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The e l a s t i c  constants  of Fe-Ni-C alloys* 

3 
Daniel Eugene Diesburg 

The ad iaba t ic  e l a s t i c  constants  of a s e r i e s '  of Fe-Ni-C 

a l l o y  s i n g l e  c r y s t a l s  have been measured i n  t h e  temperature 

range Ms ; lo°C t o  rooy temperature. Cer ta in  c r i t e r i a  have 

been observed r e l a t i n g  e l a s t i c  constant temperature dependence 

t o  mar tensi te  morphology. I f  dcL/dT < 0 ,  dC1 /dT < 0 ,  and 

dC4q/dT < 0,  qq2,2,5'1. m a r t e n s i t e  w i l l  n u c l e a t e  and grow. If 

I I d c L / d ~  > 0,  e i t h e r  "2,5,9" o r  1 , 1 , l 1 I  mar tens i te  w i l l  be  pres- 

en t  i n  t h e  transformed a l l oy .  The temperature dependence of 

e i t h e r  shear  constant does not . e f f e c t  t h e  "2,5,9" mechanism. 

However, i f  d c q 4 / d ~ , , <  0 and t h e  a l l o y  contains no carbon,: 
. . 

! t .,1,lM martensi te  w i l l  nucleate  and grow below room temper- 

a t u r e  ins tead  of "2,5,9" mar tensi te .  It has been observed 

t h a t  both "2,2,511 and "2,5,9" mar tensi te  can be  present  i n  

t h e  same a l l o y  i f  dcL/dT - - 0 and i f  dC1/dT < 0.  It i s  

*USAEC Report IS-T-461. This work was performed under 
contract  W-7405-eng-82 with' t h e  Atomic Energy Commission. 



believed t h a t  t h e  growth of e i t h e r  type of mar tensi te  can 

nucleate t he  other  type under these  condit ions.  

The compositional dependence of e l a s t i c  constants  has 

been used t o  est imate t he  va lues ' o f  t h e  e l a s t i c  constants  f o r  

the  face-centered cubic a l l o t rope  of pure i r o n  a t  room tem- 
. . 

perature .  The e l a s t i c  constants  of paramagnetic i ron  based 

12 - on extrapola t ion a r e  C 1 i  = 2;760x10 . dynes/cm2, C12 - 
2 1. 735x1012 dyneslcm , and  cq4' = 1 . 3 6 3 ~ 1 0 ~ ~  dynes/cm2. These 

values give face-centered cubic i r o n  a Debye temperature of 



1 

. . 
. . 

INTRODUCTION 

The martensite transformation in ferrous alloys because 
. . 

of its importance to industrial applications has. long been 
, . 

the subject of intense investigation. It has become apparent; 

that the word "martensite," as it is used to describe the 

displacive, shear- like .transformation .which occurs in ferrous 

alloys upon cooling, is a gross 'oversimplification. Not only 

is the transformation itself complex, but it forms three dif- 

1 f erent habit plane relationships depending on alloy content 

and/or temperature of. transformation. A mechanism of trans- 

format ion which can explain the' observed martensite morphology 
. . 

in all ferrous alloys is the ideal goal. Any investigation 

which contributes to t'he attainment of that' goal will prob- 

ably be. judged as significant. 

.All' phase transformations including martensitic trans:- 

formations involve two distinct stages: nucleation and 

growth. The first not only must.be concerned with .the condi- 

tions under which the nucleus forms but'also the actual 

mechanism of nucleation. Martensite transformations are 

known to be heterogeneously nucleated and are specifically 

s h e  habit plane is defined as the plane .of intersection 
between the parent and product phase. 



believed to,  'be nuc lea ted  by a d i s loca t ion  mechanism. The 

r e l a t i onsh ip  between t h e  nuc le i  and the  f i n a l  mar tensi te  

morphology i s  not known. ' Thermodynamic considerat ions based 

on the  assumption. t h a t  t he  nuc le i  have t h e  shape of lent icu-  
. . . . . . . . . . . 

