens of 
the other alloys and also in the specimens poured at other 
temperatures the relative strain growth was somewhat less 
(by 25-75 times).  This strong effect of the section 
dimension on the grain size can be explained by the increase 
in the duration of the solidification« 

A similar effect is shown by heating of the form 
where, as we have mentioned, heating to 800C is equivalent 
to an increase of the specimen diameter by 1.75 times.  How- 
ever we can note that the effect of the heating of the form 
is greater for the small diameter specimens.  Thus, for . 
examole, in the section with diameters of 5 and 10 mm with 
60%  Ni and 0.12# C in the alloy the area of the individual 
grains increased by 5 times (from 1 and 5 to 5 and 25 mm*) 
while in the section with a diameter of 40 mm the area in^ 
oreased by 2.4 times (from 125 to 300 mm2). 

10 



An increase on the pouring tempercture also leads to 
grain growth (see Fig 3).  Thus, for example, in the alloy 
containing 60%  Ni and 0.12# C increasing of the pouring 
temperature from 1A80 to 1560C caused an increase of the 
grain area in the 40 mm diameter section of nearly 1.8 times 
(from 75 to 125 mm2).  This effect of the pouring tempera- 
ture is also explained by the increase of the duration of 
the solidification of the specimens. 

This effect of the dimension of the specimen section, 
the heating of the form, and the pouring temperature is in 
Ffood agreement with the variation of the grain size with the 
duration of the solidification (Fig 5). As we can see from 
the figure, there is a correlation between these variables 
independent of the cause leading to the increase of the 
duration of the solidification. To illustrate the effect 
of the duration of the solidification, Fig 6 presents the 
macrostructure of the stepped specimens of the reference 
alloy with solidification durations of 50 and 170 seconds. 

On the basis of the data presented we can conclude 
that the increase of the nickel content to 60%  and the 
increase of the solidification duration (both as a result 
of the increase of the specimen dimensions and the heating 
of the form and as a result of increasing the pouring 
temperature) leads to a significant increase of the grain 
size and an expansion of the region of the columnar crystals. 

3. ("THE EFFECT OF ALLOYING ELEMENTS OF THE NICKEL-CHROMIUM 
REFERENCE ALLOY ON THE PRIMARY CRYSTALLIZATION 

As the reference alloy for the study of the effect 
of alloying elements on the macrostructure we took the 
alloy with"0.12^ C, 80%  Ni, 20$ CrJ With the introduction 
of the alloying elements the nickel content was reduced 
and the chromium content was held constant. 

The data obtained are presented in Fig 7. They per- 
mit drawing the following conclusions concerning the effect 
of the alloying elements on the macrostructure of the 
0.12/20/80ja lo y: fc &, V *' J 

1. fThe introduction of 1%,AX-somewhat fragmentizes 
the grain of the reference alloy.\ With the introduction 
of 3~and 5%  Al the grain size increases while the increase 
of the aluminum content to 10# fragments the grain to the 
same size as with 3%A1& ^\ß 

2. ITungsten to T.he extent of ~b% has no effect on 
the erraln size of the reference alloy while the addition 
of b%  and especially of \0%  of this element leads to sig-j 

-y/3? 
ii 
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I  nificant enlargement of the grains, fa $/ ^ 
3. The introduction of J>% _Mo somewhat reduces and 

5 and 10# Mo noticeably increases the grain dimensions of 
the reference alloy. jf ,• £, N'« i3 

4. With 5%  Co"the grain size of the reference alloy 
doubles. However, '"with 10$ Co the grain size reduces to 
the initial value while for 15$ Co the grain is half the 
size £f theßinitial grain. 

Niobium, in the amount of J>%  leads to an increase 
of the grain size while 5%  of .this element has very little 
effect.       HeßtH^ 

6.  1#_T1_ reduces the grain size by a factor of 2.5 
times while with J>%  Ti the grain size reduces only slightly.V 

The effect of the elements investigated is not con- —^/) 
stant but depends on their relative content (Fig 8). With P) 
a low content of the alloying elements, for example 1.5-2$ 
(atomic), the strongest effect on the macrostructure of the __—■~— 
reference alloy is shown by niobium and titanium with the 
niobium causing an increase and the titanium a decrease in 
the grain size. With a medium content of about 4-5$ 
(atomic) the strongest influence is shown by cobalt and 
molybdenum, resulting in an increase of the grain, size. 
With a high content of the alloying elements of about 10-15$ 
(atomic) the strongest effect is that of aluminum which also 
increases the grain size. 

The width of the zone of columnar crystallites in the 
40 mm diameter section of the stepped specimen also changes 
under the influence of the alloying elements (Fig 9). With 
a content of Al, Mo and Nb of no more than 4$ the width of 
the acicular crystallite zone reduces by 20-30$ while in 
all the other cases it increases. 

The columnar crystallite zone is less developed in 
the smaller diameter sections than in the 40 mm diameter 
section as a result of the higher cooling rate. 

The established effect of the alloying elements on 
the grain size can also be explained by their influence on 
the duration of the solidification (Fig 10).  There is a 
direct relation between the change of the solidification 
duration under the influence of the alloying and the change 
of the grain size: an increase of the solidification time 
leads to an Increase of the grain size and vice versa.  The 
grain size also depends on the nature of the crystallization 
process (Fig 11): the larger the crystallization tempera- 
ture interval, the smaller the ratio of the liquidus time 
to the total solidification time (^/T^), the larger the 
grain will be. 

13 
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section of a stepped specimen of the reference 
alloy 

a - transcrystalllzation zone; b - alloying element 
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The width of the transcrystallization zone also is 
related in a definite manner with the nature of the crystal- 
lization process: the longer the crystallization interval 
and the smaller Tq / T^   the wider the zone of the columnar 
crystals (Fig 12). 

140      wo•       'SO 

Fig 10. Relation between the grain size in the 
40 mm section of a stepped specimen and the 
duration of the solidification of the reference 
composition alloy 

a - sec 
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4. PRIMARY CRYSTALLIZATION OF 
ALLOYS OF PRACTICABLE h\u3 

THE HEAT-RESISTANT 
COMPOSITIONS 

\le  investigated the primary crystallization of the 
alloys XI, X32, 111, LA3, EI612, and No S^anT^'KeTr sensi- 
tivity to the variation of the cooling rate and the change 
of the liquid state.  (The alloys XI, X32, 111 (developed 
in the casting laboratory of Leningrad Poly Inst) and LA3 
(developed in the Central Sei. Res. Inst. of Technology and 
Machine Design and in the Central Boiler and Turbine : 
Institute) are auetenitic, on an iron base; the EI612 alloy 
has an iron-nickel base, while No 6 is a Nlmonlo type on a 
nickel base). *""~  ////S 

/) / 
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Fig 13. Variation of the grain size of the heat- 
resistant alloys of practical compositions with 
superheat &m   and cooling rate in the 40 mm (above) 
and 20 mm (below) sections; x - hot forms; 
0 - cold forms 

/Just as in the case of the reference alloys, the 
rate of cooling was varied by means of the change of the 
thickness of the specimens, the form temperature, and the 
pouring temperature of the metal.  The macrostructure was 
studied in the 20 and 40 mm sections (Fig 13^ The XI 
and X32 alloys had the coarsest grains and were most sensi- 
tive to the cooling rate while the No 6 and EI612 alloys 
were least sensitive.  Thus, for example, the increase 
of the pouring temperature of the XI and X32 alloys by 150C 
leads to a 10 fold increase in the grain size in the 40 mm 
section (from 5 to 50 mm2) while for the No 6 alloy the grain 
size remains constant for.this change (5 mm2). 

