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/ STRUCTURE CHANGES DURING UNSTEADY HEATING OP 
NOZZLE VANES MADE FROM A CAST, NICKEL-BASS 

HEAT-RESISTING ALLOY 

[Following is a translation of an article by.y._N.  
„J^dney., Ai^Ij^Yefimo.7, N._I\ ^Kujshnareya, and M,__JL„ 
__JQiazanoy|in the Russian-TängÜage" book Voprosy Fiziki 

MetalToy 1 Metalloyedeniya (Problems of Metals Phy- 
sics and Metals Science),  Collection of Scientific 
Works of the Institute of Metal Physics, No 17, Kiev, 
1963, Academy of Sciences Ukrainian SSR, pp 98-110,] 

r-   A 
/Nozzle vanes of gas turbines operate under conditions 

of an unsteady temperature field.  Thermal stresses forming 
during engine starts and stops lead to premature^; fracture of 
vanes due to the onset and development of thermal fatigue 
cracks /if.     In a number of works the decisive role of surface 
layers of heat-resisting alloys in opposing fracture at high 
temperatures and under conditions of unsteady heating is pre- 
sented.  It has also been established that cracks which form 
in the surface layers of intake vanes and sometimes in the dis- 
charge vanes are developed in grain boundaries. However, due 
to difficulties of an experimental nature (insignificant thick- 
ness of surface layers), until recently there was no systema- 
tic data on the effect of thermal cycling on phase composition 
and structure of surface layers of vanes under operating con- 
ditions.  The present investigation is devoted to a study of 
the structure changes in surface layers and internal regions 
of samples and vanes of cast nimonic^J l&A  J^ 

Material and method of investigation 

The items of investigation were nozzle vanes which had 
passed thermal fatigue tests on a dynamic-gas installation un- 
der conditions simulating starting and stopping of a gas tur- 
bine engine. Temperature mode of gas was 20-1200-20°C. Vanes 



were investigated after a varying number of cycles in which the 
greatest number of cycles was 650. 

Thermal cycling of samples (disks with a 16-mm diameter 
and 8-mm height) was done in a furnace as follows: heat to 
1000 C in 30 seconds, hold at 1000 G for l± min, cool in air 
stream or water.  Structure changes occurring in the vanes 
and samples after thermal cycling were studied with ordinary 
and electron microscopes.  In the investigation of structure 
alterations, preparation of polished sections and bringing out 
the microstructure is of paramount importance.  In this work, 
specimens were mechanically polished. Microstrueture was re- 
vealed by electroetching using electrolytes, and processes pro- 
posed by the Ail-Union Institute of Aviation Materials (VTAM) 

(see table) 

Reagent 
composition 

10 g (NI%)2S0^ 

10 g citric acid 

„3 water m~ 

10 %  NaOH + H202 

Etching process, current      Microstruc- 
strength, and etching time    ture 

_ A 

0.1-0.2 a/cm 

5-6 seconds 

0.1-0.2 a/cm2 

120-180 seconds 

0.1-0.2 a/cm2 

strengthened 

; Y'1 -phase 

cellular struc- 
ture 

carbide 
phase 

Results of investigation. Study of the structure state of 
samples subjected to thermal cycling (samples were heat treated 
by V. I. Borisov). 

Samples were subjected to thermal cycling with air cool- 
ing after 1, 75 and J4.OO cycles and with water cooling after 1, 
75 and 280 cycles. 

ITo noticeable change of the carbide constituent was re- 
vealed nor was there any essential change noted between struc- 
ture of the center and that of the area adjacent to the surface 
of polished sections (Pigs. 1, 2).  For comparison, Pigs. 1 and 
2 show the microstructure of samples quenched in water after 
one and 280 cycles.  Thermal cycling of samples with air cool- 
ing from a fan does not lead to formation of cracks even after - 
14.00 cycles. Apparently, stresses forming under such conditions 
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are insufficient for crack formation. Testing of samples un- 
der more rigid conditions causes microcracks to appear even 
after 75 cycles and the formation of a large number of visible 
cracks is noted after 280 cycles. Microscopic investigations 
show that not all cracks emerge at the surface. A portion of 
the cracks is.located  at a depth of 0.1-0.2 mm from the sur- 
face (Pig. la).  It is possible at this depth that stresses, 
forming in connection with varying rate of heating and cool- 
ling of the surface and internal areas of the sample, are 
maximum. 

«e '$&&'. '!&">.. 
cycle ;"°""'";"' •■■-"-■■•"■■ "-'■•-■' ■"■■•  ■ ■- cycles 

Pig. 1. Microstructure of thermally fatigued samples, 
water quenched and carbide phase etched, after one 
cycle (left) and 280 cycles (right): a—surface 
layers (70X)j b—internal layers (100X). 

Microstructure study of the X1-phase in the samples 
showed that increasing the number of cycles and changing the 
conditions of cycling does not significantly change shape and 
position of the X1-phase (Pig. 2a, b). Slight coalescence of 
the tf» -phase within the grains and more vigorous coalescence 
in the grain boundaries is observed only at a large number of 
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Oil -mil cycles which is verified by electron microscopy (Pig. 
2b).  Apparently, the more predominant factor in coalescence 
c'f c irjides '\nd"the *' -ohaso is not the number of cycles but 
the 'tennsratui'3 and holding time at the maximum cycle tempe- 
rs, ture. 

«? «äü^^^ 'M 
&mt 

■vuf' 
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¥^B 
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A2 ;*C* 

»»■..üvJ-; 

!i\i <iuf.;'0t: 

Pig. 2. llicrostructure of thermally fatigued samples, 
"V-ter> quenched and If»-phase etched, after one cycle 
(left) and 280 cycles (right): a--surface layers 
(70X); b--internal layers (3000X). 

hoct of unsteady heating on structure of sur 
.ternal zones of nozsle vanes. 

je lavers and 

llicrostructure and electron microscope investigations 
of erst 'Did heat treated vanes indicate essential distinctions 
in their structure.  In a heat treated vane there is observed 
considerable dissolution of carbides as compared with cask 
vanes.  Aa is known, chromium carbides and binary carbides, 
boinr; disnosed primarily in the grain boundaries, embrittle 
the alloy.  Processes of carbide formation in ^rain boundaries 
promote depletion of the 6' -phase by alloying elements, which 
alleviates coalescence of the fc'-phase. 

- i\.  - 



Structure changes in nozzle vanes, having passed standing 
tests after a varying number of thermal cycles, were initially 
studied on vanes of various melts.  Apparently, in connection 
Sth the ?alt that vanes were of various shapes, varying ther- 
mal cycling from different heats did not reveal an association 
b"e£we£n number of cycles and formation of cracks.  Thus, from 
eight vanes, after 70, 100, 162, 192, 275, 300, 500 and 650 
cycles, deep cracks x^ere observed on the leading edge after 
70 and 275 cycles. ^   .       , 

Microstructure investigations of surface layers and 
internal regions of vanes with cracks on tne leading edge after 
etching the carbides and V-phase showed that no particular 
change in location of the tf'-phase and carbides, as compared 
with a heat treated vane, is observed.  The V-phase is uni- 
formly distributed in the matrix of the solid solution.  In- 
vestigations of the geometry of crack development shows that 
that cracks are situated in the grain boundaries (*ig. 3b). 

A concrete result of structure changes in surface layers 
of vanes having cracks was obtained in a study of the surface 
layers of deeply etched samples (Pig. 3a and 3b).        ■     t 

Prom Pig. 3 it is clear that a brief etching of a section 
of a vane in the cracked region (from the leading edge) did not 
reveal any essential difference in the structure state of the 
surface and internal sections of the sample.  Increasing the 
etching time from two to five minutes revealed a unique cellular 
structure in the surface layers (Pig. 3b). This cellular struc- 
ture is observed in the surface layers of the leading edges of 
vanes which had undergone thermal fatigue tests and cracked af- 
ter 70 and 275 cycles (Pigs. 3b, lpa, and 5b).  Depth of sur- 
face layer with the cellular structure was 0.1-0.2 mm for vanes 
after 70 cycles and 1-2 mm for vanes after 275 cycles.  It must 
be noted that the cellular structure is revealed not only in 
the region of cracking but on a considerable portion of the 
leading-edge surface, and in many vanes is present in the entire 
leading edge (Pig. k). # . 

The most pronounced cellular structure is revealed in 
surface zones of a vane.  At a certain depth from the surface, 
the tf'-uhase is ingrained on the light background of the cellu- 
lar structure and the amount of *'-phase present gradually in- 
creases where at a depth of 0.1-0.2 mm the cellular structure 
completely disappears.  Only the tf'-phase is evenly interdis- 
persed in the matrix of the solid solution (Pig. 5a and 5b). 
Cell dimensions change from 30 millimicrons on the surface to 
5 millimicrons in deeper layers.  The cellular structure has 
preferred orientation within the boundaries of each grain (Pigs. 
3b and 5b).  Transition from one grain to another is accompanied 
by change of orientation and shape of individual cells (Pig. 6). 