:. .,. . . 

l a r '  p l a t e s  have had very l imi t ed .  success . ,  The shape of t h e  .' 

nucleus may o r  may not be t h e  same a s  t h a t  of t h e  full-grown 
. . 

plate. '  The mechanical p roper t i es  of t h e  parent  phase may 

support one mechanism of nucleat ion.  The same proper t i es ,  . . 

coupled with t h o s e o f  t h e  product phase, may allow a corn- 
. . 

pletely d i f f e r e n t  growth mechanism leading t o  t h e  f i n a l  

morphology of t he  mar tensi te  p l a t e s .  No matter .what  t h e  

mechanisms, i t -  should be f a i r l y  obvious , that  the  mechanical 

p rope r t i e s ,  of t he  parent aus ten i te -  phase inf luence both t he  

nucleat ion and -growth processes.  

. Recent work. (1) supports t h e  i d e a t h a t  t he  r e s i s t ance  t o  . 

p l a s t i c  deformation o f . t h e  aus t en i t e  con t ro l s  t h e  type of 

mar tensi te  which . . w i l l  nucleate .and grow, This i s  cons i s ten t  

with t he  idea  t h a t  t h e  hab i t  plane i s  t h e  one involving the  

.minimum p l a s t i c  work i n  t h e  transformation ( 2 ) .  The nuclea- 

t i o n  mechanism may o r  may not be t he  same f o r  each type of 

mar tensi te  but . the growth mechanism sure ly  must .be d i f f e r e n t  

i n  each case .  ,Before  t he  f i n a l  nucleat ion and growth mechan- 



. .  . . . . . . . . . . .  . 

i s m s  a r e ,  postulated '  the'  e l a s t i c  p roper t i es  of  t h e  parent.  , ' . , 

aus t en i t e  phase must be known. 

The energy -associa ted wi th  a constrained.transformation 

has been general ized f o r  a  homogeneous, i so t rop ic ,  e l a s t i c  

medium by Eshelby (3-5). When h i s  theory was applied t o  t h e  

nucleat ion of t h e  mar tensi te  transformation (6), it was shown 

t h a t  t h e  e l a s t i c  . s t r a i n  . energy was d i r e c t l y  propor t ional  t o  

. the  shear  modulus of t h e  parent phase. This e l a s t i c  model 

was f u r t h e r  expanded (7) t o  adopt t h e  Frank (8) d i s loca t ion  

model of t h e  aus teni te-martensi te  i n t e r f ace .  The s t r a i h  

energy was again propor t ional  t o  t h e  shear  modulus. F i sher  

(9)  assumed. t h a t  t h e  i n t e r f a c i a l  energy was comprised mainly 

of t h e  core energy of t h e  i n t e r f a c i a l  screw d is loca t ions .  
\ 

Again the  i n t e r f a c i a l  energy was found t o  be propor t ional  t o  

t he  s.hear modulus. Since the  e l a s t i c  p roper t i es  of t h e  

aus t en i t e  seem t o  be important i n  determining the  r e s t r a i n t s  

on t h e  mar tensi te  transformation, it, i s  reasonable t o  hypoth- 

e s i z e  t h a t  t he  d i f f e r e n t  types of mar tensi te  r e s u l t  from 

va r i a t i ons  i n  t h e  shear  modulus of t h e  .parent phase. The 

Young's modulus and t h e  shear  modulus have been measured (10) 

f o r  po lycrys ta l l ine  fer rous  a l l oys  as  t he  Ms was approached 

but  no d e f i n i t e  conclusion could be made concerning the  



e f f e c t  these  values had on the  mar tensi te  morphology. 

It has long been known. t h a t .  t he  e l a s t i c  p roper t i es  of a 

c r y s t a l l i n e . s o l i d  can be used t o  specula te  on the  bonding 

c h a r a c t e r i s t i c s  of i t s  l a t t i c e .  Zener (11) o r ig ina l ly  pointed 

out t h a t  t he  e l a s t i c  constants  could be used t o  predic t  l a t -  

t i c e  s t a b i l i t y ,  o r  i n s t a b i l i t y ,  by observing the  value of t he  

shear  constants ,  %(C11-C12) . A l a t t i c e  with a 
. . 

small value of & ( c ~ ~ - c ~ ~ )  o r  a high value of the  e l a s t i c  . . , 

anisotropy , 2C44/.(Cll-C12), should tend t o  be unstable and 

undergo a phase transformation. This p red ic t ion  w a s  v e r i f i e d  
. .  . 