/The variation found for the crystallization as a ■ 
function of the cooling rate is explained, Just as in the 
case of the reference alloys, by the change of the duration 
of the solidification:  an increase of the solidification 
time leads to p-rowth of the grainJ An exception is the El612 
alloy in which the increase of Wl^ superheat during pouring 
from 85 to 175C above the liquidus and the increase in this 
connection of the solidification period leads to a reduction 
of the grain from 10 to 5 mm2. This effect is probably 
caused by the fact that the superheat to 175C for the El612 
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Table 3 

Grain Size in Specimens of Heat-Resistant 
Alloys of Various Types 

TcwtncpaTypa 
neperpeoa 

cn/iasa 
,-j neiw. #C 

Tewncparypa 
^-jicpcrpcna 
■ £ JKHAKOTO 
*~»  cnJUBa 

a Koauie, *C 

(if)   rUouuM sepcH, JHJM' 

COM» £<y) jconoAHau <popua (if) ropnmn $opt<a 

& 0  40 «x 0   30 MM 0   40  MM 0   20 MM 

0 0 5 1 __ — 
r 150 50 15 100 35 

XI 200 {  100 15 10 35 25 
I   50 7 5 25 7 

0 0 5 1 _ — 
f 150 50 15 75 25 

X32 200 < 105 25 3 35 10 
I   55 10 1 15 1 

0 0 5 .1 _ — 
[ 170 5 3 5 3 

X«   6 200 { 115 5 1 3 3 
I   70 5 1 . 3 1 

0 0 5 3 — — 
|  140 15 5 50 15 

111 200 1    60 10 3 25 7 
I    25 7 3 15 5 

0 0 5 1 — — 
( 150 35 15 50 25    • 

J1A3 200 { 100 25 3 35 15 

ft A 3) \   50 1 1- 10 1 

o 0 15 5 — — 
| 175 5 10 5 7 

3H612 200 I   80 10 7 15 10 
1 

Lei CiX) \   60 1 1 1 

a - alloy; b - superheat temperature of alloy in 
furnace; c - superheat temperature of liquid alloy 
in ladle; d - grain area; e - cold form; f - hot 
form 

alloy exceeds the critical value. 
It has been established (Table 3) that the increase 

of the superheat of the metal in the furnace to 200C for all 

20 



of the alloys studied except EI612 leads to growth of the 
grain.  A higher superheat leads to a reduction of the .70?^vi 
size not only in the El612 alloy but al.s: in tlv. 10.t   X32 
and LA3 alloys.  In the 111 alloy the grain sice continues 
to increase even with superheat of more than 2G0C while in 
the No 6 alloy the grain size does not change under the 
influence of the superheat of the metal in the furnace. 

The fractionation of the grain with a high superheat 
(in spite of the increase of the duration of the solidifi- 
cation) is caused by the alloy solidifying with considerable 
overcooling. The increase of the supercooling during solidi- 
fication is caused by the "purification" of the alloy during 
the hisrh superheat, i.e. the reduction of the residual in- 
clusions which can serve as crystallization centers. 

CONCLUSIONS 

1. The grain size in both the iron-base and the 
nickel-base heat-resistant alloys varies significantly as 
a function of the alloy composition, the duration of solidifi- 
cation and the liquid state. 

2. The iron-base alloys containing 0.12$ and 0.35$ C, 
20$ Cr and containing no nickel have a fine-grained struc- 
ture and are free of the transcrystallization zone in cast- 
ings of small section.  The addition of nickel to the amount 
of 60$ causes a continuous coarsening of the grain and the 
formation of a zone of columnar crystals in all sections. 

3. The effect of the alloying elements Al, ¥, Mo, 
Co, Nb and Ti on the grain size in the reference composition 
alloy (20$ Cr, 80$ Ni, 0.12$ C) differs and depends on the 
content of the alloying elements.  The strongest effect at 

,yd  concentration of 1.5-2$ (atomic) is shown by niobium and 
'titanium where niobium increases and titanium decreases the 
grain size of the reference alloy. "At a concentration of 
4-5$ the strongest effects are shown by Co and Mo which 
increase the grain size while at concentrations of 10-15$ 
the strongest effect is that of aluminum which also increases 
the grain size. 

The zone of the columnar crystals diminishes with the 
presence in the alloy of no more than 4$ Al, Mo or Nb. 
Under the influence of the other elements and also for large 
concentrations of Al, Mo and Nb the width of the zone of 
the columnar crystals Increases. 

4. The variation of the grain size under the influence 
of the various elements is explained by their effect on the 
duration of the solidification and the nature of the crystal- 1 
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\ lization process:  the elements which increase the duration 
of the solidification and the crystallization temperature 
interval tend to increase the grain size, while the elements 
which reduce the values of these parameters reduce the grain 
size. 

The width of the columnar crystal zone depends pri- 
marily on the nature of the crystallization process; the 
larger the crystallization temperature range~/^the wider this 
zone is. X(lm 

5. The grain size and the widthvor the columnar 
crystal zone in the alloys of reference composition change 
significantly as a function of the^superheat, the pouring 
temperature of the metal, the form temperature and the sec- 
tion diameter of the specimens. Y/lth an increase in the 
absolute magnitude of these parameters the grain size and 
the width of the columnar crystal zone increase as a result 
of the increase in the solidification time. 

6. The grain size and the width of the columnar 
crystal zone of the practical heat-resistant alloys investi- 
gated — XI, X32, 111, LA3, EI612 and No 6 — also depend 
on the composition, the melting and pouring conditions, the 
form temperature and the specimen cross section. 

The general relations established for the alloys of 
the reference composition are also valid for the practical 
heat-resistant alloys. A peculiarity of certain of these 
alloys which has been established in this study is the varia- 
tion of the grain size as a function of the superheat.  In 
the EI612 alloy a super heat of more than 100C leads to 
fractlonation of the grain. For the XI, X32 and LA3 alloys 
the critical value of the superheat above which the grain 
fractionates is higher than 200C.  . 
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THE STRUCTURE AND THE PROPERTIES OF THIN-WALL CASTINGS 
FROM THE HEAT-RESISTANT-ALLOYS 

^/Following is the translation of an article 
by M.T. Bogdanov in the Russian-language 
publication Trudy LPI (Transactions of Lenin- 
grad Poly. Inst.), No 224, Moscow, 1963, 
pp 177-194^7 

I The present paper covers* an investigation of the form- 
ing of cast gas turbine blades from heat-resistant alloys as 
a function of such technoTogical^casting conditions as the 
temperature of the metal, the position of the casting in the 
form, the form material and form heating, the method of de- 
livery of the metal. A concurrent study was made of the 
effect of the structure, density, gas content and scaling 
on the mechanical properties of the casting at normal and 
elevated temperatures. 

The experimental castings were poured using the heat- 
resistant austenitic steel XI developed at LPI (type EI572.) 
and the nickel-base heat-resistant alloy No 6 developed for .. 
gas turbine blades.) In order to evaluate the mechanical 
properties we proofed both very thin-walled castings in ^ 
the. form of test specimens 6 mm in diameter (tensile test) 
and with 11x11 mm section (impact strength) and also the . 
heavier cloverleaf-like. castings (clovers).with lobes 14 mm 
thick from which the corresponding specimens were cut.  The 
dimensions of the te\t samples used correspond approximately 
to the dimensions of fhe  working section and the shank sec- 
tion of medium-size turbine blades (Ref l). 

The forms for/ the production .of the thin wall castings 
were filled from abdve \CB  ), by siphon {Cp  ) using primarily 
either single-side (fie ) or.dual-side ( Br   and fia ) supply 
of the metal. The ceramic forme for. the precision cast thin- 
wall specimens had temperatures of 800, 400, and 20C and 
those for the clovezueafs had temperatures of 800 and 20G« 

( !  -   25' 
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In addition, the cloverleafs were cast into cast iron forms 
to provide for high cooling rates. 

The XI steel was poured with superheat above the 
liquidus of 250, 160 and 75C while 300, 200 and 100C super- 
heats were used for the alloy No 6.  For the thin-wall cast- 
ings account was taken of the cooling of the metal during 
the flow in the feeding system.  The forms were fabricated 
by the lost wax method.  To increase the strength of the 
ceramic covering of the forms and to eliminate cracks in 
this coating during cooling to 400 and 20C, J>%  boric acid 
was added to the filler and slow cooling of the forms to- 
gether with the roasting furnace was used.  The melts were , , 
made in induction furnaces with capacities of 12 and 25 kg 
with macnesite lining.  The XI steel was melted from the 
basic charge materials, the alloy No 6 from commercial bil- 
lets.  The density of the metal was determined by hydro- 
static weighing of the specimens in air and in toluene. 
The macrostructure of the XI steel was exposed by etching 
the sections in aqua regia while that of the alloy No. 6 was 
etched in the following reagent: 150 g of CUSO4, 500 cm3 
of concentrated HC1, 35 cm3 of concentrated H2SO4.  The 
microstructure of the XI steel was exposed by electrolytic 
etching in a 10$ solution of oxalic acid and that of alloy 
No 6 by Marble's reagent. 

The design methods (Refs 2,3) which permit analytic 
evaluation of the effect of metal superheat, form heating, 
metal supply, position of the casting in the form (for given 
thermal and physical properties), dimensions and shape of 
the castings and forms on the thermal conditions of the 
casting process indicated (Ref 4) that the overall differ- 
ential in the rates of cooling of the thin-wall and the 
cloverleaf castings reached a considerable magntidue in 
the test conducted.  For the thin-wall castings the rate of 
cooling varied by a factor of about 7 and for the cloverleaf 
about 12.  This provided a significant difference in the 
structure and the density of the XI steel and the, Njq 6 alloy • 
which was sufficient for the analysis and the comparative 
evaluation of their influence on the mechanical and the heat- 
resistant properties' of the castings. 