In a vane after 500 cycles, in which there are no thermal 
fatigue cracks, the cellular structure is not present. Compari- 
son of vanes after 70, 275, and 500 cycles shows that in a vane 
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'iß. 3-  Jiicrostructure of vane after 2?£ cycles of 
testing in the,cracked region, 'a'-.-hase etched: 
a--otchins ti;;ie-2'5 seconds; b—etching time-100 
seconds t70X). 
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after 500 cycles, there is noticeable coalescence of the f-phase 
both inside the grains and in the grain boundaries. 

In one vane from the investigated alloy, a deep crack in 
the trailing edge was observed.  Microscopic investigation of 
this vane showed that the cellular structure was not only close 
to the cracks but on the entire trailing edge of the vane (Pig. 
{a), 

'      r . * / '        ,          1             Tj     . 

ii \     *"• ..»*1          * *•   .1   -    *    1 *. 
\"*r.f •-•» ••• -•--. H:.'i'.* '-•.-"T.-r.: 

11 V, » ',V * ^'V^\^^^ 
\              \               \              \ • 

"v^iä^^^^^^^^^^ H **^i \             \               \               V 

(1) §fP^l ffi/eucmop cmpy«mypa 
WMk npoMexcirmowa* cmpyiemypa     (2) 

Fj&U Cmpyxmypa y-<pa3ti (3) 

Pig. ]+.  Illustration of the distribution of cellular, 
intermediate, and S' -phase structures in: a-- a vane 
with a crack on the trailing edge, b—a vane after 
275 cycles.  1—cellular structure, 2-.-intermediate 
structure, and 3—structure of the "jj1-phase. 

The lack of an evident relationship between number of 
cycles and formation of cracks in vanes of the first batch 
made it necessary to conduct a similar investigation of vanes 
from one heat.  This series of vanes were investigated after 
50, 75, 100, 150, 2I4.O,   350, and I4.8O cycles.  It turned out that 
that there is a definite relationship between number of cycles 
and formation of cracks. 

In all vanes of this heat, starting at 100 cycles and 
above, cracks were observed in the leading edge.  Microstruc- 
ture studies showed that, in vanes with cracks,the cellular 
structure will be in a narrow region in the leading edge. The 
width of this region varies from vane to vane and in the same 
vanes varies from 0.1 to 6 mm. 

It was interesting to note that in a vane after 350 
cycles, the cellular structure is found on a restricted section 
in the region of the leading edge where the cracks are also 
observed. 
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'±r..   5.  Cellular structure in cross section ox vane 
~Iea^inr; edpe: e--after 70 cycles (650X); b--after 
27> cycles '(7CX). 

Ö - 



The existence of the cellular structure in the surface 
zone was established also in a vane made from an alloy of simi- 
lar composition which cracked along the leading edge. 

Discussion of results 

The microstrueture of vanes in the cracked region shows 
that fracture occurs primarily in the grain boundaries (Fig 3b). 

In individuals cases it was possible to establish that 
the initial stages of fracture are a loosening of the structure 
being transformed into microcracks along the grain boundaries 
of the cellular structure.  Apparently, as a result of cyclic 
loading at these points, defects are accumulated and, at speci- 
fic stages, lead to the formation of microcracka (Pig. 5a). 
These observations agreed with x-ray studies of work ßy  in 
which the authors arrive at the conclusion that, as a result of 
cyclic thermal stresses over a period of time, preceding the 
appearance of cracks, plastxc deformation is intensely accumu- 
lated idecrease dimensions of blocks which corresponds to an 
increase of dislocation density). 

1.  Effect of thermal cycling on formation of cellular structure. 

For explanation of the conditions of formation of the 
cellular structure, alloy samples, after normal heat treating, 
were subjected to repeated heating at various temperatures, 
held at temperature for different periods of time, and cooled 
in water or air, or furnace cooled.  It turned out that the 
cellular structure appears when alloys are heated at 1100-12000. 
Further increase of temperature accelerates this process.  After 
eight hours at 11Ö0 C, individual areas with the cellular struc- 
ture are noticed.  Increase of temperature to 1200 G promotes 
clear manifestation of the cellular structure within 15> minutes, 
but at 1300 G only 5-10 minutes was required.  Prerequisite for 
stabilization of the cellular structure appears to be the con- 
dition of cooling.  The faster the cooling rate, the more clear- 
ly this structure is revealed.  Slow furnace cooling does not 
promote formation of the cellular structure even after heating 
to high temperatures 11250-1300 G).  Analysis of the microstruc- 
ture and results of x-ray studies, after various forms of heat 
treatment, form a basis to explain when and why the cellular 
structure is formed.  At the present stage of investigation, 
these conditions proposed by us are: in heating to 11Ö0-1200 G 
and above causes dissolution of the excess phases (carbides 
and Jf'-phase) in the matrix of the solid solution.  The higher 
the heating temperature and longer the holding time at tempera- 
ture, the faster these processes will proceed.  During subse- 
quent cooling the *'-phase precipitates out and,in this instance, 
precipitation cannot be retarded even by water quenching.  Cool- 
ing rate has a significant effect on degree of dispersity of the 
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vi/xxx u      qatisfactorilT resolved at hign mag 
mTiJi?^s  Itepresence is eaally revealed by the presence 
of a WacTc precipitate SSlch can be removed from the surface  • 
It  ^SlisSd Bactioa .x-ray_ dif fraction analysis of the 

th defisivfcLdLÄr manifestatio/of the cellular struc- 
tii-fl  Coalescence of the V -phase occurs during slow cooling 
end "he ^Substructure 'does not form  Based on these.ob- 
servations, it was possible to assume that the cellular struc- 
ture can be annihilated by additional heating to a^Pe^re 

that will ensure coalescence of the *'-nhase. To check this, 
a sample with the cellular structure was vacuum heatedat 
none fo- five hours.  After repolishmg and deep etching, 
tne structure shown in Fig. 6b was revealed  Thus, as is pos- 
sible to see,, coarsening of the '-phase took place and at the 
same time the cellular structure disappeared.  Heating to high 
IT  omperatures V120ü C) with subsequent rapid cooling again 
1,: is to formation of the cellular structure.  Thus, at cer- 
t' ) conditions, this process can be completely reversed. 
N-rurally there is the question if the cellular is really an- 
nihilated; is this only an apparant effect associated with 
peculiarities of etching?  At present, it is only possible to 
make assumptions, but to us it seems that they will be better 
founded after additional experimentation.  Apparently, xn 
actual conditions of nozzle vane operation, when there are 
simultaneous changes of chemical composition of the surface 
layers, temperature and time conditions for formation of cellu- 
lar structure can change,  however, at present there are no 
data on this problem. 

2«  Nature of the cellular structure 

In micr'ostructure analysis appears the question on the 
fact that there is a cellular structure and is it a result of 
etching?  In the process of investigation many samples were 
subjected to repeated polishing and etching,  in *11 cases 
the revealed microstimeturewas always the same.  In addition, 
as one may see from Pig. *a, in the s^^ce layers, only the 
cellular structure is observed,  i'ne transition to deeper layers 
shows that the finely dispersed «'-phase is revealed on the 
background of the cellular structure.  Internal sections      - 
of the polished section always contained precipitated particles 
of carbides and the fc'-phase.  This observation leads to the 
conclusion that the cellular structure may be associated with 
a causal effect of etching. *<■,*„  -1-,™« 

Some authors associate the formation of a similar type 
structure with formation of oxidized films and their subsequent 
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Pig. 6.  deproducibility of  cellu- 
lar structure: a--repeated deep 
etchirg into V -phase of a sample 
quenched from 1200 C after holding 
for 0.6 kiloseconds (7'0X); b~-same 
sample after holding at 1100 0 
for five hours (600X). 

craching in crysta-. planes peculiar to the metal under the oxide 
film.  i'hus, in viork [%J  the film method of etching wa 
for r.iotallograph!c study of ■ubetrate of silicon electric 
steels. As a result of using this special fron of etching, a 
silimilar structure was also observed, in research on ferritic 
magnesium iron /67. 

Special tests we 'o carried out to explain the nature of 
tie cellular structure.  Samples with a cellular structure were 
subjected to roeolishing and etching many times.  In Fig. 6a, 
'.icroehotographs are shown of the sane polished section after 
repeated polishlngs.  As evident,, in all cases the nature of 
cell orientation is preserved, although cell size is changed. 
Preservation of cell orientation after repolIsh:hug in the 
confines of one gr^in .and its charaae in the trau siM.cn to ano- 

gram serves an indication that the cellular structure 
reflects crystallographic orientation of the grains. -However, 
change of cell size places identity of structure and substrate 
in doubt. 

re, it ie possible to assume that the cellular 
his case is a result of film etching of the metal 
specific structure state.  1'his structure, as 

fh e r e 
structure in 
which is in 
evident from motallograohic 'investigations (Fig, 5a) can be 
associated with tie varyirr. hgroe of disporsity and quantity 
of' the &'-phase in the surlaco sections and intern"« 1 roauoas 
of the metal,  Hc-eo-ver, ' >; is necessar" to take into account 
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the effect of change of chemical composition of surface layers 
as a result of interaction of vanes with corrosive gas flow. 