' ' f o r  c e r t a i n  body-cedered cubic (12-15), face-cen te red  cubic ' ' 

(16-20), and a l s o  f o r  hexagonal close-packed metals (21). 

However, measurements made on an ' i ron-nickel  a l l oy  (22) ind i -  
1 

cated only a small  increase  i n  e , l a s t i c  anisotropy a s  t h e  Ms 

was approached. This would seem t o  . indicate  t h a t  high aniso- 

t ropy es tab l i shes  a s u f f i c i e n t  but not a necessary condit ion 

f o r  l a t t i c e  i n s t a b i l i t y .  

The e l a s t i c  constants  of t h e  parent aus t en i t e  phase a r e  

.valuable i n  themselves. I n  t h e  event a nucleat ion,and growth 

mechanism i s  ever postulated;  t h e  anisot ropic  p roper t i es ,  o r  

. $ I s  i s  defined as  t h e  temperature a t  which martensi te  . . 
begins t o  form upon cooling. 



. . 
. . 

more appropriately, the elastic constants of the parent' phase 

would have to be known. '. It would also . probably . be necessary 

to know the elastic constants of the' product and any inter- 

mediate phase before a complete mechanism could be confirmed. 

. . 

Purpose of Investigation 

In lighk of the above it seems logical that the single 

crystalline elastic constants of a'ferrous alloy would have 

some useful information about the martensite transformation. 
. . .  

It has been pointed out that the nature of the parent phase, . '  

austenite, should have a definite ef,fect on the morphology of' 

the product phase, martensite. 

The purpose of this investigation was to measure the 

, elastic constants of a series of iron-rich, f ace-centered 
N 

'cubic alloy single crystals over the'temperature range Ms + 
10'~ tb room temperature. The alloy system selected was one 

wherein all thrcc typeo of martenkite were known to occur. 

It was hoped that a comparison of,the morphology would.revea1 
. . 

some consistent relationship. Following the original plan of 

the experiment, a large number of single crystals were pre- 

pared whose composition range permLt t'ed an extrapolation .of 

the elastic constants to those of face-centered cubic 

iron. In .this way it was hoped that, at least the room 



, temperagure e l a s t i c  constants  .of .face-centered' cubic i r o n  ' . ' 

could be approximated. 

Nickel and carbo'n both s t a b i l i z e  aus t en i t e  a t  room tem- 

pera ture ;  the re fore ,  a series of Fe-Ni-C s i n g l e  c r y s t a l s  was 

used f o r  t h i s  inves t iga t ion .  I n  add i t ion  t o  allowing a l l  
. . . . 

t h r e e  types o f 'mar t ens i t e  t o  nucleate  and grow, t h i s  a l l oy  

system a l s o  supports a paramagnetic t o  ferromagnetic t r a n s i -  

t i o n  a s  t h e  n i cke l  content i s  increased.  The change i n  t h e  

e l a s t i c  constants ,  i f  any, as  these  boundaries 'are crossed 

would be very i n t e r e s t i n g  t o  ana'lyze. 

, . Crys ta l  E l a s t i c i t y  

A general ized form of Hooke's Law may be wr i t t en  
. . 

, s j = Cijka eka 

where u i j  and ekA a r e  homogeneous s t r e s s e s  and homogeneous 
. . .  

s t r a i n s  respec t ive ly  and a r e  spec i f ied  by second-rank tensors .  

The l i n e a r  constants  of p ropor t iona l i ty  which r e l a t e  stres-s 

t o  s t r a i n  i n  t h e  e l a s t i c  l i m i t  a r e  ca l l ed  t he  e l a s t i c  con- 

stants ,and are specif ied by the fourth-rank tensor 

There a r e  8 1  such constants  but  C i j k Q  cannot be dis t inguished 

from C i j ~ k  o r  C j i k ~ .  Theref o re ,  t h e  s e t  of 8 1  'reduces t o  3 6 ;  



and f o r  convenience the  t e n s o r n o t a t i o n  can be changed t o  

matrix no ta t ion  (23) with t h e  following r e s u l t :  

U i  = C i j  e j .  (3 ) 
4 

For an ad iaba t ic  process t h e  F i r s t  Law of Thermodynamics 

can be wr i t t en  

where dE i s  t he  i n t e r n a l  energy and dW i s  t h e  amount of work, 

done on the  system. The work done when a  s ing l e  c r y s t a l  i s  

subjected t o  a  s m a l l  homogeneous s t r a i n  can a l s o  be wr i t t en  

I f  Hookess Law i s  obeyed t h i s  can be w r i t t e n -  as  

Therefore, C i  j i s  f u r t h e r .  def ined.  a s  

d  dE 
C i 3  = - ( -  1. 

de j  d e i  

Since dE is- a. s t a t e  property,  

Equation 8 reduces t he  set of 36 e l a s t i c  constants  t o  21. 