The grain size of. the XI steel, which has a natural 
coarse-grained structure, was varied by more than 600 timeB 
(in the thin-wall castings from 0.2 to 19.6 and in the   ■<*... 
cloverleafs from 3 to 128 mm2); the density varied by   "■'-'■'"*'■' 
0.1402 g cm3 (in. the thin-wall castings from 7.7472 to 
7.8411 and in.the cloverleaf from 7.8331 to 7.8874 g/cm3). 
The grain size and ,the density of■alloy No 6 were varied, , 
by about 30 times and by 0»$422 g/em?;(in the thinfwali; 
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Fig 1. Grain size of the XI steel in the thin- 
wall (a) and cloverleaf (b) castings 

c - grain size; d - cooling rate, °C/secj e - 
metal superheat; f - cast iron mold; 
subscript tp   -  form 

castings from 0.2 to 3.5 mm2 and from 8.0382 to 8.1481 g/cra5; 
in the"cloverleafs from 1 to 6.5 mm2 and from 8.2324 to 
8.2804 g/cnr). The hydrogen content in the castings varied 
by about a factor of 2. 

During the casting into the hot molds the reduction 
of the metal superheat from a high to a medium value causes 
an especially noticeable change of the structure of the XI 
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Fig 2.  Grain size of the No' 6 alloy in thin- 
v:all (a) and cloverleaf .(b) castings 
c - grain size; d - metal superheat; e - cast 
iron mold 

steel and the No 6 alloy in both the thin-wall and the 
heavier cloverleaf castings (Figs 1 and 2).  In the thin- 
wall XI steel castings there is observed a reduction of the 
grrin size by more than a factor of■ 3 (for bilateral metal 
fend, from 14 to 3.8 mm2) while in the cloverleaf castings 
this reduction is even more pronounced (from 128 to 32 mm /. 
Further reduction of the superheat to 75° reduces the grain 
size of the XI steel to a lesser degree.  In cold forms 
and forms heated to 400C this severe reduction of the grain 
size of the XI steel and of the No 6 alloy with a reduction 
r.f the superheat was not observed.  The metal superheat does 
rot have any significant effect on the grain size of the 
alloys in the cloverleaf castings produced in the cast iron 
mold. 

For the XI steel which Is sensitive to the cooling 
conditions in the ceramic form there is a characteristic 
chancre rot only of the size but also of the shape of the 
p-rain as well as the presence in the section of the clover- 
leaf castings of zones with differing structure of the metal 
"(Fig 3).  The cloverleafs cast in the hot form (800C) with 
hich metal superheat (250C) have a coarse, randomly oriented 
structure, with medium superheat (1600) the structure is 
columnar, and with minimum superheat (75C) they have a fine- 
grained, randomly oriented structure.. With ,&. reduotlpn of 
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the superheat when pouring into cold forms the columnar 
structure gradually transforms, to the two-zone type; in 
the central portion of the castings there appear smaller 
equiaxed grains.  In the cast iron molds at all the metal 
superheats there are observed fine acicular crystallites. 
The cloverleafs cast from the No 6 alloy in all oases have 
only randomly oriented equiaxed grains while the cloverleafs 
cast in the cast iron molds have in addition a very small 
surface zone of thin fine columnar crystallites. 

With a increase of the rate of cooling of the thin- 
wall castings there is a noticeable reduction of the density 
of the XI steel regardless of the casting method (Fig 4a) 
as a result of the reduction of the form heat (from 800 to 
20C). However in the range of the reduction of the form 
temperature from 800 to 4Ö0C and the superheat from 250 to 
160C there is no significant change observed in the density 
of the XI steel.  This result of the investigation gives a 
definite indication of the possibility of the production of 
high-quality thin-wall castings (to 5 mm) with high density 
from the austenitic steel (type XI) only.under conditions of 
pouring into hot forms (at least 400C) and with a sufficiently 
high metal superheat (150-250C)„    . % 

However for the nickel-base alloys (type No 6) an 
even higher superheat is required (200-3000) with a con- 
sistently hisrh density during casting Into a cold form being 
achieved only with a superheat of 300C (Fig 4b). Pouring 
of the metal with a superheat of less than 200C inevitably 
leads to a considerable reduction of the density of the thin- 
wall castings. It is only with high form temperature (800C) 
that this reduction of density is less marked. 

The density variation of the metal in the more massive 
castings of the cloverleaf type (Fig 5) has a different 
nature. With an increase in the cooling rate due to a re- 
duction of the form temperature (from 800' to 200) or a 
reduction of the superheat (no less than the average when 
using a cold form) the density of the XI steel and the No 6 
alloy increases. In the cast iron forms there is noted a 
tendency toward some reduction of the density of the XI 
steel and the No 6 alloy with any reduction of the super- 
heat. -BSS»- 

// Analysis of the experimental data obtained indicates 
(Fig 6) that the positive effect of the increase of the 
rate of cooling is only noted up to a definite critical 
limit above which the density of the XI steel (and also of 
the No 6 alloy) begins to decrease. >        . . 

f?/ 
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Fig 4.  Density of XI steel (a) and No 6 alloy 
(b) in thin-wall castings 

c - density, g/cm3; d - metal superheat 

/The The established variation of the structure and the 
density of the thin-wall and the cloverleaf castings as a 
function of the variation of the superheat cannot be ex- 
plained solely by the difference of the thermal conditions 
during casting or by the variation of solely the cooling 
(solidification) rate.  Calculations show (Fig 4) that a 
significant variation of the superheat does not cause an 
eoually significant change in the cooling rate and the 
solidification timej, With a reduction of the superheat of 
the XI steel from "5§0 to 75C, i.e. by a factor of three, 
the rate of cooling^of the thin-wall castings produced in 
the hot form increases from 3.8 to 5.5°C/sec, i.e. by about 
a factor of 1.5. However, with a reduction of the form . 
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Fig 5.  Density of the XI steel (a) and the No 6 
alloy (b) in the cloverleaf castings 

c - density, g/cm^; d - metal superheat; e - cast 
iron mold; 
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Fig 6.  Variation of the steel density as a function 
of the cooling rate 

a - density, g/cm3; b - logarithm of the cooling rate, 
°C/sec; c - thin-wall castings; d - cloverleaf castings 

32 



heat from 800 to 400C the cooling rate Increases from 3.8 
to 9.3°C/sec or by a factor of 2.5. With a further reduc- 
tion of the form temperature to 20C the cooling rate now 
increases by about a factor of 5. Thus, considering the 
comparatively limited possibility for the increasing of the 
metal temperature in comparison with the increase of the 
form temperature the more effective method for the changing 
of the cooling rate of such castings is the heating of the 
form, although its effect is less powerful than an equivalent 
absolute magnitude of the metal superheat.  At the same time 
the decisive effect of the superheat is emphasized by the 
very noticeable change of the structure,and density of the 
castings, not achieved even by a large variation of the 
coolingkxate by variation of form heating. 

fsuperheating, which determines the physical and chemi- 
cal properties of the liquid metal, exercises a more signifi- 
cant effect on the formation of the structure and the proper- 
ties of the castincr than would be expected solely on the 
basis of the considerations of the evaluation of the results 
achieved in the change of the physical heat content of the 
metal JO With an increase of the superheat there are changes 
in the viscosity and the structure of the liquid metal, the 
rtas content, the amount of nonmetallic inclusions and scale; 
the suspended nonmetallic inclusions are broken up, partially 
dissolved or floated out.  The metal becomes, according to 
the definition of A.A. Baykov, physically more transparent . 
There is a noticeable deactivatlon of the nuclei which aids 
in the enlargement of the primary grain.  The XI steel is 
deactivated considerably easier than the No 6 alloy which 
contains a significant quantity of Al and Ti which, by con- 
taminating the liquid metal with a "cloud of dispersed 
refractory inclusions (oxides, carbide's and nitrides of 
titanium and aluminum), aid in the conservation of the fine- 
grain structure even with a high superheat. 

0he  effect of the deactivatlon,- particularly noted in 
castings produced in the hot molds, decreases with a reduc- 
tion' of the form heating as a result of the more intense 
cooling of the metal on contact w^ith the walls of the form 
even during the.pouring process. 

*/g'7. Hydrogen content 'in/castings from XI steel 
a - hydrogen content; b - pooling rate, °0/seo 
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encountered during the cooling of the metal aids in main- 
taining the temperature at a constant level (Ref 2). 
Therefore we can assume that in the two cases mentioned 
(temperature of the form of 400 and 20C) the superheat 
is nearly entirely removed during the flow of the metal 
in the system for filling of the^forro, even more rapidly 
in the case of pouring into a cold form. 