3.  Cellular structure and formation of cracks. 

Wo attempted to relate formation of the cellular struc- 
ture and formation of microcracks in the surface layers of vanes. 
Actually, if the celltilar structure characterizes a change of 
structure state of vane surface layers, it can bo deduced that 
the surface layers possess less resistance to thermal fatigue 
and are the most probable sites for formation and development 
of microcracks.  However, it is known that thermal cycling to 
1000 C forms cracks although there is no cellular structure. 
Upon increasing the cycling temperature,the formation of cracks 
proceeds much faster.  At these conditions (heating to 1180 C) 
the cellular structure is revealed. 

While the only assumption that can be made is that for- 
mation of the cellular structure can accelerate microcracking, 
which can lead to failure of nozzle vanes.  The physical na- 
ture of this association must be further studied.  It will be 
necessary to give attention to the fact that appearance of 
the cellular structure in thin surface layers after stand tests 
may be connected with local overheating. 
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/INVESTIGATION OF CRYSTAL STRUCTURE CHANGE. y| 
DURING THERMAL FATIGUE OF ALLOY ZhS-6K 'l 

following is a translation of an article by A. P. 
_Glazov, L. I. Lysak, L. V. Tikhonov, and M. S. Kha- 

" zänovlin^tHe""Russian-language book Vor>rosy Fiziki 
Metallov i Metallovedeniya (Problems of Metal Phy- 
sics and Metals Science/, Collection of Scientific 
Works of the Institute of Metal Physics, No 17, 

' Kiev, 1963, Academy of Sciences Ukrainian SSR, 
pp III-II9.3 

{V;('s /Thermal fatigue is one of the basic factors leading to 
fracture of nozzle vanes of gas turbine engines.  Thermal 
sTresses occurring during stopping and starting of an engine 
and during switch-over from one mode of operation to another 
sharply reduces the service life of vanes. 

Cracks formed in the process of thermal cycling usually 
appear in surface layers of a vane and upon further operation 
rapidly lead to vane fracture. 

At present it is generally accepted that the main pro- 
cesses occurring in unsteady thermal actions are thermal 
stresses. These stresses which exist all the time are func- 
tions of the temperature gradient AT and, as a rule, are great- 
est in the surface layers and therefore cause structure changes 
in these layers. J 

One may consider that in the process of cyclic heat• 
treatment there occurs an accumulation of elastic macro-strain 
(stresses of the first order) which brings about the formation 
of cracks.  Apparently, change of phase composition has much 
significance, as this occurs in the surface layers under the 
effect of thermal stresses /lj.     There are data on the fact 
that thermal cycling activates the aging process as compared 
with its isothermal nature at the highest temperature of the 
cycle /2t   3j.    The variation in the process of cyclic heat 
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treatment on dislocation distribution in the surface layers 
/k7 alsS is important.  It should be noted that the shape and 
Surface condiUon of a part effects resistance to thermal fa- 
tigue as does the parameters of the temperature cycle /£, 6/* 
Oxidation of the surface layer also plays an essential role. 

In spite of a large number of works on the study of 
thermal fatigue of heat-resisting alloys and parts, the problem 
is still far from being adequately understood. 

Many researchers studied thermal fatigue of various 
materials which were quite different in shape from vanes and 
also uSder cnnditionsVite different from actual conditions. 

Nozzle vanes of gas turbines were investigated intnxs 
present work by x-ray diffraction at conditions ?PP™a^S 
actual operating conditions (temperature, composition of medium- 
combustion products of diesel fuel, gas flow-rate, etc.;. 

Inasmuch as a crack is obviously the result of the same 
structure changes which accumulate in surface layers of varies 
during thermal cycling, it was necessary to conduct x-ray^in- 
vestigations of vane surface layers with respect to the number 
of cycles before and after cracking. 

*  It was also interesting to investigate changes of sur- 
face condition of vanes in the process of machining. 

(The presented problems were solved in our work by means 
of investigating the state of the matrix solid solution. 

Several cast yanos made of heat-resisting alloy ZhS-6K 
were produced.  H&at.treating vanes was done as follows: four 
hours at 1200 C with sub,seq^ient air cooling.  In order to ex- 
plain the effect of masfcinlng on structure of the surface 
layer, three forms of vanes were investigated: umnachmea, 
rough machined, polishedj Polished vanes were subjected to- 
thermal cycling on a special unit under two variants: 1) l]-00 - 
30 seconds; 500°-30 sec; 800°-60 sec; k00°; b) k00°-30 sec; 
7000-30 sec; 9500-60 sec; k00°. /, ,f. . 2 P 

Method of investigation 

X-ray investigation of the tf-solid solution of vane 
surface layers was done in an ionization chamber URS-50I with 
automatic recording of radiation scattering.  Rotating speed 
of scintillation counter was 0.kl5 milliradians/sec and rate 
of movement of diagram strip of recording instrument was 0.^5 
mm/sec? Mnes Uli), (220), and (222) of the »-solid solution 
were recorded using Co-K^ radiation. ■,„„„„„+. 

In the investigation vanes were placed on the largest 
stand of the URS-^OI unit and ncrtrotated in the plane of the 
polished section.  In photographing slices of vane samples they 
were rotated in the plane of the polished section at 6.2Ö rad/ 
sec.  As a rule the surface layers were studied but in some 
cases deeper areas were studied by means of etching. 
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The change of *-phase lattice parameter was determined 
by the change of the angle of reflection of interference lines. 
Determination of the dimensions of the regions of coherent 
scattering and magnitude of micro-distortions was done accord- 
ing to methods described in works /j,   QJ, 

Results of investigation and their discussion 

Results of measuring the lattice parameter of the *-phase 
in the region of possible crack formation ^middle of leading 
edge on concave side) in vanes are presented in Pig. 1. 

a,Hu 
(aflxso 

Q3580 

Q3570 HtoSpoSomaHHOU rpySag QOOupxa   nojiupoBoHHaa 
CocmonHue noBepxHocmu (e) 

Pig. 1.  Curve of the change of lattice parameter of 
the --phase on surface of vane to stage of mecha- 
nical working:' a—lattice parameter a, run; b— 
unmachined; c—deep roughing; d—polishing; 
e—distance from surface. 

Prom Pig. 1 it is evident that machine leads to some 
increase in lattice parameter.  These results are explained 
in that,during casting and heat treating, layers are formed 
on the surface which differ in composition from the ZhS-6K 
alloy, and upon further roughing and polishing these layers 
are removed.  This explanation is verified by a change in the 
lattice parameter after etching of unmachined and polished 
vanes at various depths.  Por example, when etching and un- 
machined vane the following results are obtain? d: 

depth of etching, mm 
latcice parameter of 

of tf-phase, nm 

0.00 

0.3571 

o.o5 

o.3581 

0.1Ü 

0.3589 

Results of x-ray examination of the surface layer of a 
polished vane ;vith respect to depth of etching are shovm in 
Pig. 2.  As one can see, in etching the finished surface of 
a vane, the V-phase parameter remains almost unchanged.  Thus, 
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I,*   «  ov,^ „nHqhsd of  the  surface  completely removes  the 
lÄ? ErtKlJ composition which 1. for»d during pouring 
(casting)  and hoat treatment of the vana. 

It   «5 

8,, pod 
(c) ** 

0   0,05    0,10   0.15   0.20  0,25   0,30   0J5 MH 
( d ) r/iyßuHU c/ioD mpalJieHua 

Fig. 2.  Curves of the change in line widths (Bm 
and B222), integral intensity of line 111 U^Ll)» 
lattice parameter, and size of the region of 
coherent scattering of the S-phase according to 
depth of the surface layer in a vane; a—lattice 
parameter a, nm; b—depth D, cm; c—B^; d-depth 
of etched layer. 

Prom Pig. 2 one may conclude that the thickness and 
structure of the cold-worked surface layer, which is impor- 
tant in this case, have a decided effect on resistance to ther- 
mal fatigue /jtf.     These data obtained in filming the concave 
region of the vane along the leading edge show that the width 
of lines (111) and (222) and the intensity of line (111) are 
changed up to adepth of 0.1 mm from the vane surface, i. e. 
the depth of the cold-worked layer is approximately 0.0-0.1 mm 
deep.  Size of the region of coherent scattering and magnitude 
of micro-distortions on the surface of the vane were determined 
from widths of lines (111; and(222) and found to be Aa/as»2.7 
xlO-3 and Ds=3 x 10~° cm respectively.  Prom modeled presenta- 
tions developed in ^9-ll7 it follows that distribution of dis- 
locations on the surface of a finished vane is random.  Even 
at a depth of approximately 0.0£ mm microdeformations are prac- 
tically zero and the size of the blocks of coherent scattering 
exceed 1 x 10~M- cm. Deeper in the vanes the size of these 
blocks does not change. 
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A vane was similarly investigated at 6^0 cycles (with- 
out cracks) according to mode 1 (page lijj. Results of this 
study are presented in Fig. 3. X?ray photographs were taken 
at four regions of the vane surface: 1)  the region of the lead- 
ing edge on the concave side (parameters—an, IT_X1> 

and D—°> 
2)  region of the leading edge on concave side (parameters—-ap, 
Illl» and D—O; 3) concave region in center section (parameter 
—a3, Im» and»—D; Jjj back side in center (parameter—aj,, 

5,570' 

1W6 

0,05 0,10 0.15   0.20 0,25 0,30 0,35 MM 
r/iySuHa c/ioa mpaS/jenusi (c) 

Pig. 3«  Characteristics of crystal structure of 
vane surface layer after 650 cycles: a—nm, 
b—radians, c—depth of etched layer 

Lines widths on graph are for those regions on the lead- 
ing edge, concave side. 