The symmetry cons t ra in t s  of various ' c r y s t a l  c l a s se s  f u r t h e r  

reduces t h e  number of independent constants .  . A s  shown by 

Nye (23), t h e r e  a r e  only t h ree  independent e l a s t i c  constants  



f o r  .cubic c r y s t a l s :  C 1 1 ,  C 1 2 ,  and C44. 

It i s  poss ible  t o  determine C 1 1 ,  C12, and C44 by measur- 
. . 

ing  the  ve loc i ty  of an acoust ic  wave propagated i n  s p e c i f i c  

crys ta l lographic  d i r ec t ions .  A s  shown by K i t t e l  (24),  a l l  

t h r ee  independent e l a s t i c  constants  f o r  a  cubic c r y s t a l  can be 

obtained by measuring the  ve loc i ty  of appropriate modes of 

v ib ra t i on  i n  t h e  [110] d i r e c t i o n  from the  following r e l a t i on -  

ships  : 

2 c - c44 = DVt (9) 

C 1  = %(C11 - c12) P V ; ~  (10).  

where v t  i s  t h e  ve loc i ty  of a  t ransverse  o r  shear  wave polar- 

s 
i zed  i n  t he  [001] d i r ec t ion ;  vt i s  t h e ' v e l o c i t y  of a  shear  

- 
wave polarized i n  t h e  [I101 d i r ec t ion ;  and v~  i s  t h e  ve loc i ty  

of a  longi tudinal  wave i n  t he  [110] d i r ec t ion .  p i s  t h e  

. . 
. . dens i ty  of t h e  c r y s t a l .  

The determination of e l a s t i c  constants  by sonic measure- 
. " 

ments i s  described by Huntington (25) as a  dynamic determina- 

t i o n .  These usual ly  give t h e  ad iaba t ic  e l a s t i c  constants  

because thermal cur ren ts  wi thin  t he  specimen cannot maintain 

constant temperature f o r  t h e . a v a i l a b l e  frequency range and 



: .  ' 9 

direct contact with the surroundings is generally insufficient . . 

for isothermal conditions. The difference between' adiabatic 

and isothermal elastic ,constants is usually about 1% (26) ... . . 



EXPERIMENTAL PROCEDIRE 
. . 

Sample prepara t ion  

Twenty-eight . . s ing le  c r y s t a l s  of face-centered . cubic . Fe- 
. .. 

. . 

N i - C  a l l oys  were prepared f o r t h i s  inves t iga t ion .  The com- 

posi t ions  ranged from 11.3 t o  33.3 a /o  N i  and from 0 t o  4.52, . . . 

a /o  C .  The analyses of t he  charge cons t i tuen ts  a r e  given 
. L 

below. 

Table 1. 'Analysis of charge cons t i tuen ts  

I ron  Nickel Carbon 

Fe-99.94 w / o  ~ i - 9 9 . 8  w/o . . spect rographical ly  
C-30 'ppm Pb- :001 w/o' pure carbon 

Co- .005 w/o . . N-50 ppm rod 
0-150 ppm Fe- .010 w/o 

. a 

. . 

Single  c r y s t a l s  w e r e  grown by a modified Bridgeman tech- 

nique (27) . The appropr ia te ly  weighed cons t i tuen ts  were f i r s t  ' 
. . 

a rc  melted i n t o  buttons under a - 2 p  vacuum t o  a i d  i n  homogen-. :' ( : .. . . . . , .  . .  . . , 

. . 

i z i n g  t h e  a l l oys .  The buttons were then sect ioned on a 

cutoff  wheel and loaded i n t o  cone-tipped, tapered A1203 

c ruc ib les  f o r  growth i n t o  s i n g l e  c r y s t a l s .  The a l l oys  were 

held i n  a molten condit ion under a vacuum i n  t he  Bridgeman 

f o r  a t  l e a s t  two hours t o  allow f u r t h e r  homogenization and t o  

9 @ boi l "  away any gaseous ma te r i a l  which might be i n  t h e  a l l oy .  