We should note that the gas and air bubbles, the non- 
metallic inclusions, and the scale which occur during the 
pouring process and which cannot be floated out because of 
the high viscosity of the metal (low superheat) or the high 
cooling rate can also have an unfavorable effect, reducing 
the density and degrading the mechanical properties of the 
castings... 

[The reduction of the density with an increase of the 
metal viscosity and the cooling rate of the thin-wall cast- 
ings, which is observed more clearly in the No 6 alloy than 
in the XI steel, is explained by the formation of coarser 
scale in the No 6 alloy.  Therefore the use of high super- 
heats of the metal and high temperatures- of the forms 
improves the conditions for the production of sound castings 
from this alloy\\ 

In the fractures of the thin-wall castings of both 
of the alloys, poured at hicrh metal superheats into hot 
forms, there are most frequently encountered individual 
small blisters of rounded shape. With a reduction of the 
temperature of the form and particularly of the superheat 
the rounded form of the blisters disappears and the dimensions 
increase. 

In the XI steel containing up to 0.2# Ti the blisters 
(dimensions of no more than 0.5 mm) are detected only in 
rare cases, primarily with low superheats.  In the No 6 
alloy the blisters are located in the form of separated 
segments or even a continuous band along the surface of the 
castings.  The color of the blisters varies:  in the XI 
steel from golden to light or dark gray, in the No 6 alloy 
from light-golden to orange and gray, at places with a 
greenish tint, which is apparently explained by the dif- 
fering thickness of the blisters. 

The quality of the'castings made from the scale- 
forming alloys by free' pouring In air also depends to a 
considerable extent on the method of supply of the metal 
and the position of the casting in the form.  The presence 
of counter-currents of the metal (during combined two-sided 
feed and a horizontally positioned casting) or counter cur-  , 
rents of the metal and' the, air pouring from above) lead to 
the degradation of the1 thin-walj. castings by scale. For 
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*u    v^Q+  ypqiiits were obtained when using 
^"A^iSll^iSSrirtSlS8^ or siphon feed of the 
metal-   Thus the density of the twn-wall eastlhgs depends_ 
on several complex processes ^f^Plaee during^ ^^ 
ing and the cooling,    »u^ns the  flow 01 £md 

°ecSnlcar ÄnSenf of äirf£,?% «» - <■ '   ^  ^ 
sions.r,SBÄ rtM.,ned from the  investigation make  it 

pThe results  °^aineü irom    ihe  structure,  density 
possible to  ^"^J^f the" mechanical properties in 
and scale on the  formation °*   }•"        f th    castings from the the thin and more massive portions ^ftnej_ j*                 ^ 

XI steel and the No      ^0JfJat{on 0f the plastic properties Fig 8 presents the variation ox   uu    y slty of the 
(i-  ,*)  for" the XI steel as  a function of ^densi y^^ 
thin-wall castings.     Analysis or in comparatively 
that the  ^^?renc?h^fstieuWeven when using the XI limited effect on the plasticity ^ev Qf cooling). 
steel which is relatively sensitivity factor in 
However the  effect ^ ths dsnslty is a dsci rties 
all cases.    Between the  density and tnep      fl        hat dis- 
there  is  established V^*^* wducsd values of the 
torted for the XI stee 1 wi^JJ%£Xced with a high plastic Properties of the castings pro explalned by 
metal superheat into  a not form,     ini    mlcrostructure of 
the very considerable  va.riaoion of th® °J°^ly carbonitrides, 
the XI  steel.     The hardening phases•   P^arlly s Q  ^ 

which are. ^stribu^Jn^°^arser wi?h a reduction of the within the  grains become  parser viin formation   - 
cooling rate.     Even ^heappearanc^ oi However,   in this 
along the  grain *ounf jies ispossltoie^    elongation there 

Mu ob6serveedd I^InS^lÄÄU hetzen the  density 
and ^e Plastic propertieB^ ^^ ^ a solid solution and 

a cpmpleriftermetallic/^ning^-^«^^ g«, . 
served a very noticeable  change  oi   Tine Qd Qf the 

a change  in the pouring^o^SSoS SitweeS the density and 
distortion of the  correJPfJ6»0*™™^ to the presence in 

Ä~ o W^Ä Si'oSLSSf not onl, as-esuU 
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of their low specific weights^but since they are surfaces 
of separation within the liquid metal t*K blisters aid in 
the formation of ras bubbles which are net able to separate 
out in the case of rapid cooling and hign viscosity of the 
metal.  They create flawB near the blisters in the thin 
sections of the castings in the form of fine pits and local 
gas porosity. 

The structure of the thin-wall castings, varying as 
a function of the method of supply of the metal, in compari- 
son with the density has practically no noticeable effect 
on the mechanical properties of the castings.  The grain 
sizes of the XI steel in the castings produced by pouring 
from above and by lateral two-sided supply of the metal are 
approximately identical. The mechanical properties (lower 
for the pouring from above) are determined only by the dif- 
ferent density of the castings.  The decisive influence of 
the metal density is shown by the fact that the methods of 
pouring which provide the highest density simultaneously 
give the highest mechanical properties of the thin-wall 
castings at normal and at high temperatures in spite of 
their differing structure (Refs 1,6). The study of the 
fractures of the specimens indicates that most frequently 
the fracture failure of the castings produced by the siphon 
method of pourinc occur in the upper, less dense zone having 
a fine-ffrain structure.  The plastic properties of. the 
metal in thin plates, approximating in dimensions and shape 
the medium-size turbine blades,, are highest in the portions 
of the castings having the highest density in spite of the 
quite different structure (Ref 7). 

For the alloys which do not form blisters there is a 
definite advantage to the lateral two-sided supply of the 
metal, particularly when the castings are placed in.the 
horizontal plane.  The use of lateral, primarily one-sided 
supply or siphon supply provides intermediate properties 
and the use of pouring from above provides the least satis- 
factory results.  It must be noted, however, that with low 
superheats and low heating of the forms the lateral two- 
sided suonly of the metal loses its advantage. 

The variation of the plastic properties of the XI 
steel in the cloverleaf castings as a function of the 
pouring condition is shown in Fig 9.  In the analysis of 
the results obtained it is seen that the role of the struc- 
ture of the cloverleaf castings, whose cooling rate is 20-30 
times lower than that of the thin-wall castings, increases 
significantly. Therefore, for example, an identical increase 
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Fig 8.  Relation between the density and the 
plastic properties {£ ,  $)  of the XI steel in 
thih-v/all castings 
a 
iin-wall castings , 
- relative elongation; b - density, g/cm-^ 

of the density of the XI steel in the cloverleaf and the 
thin-wall castings corresponds to a different increase of 
the elastic properties (lower in the cloverleaf castings 
which have a less favorable structure, Ref 5).  The dif- 
ference in the structure is explained by the fact that 
under definite conditions of pouring, the plastic proper- 
ties of the cloverleaf and the thin-wall castings are 
practically equivalent, although the density of the clover- 
leaf castings is significantly higher. 

Because of the remaining unsatisfactory coarse- 
grained structure of the XI steel in the cloverleaf cast- 
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Fig 9. Plastic properties (6 and W, 
XI steel in cloverleaf castings 

of the 

1 - tform - 20C> 2 - t form = 800C; 3 - cast iron form 

incr.s produced in the ceramic forms, the positive effect of 
the density on the plastic properties is reduced; the cor- 
respondence between the variation of the density and the 
plastic properties is destroyed.  This explains why the 
considerable increase of the density of the cloverleaf cast- 
ings with a reduction of the heating of the form from 800 
to 20C does not cause a correspondingly significant improve-» 
mentin the plastic properties. 

. The fine acicular:ßtructure of the XI steel in the - 
cloverleaf castings produced in "the cast iron forms is even 
less favorable than the columnar structure obtained in the 
ceramic forms. Therefore for similar values of the density 
the castings produced in the ceramic forms have somewhat 

■■higher plastic properties, than the castings produced in the 
cast iron forms. ' ■      ■• 

With the high rates of cooling of the castings achieved 
in the cast iron mold forms, the level and the uniformity of 
the plastic properties of the ^1 steel depend not only on 
the density and the structure tjut also -on the unfavorable  . 
effect of the flays which' increase with a reduction of the 
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suoerheat -- nonmetallic inclusions, Saseous and air bubbles 
which are mechanically entrained and not evolved from the 
metal because of the Increased viscosity of the melt. 

duced underlim^I^ondlU^^^hre^c o°f SÄÄ. 