Prom the presented data it is clear that in the process 
of thermal cycling a layer of variable composition is formed 
in the surface layer (with diminished parameter of the S-phase) 
with a thickness on the order of 0.0£ mm.  In the region of 
the same thickness there occurs a greater change in the inten- 
sity of line (111).  At a depth of 0.05-0.10 mm, lines (111) 
and (222) are the strongest. 

Thus, all structure changes, accumulated as the result 
of thermal cycling, are concentrated primarily in the fine 
surface layer with a thickness of 0.0^-0.10 mm. 
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Jud-inr by the intensity of lines till) it is interest- 
^c fn note th-t the size of the regions of coherent scattering 
^smallest (-lO"*^ in the zonalere cracks had been pre- 
viously noted (on the leading edge, concave side). The same 
Irder of block dimensions (~3 x 10-6 cm)  glVeS and estimate 
as to widths of lines (111) and (222). In other zones the 
size of the regions of coherent scattering are much larger. 

0     100    200    300    400    S00   600VuC/10uuMtt(c) 

Pig. k.  3ffect of the number of thermal cycles on 
characteristics of the crystal structure of the 
*-phase (variant 1): a—lattice paramoter-a, nm; 
h—radians; c—number' of cycles. 

In spite of the small size of the blocks in the zone of 
the leading edge (it is the same as in the initial unmachinod 
vane), mierodeformations of the »-phase lattice are not ob- 
le^ved.  This fact can be explained principally by the varying 
distributions of dislocations in the surface layers of the 
original vane and vanes subjected to 6^0 cycles.  J?he produced 
result fully agrees with the result of work £k/. 

Pic. k  shows data obtained on vanes with respect to 
number of cycles (0 to 6^0) according to variant 1.  None of 
the vanes of this batch had any cracks. An x-ray Photograph 
was taken of the surface of an unsectioned vane in the zone 
of the leading edge, concave side. 

Prom the presented data one can see that at approximately 
100 cycles the interference lines are almost completely non- 
existent which indicates removal of lattice microdexormations 
and increasing of the regions of coherent scattering.  The 
change of lattice parameter is completed at 100 cycles on the 
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surface of the vanes (black circle—at line (111), square—at 
line (220).  The intensity of line (111) up to 100 thermal 
cycles is steadily diminished indicating an increase in,the 
size of, the regions of coherent scattering from 3 x 10" to 
1 x 10"^ cm.  In the interval between 100 and 500 cycles lines 
(111) become spotted and it is impossible to measure their in- 
tensity. ' However, this fact is witnessed by the fact that after 
many cycles the grains and blocks in the vanes are coarser. 
At 6^0 cycles the lines again become solid and their intensity 
is increased.  This phenomenora corresponds to decreasing size 
of regions of coherent scattering (by calculation this is 
3 x 10-6 cm). 

Comparing all the above-mentioned data on change of 
lattice parameter, it is possible to arrive at a conclusion on 
the fact that change of lattice parameter on the surfaces of 
vanes during increase in number of cycles is explained by the 
composition alteration of the surface layer, but not by an in- 
crease of elastic deformation as manifested by stresses of the 
first order. 

Thus, eleastic macrodoformation in the process of ther- 
mal cycling is not accumulated.  At the same time, the nature 
of change in the number of cycles of the elastic microdeforma- 
tions of the lattice and the size of the regions of coherent 
scattering indicates that if in the initial stages of thermal 
cycling (100-1^0 cycles) temperature plays a more predominant 
role (removal of microdeformations and increase of block size, 
i. e., decrease of dislocation density), then at a higher num- 
ber of thermal cycles the danger zone for appearance of cracks 
will be reached (500-650 cycles in the given case) and plastic 
strain is accumulated (increase of dislocation density).  In 
this instance dislocations are not randomly dispersed, but are 
distributed in such a way that the elastic lattice energy is 
less than in a chaotic distribution of dislocations (an example 
of such a distribution is grouping of dislocations in the shape 
of a vertical wall and their association). 

On the basis of these premises it one may consider that 
disturbance of continuity of a solid material (crack formation) 
occurs not as a result of accumulation of elastic macrodoforma- 
tion in the surface, layer, but because of accumulated altera- 
tions in the fine crystal structure by which the material loses 
its ability to withstand unsteady thermal stresses. 

It must be noted that the above-described regularity of 
structure changes, defending upon number of thermal cycles, 
were confirmed by an investigation of other batches of varies 
which were tested according to mode 2.  Results oi tnese in- 
vestigatiens are presented in Pig. $.     The vanes of this batch 
began cracking at 100 cycles (in Pig. $.,  vanes with cracks^ 
arl marked below with arrows). As in the preceding case, lines 
are completely narrowed at 100 cycles. At this point the change 
of lattice parameter of the Y-phase is completed. 
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100    200   300    iOO 500 
No. of cycles 

Pig. £.  Effect of number 
of thermal cycles on proper- 
ties of the tf-phase crystal 
structure (variant 2). 

Size of blocks in the danger 
zone is increased at first (at., 
50 cycles it is close to lxlO~J 

mm and then sharply decreases to 
the point where at 1$  cycles the 
size is approximately 3 x 10"-3 

mm), after which follows crack 
formation.  After crack formation 
blocks in regions adjacent to the 
cracks become larger indicating 
the predominant effect of tempera- 
ture in forming of structure; the 
fact of breaking up of blocks be- 

radians fore disturbing material structure 
agrees \d.th the results of work 
/127 in which thermal fatigue of 
pure copper was studied. 

More detailed information en 
factors which determine thermal 
fatigue can be obtained by study- 
ing phase changes in the surface 
layer and a more local study of 
crystal'structure in relation to 
number of thermal cycles. 

/' CONCLUSIONS 

The change of imperfections of a .crystal structure and 
the parameter of the if-phase on the surfaces of alloy ZhS-6K 
nozzle vanes was studied with respect to the number of thermal 
cycles and also the change of these properties in layers at 
varying distances from the vane surfaces.  Investigation was 
conducted on vanes in the zone of most probably crack forma- 
tion. 

Results showed that significant changes of structure 
during thermal cycling occur only in the surface layers at 
de-nths of 0.05-0.10 mm.  A noticeable change of microstresses 
and lattice oarametsr of the *-phase occurs at a relatively 
small number' of thermal cycles (approximately 100).  Upon 
further increase in number of thermal cycles these properties 
do not change before or after formation of cracks. 

Upon increase in number of thermal cycles the size of 
the regions of coherent scattering is increased at first (from 
3 x 10"*° cm in the initial state to an order of  10"•* mm), and 
then decreases to a magnitude of approximately 3 * 10"° after 
which cracks appear. 

In vanes with cracks, dimension of the regions of co- 
herent scattering is 10"^ cm. j 
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/ The obtained data shows that during thermal cycling of 
vanes there is no noticeable accumulation of elastic macro- 
and micro-deformation in the surface layers as compared with 
the initial state.  At the same time, before formation of a 
crack, an intense accumulation of plastic strain is observed, 
accompanied by an increase in dislocation density.  One must 
note that in the surface layers of the initial vane and in a 
vane,approaching a condition of thermal fatigue, various dis- 
tributions of dislocations are observed, j 
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/EFFECT 0? UNSTEADY HEATING OK CHANGE OP 
MAGNETIC MD ELECTRICAL PROPERTIES OP 

ALLOY ZhS-6K 

{Following is a translation of an article by Xs—L-u™ 
Borisjjya, I^JJTa. Dekhtyar, .3. G. Madatova, V. S*. ,...,,.„ 

^'"MikhalenkoY,, R7JG£' Fedchenko, arid M. 3. Khazanov / 
""""in the Russian-Tanguage~boo'k' Voprosy Fiziki Hotallov 

i Metallovedeniya (Problems of Metal Physics and 
Metal Science), Collection of Scientific Works of 
the Institute' of Metal Physics, No 17, Kiev, 1963, 
Academy of Sciences Ukrainian SSR, pp 120-13LJ 

/From published works on the problem of thermal fatigue 
no satisfactory theory on the phenomenom has been developed.J 
This is explained, on one hand, by the complexity of the pro- 
blem and the large number of factors to be considered, and on 
the other hand, by the fact that there is no detailed explana- 
tion of the basic physical factors, change of physical factors, 
and change of phase states in the process of thermal fatigue. 

In connection with thisfjlt is quite important that this 
problem be studied in order to devise new methods of investiga- 
tion which are sensitive to phase and structure changes which 
occur in the process of thermal cycling of heat-resisting 
materials. 