The atmosphere around t h e  a l l o y  during growth was e i t h e r  a 

- 2p vacuum o r  a vacuum wh.ich had been back-f i l led  with 

helium. A growth r a t e  of 9. oxlo-' cm/sec was used f o r  a l l  
. . 

a l loys .  The f i n a l  c r y s t a l s  were approximately 2 cm i n  diam- 

e t e r ,  5 cm i n  length,  and weighed about 120 gm. 

Single  c r y s t a l s  grown by t h e  Bridgeman technique were 

known t o  have composition gradients  s imi l a r  t o  t h a t  shown i n  

Figure 1, depending on t h e  amount of mixing occurring i n  t h e  . . 

m e l t  as  t h e  c r y s t a l  s o l i d i f i e d .  I f  t h e  molten a l l o y  

undergoes 'no mixing , t he  composition of t h e  c r y s t a l  

between sec t ions  I and' I1 would be  Co. A microprobe scan 

along. t h e  c r y s t a l  ax i s  on two a l loys  revealed.AC >.. 0. It was 

impossible t o  p red ic t  t h e  exact shape of t h e  concentrat ion 

gradient  because t h e  d i f fu s ion  coe f f i c i en t s  of t he  t e rnary  

cons t i tuen ts  and t h e  ternary  phase diagram were not known. 

The microprobe revealed no r a d i a l  concentrat ion gradients  o r  

microsegregation. 

The ex t remi t ies  of t h e  s i n g l e  c r y s t a l s  were sect ioned 

along l i n e s  I and I I , t o  remove.the growth t r a n s i e n t s  and t o  

allow v i s u a l  examination f o r  extraneous gra ins  by pol ishing 

and 'e tch ing  the  cu t  surfaces .  I f  t h e  ingot  was a s i n g l e  

c r y s t a l  o r  very l a rge  grained,  t h e  a l l o y  was sealed i n  quar tz  
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Figure 1. Schematic of n i cke l  gradient  present when the  
molten metal i s  not completely mixed during 
s o l i d i f i c a t i o n .  Note t h e  t y p i c a l  locat ions  
of various specimens 



under a 2~ vacuum andhomogenized a t  1 2 0 0 ~ ~  f o r  a t  l e a s t  120 

hours.  This f i n a l  homogenization treatment was performed i n  . . , . . 

a.non-inductively wound r e s i s t ance  tube furnace coupled t o  a 

l p  capacity vacuum system. To avoid any p o s s i b i l i t y  of a d i f -  

fus ion control led  face-centered cubic t o  body-centered cubic 

transformation, which does occur i n  the  Fe-Ni system during a 

slow cool ,  each c r y s t a l  was pushed from the  hot zone of t he  

furnace and i n t o  a chamber whose walls  were cooled by c i rcu-  

l a t i n g  water. X-ray ana lys i s  of t h e  f i n a l  c r y s t a l  never 

r h e a l e d  the  presence of any.. d i f fu s ion  .control led second 

phase. . . 

Not a l l  28 s ing l e  c r y s t a l s  could receive  t he  120 hour 

homogenization treatment.  Six of t h e  compositions had marten- 

s i t e  present a t  room temperature i n  t he  otherwise s ing l e .  

c r y s t a l s .  Such c r y s t a l s  would become po lycrys ta l l ine  i f  

heated above the  aus t en i t e  s t a r t  temperature because t h e  
' ' .  . 

, . . ,  , 

; . . .  . . .  , . .  , 

martensi te  transformation was not r eve r s ib l e .  These s i x  . . . 

. c r y s t a l s  were otherwise t r e a t e d  i n . t h e  .same manner.as t he  

o ther  22 c r y s t a l s .  Microprobe ana lys i s  had shown t h a t  t h e  

i ron ,  n ickel ,  and carbon concentrat ion gradients  w e r e  small 

even before t he  f i n a l  homogenization treatment,  although t h e  

de tec t ion  of carbon by a microprobe i s  quest ionable.  I f  



grea t  ca re  was takenwhen choosing . . t h e  loca t ion  fromwhich t o  
. . 