Therefore the plastic properties of the cl?™rJ®" ?*  How- 

reduce th£ level results of the mechanical 
tests thLe Is sesn a tendency to some lavement of the 
slength flÄerl'lls of the XI steel and the No 6 alloy In 
f^rSi-iall and in the cloverleaf ««"»S« *"htSB S crease in the rate of cooling. For the XI steel this Is 
nSticularly noticeable when pouring into a hot form.  For 
the No 6 alloy, as a result of the harmful effect.of the - 
blisters with an increase in the rate of cooling and the 
viscosity of the metal, this tendency is weakened and the 

■^^rririS\r..^hS15S??;«rIaticm of the impact 
ir°! + if vT oteel in the thin-wall castings has a 

SSI  e g ^S^^-X£  Ä ^ 
withh?he  improvement of the  structure  ^*J??^&#A* - 
a rSfrLlhffo™ taSS^SSoS'thrre^l^o^^lfiant    . Yt1U l^„^t Ll°cl strength noted with the exception of a 
Co»?eduectiorCas iSÄrheat  is reduced to the minimu, 
value    \ln the  cold forms,   for any reduction of the^super- 
Cat be lW 250C  the impact strength decreases as a result 
of the  Xeady significant reduction of the density of the 
SLtin« \    In view of some nonuniformity of the melts,   thifl 
Saturfof\the Variation of the  impact strength is more 
noticeableX in the  comparison of results of tests of the 
same ^t. \ dence of the lmpact strength on the 
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metal leads to the fact that the different methods of pour- 
ing investigated give practically equivalent results with* 
respect to the impact strength. It is only wher u3ing 
siphon pouring with the simultaneous effect of the less 
favorable structure and the reduced density of the castings 
that the impact strength is somewhat reduced. 

Tcp-800 Tcp-WO6 Tip'ZO1 

7. -)n/iaöxa: 

C— N9 753 

70    250 ISO 70     250 160 70 

i flepetpeS Mema/uia, "C 

5 

Fig 10. Impact strength of XI steel in thin-wall 
• castings 

a - at 20C; b - at 650C; c - impact strength kgm/cm2; 
d - metal superheat; e - specimen No 
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The variation of the impact strength of the No 6 
alloy in the thin-wall castings is found to be in better 
correspondence with the variation of the plastic properties 
since the level of both these properties is determined pri- . 
marily by the effect of the blisters \(Fig 11).  The varia- 
tion of the impact strength with th"e"jDlisters is also 
characterized by the results of the tests~bT specimens cast  
by different methods.  The most satisfactory properties were 
obtained usins: the siphon method and the lateral, primarily 
one-sided, method of supply of the metal.  The Impact strength 
depends, in addition, on the quantity and the nature of the 
distribution of the brittle carbonitrides Ti(CN) which are 
much more poorly separated out, just as the blisters, with 
an increase of the metal viscosity and increased cooling 
rate. 

> 

w 200 100300        200 
($■ RepupcS MemcuMct, 'C 

Fig 11. Impact strength of No 6 alloy in thin- 
wall castings at normal and elevated temperaturess 

1 - ak at high temperature; 2 - ak at 200; 3 - 
impact strength, kgm/cm2; 4 - metal superheat; 
a - impact strength; b - metal superheat 

In the more massive clove'rleaf castings from the XI 
steel produced in a hot form, the observed tendency with a' 
reduction of the metal superheat toward an increase of the 
impact strength at 20G is explained by the simultaneous 
favorable effect of the improvement of the structure' and the 
increase of the density of the metal.  The slight variation 
of the impact strength of the XI steel poured into the 
ceramic form is explained by the favorable effect of the 

.,r—  ■   n««.V 
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re tained coarse-?rain structure of the cloverleaf castings, 
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Fig 12. The effect of the grain size on the 
impact strength of XI steel 

© - thin-wall castings; 0 -cloverleaf castings; 
a - impact strength, kgm/cm2; b - grain size 

On reaching some critical grain size the effect of 
the structure on the impact strength is seen to be »ore in- 
tense and this is also observed in the thin-waxl castings 
(Fir 12).  The aooearance in the thin-wall castings oi 
columnar crystallites directed along the thermal flow (pour- 
in* into a cold form with high- and medium superheats;, and 
in the cloverleaf castings (pouring into the cast iron mold 
forms) of even finer acicular crystallites reduces the im- 
pact strength.  The fracture of the specimens ta^es place 
alon« the linear boundaries of the crystallites weakened 
by the brittle precipitates which are not destroyed by 
heat treatment,, . .  .. < 

The variation of the impact strength of the No b 
alloy in the cloverleaf castings with a reduction of the 
form heating and of the superheat depends not only on the 
moderate change of the structure and the density but also 
on the increasingly harmful effect of the blisters with an 
increase in the cooling rate and the metal viscosity. 
Therefore the tendency toward the increase of the impact 
strength which occurs in connection with the simultaneous 
improvement (simultaneously with the reduction of the grain 
size there is a reduction of the size of the titanium car- 
bide inclusions, Ref 9) of the structure and the increase 
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'250      ISO       70 250      160       70 250       160        70 
i~£ flepeepeß Memawa, 'G 
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Fig 13. Stress-rupture strength of XI steel in 
thin-wall (a) and cloverleaf (b) castings for 
cz -  35 kg/mm2 and Ttest = 550C, 
c - logarithm of time, hours; d - metal superheat; 
e - cast iron mold 

44 

i -rfü 
!*««** fclHin.Hnpi 



of the density of the castings due to the reduction of the 
superheat is clearly noted only when pouring into the hot 
form.  The impact strength of the castings produced in the 
cold form remains at an approximately constant level as the 
result of the comparatively slight changes of the structure 
and the density and the decisive influence of the. blisters. 
In the cast iron form the Impact strength decreases with a 
reduction of the superheat. 

rm zoo   W0300 wo  100300   m 
/T\ fleptipcß »ewoMO, '0 

Fig. 14.    Stress-rupture  strength of No 6 alloy 
in thin-wall  (a)  and cloverleaf  (b)  castings 

c - logarithm of time,  hours;  d - metal superheat 

!&$■ established batv^ee the-. A good correspo 
variation"of the densi variation oi   uu«  uCu0x,/4fae  sfessjajaffii^^st^gth 
of the XI steel anTTITe, No 6 alloy  (Figs 4,5,13,14)   in the 
thin-wall and the  cloverleaf castings in spite of the 
greater variation of'the'.mechanical properties at the high 
temperature  as a function of structure and in spite of the 
familiar scatter of the .values observed in numerous cases 
in the 'testing of c'as^ specimens. ^ ^       . 

The nonuniform distributiv and. the unfavorable shape. 
of the shrinkage'pores,  the/npnmetalllc inclusions,.the 
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blisters, the coarse portions of the precipitation phases 
lead to the premature failure of the castings.  Therefore, 
the value of the mean stress-rupture strength for given 
specific conditions of pouring is significantly below the 
individual hiprh values for the strength of the castings with 
the lowest number of flaws, the most favorable shape, and 
the most favorable distribution through the metal of these 
flaws. r— ^   ,, 

fWith a significant reduction of the rate of cooling 
of the castings the effect of the unfavorable structure 
can be greater than the effect of the density of the metal. 
This is explained by the clearly demonstrated reduction of 
the stress-rupture strength of the XI steel and the No 6 
alloy in the thin-wall castings and the significant reduc- 
tion in the cloverleaf castings produced in hot forms using 
a high superheat of the metalTl In spite of the lower 
density of the thin-wall casTTSgs, the stress-rupture strength 
of the XI steel in the cloverleaf castings is lower as a 
result of the presence of coarser segments of the precipi- 
tation phases.' The stress-rupture strength of the No 6 
alloy, on the other hand, is higher (by about a factor of 
1.5) in the cloverleaf castings thanks to the retained quite 
satisfactory structure, the higher density of the metal and 
the better conditions for the precipitation of the blisters 
(Fig 14 b shows the variation of the stress-yield criteria 
of the No 6 alloy).  The mechanical properties of the No 6 
alloy, whose structure is less sensitive to the cooling 
rate, consequently is more dependent on the density of-the 
metal and the blisters than the XI steel.  Therefore in the 
usual air oourinn; all the factors which reducevthe degrada- 
tion of the castings by the blisters (high metal superheat, 
heating of the forms, elimination of the counterflows of the 
metal and air) improve the quality of the castings, their 
mechanical properties.  In the case when the melt and the 
pourins; of a scaling alloy is carried out in a vacuum and 
the danger of the degradation of the castings by the blisters 
is eliminated, the question of the increase of the density 
of the metal must be given more attention. 