One of these sensitive methods, u3ed in this work, is 
that of paramagnetic susceptibility.  In conjunction with other 
methods, being responsive to changes of both structure and 
phase states, paramagnetic susceptibility responds only to 
change of phase state of an alloy in the process of cyclic 
treatment.  This should make it possible to solve the prob- 
lem concerning the interrelationships in structure and phase 
as to whether they occur consecutively or simultaneously and 
to what degree they are developed in the process of thermal 
fatigue.  The following methods were also used in this work:j 
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/ 

/vr>- ?<•<> r,r; 
"measurement of hot hardness, s_le.ctrical resistance, deforma- 
tion, and measurement of surface electrical resistance using 
eddy current loss values.!       / v-/; 

Change of hardness and sample shape during thermal cycling of 
alloy 2KS-6X; 

One of the important problems of modern physical metal- 
lurgy is the study of metal behavior under cyclic loads caused 
by thermal cycling.  Thermal stresses are set up in a part when 
it is heated and cooled at a certain rate. The multiplying 
effect of thermal stresses cause the formation of cracks and 
fracture of the metal. This phenomenom is analogous with the 
action of variable mechanical loads on a material and is called 
thermal fatigue.  In a number of instances the phenomenom of 
thermal fatigue causes failure of a part by means of shape or 
dimension change. 

Formation of thermal stresses is explained by non-uni- 
form state of various points of parts and is associated with 
the entire combination of solid state physical and mechanical 
properties.  In heating and cooling at a specific rate the 
temoerature at different ares of the surface will differ. Thus, 
there will be a fully defined temperature distribution in the 
cross section of a body for a given period of time.  The mag- 
nitude of the temperature gradient depends on heat capacity 
and thermal conductivity of the material and rate of heating 
and cooling. . 

In nonuniform heating the field of free expansion of 
the hotter sections will prevent thermal expansion of the cool- 
er sections.  As a result, stresses will form.  If the formed 
stresses exceed the yield point at a given temperature, then 
plastic deformation of individual sections of the material 
will take place.  These stresses will then lead to the forma- 
tion of cracks.  However, the problem of what takes place prior 
to crack formation remains unstudied.  Since the magnitude of 
thermal stresses is of such a significant degree, then in the 
course of heating and cooling of the initial cycles certain 
irreversible processes in the sample take place. 

The present work is devoted to a study of the action of 
thermal stresses on deformation and hardness of alloy ZhS-6K 
in the process of thermal cycling. 

The study of ZhS-6K deformation was conducted on cyclm- 
drical samples with a diameter of 3 mm and length of 100 mm. 
Shape of a sample for a study of the dimension changes plays 
an important role.  Any asymmetry causes warping and leads to 
measuring errors. 

A cylindrical sample with a high length-to-diameter 
ratio is best suited for this study.  Cast ZhS-6K rods were 
annealed at 1200 C for I.I44 x lO1^- sec, and then samples pro- 
duced on centerless polishing macnmes.  She relationship of 
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change in length to number of cycles was investigated at 1000 C 
with air and water cooling.  Length measurements were taken 
with vernier calipers.  Data from the experiment are given in 
the table. 

Ha<ia/ibHan MHCTIO KoHeMHan 
AJlHHa, MM UHIOIOB AJlHHa, MM 

(a) M (c)     ,', 

3aKa;iKa Ha Boaayxe   (d) 

100,50 10 100,55 
100,40 20 100,40 
100.55 30 100,65 
100,55 50 100.55 
100,55 75 100,55 
100,15 100 100.25 
100,90 150 100,90 
100,20 250 100,25 
97,50 400 97,60 
97,85 400 97,80 

3 aKajixa B BO; xy (e) 

99.45 10 99,50 
99,35 20 99,40 
99,40 30 99,50 
99,65 50 99,75 
99.55 75 99,60 
99.55 100 99,60 
99,55 150 99,62 
99.30 250 99,40 

Length of samples before and 
after thermal cycling: a—ini- 
tial length, mm; b—number of 
cycles; c—final length, mm; 
d--air cooled; e--water quenched 

As a result of the investigation no changes of linear 
dimensions were observed.  Changes of length (according to 
measurements; did not exceed 0.1 mm which is within the limits 
of experimental error. 

The produced data gives positive proof that alloys with 
a high recrystallization temperature are not affected by ther- 
mal cycling with respect to change of linear dimensions.  It 
is interesting to note that after 2^0 cycles and water quench- 
ing, samples broke without a noted change of length. Hot hard- 
ness of samples was measured on a standard VXM-1M unit after 
thermal cycling. 

Samples for measurement of hot hardness Were cut into 
5-mm sections from rods with a diameter of 1$  mm after casting 
and heat treated in the same manner as the 100-mm rods.  The 
prepared samples were given i+OU cycles from 200-100U-2U0 C with 
fan cooling.  Holding time in the furnace was 214-0 seconds, and 
in air—60 seconds. Hot hardness readings were taken at 20, 
200, lj.00, 600, Ö00, yOO and 20 C.  Three measurements were taken 
on each sample at each temperature. 
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Hot hardness data are given in Pig. 1.  The curve re- 
present change of hardness with respect to number of cycles. 
As can be seen, the curve has an erratic nature.  However, 
the first minimum and maximum points on the curve coincided 
for all temperatures.  This testifies to the fact that change 
of hardness during thermal cycling is not manifested by ther- 
mal stresses but by changes in the fine crystal structure of 

Pig. 2 shows the relationship of the magnitudes of the 
minimums, maximums and initial hardness taken from curves simi- 
lar to that in Pig. 1. 

\S50 

450 

,350 

250 

BOO'C 

\A vj s\ 
\r   i 

(b) 
60 no 3<f0VUC/WtlUK/!0d 

Pig. 1.  Change of hardness 
with respect to number of 
cycles in alloy ZhS-6K: 
a—Vickers hardness, N/mm^; 
b—number of cycles. 

Hv,H/M'x9r8f06  (a) 
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Pig. 2 Relationships of magni- 
tudes of minimums, maximums and 
initial hardness: 1—initial 
hardness, 2—hardness of first 
maximum, 3--hardness of first 
minimum; a--Vickers hardness, 
N/mm^. 

Pig. 3 shows the change of eddy current loss as a func- 
tion of number of thermal cycles in a ZhS-6K sample cycled at 
1000 C and air cooled.  Prom this study it was established 
that there is an increase in eddy current loss which may be 
associated with diminished electrical resistivity of the sur- 
face layer.  However, the cause of the latter phenomenom is 
still unclear. 

Relationship of electrical resistivity to number of thermal 
cycles in alloy ZhS-blC 

Electrical resistivity is a structure sensitive property, 
i. e., change of both structure and phase state is very finely 
defined by the change in its resistivity.  This property is 
x^idely used for research of various types of heat treatment 
and among these is thermal cycling. 
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However, the method of electrical resistivity has one 
drawback in thit it cannot be used to distinguish between 
changes of structure and phase composition especially when 
these changes are superimposed on each other.  In such cases 
it is neSSsary to supplement the method of resistivity with 
the use It  paramagnetic susceptibility which responds only 
to a change in phase composition. 

so       so      ty 
Vuc/io UUK/IOS 

Pig. 3. Curve of change in eddy current loss as a func- 
tion of number of cycles: a—difference in deflection 
of instrument; b— number of cycles. 

Measurements of resistivity for alloy ZhS-6K were made 
usinc samules 3 mm in diameter and 100 mm long, which were 
subiicted'to thermal cycling (20-1000-20 G).  A potentiometer 
with a standard PPTN bridge was used.  Current and potentio- 
meter leads were spot welded to the samples whereupon the dis- 
tance between potentiometer leads was measured with a vernier 
caliper and sample diameter d--with a micrometer at several 
points.  Resistivity ^ was calculated from sample resistance 
using the formula 

%  = R(TTd2Al) (1) 

Measurements were taken at a constant temperature of 
30 C which was maintained with the use of a thermostat. Accu- 
rary of resistivity measurements was ±0.5/&. 

A typical curve for change of resistivity with respect 
to number of thermal cycles is shown in Pig. \,   from which it 
is evident that in the initial stages Q is decreased tup to 
50 cycles).  A second minimum is observed in the region of 
300-350 cycles after which resistivity is continuously in- 
creased up to 600 cycles. As mentioned above, the curve of 
resistivity as a function of number of cycles is the result 
of the applied effect of two factors: 1) change of structure 
associated with change of stresses and block sizes and 2) change 
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of phase quantity and composition in the alloy.  Kence, in 
order to understand processes which cause the produced rela- 
tionship of resistivity to number of cycles it was necessary 
to compile the results of investigations by other methods 
alon^ with this investigation.  The study of paramagnetic sus- 
ceptibility showed that in thermal .cycling there is a con- 
tinuous increase of susceptibility which denotes the continuous 
depletion of the matrix solid solution.  The subsequent rise 
and plateau region of the curve can be understood by comparing 
the resistivity function with the hot hardness curve.  In the 
same interval of cycles, a hot hardness peak is °*ser™* "^. 
apparently corresponds to reduced block dimensions.  Consequent- 
ly, in this interval the path of the resistivity curve is con- 
current upon two factors: further depletion of the solid solu- 
tion causing a lowering of resistivity,and breaking up of the 
mosaic blocks which then leads to an increase in resistivity. 