. . 

cu t  t h e  e l a s t i c  constant  specimen, t h e  concentrat ion gradients  

were kept t o  a minimum even without the  120 hour anneal.  

F igure  1 a l s o  ind ica tes  t y p i c a l  locat ions  o f  specimens 

used f o r  e l a s t i c  constant ,  l a t t i c e  parameter, Ms ,  and chemical 

ana lys i s  determination. ~1.1 sect ioning was performed by 

electromachining on a Sparkatron spark c u t t e r .  An average 

chemical ana lys i s  was used i n  a l l  e l a s t i c  constant r e s u l t s ;  

w.hereas , . t h e .  ana lys i s  used f o r  Ms and l a t t i c e  parameter. r e -  

s u l t s  was obtained from mater ia l  located neares t  these  spec i - .  

mens. Oftentimes, carbon ana lys i s  was obtained d i r e c t l y  from 

t h e  Ms o r  l a t t i c e  parameter specimens. A l l  chemical analyses 

(Table 2) were performed by t h e  Ames Laboratory Analyt ica l  

Services Group of t h e  U.S.A.E.C., Ames ,  Iowa. I ron  and 

n i cke l  analyses were checked by two d i f f e r e n t  wet chemical 

methods on two specimens with very consis tent  r e s u l t s .  

E l a s t i c  constant  specimens were cut  t o  expose a t  least 

one p a i r  of p a r a l l e l  (110) faces .  The faces  were polished 

t o  para l le l i sm (+ 0.0003 cm) on N o .  600 g r i t  paper and t h e  

d i s tance  between faces  was measured by micrometer. Sometimes 

another p a i r  of (110) and (100) faces  w e r e  exposed and 

polished para1 l e l .  The dis tances  between (110) faces  var ied  



Table 2. Crystal compositions, thickness, lattice parameter ' . , . , . 

p arid theoretical densities ' 

Crystal 
No. 

a/o' C Thickness 
(cm) + .0002 - 

a Graphitized. 

b ~ a t r i c e  parameters obtained by interpolation. 

%artensite present at 298'~. 



from 0.675 t o  1.356 cm and the f i n a l  specimens weighed from 
. . . . . . . . .  . . . . . . .  : . . ' .  . . . . : .. ' 5 t o  30 gm. . : . .  . . 

Back re f l ec t ion  Laue 'techniques were used t o  or ient  the  

bulk c rys ta l s  on a two-circle goniometer t o  within 2 0.5 

degrees from the  desired face. The goniometer and c r y s t a l  

were aligned on the Sparkatron by eye and the  faces exposed. 

The faces were rechecked f o r  correct  or ientat ion a f t e r  polish- 

ing and e t c h i n g .  A 1:l solut ion of concentrated H C 1  and HNOj  

was used .as  .an etchant t o  reveal. the  presence of any extran- 

eous grains i,n t h e  f i n a l  specimens. . . 

Ms Determination . . 

Since the  e l a s t i c .  constants were t o  be measured 

between room temperature and a temperature Ms ; ~ O O C  of each 

a l loy ,  it was necessary t o  know t h e  Ms. specimens with a 
. , 2 -4 mm cross-sectional  area and from 1 t o  2 cm i n  length were 

c u t  from each s ingle  c rys ta l .  The Ms was measured f o r  each . . . .  . . . 

a l loy  (28) by recording the  voltage d rop  across the  specimen 

as  the  temperature was lowered. Table 3 gives the  Ms of each . .  

a l loy  i n  both the "as polished1' and the s t r e s s  rel ieved con- 

. . 
di t ion .  



Table 3 .  Average mar tens i t e  s t a r t  temperatures of Fe-Ni-C 
a l l oys  . . 

Crys t a l  S ing le  c r y s t a l  M, 
. (OC) 

"as polished" 1 1  stress re l ieved"  

'%ot measured. 

'gelow l i q u i d  i ~ i ~ r u g e ~ ~  ~ e i u ~ e r ~ ~ u r e .  

C Above room temperature.  