^Results of this study indicate the logical and in 
general similar variation of the structure, density and 
mechanical properties of two alloys which are completely 
different in composition and classcj ,  ^"-J 'Y "/   -_£> ■ 

V.Te have established the decisive influence of the 
casting conditions on the quality of the thin-wall casting 
whose properties are frequently determined not so much by 
the composition and the quality of the metal involved as by 
the general technological conditions of production (Ref 8). „ 
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The proper, theoretically substantiated, selection of the 
parameters of the technological process for the production 
of the castings is an extremely important but still in- 
adequately utilized reserve for the improvement of the pro- 
perties of the castings.  Varying the casting conditions by 
means of the use of different form materials, the combina- 
tion of heating of the form arid heating of the metal, pour- 
ing methods, position of casting in the form, etc, it is 
possible to provide the more favorable conditions for the 
formation of the properties of the thin-wall castings using 
the highly-alloyed heat-resistant alloys. 

The established patterns of the variation of the 
properties may sometime be disrupted as a result of the 
fact that each alloy has its own characteristic peculiari- 
ties.  The alloys can be characterized (as a function of 
composition, pouring conditions and cooling conditions) by 
precipitation of phases of differing dispersion and dif- 
fering distribution, by the presence of carbide or other 
liquations, by change of the «as content, by the formation 
of blisters or random flaws. "These peculiarities can some- 
times make ineffective the application of the general rela- 
tions governing the formation of the structure and the pro- 
perties of the castings and thus oan considerably complicate 
the problem and hinder its direct unique solution.  There- 
fore, it is necessary to make a further compilation of experi- 
mental data on the questions covered in this study both for 
daily practical activity and for the development of an all- 
encompassing theory of the formation of the properties of 
the' thin-wall castings. '.',,. 

|The results of this study also make it possible to 
draw certain conclusions on the question of the choice of 
specimens for the control of the verification of the mechani- 
cal properties of the thin-wall, castings^ This complex ,_ «^ y 
problem has not to date had a final resoTutlon' since ""mufti pile""" / 
and varied demands are made on the specimens for the prepara- ' 
tion of test coupons.  The specimens should be economical and 
simple, to prepare, should provide for consistent reproduction 
of the values of'the mechanical properties.  The properties 
of the specimen must be comparable to the properties of the. 
castings being verified.  The mpst. favorable conditions for 
the. verificiatlon exist in the'case when the specimens indi- 
cate mechanical properties equivalent to those of the cast- 
ings.  Even better results are obtained when testing the 
castings themselves under operational conditions. However, 
both these versions have;definitely limited application: 
the first version'.!? -used only-,t© determine the character- 
istics of isolated specific castings and the second is not 
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always applicable in conditions of routine production 

Specimens cut from the casting do not represent the 
structural strength of the part as a whole and can character- 
ize only the properties of Individual sections of the cast- 
inc.  The use of such specimens is usually limited to con- 
siderations of an engineering and economical nature. 

In the selection of samples for the monitoring of the 
mechanical properties we must take into account the fact 
that each alloy has its own characteristic peculiarities. 
The problem of the verification of the mechanical properties 
is also complicated by the fact that the thickness of dif- 
fering portions of the castings are not identical.  Conse- 
quently, the structure, density and the mechanical proper- 
ties of these portions differ. For example, the turbine 
blades in addition to the thin fin, have a massive shank 
section. For such castings a coupon of small diameter cor- 
responding to the thickness of the fin will not reflect the 
properties of the heavier shank portion of the blade. On 
the other hand the massive cloverleaf or wedge specimen 
produced in a hot form will not characterize the properties 
of the blade fin.  These same specimens produced in a cold 
form might in numerous cases characterize the properties 
of the thin-wall castings but here it would be necessary to 
establish ahead of time the corresponding correction coef- 
ficients.  Thus, the cloverleaf and wedge specimens which 
do not reflect the level of the mechanical properties of 
the more thin-walled castings may.still be a scale factor 
of these properties.  In comparison with precision cast 
specimens and the actual thin-wall castings, these coupons 
provide more uniform and reproducible results which is 
indicative of their lower sensitivity to possible degrada- 
tion of the castings by various flaws.  Consequently the 
specimens cut from massive, properly fed cloverleaf and 
wedsre specimens characterize primarily the properties of 
the°liauid metal and react only weakly to the deviations 
from the specified technological process for the production 
of the castings. 

Precision cast specimens, on the other hand, are 
ve~y sensitive to any process alteration.  However this 
advantage of these specimens is frequently belittled without 
adequate basis.  The presence in these specimens of various 
flaws which are not permissible in the actual castings 
(scratches, shrinkage and gaseous pits, scale, geometrical 
errors, presence of decarbonized layer, etc) is for some 
reason considered to be an inevitable evil,.although these 
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specimens represent only a particular cast- of a comparatively 
simple thin-wall casting.  But the precision car" specimens 
also may not reflect the properties of th.- thin-wall casting, 
they can serve only as a scale of these properties in spite 
of the identical thickness of the specimens and the casting 
and similar cooling rates.  This is explained by the fact 
that the decisive influence on the properties of the thin- 
wall castings is that of the density of the metal which is 
in turn dependent on the feed conditions. Equivalent pro- 
perties will be obtained only with identical feed conditions. 
However the feed conditions for the specimens and the cast- 
ings are different and are determined by the positioning, 
the method of pouring, the constructional peculiarities of 
the mold-filling system, and other technological factors„ 

In the case of a well developed technological process 
for production and close control of every operation which 
will eliminate the danger of flaws appearing in the castings, 
the mechanical properties can also be verified using clover- 
leaf or wedge specimens.  It is only necessary to take into 
account the arbitrary nature of this method of testing. 
Round and square specimens whose section dimensions approxi- 
mate the dimensions of the section of the actual castings 
are also suitable.  The choice of a particular form of 
specimen in the final analysis is determined by engineering 
and economic considerations, and the requirements for the 
determination of a reliable estimate of the technological 
properties of the alloys in the thin-wall castings. 

The rate of cooling of the cloverleaf specimens cast 
in cold forms is significantly lower than that of the thin- 
wall specimens cast "in the highly heated forms.  From these 
considerations, the heating of the forms for the cloverleaf 
forms is not desirable since in numerous  cases there may 
be a severe degradation of the structure and a reduction 
of the mechanical properties which is not characteristic 
of the thin-wall castings particularly in high-temperature 
tests.  It should be noted that for the alloys having 
coarse grains, which are to a large degree dependent on the 
cooling rate, such samples may not be typical ever; in the 
case of their casting in cold forms because of the unfavorable 
structure. 

The precision cast specimens are more sensitive and 
are therefore more "rigorous" specimens in comparison with 
the cloverleaf or other relatively massive specimens.  Their 
advantage lies in the fact that even after mechanical work 
(grinding) their structural integrity is not destroyed. 
Therefore.the mechanical testing of these specimens ap- 
proaches the direct testing of the casting itself, since 
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they are a pa 
cision cast s 
the field of 
in the invest 
effect of di*1 

and the prope 
velopment of 
form, methods 

-ticular case of the casting itself.  The pre- 
oecimens may find their application both in 
the research and also in production operations, 
igations of the properties of new alloys, the 
ferent technological factors on the struoture 
rties of the thin-wall castings, in the de- 
new processes for the fabrication of the mold 
of pouring, etc. 
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/EXPERIENCE IN THE PRODUCTION OF CAST TURBINE 
BLADES FROM HEAT-RESISTANT ALLOYSJ 

/Following Is the translation of an article 
by'K.P. Lebedev and M.N.. Yefimova in the 
Russian-language publication Trudy LPI 
(Transactions of Leningrad Poly. Inst.), 
No 224, Moscow, 1963, pp 195-202^ 

The production of cast turbine blades with precise 
dimensions using the various investment casting methods is 
of considerable interest not only from the obvious engineer- 
ing and economic considerations but also from technological 
considerations.  In the production of the cast blades it is 
possible to make use of alloys which are either difficult 
to deform or those which cannot be subjected to hot plastic 
workincr at all.  It is possible to make use of complex but 
aerodynamically efficient profiles, hollow blades with 
forced cooling, and finally use can be made of blades with 
higher properties than is possible with stamping or rolling. 

However the cast blades, particularly those used for 
the rotors, have been introduced into production very slowly 
so far.  One of the reasons is the variability of the quality 
and the mechanical properties of the castings, but primarily 
it is the necessity for the testing of the rotor blades at 
the specified condition.  (See Nekhendzi, Steel Casting, 
presented at the 23-rd International Congress of Casting 
Engineers in Germany, Leningrad House of Scientific and 
Technical Propaganda, 1958). 