/3MK0MCM     ( a ) 

161,5 

0       100      200     300      kOO     300 VUCJIO itumiiiS 

Pig. ij..  Function of resistivity to number of 
cycles: a—P,  microohms-cm; b—number of 
cycles. 

The sharp rise of resistivity after 300 cycles is diffi- 
cult to explain and can only be approached by comparison of 
hot hardness and paramagnetic susceptibility.  For a precise 
explanation of these processes it will be necessary to find 
new methods using both structure sensitive properties and those 
properties which depend only on phase composition. 

Paramagnetic susceptibility of samples and vanes of alloy 
ZhS-bK during tiiermal cycling. 

The study of the phenomenom of thermal fatigue requires 
careful examination of structure and phase changes which take 
place in thermal cycling of alloys.  In a number of works it 
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was shown that diffusion processes, which are accelerated by 
toe comSne effect of high temperature and cyclic stresses, 
letd ?f a more intense redistribution of elements between the 
Sain and grain boundaries /l?  and separation of phases in 
iSinr allovs /27, after which change of strength sets in. 
^r?Sgex?fnde-d holding at 900-lOoB C the ^-phases and car- 
bides are precipitated from alloy ZhS-6K. 

A very effective method for studying phase transforma- 
tions in alloys containing transition elements is measuring 
paramagnetic susceptibility.  It is known that the paramag- 
netic susceptibility of a heterogeneous alloy X obeys the 
summation law: 

Tci^i (2) 

where c<--relative weight (or volume) of the constituent phases 
and "fa --their paramagnetic susceptibility.  Summation is for 
all phases of the alloy. However, paramagnetic susceptibility 
of a phase depends on its composition.  The change of tran- 
sition element content in a phase causes a change of para- 
magnetic susceptibility.  Thus, measuring paramagnetic sus- 
ceptibility gives information on phase changes and on element 
redistribution in an alloy. 

A device using a compensating method of measuring was 
developed and produced for measuring the paramagnetic suscep- 
tibility of alloy ZhS-6K.  A diagram of the device is shown 
in Pig. 5.  Sample 3 in special holder 2 is placed in a vari- 
able electromagnetic field 1. The non-uniform electromagnetic 
field is achieved by using ellipsoidal-shape tips.  The sample 
is contained in a quartz suspension device. 

As shown in work /37> the ellipsoidal-shape tips provide 
a constant stress field H at a magnitude of it3 gradient 
öH/^x in a plane perpendicular to the magnet axis and at a 
sufficiently large change of x.  The resultant force is 

F s'XmlUöH/äx) (3) 

where m--sample mass. 
This force acts on the sample so long as the magnitude 

of e>H/äx is not equal to zero which exists on the magnet axis. 
Therefore, if a sample has been placed at some distance from 
the magnet axis, then when the field is turned on it will move 
in a direction along the axis 

In the described device, the suspension system was fas- 
tened with the aid of axle 6 in agate bearings $  and had free 
movement around this axle, so that when the whole device was 
set up, its plane of oscillation was perpendicular to the axis 
of the magnet.  When the sample was put into the device, it was 
at a distance of 10 mm from the magnet axis.  When the magnet 
is activated the sample is moved in a direction toward its 

- 28 - 



axis UT> to the TDoint where the sample will be in equilibrium 
between force F and the force of gravity (the arc described 
by this movement will be angle a).  The compensation method 
census in that upon the action of force * of oPP^^e sign, 
the sample is return to its initial position.  At this time 
it is assumed that the value of the given force Pi or a pro- 
portional magnitude is known.  The sample is returned to its 
initial position when F-,- P.  Then on the basis of equation 
OK knowing the value Sf H, *E/*>,   « is Possible to deter- 
mine the paramagnetic susceptibility of the sample.  However, 
determining Hl*§/dx) is much more difficult.  It is much more 
reliable and simple to measure susceptibility of samples of 
alloys which are of the same material for which the suscepti- 
bility is known. ', . 

To create a compensating force Pi in the device a system 
was examined which consisted of two permanent magnets Ö and 
coil 9 wound on a duraluminum frame, which acted as a damper. 
Coil power suoply came from filament batteries and were regu- 
lated by a potentiometer.  With the poles located as shown in 
Pig. $.   transmission of direct current to the coil, the coil 
attempts ot move out of the field in the direction opposite 
to that of the current flow.  The direction of the current 
is selected in such a manner so that the force acting on the 
coil moved the sample in a direction opposite to that in the 
magnetic field.  Position of the sample is fixed by a system 
consisting of an Illuminator 10, mirror 7, and microscope 11 
in which the initial position of the sample is marked. 

Thus, paramagnetic suscepti- 
bility is measured on the de- 
scribed unit in the following 
manner.  With the microscope 
the initial position of the 
suspension device with the sam- 
ple is marked.  A rectifier, 
supply power to the coil of the 
electromagnet, is turned on. 
Passage of current through the 
coil of the compensating instru- 
ment tries to return the sample 
to its initial position.  The 
measure of force returning the 
sample is current I passing 
through the coil.  This current 
is corrected to the unit mass 
of the sample and in this way 
serves to measure its paramag- 
netic susceptibility.  Palladium 
was selected as a standard to 
determine .sample susceptibility. 
It possesses high susceptibility 

Pig. $.     Diagram of unit 
for measuring paramag- 
netic susceptibility. 
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("X=£#3 x 10"^), according to literature data /Itf, Then, if 
iQ—calculated per 1 kg, is the compensating current for the 
sample, and ip^—the same for palladium, the paramagnetic 

susceptibility of the sample "XS can be easily found from the 
relationship: 

i - -v o xo - *~ 
xPd X 

.  m 

m 

Measurements showed that the error in determining X 
does not exceed 1.5fo.     Samples for measuring paramagnetic sus- 
ceptibility were cylinders 3 ram in diameter and 7-H mm long. 
The paramagnetic susceptibility of alloy ZhS-6K was investi- 
gated on samples of two types: 1) cast rods with a diameter of 
3 mm which were given a standard heat treatment and then sub- 
jected to thermal cycling, and 2) samples cut from vanes which 
had past stand tests.  At the same time vanes from different 
heats were tested.  The results obtained on vanes from the 
material of one heat were in better agreement in that there 
was no variation of composition.  In Pig. 6a and 6b, the topo- 
graphy is shown as to how the samples were cut from the vanes. 
As we  see, the leading edge of the vane and the region adjacent 
to it, on both the ''back" and "trough" sides, were investigated. 
Furthermore, suspectibility was measured in three places along 
the length of the vane.  Selection of the indicated topography 
was dependent on the fact that cracks in vanes most frequently 
appear on the leading edge and are propagated into the vane. 
The study of paramagnetic susceptibility in relation to the 
number of thermal cycles, conducted in the mode of 20-1000- 
20 C and with air-jet cooling, revealed a continuous growth 
in susceptibility magnitude.  This steady increase of sus- 
ceptibility indicates that during thermal cycling there is 
a continuous redistribution of components between phases 
diminishes as number of cycles increases.  No peculiar anoma- 
lies are observed in change of susceptibility which apparently 
denotes a smooth redistribution of elements and separation of 
new phases in the given conditions.  True, the method of para- 
magnetic susceptibility does not make it possible to judge 
local changes of concentration which can occur in a sample. 
Therefore, the conclusion, which one can make from the results 
of measurements, belongs to the entire volume of the sample in 
this case.  This conclusion consists of the following.  Ther- 
mal cycling with air-jet cooling, carried out on thin ld=3 ram) 
samples, apparently leads to an acceleration of aging processes, 
which should take place at the maximum temperatures of the 
cycle. 

In vanes which have a more complex shape, a significant 
stress gradient, leading to ununiform redistribution of ele- 
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r 
monts,is formed.  Under these conditions, formation of cracks 
is more probable.  Consequently, to study crack formation it 
is necessary to measure susceptibility very close to the cracks. 
Therefore, if cracks were observed in the vane, samples, be- 
sides those illustrated in Pig. 6, were also cut from sections 
adjacent to the crack. 

50,75 u 150 UUK/IOB 

50-37,8 
75-lO.if 

150-39.5 

(a) 

///// / 

50-313 
75-iO* 

150-36.2 

50-38.U 
15-31,1* 

150-36 

V.L(.\ tO'7 

50-39,0 
75-* 0,3 

150-36,3 
50-38.5 
75-1,0,1 

150-35,7 
> 50-31,2 

^B-50-38.2 fi»-3S-0 

'   ■ '    15-38.6 
150-35,1 

50-3V 
75-39,1 

150-36,1 

■; 11»• 

"•ii'! 

_> 

a 
150-36,1 

lOOuux/iot (t>) 
II Hi ■39.3-10 

■39.5- 
%6.3 

*%^" 

Fig. 6.  Paramagnetic susceptibility at various points 
of a vane for different number of cycles: a—50, 75» 
and 150 cycles; b—100 cycles; e—ij.80 cycles. 