Density ' ~ e t e n n i n a t i o n  

La t t i ce  parameters of the  Fe-Ni-C a l loys  have been deter-  

mined (29) from specimens cut  from the  s ing l e  c r y s t a l s  used i n  

t h i s  inves t iga t ion  and a r e  given i n  Table 2 and p lo t ted  i n  

Figure 2 .  Theoret ica l  dens i t i e s  were ca lcula ted by assuming 

t h a t  t he  i ron  and n icke l  atoms occupy 100% of t he  l a t t i c e  

si tes.  The weight contributed'  by t h e  i n t e r s t i t i a l  carbon 

atoms was simply added t o  t h e  weight contr ibuted by the  i ron  

and n icke l  atoms. The densi ty  r e s u l t s  a r e  given i n  Table 2 .  

Hydrostat ic  densi ty  determinati.ons were a l s o  performed on the  

e l a s t i c  'c'onstant specimens f o r  comparison (Appendix A) , , but 

were never used i n  t he .p re sen t  inves t iga t ion .  

Acoustic Measurements 
. . . . 

Ultrasonic t r a n s i t  times were measured by two d i f f e r e n t  

methods : 1) the  pulse-superposition technique as  developed by 

. . .  . McSkimin (30-32) and 2) t he  pulse-echo-&verlap technique a s  

developed by Papadakis (33) with modifications (34). Only the  

McSkimin technique was used t o  measure t h e  temperature depend- 

ence of t he  t r a n s i t  t imes. o r i e n t e d  10 MHz, gold  pla ted  

quartz transducers were used t o  Introduce the  mechanical 

pulses i n t o . t h e  c r y s t a l s .  An,X-cut . t ransducer generated the  

longi tudinal  pulse i n  the  [ 1101 d i r ec t ion  and a  Y-cut t rans -  



1 .O 2 .O 3 .O 4.0 
ATOMIC PERCENT CARBON 

0 0.5 1.0 
WEIGHT PERCENT CARBON 

Figure 2. Lattice parameters of Fe-Ni-C . alloys . 



ducer  generated t h e  shea r  p u l s e s ,  (110) [ l i0 ]  and (110) (0011. 

Phenyl s a l i c y l a t e  ( ' ~ a l o l )  was used t o  bond t h e  t ransducers  t o  

t h e  c r y s t a l  a t  room temperature and lower u n t i l  t h e  bond was. 

broken which u s u a l l y  occurred a t  -5 o r  -10 '~.  Nonaq stopcock 

g rease  was used f o r  t h e  bond below t h e  l i m i t  of Sa lo l .  

0 
Continuous cool ing  a t  a r a t e  of about 1 C/min. was pro- 

vided by p l a c i n g  t h e  specimen i n  a copper con ta ine r  which -was 

wrapped w i t h ' r e s i s t a n c e  h e a t i n g  wire .  The copper con ta ine r  

.and specimen were then  placed .,. over a dewar con ta in ing  l i q u i d  

n i t rogen.  The d i s t a n c e  above t h e  l i q u i d  n i t rogen  and t h e  

hea t ing  c u r r e n t . w e r e  ad jus ted  t o  g ive  t h e  d e s i r e d  coo l ing  

r a t e .  A thermocouple taped i n  con tac t  wi th  t h e  specimen was 

used t o  r e c o r d . t h e  temperature.  The t r a n s i t  t imes were meas- 

ured i n  5Oc i n t e r v a l s .  The specimens were u s u a l l y  cooled t o  

w i t h i n  I 0  o r  20Oc of t h e  measured Ms f o r  each a l l o y .  

. . 



The adiabatic elastic constants cL, C' , and C44 were 

calculated'from the transit velocities using Equations 9 to 

11. From these, the three independent elastic constants C11, 

C12, and C44 were determined and are listed in Table 4 along 

L with C and C' . The temperature dependence. Q 0.5'~) of these 

values was determined by the pulse-superposition technique. 

At room temperature the pulse-echo-overlap technique was used 

to verify these measurements. Although the random error in- 

volved in each technique was within 0.2% the difference 

between the values obtained by each techniqui was sometimes 

as high as 1.0%. Usually the superposition technique transit 

time was higher than the pulse-echo value. Oftentimes the 

pulse-superposition technique would leave doubt.as to which 

resonant frequency gave' the corre'ct transit time. . Since the 

pulse-echo technique left no doubt as to the correct value of 

the transit time, these values were.used instead of the pulse- 

superposition values. The temperature dependence of the 

transit times, as measured by the pulse-superposition tech- 

nique, was assumed to have the correct temperature slope. but 

the values were adjusted to agree with the room temperature 

values obtained by the pulse-echo technique. 