Below we present the results of certain tests 
directed toward the production of sound castings of rotor 
blades using various heat-resistant alloys, including al- 
loys for moderate temperatures (up to 750C) developed in the 
Faculty of Casting Production of LPI. 
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Por the Investition - =f rted a Mf XT-sussed 
rotor blade of a -as tf*1"^*1^ group of blades whose 
SÄt?» r,eSa.S« Slll'Sa o/a.hnft. practical interest 
in thS  goc^he  P-hlem< as  stated  did ^VisAST.^ 
lutioh of Problems assoeiateavi.h the p      almenslons    our 
quently with the  f i"1^;"« p™°|"{aäe which corresponded 
:°raotlyStoa?heea

Bo°del SaoeM-ohired forged blade^ in 

'™  «"Ä of the -^-^arÄ^c^o- 
oast babbitt Press-form frOT a P^afin ^ of 0_ 
sltlon while  the teroperature-resistani. quartz sand 

v   ^focoi itshed^n a -rnperature  f af er  at 1800. ^The^ 
orms were baked in a PN-12 furnace  a    ^ntrlfUgal pressure 

to  the  usual  free pouring °f g!  |°^h metal  in order to 
was used after  the  fo™/"  fille* «1™    casting.     In view 

?i1^%?r^ufrndu^iLS:ftrod%fcIsSn/d4ve1opedin 

the casting laboratory. austenitic alloy 
Tests were conducted on the 111    ther6fore is not 

which contains no titanium or ^™m
f^liar BI612 austeni- 

an active scale-forming alloy, on in     fore an active 
tic alloy .which contains 1%  ^ ^Jn^he martensitic class 
scale-forming alloy, and finally on 
15KhllMF steel. 

Fig 1. 
Pattern of euts of speol-ns fro» the blade 

for mechanical testing  U-o/ 
Control of the quality o^he cae^rotor^ladeB was 

rferoroLaouf1frrm
3ihe1ilpsrfro/thethio,ened_seotions, 

«—~      . —-*«^. 
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and from the metal inlet locations.  2.  by verification 
of the mechanical properties by short-tern tension testing 
of specimens cut directly different sec- 

density of other 
by x-ray analysis 

from the blade .n 
tions (Fig l); 3. by determination of th' 
specimens cut from the blades (Fig 2); 4. 
of the blades. 

The requirements for the mechanical properties of 
the alloys tested were determined in accordance with the 
criteria obtained on precision cast samples prepared by 
the methodology developed in the casting laboratory of LPI 
(Table l).  (see M.T. Bogdanov, Cast Samples for Testing 
of Mechanical Properties of the Heat-Resistant Alloys, 
present collection, p 153)« 

Table 1 

Mechanical Properties (Minimum) and Heat Treatment 
Conditions for the 111, El612, and 15KhllMF Alloys' 

0 
Mapxa 
cruiaDa 

/'"TSPejKHM TepMH^eCKOB OÖpaÖOTKH 

HI ^'3ananKa c 1250 °C, 1 <iac, B03«yx ^ 
■4-750 °C, 4 Maca, B03Ayx 

Kl/MM' KI/MM' 
-O  

6' 

55 25 

». % *. % (MeHaiKc) ]«{, . 
MM/CM'    V-*/ »:a 

15 20 

3H612 ^73aKa^Ka c 1180—1200 °C, 1 Mac, BO- 
Aa •+• 790 °C, 10 Mac, D03Ayx + 730 — 
—740 °C, 25 Mac, B03ayx 

15X11MO 
'/.\ <^'OT>Kiir "npii 860—880 _°C, 2 Maca, 

c nenbHD -4/- 3aKa^Ka c 1050 °C, 1 Mac, 
Mac.no 4- 720—740 °C, 2   Maca, c neMbio 

45 28 15 

70 60 10 

25 

40 4,0 

a - alloy; b - heat treatment; c - Menager; 
d - El612; e - 15KhllMF; f - quench from 
1250C, 1 hour, air @ 750C, 4 hours, air; 
g - quench from 1180-1200C, 1 hour, air @ 
790C, 10 hours, air © 730-740C, 25 hours, 
air;' h - anneal at 860-880C, 2 hours, from 
furnace t  quench from 1050C, 1 hour, oil @ 
720-740C, 2 hours, from furnace 
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n HP 1*1 
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{?£)0öpa3tu 
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n 
L7J 

V 
L. J l_J 

1" 

n 
i i 

n n n 
ui i2i i/i 
I_J i i L.J 

Fig 2, Pattern of specimens out from blade for 
test for density 

a - specimen 

1. CASTING OF BLADES FROM THE 111 ALLOY 

Various versions of blade castins procedures were 
tried in order to select a suitably simple technology,, 
durinV the entire process of development of the technology, 
varlSus methods were used to cast 123 blades from the 111 

all°y* The blades cast with a form temperature of 850C and 
a metal temperature of 1640C had good finished contour. 

Consistent values of the mechanical properties and 
combatively hi«h absolute values of these properties were 
obtained In the production of the blades pouring through 
the upper head (blade positioned vertically).  For the 
malority of the specimens tested (73-75%) the values 01 ^ne 
im°n«te strength and the relative elongation (6  = 41-15*) 
correspond to the values obtained in the testing of the pre- 
cision cast specimens (öb = 71-55 kg/mm*}.. 

In the siphon pouring the least consistent values of 
the mechanical properties were obtainad in tha taating of 
the blade fin. Particularly great spread of the data is 

I A  «_, +>,0 vfliiips of the relative elongation — only 43/» 
It  the"specLIns tested fell within the specification Units 
U -  Ifi-lU)  It is evident that the disruption of the 
dlreouve5foildlfloatlon durlns the siphon pouring leads to 
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the formation of micropores which lead to a sharper decrease 
of the plastic properties than of the strength properties. 

When pouring usin^ the vacuum inflow method I see 
Nekhendzi and Bogdanov, Casting of Scaling Aligns,In a Pro- 
tective Atomosnhere under a. Vacuum, in Collection Application 
of Vacuum In Metallurgy, USSR Academy of Sciences Press  I960, 
P 34) 75$ of the specimens tested had a strength limit higher 
than the required value (£b = 69-55 kg/mm^).  However the 
plastic properties of the fin and the shank of the blade 
were not consistent — only 35$ of the specimens tested fell 
in the specification values for the relative elongation.  In 
this case the poor plastic properties of the specimens are 
the result of the formation of micropores due to the low 
pressure during the induction, since during the pouring the 
container and the blade are in an inverted position. 

The centrifugal casting method provides the highest 
absolute values of the strength and the most consistent 
strength values — the values of the ultimate strength of 
87$ of the specimens tested fell in the specification range 
(72-55 kg/mm2).  The plastic properties were also high In 
both absolute value .and in consistency — the values of the 
relative elongation of 63$ of the samples tested fell in the 
specification range (<f = 30-15$). 

Fig 3. Diagram of blade casting. 
with slot feed 

Gate system 
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Of'all the methods tested for the casting of the 
blades the optl»» «ujt ^Jf»^ to *^n°?Äy the 

5SÄS S«*B  after^-fay and careful visual hnalysls 
of the resulting x-ray pictures there were no depots found 

contlUons for which are created hy the header system with 
the Sl°MacroeichlnS of the blade surface discloses the varied 
-, :ure of the crystallization as a function of the design 
'."the oastln« block.  In the macroetohlng of the fin of 
blades ^cluced by pouring through the upjartad, there 
are clearly seen three zones of crystalllzatlon; fine   ^^ 

frains.' K^r ourlng'through'the slotted fe der 

sfrue°turehlnfthelL?ter case must ^° Pr«lde fr
m  ?0. 

Un^?rof "the'fln^o^eucra olaaf here ATS*- section of the fin °- jucn a      roaCrosection made along 
rheS,h?Srsrrec-tIonUffe?hrsrfhlade indicated the complete 
absence of shrinkage flaws and cracks along the grain 
boundaries ^ Qf thfl b     f  ^ 

äetermiLt°ion of the density. The ^S^V The\ensl^ 
tion of some of the coupons are shown in Fig 2. The aenaiüy 
of the coupons was determined using the method of hydro- 
StatiC Trof S ^obtained we see that the density varies 
onlv slightly along the height of the blade (Fig 5).  The 
S?rer nee between the maximum and minimum values amounts 
?J OP? which is indicative of the uniform impregnation 
;?.S; the entire height of the blade.  The absolute values 
of She density of thf specimens cut from the blade of the 

o? ?he casings along the length using this particular 
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casting technique. , 
From the results of the mechanical test, 7o?& of the 

samples fell in the specified density range (73# fell in 
the relative elongation limits).  It is important to note 
(Table 2) that the most consistent values are those of the 
mechanical properties of the fin of the blades, particu- 
larly the values of the ultimate strength.  During the test- 
ing of the shank the deviations are primarily associated 
with the central portion of the shank and are evidenced 
primarily in the reduction of the plastic properties.  The 
absolute values of both the strength and the plasticity are 
adequately hi«h. The production of the blades by casting 
by means of the header system with slotted feed provides 
for smooth filling of the form, the possibility of the di- 
rected solidification and excellent impregnation of the 
of the casting, uniformity of the structure and properties 
along the entire blade and consistent mechanical properties. 