Vanes made from the material of one heat were studied 
after stand testing for 50, 75, 100, l£0, 2^0, 350 and 14-80 
cycles.  In this case, cracks of different magnitude were ob- 
served in vanes after 100, 2I4.O, 350, and lj.80 thermal cycles. 
Measurements showed that the same regularity of change in sus- 
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ceptibility, with respect to number of cycles, is not observed 
in samples cut from the same sections of the vane (Pig. 6a—6c). 
It may even indicate the tendency of the studied sections to 
an increase of susceptibility up to 100 cycles, to a subse- 
ouent decrease susceptibility and a new increase starting at 
350 cycles.  However, it must be noted that susceptibility is 
the same for various sections of the vane along its length. 
As a rule, the highest susceptibility is observed in the top 
portions of the vane, especially during those cycles where 
the general increase in susceptibility is observed.  It can 
be assumed that because of the non-uniform distribution of 
temperature along the vane during stand tests, there is a re- 
distribution of alloying elements between phases which leads 
to increased susceptibility in the top portions of the vane. 
We noted that in all the examined vanes having cracks, these 
cracks were primarily located in the top portion.  Thus, sam- 
ples, cut from the section adjacent to a crack, have a notedly 
higher susceptibility that the rest of the vane.  For vanes 
after lj.80 cycles (Pig. 6c), a sample, cut from the edge close 
to a crack, shows a susceptibility of 73.9 x 10""' while in 
sections further away from the crack this value is 37—39 x 
10-7.  Here the increase of susceptibility depends on to what 
extent is a crack developed.  In a vane after 100 cycles where 
crack development is just starting, susceptibility of the ad- 
jacent section is only kh—l\7  xl0"7 (Pig* 6b).  Since cracks 
primarily form in the leading edge and, according to increase 
of number of cycles, are propagated inwardly, it is interesting 
to trace the change of susceptibility.  It is evident in Pig. 
6c that,for samples cut near cracks and in the deeper sections, 
susceptibility dropped to %0  x 10"', i. e., by 30$.  Inasmuch 
as an increase of susceptibility is observed only in samples 
directly adjacent to the crack, while in neighboring regions 
no increase of susceptibility is observed, it is desirable to 
explain to what depth of a crack is the zone of increased sus- 
ceptibility propagated.  For this purpose a sample touching the 
crack was cut off little by little from the side of the crack 
and the susceptibility of the remaining section measured. Since 
susceptibility is calculated by the summation law, then 

rai^i = ml^-l + mr^-r *-*' 

where ir^, m-^ and mr— masses of the initial sample, the removed 

layer, and the remainder respectively, and X^, %i and Xr— 
their susceptibility. 

Using this formula, it is possible to calculate the sus- 
ceptibility of the removed layer and, taking the susceptibility 
of this layer equal to the susceptibility of its center (which 
is true for thin layers^, to plot a curve of the susceptibility 
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\to7 

1500 

1000 

^«^Ibution alonr the depth of the sample, starting from the 
crackl TMs experiment was carried out for samples from a 
eSfwhich had undergon go thermal cycles  Results of^ 

Se«ÄlSuitrSf a cr?ck7ls approximately 35 times great- 
S°tSS SS atJraSa susceptibility of the vane material and 
diminishes rapidly to a depth of 0.5 m.  This drop ^sus- 
ceptibility slows down and at a depth of 1.2 m .^e suscepti- 
bility is only 1.5 times greater than the initial material. 
Thus it has been explained that increased susceptibility is 
localized at a crack in the layer which does not exceed more 
than 2-2.5 mm.  The cause of increasing susceptibility at a 
crack can be both redistribution of elements between phases 
near the crack and burn-out of elements from the crack surface 
which in this sense is the same for the surface of the vane. 

Thus, the study of para- 
mametic susceptibility of alloy 
ZhS-6K during thermal cycling 
showed that for 3-mm samples 
the susceptibility increases 
uniformly and is the result of 
aging processes.  No anamolies 
in this case (within the limits 
of experimental accuracy) are 
observed which, apparently, was 
a result of an almost complete 
absence of a thermal stress gra- 
dient during cooling.  In samples 
cut from vanes, the susceptibility 
is unequally distributed in the 
body of the vane, whereupon, as 
as a rule, it increases in the 
top third.  An increase of sus- 
ceptibility can be the result of 
depletion of the solid solution 

with alloyings elements which are transformed into tho V-phase 
and carbides.  We noted that cracks, as a rule, are formed in 
the top portion of a vane on the leading edge and form a zone 
having increased paramagnetic susceptibility. 

Measurements of paramagnetic susceptibility during ther- 
mal cycling of alloys and vanes from alloy ZhS-6K reveal the 
important role of phase transformations which take place during 
such treatment.  A further study of paramagnetic susceptibility 
will make it possible to explain the manner in which redistri- 
bution of elements between phases occurs during thermal cycling. 

©V 

500 

0,5 1.0 15 

Pig. 7.  Curve of tho dis- 
tribution of paramagnetic 
susceptibility to depth of 
sample: a—distance from 
crack, mm. 
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TsTUDY OF TH3 DIFFUSION AND OXIDATION 
'  FR0CSS3SS IN ALLOY ZhS-6K UND3R 

CONDITIONS OF TH3RMAL CYCLING 

/Following is a translation of an article by 
S. D. Gertsriken (deceased), I. Ya. Dekhtyar, 
L. M. tKumok, V. V. J^nnenko,. and M. S. Kha- 
"zinovlin^the Russian-language Voprosy Fizilci 
MetalJov i Metallovedeniya ^^blems of Metal 
Physics ana Metal Science), Collection of Sci- 
entific Works of the Institute of Metal Physics, 
No 17, Kiev, 1963, Academy of Sciences Ukrainian 
SSR, pp 132-137.1 

(The outstanding achievements of modern science and 
engineering still have the problem of the use of structural 
materials It elevated and super-high temperatures. The solu- 
tion o? thermal fatigue problems is ^^}^ZTfT^ 
connection with the construction of jet engines andfxying 
aooaratus of different action and m connection with the use 
of Tic and thermonuclear energy where the operation of 
components is associated ^^temperature fluctuation^ 

I The number of cycles of heating ^VJS^fwitifme / 
a^earance of cracks serves as a measure of thermal fatigue./ 
appearance 01 c       studying the dynamics of crack develop- 
ment byx-ra?analysis, noted that crack formation precedes 
the formation of a^lock structure and turning and bending of 
blocsk Unvestigations were conducted on a 5^°^£e£es 
flluninum)  It is necessary to assume that diffusion processes 
S££ Significant, if not specific, role dependent on the 
SjSiSed effect of high temperature and cyclic stresses  fhey 
JeadSo precipitation of a second phase (car ^d**^^- 
^ft-i-nl lides) in a finely dispersed state and to redistribution 
of Semens between thl body of a grain and the boundary zones 
and have a decisive effect on strength of a material.      , 

pTs a rule, thermal cycling shows a negative effect on\ 
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("the mechanical properties of a material.  L^-"^^!^ 
is diminished with increase in number of cycles.  Processes 
of material fracture or change of part shape are very com- 
plex and their development depends on a whole series of rea 
sons Sich are dependent on the nature of »£torials and alloys, 
on the parameters of a thermal cycle and othor factors. 

Corrosion of a material has much significance as to 
thermal^s~tH5IXiTy.  As is known, corrosion involves formation 
of stress concentrators which lead to deterioration oi thermal 
stability. [       , , 

Diffusion of Chromium and nickel in alloy ZhS-6K by methods of 
vaporization in a vacuum and radioactive isotopes. 

If one of the components in an alloy has a relatively 
hirti vapor tension, then during heating in a vacuum it will 
be easily vaporized.  In this case a concentration gradient 
will develop this component will be vaporized from the sur- 
face to the ooint that there will be a movement of the materi- 
al to the surface by means of diffusion.  Taking into account 
the quantity of material vaporized, one can determine the 
diffusion coefficient of a component with a high value of 
vapor tension. „„  .       , 

Calculations of the coefficients of diffusion were done 
by formulas derivod by Grinberg and then refined and tabulated 
by Gertsriken and his associates ßtf.    Knowing the percentage 
content of chromium in the alloy, it is possible to determine 
its absolute content %  in a given sample.  The change of 
weight of a sample Am In the process of annealing at tempera- 
ture °K in time t we assume to occur due to vaporization the 
chromium. Hence, as a result of annealing, Qo-Am ■ Q chro- 
mium remains in the sample.  Knowing 0/20^,   it is possible, 
in accordance with the given metaod, to fine Dt/h^ from tables, 
where h is the half-thickness of the sample,  This Is how the 
diffusion coeffieients of chromium were found for five tempe- 
ratures in the interval 1273-1^3 K. 