Table 2 

Mechanical Properties of Specimens from Blades Produced 
by Casting Through a Slotted Feeder 

(fy Houep o6pa3ua 

J>« 1 2 3 4 S 6 

D/iaBKH 

@ 
"b 

KC/MM' 
». % "b 

KC/MM' 
*. % "b 

Ke/MM' 
*. % "b 

Ki/MM' 
«. % Kl/MM' 

*. % "b   , 
Kl/MM' 

«. % 

18 
18 
18 
19 
19 
19 

56,2 
56,6 
48,0 
60,2 
56,2 
63.4 

22,4 
15,3 
10,4 
18,5 
21,2 
18,3 

45,8 
52,0 
46,4 
56,2 
57,7 
39,2 

8.0 
12,0 
6,9 

13,2 
15,3 
6,3 

62,3 
62,3 
48,5 
56,2 

64,3 

21,8 
16,3 
12.6 
17,6 

18.4 

62,3 

60,2 
59,4 
57,1 
57,2 

18,7 

21,0 
14.1 
16,2 
19,7 

62,7 
56,2 
60,7 
59,4 
59,7 
60,2 

23,1 
21,7 
24,5 
22,9 
17,8 
20,0 

53,2 
57,2 
53,6 
59,3 
59,7 
58,1 

12,5 
23,4 
15,5 
20,0 
17,8 
23,0 

a - melt No; b -.specimen number 

2.  CASTING OF BLADES FROM THE El612 ALLOY 

In the casting of blades from the EI612 alloy we ob- 
served scale formation, which hindered the filling of the 
form particularly of the thin sections. In external ap- 
pearance these blades produced by casting.through a slotted 
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feeder had a less clearly finished contour of the thin edg, 
of the fin than the blades of the 111 alloy produced by 
the same method.  Excellent blade contovr was -^r^/^ 
casting by the methods of vacuum induction and with the use 
of centrifugal pressure. 

A comparison of the mechanical properties of the 
samoles from the blades produced from the EI612 alloy Dy 
three aJ?e?ent casting Sethods (Table 3  indicates tnat the 
highest strensth properties in both absolute value and in 
consistency is provided by casting througn the slotted feeder 
(87* of the samples tested fell in the specified range). 
The lowest absolute properties, in spite of the Rood con- 
sistency (81*), were found in casting with the use of cen- 

trifugal pressure. Qf the sampleE, regardless 

of the casting method, are very low.  Values of the relative 
elongation lets than 10* are shown by 87* f *?« "^itf 
uslni slotted pouring, 96* using vacuum induction, a  8 
using centrifugal casting.  In the vacuum induction and the 
centrifugal method there are no obstructions to the Passage 
of scale.  Therefore the scale forms in a large amount and , 
reduces the strength properties of the metal. 
reauces^n ^^ £tre^th properties of the blades Produced 
by the centrifugal casting method are explained by the fact 
tnat during the vacuum induction the scale is brought into 
the form and after rotation of the form into the normal 
oosition the scale floats upward only partially. The sepa- 
ration of the scale under the influence of the centrifugal 
force toward the center of rotation, cannot take place 
because of the rapid solidification of the metal and the 
scale remains in the casting.  In this methoa of casting, 
in comparison with other'methods, the scale noticeably 
reduces the strength properties but it reduced the plastic 
properties to an fven greater extent.  The slight improve- 
ment of the plastic properties of ^e blades produced by 
centrifugal casting in comparison with the other methods 
(Table 3) is explained, apparently, by the higher degree 
of compaction of the metal under the action of the cen- 
trifugal force. But still the improvement in the pias- 
ticity in this case (because of the presence of the scale) 
iS   "Thus, the best properties of the blades cast from 
the EI612 alloy can be obtained by filling the form through 
a header system with slot feeder. 
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Table 3 

Mechanical Properties of Samples from Blades Cast from 
EI612 Alloy by Various Methods ' 

© 
a « 
s 
2. 

(/>) HOMCP oöpasua 

I 2 3 4 5 6 

Cnocoö 

M/IHBKH 

0 

5S * 

c 
s? < 

0 

5? 

a; 

K 

0 «o 0 

3 

0 

s? 

Hepe3 
mo.ncoofi 

niiTaTe.ib 

C1. 

20 
21 
22 
22 

63,4 
57,2 
52,6 
43,0 

8,6 
12,6 
2,6 
0.4 

58,6 
40,8 
63,0 
56,3 

3,3 
0,8 
4,4 
4.4 

62,7 
66,5 
69,0 
56,2 

10,0 
12,7 
6.7 
2.3 

53,2 
14,8 
56,2 
61,4 

3,3 
2.5 
2,2 
3.1 

56,2 
60,6 
61.4 
64,8 

4,9 
9,8 
7.1 
6,3 

51,5 
52,2 
53,6 
56,3 

2.5 
4.0 
1.3 
1.7 

BaKvyMHUii 
3acoc 

20 
20 
21 
21 

44,8 
45,8 
58,7 
53,2 

1,0 
1.9 
4.6 

10,5 

34,2 
43,4 
45,5 
39,8 

0,6 
0.8 
0,6 
0.6 

53,6 
55,2 
56,2 
59.3 

2.2 
5,5 
7,9 
4.1 

47,0 
40,8 
54.5 
58,7 

0.8 
1.1 
2,5 
6.2 

60,2 
43,8 
59,7 
61,4 

8,7 
0.5 
5.3 
5,5 

45,8 
45,3 
56,6 
52,2 

1.0 
0,6 
3,4 
3,2 

lieiiTpo6e>K- 
Hufi cnocoÖ 

23 
23 
24 
24 

42,8 
50,0 
45,4 
45,8 

8,1 
15,3 
14,0 
11,4 

42,3 
45,8 
49,5 
49,7 

9,1 
15,2 
11,2 
7.9 

55,0 

44,7 

17,5 

12,3 

47.0 

49,0 
50.0 

6.1 

7.5 
9.9 

53,8 
56,2 
56,2 
52,1 

12,2 
15,3 
9.3 
7,3 

53,6 
52,0 
45,8 
43.8 

10,7 
9,2 
6.7 
2.7 

a - casting method; b - specimen number; c - 
melt number; d - through slotted feeder; 
e - vacuum induction; f - centrifugal method 

3.  CASTING OF BLADES FROM THE 15KhllMF ALLOY ■ 

In the casting of blades from the 15KhllMF alloy 
there. Is also observed some scale formation but to a much 
lesser degree than when casting of the blades from the 
EI612 alloy.  Therefore in external appearance the blades 
have a well finished contour. 

From Table 4 we see that the strength properties of 
the blades have excellent absolute values and high con- 
sistency — 88# of the samples tested fell in the speci- 
fication range. 
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Table 4 

a Slotted Feeder 

25 83,1 
27 S3.1 
27 80,6 
27 79,2 
27 79.S 
28 83,7 
28 82,5 
28 82,5 
28 84,6 
28 84,2 

a - melt No; b - specimen number 

CONPLUSIONS 

-i  The highly stressed cast turbine rotor blade 
1. me  niB^xy       ,    croup of blades can be. 

which is .characteristic of a ^^ä
s^UJn°estment casting produced by the free casting method of invesin 

in the case where the alloy is not ^cale tormi 5 

of the cast turbine rotor ^J^..    from the EI612 and 
3.  In the casting of the blade irom       ultimate 

Uin^SlSV'l^^ÄÄJ^ distribution o, 
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V'the ferrite (15KhllMF) alloys). rT,10 
Vhe  ±er4.  successful.application of the scaling type El612 
alloys for the casting of blades can be achieved by the use 
of those casting methods which provide for the absence of 
the scale in the melting and pouring process with sufficient 

"assurtrce.  To do this ve  must use either vacuum melting 
and pouring or make further investigations of the develop- 
ment of thl metal supply system for the vacuum induction. 

5. Uniform distribution of the ferrite during the 
casting of blades from the 15KhllMP alloy can be achieved  . 
by an optimum concentration in the alloy of C, Cr, Si and 
Ni for a given rate of cooling using a given technological . 
process and blade dimensions.   
process  o^ centrifugal casting method can significantly 
improve the conditions of the feeding of the casting and 
consequently can provide for consistent ^ality.  The 
practical use of this method for the scale-forming alloys 
will require the use of a protective atmosphere.. 

10484 
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