T, °K    1273     1323     1373     1398     llj.23 
D, m2/sec 3.l6xl0"l6 2.52x10-2.$ 9.33xlO"l£ l^lxlO"

1^ 3.98xlO-"liJ- 

To determine the activation energy of the diffusion pro- 
cess the temperature relationship of the diffusion coefficient 
was used, which has the form 

D = Doe-^/
RT> (1) 

where 3—activation energy, T—absolute temperature, R--gas 
constant, and DQ—factor independent of temperature.  Taking 
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the logarithm of this equation we obtain 

InD = lnD0t-E/R)U/T), (2) 

and from this it is evident that InD is a linear fucntion of 
reciprocal temperature on the Kelvin scale.  In this manner, 
by plotting the relationship of InD to reciprocal temperature 
(Pig. 1), we determine the actication energy of diffusion and 
the entropy member D0.  As a result the following relation- 
ship of the diffusion coefficient of chromium in alloy ZhS-6K 
to temperature was obtained: 

D = il.Ol x lO^e"^77 X 103/RT> m2/ sec 13) 
The high value of diffusion activation energy in the 

investigated alloy, and its relatively low diffusion coeffi- 
cient indicate that this alloy should be stable to weakening 
at elevated temperatures. 

tgD 
-9 

-10 

■n 
113011251100 v, 1030 1000 *■»' 

Pig. 1. Relationship of the diffusion 
coefficient of chromium to recipro- 
cal temperature in alloy ZhS~6K. 

In the case of studying the diffusion of radioactive 
Ni63, which has a very soft f-radiation U. 01 x 10"1'+ joules), 
it is convenient to use the absorption method.  This method 
is based on the use of change of sample activity before and 
after annealing due to radiation absorption of the diffusing 
element owing to its penetration into the sample.  Diffusion 
annealing of samples was carried out in a quartz tube which 
was evacuated and then filled with argon after which it the 
tube was placed In an electric furnace. 

The diffusion coefficient was calculated by the formula 

Nt/NQ = e
z erf z (k) 
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where z2 = >«2Dt; NQ—integral activity of the sample before 

annealing; and Nt—integral activity of the sample after anneal- 

ing for period of time t. # 
Gertsriken and Pryanishnikov compiled tables with the, 

aid of which, knowing Nt/N0, it was possible to find z=M* Dt, 
and then knowingM  and t, to find D where M  is the coefficient 
of absorption for Ni°3 radiation in the investigated sample. 

To determine the absorption coefficient  and radiation 
of nickel in the alloy, the following formula was used: 

M = >"lcl + >"2C2 +^3C3 + •" (£) 
100 

where *]_, ^2»  ^...—coefficients absorption for nickel radia- 
tion in the corresponding components of the alloy, and c^, C2, 
c-—percentage of these components in the alloy.  The absorp- 

tion coefficients can be determined if one of them is known 
by the ratio ^1/^2 = </Ml/>/2» where *i and «2"*"density of tno 

respective components.  For the initial magnitude of the ab- 
sorption coefficient of nickel radiation in nickel, we used 
lO^m"1.  On the basis of calculations by the indicated method, 
an absorption coefficient of 9.88 x lOnia""1 was obtained. 

Diffusion coefficients were calculated as the average 
value of 2-3 annealing times for 2-i| samples. 

T, oK       1093       1173       1293       1393 

D, m2/sec i+.65 x 10"15 11.71 * lO"*1^ 3.1|i]xl0**li; Q.^xlO'^ 

Activation energy of the process B and DQ wore deter- 

mined from the graph of the relationship between InD and l/T 
which ensues from equation (1). 

Thus, the diffusion equation takes on the form 

D = (O.32I4.X 10-8)exp U61 xlo3/RT), m/sec .    ^6) 

The large diffusion coefficients and low activation 
energy show that in the given case the granular diffusion plays 
an important role.  This is very important for a subsequent 
explanation of processes which take place in the given alloys 
under conditions of high temperature operation. 

Isothermal oxidation of alloy ZhS-6K. 

To study isothermal oxidation of the alloy a special 
unit was developed which made it possible to weigh the sample 
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^4-^rvni- rprnvinp it from the furnace.  In this manner it was 
^ssible to°USS.l t£> 3amplo «ith conatant observation of its 
chanre in weirht as a result of oxidation, 
change in ™JEg    of measuremQnts, tine functions of the 
change in sample weight per square centimeter were obtaxned 
for three temperatures: 1273, 1373, and 11+73 K.  A typical 
relationship for T = 11+73 K is given in tig. 2. 

k = A exp ( *F): 

Fig. 2.  Time function of 
sample change in weight per 
square centimeter in the 
case of isothermal heating 
at 11+73 K 

J.ssecio'' 

Fig. 3.  Time relationship of 
the square of change of weight 
of samples per square centimeter 
in the case of isothermal heat- 
ing at 1373 K 

It was shown that the points of these curves satisfy 
the parabolic low of oxidation (Ap)* = kt + c, where P-" 
change in sample weight in the process of oxidation relative 
?Hne square centimeter; k-oxidation constant; and c-con- 
stant for the parabolic equation. 

During.the time of oxidation, the magnitude of k is 
3).  Corresponding magnitudes are given 

five hours at llj.73 K, no further 
observed. This is evidently the 
a thick oxide layer which prevents 

changed somewhat (Pig. 
in Table 1. 

After oxidation for 
change in sample weight is 
result of the formation of 
further^xidation. activation energy of the process 

was cond^ctlffor^two temperatures (1273 and 1373 K>. because 
the time continuity of the oxidation constant at W3 K is 
not comparable for the other two temperatures.  *or this, the 
relationship 

-(E/RT) 

was used where A is 

k a Ae *"'"*' (7) 
the temperature independent parameter and 
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S is the activation onergy of the process.  The activation ener- 
gy of the process was found to be 71.2 kilojoules/mole. 

Table  1 

r,K 

1273 

1373 

1473 

HpOMOKyTOK  Bpe- 
Meim, B ceK, TD.Z 

,   .   K r.sonst 
(a) 

0,36 
0,36-1,8 

0—0,9 
0,9—4,5 

0—0,054 
0,054—0,18 
0,18—3,6 

k. 
sec 

1,53-10 
1-10 

r4 

>-4 

3.3I0-4 

1,97 • 1C)~4 

14,7- IÖ-4 

7,73-10" 
0,00-lO-4 

Key: a—intermediate time in seconds where k = constant; 

Oxidation of alloy ZhS-6K during cyclic annealing. 

In contrast to the case of isothermal heating, in cyc- 
lic heating there occurs a loss of weight of the samples. At 
this time oxidation strongly depends on selection of the mode 
of cyclic heat treatment. ? 

Thus, at 1373 K with various cycling times of 86.1}. x ICH, 
21.6 x 103, 3.6 x 103, and 0.9 x lo3 seconds the rates of oxi- 
dation will be 0.831}. x 10-5, 2.21 x 10-5, 20.8 x 10"5, and 
83.If. x 10-5 mg/cm2-sec respectively.  This relationship is 
shown in Fig. 4. 

Weight of samples during cyclic annealing decreases due 
to break-off of oxides at the moment of a sharp change of tem- 
perature, which, in turn, proceeds as a result of the differ- 
ence in expansion coefficients of the scale and the initial 
material.  At temperatures of 1273 and ÜJ.73K, oxidation was 
conducted at 0.9 x HP seconds per cycle with 0.2 x 10-5 SQc 
for air cooling.  The oxidation rate for a specific time was 
different for different temperatures and remained almost con- 
stant for the indicated temperatures which respectively were 
equal to 0.0^28 x 10"^ and 19.9 x 10-4 mg/cm^-sec. 

Comparison of these data with data on the oxidation of 
nichromein conditions of cyclic heat treating at 1373 K showed 
that the oxidation rate of alloy ZhS-6K is approximately 1.5 
times less that for nichrome at the same conditions. 

X-ray analysis was used to study the phases of the oxides 
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„f vnnes havens been in operation for 7.2 x 10^ seconds.     It 
wLf^dthS into the  composition of the  oxides,  both nickel 
Sd chr^ium enter.     For this x-ray diffraction patterns were 
tSkeno? ponders  from the investigated alloys.     On the patterns 
were noted lines characteristic for different phases. 

0       3.S       12     mcn-w * 
Pig. 1+.  Time relationship of 
sample change in weight per 
square centimeter in the case 
varying the process of cyclic 
oxidation at 1373 K: a—seconds; 
b—cycle time, seconds; c—mg/ 
cm^ 

In Table 2 are given the values of  and sin 
identified lines corresponding to the NiO phase. 

Table 2 

/ a-10, HM 

(a)   ■ 
hkl 

12 4,172 (222) 
24 4,172 (311) 

100 4,172 1    (200) 
60 4.172 (HI) 
60 4,172 1   (200) 

,Sin  V 2  I,  MM 

0,947 
0,906 
0,547 
0,476 
0,775 

36 
48 
67.5 
56 
79 

«p. 10*  pad 

for the 

125,0873 
115,61 
58,535 
48,513 
88,08 

sin q> 
(eKcnep.)(d) 

0.953 
0.916 
0,554 
0,467 
0,772 

Key:  a—nm, b--(theoretetical), c—radians, d— (experi- 
mental. 

That the circumstance that the measured sin f  did not 
precisely agree with calculated magnitudes of sin <p  in the 
assumption of a pure oxide NiO, it is apparent that in the 
formation of NiO, certain other elements enter into the alloy. 

As can be seen from Pig. h,   linos for NiO are present. 
Another system of lines being present are those of chromium 
oxide. 
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