Table 4. The ad iaba t ic  e l a s t i c  constants  'of  Fe-Ni-C a l loys  
i n  u n i t s  of 1012 dvne/cm2 

Crys ta l  Temp. cL C '  
. (OK) 

c44 



. . 

Table . . 4. (Continued) 
.. . . .. . 

' 1 '  
Crystal Temp. cL C C44 c 11 C12 . . 

(OK) w 



Table 4. (Continued) 

cL C.rysta1' Temp. C' C44 C1l C12. . .  , 

(OK) 

6 2 13 2.0750 0.2553 1.0354 1.2949' 0.7843 
208 2.0707 0.2540 1.0349 1.2898 0.7819 . 
203 2.0666 0.2525 ,1.0348 1.2843 0.7794 ;.. 
198 2.0622 0.2506 1.0342 1.2785 0.7737 : . :  
193 2.0572 0:2491 1.0338 1.2725 0.7742 
188 2.0524 0.2483 1.0335 1.2671 0.7705 

2.0477 0.2463 1.0331 ' 1.2609 0.7682, 183 
178 2.0452 0.2447 1.0328 1.2572 0.7677 
173 2.0406 0.2432 1.0323 1.2515 0.7651 
168 2.0381 0.2420 1.0318 1.2483 0.7642 
163 2.0322 0.2406. 1.0313 1.2416 0.7604 
158 2..0302 0.2395 1.0310 1.2387 0.7596 
153 2.0272 0.2380. 1.0307 1.2345 0.7584 
148 2.0236 0.2365 1.0304 1.2298 0.7567 
143 2.0214 0.2351 1.0300 1.2264 0.7563 
13 8 2.0179 0.2337 1.0296 .1.2220 0.7547 
13 3 2.0129 0.2324 1.0294 1.2159 0.7510 
128 2.0087 :0.2313 1.0290 1.2111 0.7484' 



Table 4. (continued) 

Crystal Temp. cL C I  c44 . c11 . C12 
(OK) 

\ 



Table 4 . .  (Continued) 

Crys t a l  Temp. cL 
(OK) 



Table 4. (Continued) 

Crystal c 



Tab le  4 .  (Continued) 

C r y s t a l  Tern 



Table  4. (Continued) 

cL C r y s t a l  Tern C '  ' C44 C1l 12 
(OK 



Table  4.  (Continued) 

C r y s t a l  Tern cL C '  C44 %I C12 



Table 4. (Continued) 

. cL Crystal Tern . c ' 
(~Klj C44 

c11 c12 . . . 

> 



Table 4.  (Continued) 

Crys ta l  Temp. C L C' C44 C1l C12 
.W7" (OK) m". . 



  he e f f e c t  of carbon and n i c k e l  on t h e  e l a s t i c  cons tan t s  

can be seen  i n  F igures  3 t o  8 .  For convenience only t h e  -28 .5  . ' . . .  . .. 

N i  s e r i e s  and t he  -3.12 a / o  C s e r i e s  a r e  shown. From Table 4 

i t  can be seen t h a t  t h e  same genera l  dependence was followed 

a t  d i f f e r e n t  n i c k e l  and carbon concen t ra t ions .  

Although t h e r e  a r e  some ferromagnetic a l l o y s  present  i n  

t h i s  i n v e s t i g a t i o n ,  t h e  e l a s t i c  cons tan t s  were measured i n  
% 

only t h e  magnet ical ly  unsa tura ted  cond i t ion .  However, t h e  AE 

e f f e c t ,  i . e .  t h e  change i n  t r a n s i t  t ime between t h e  demagnet- 

i z e d  and s a t u r a t e d  s t a t e s ,  f o r  var ious  ferromagnet ic  m a t e r i a l s  

(35-38) has .been  repor ted  t o  amount t o  a maximum change of 

0.3% - t h e  demagnetized t r a n s i t  t imes being l a r g e r .  .The  e r r o r  

due t o  t h e  AE e f f e c t  f o r  t h e  ferromagnet ic  Fe-Ni-C a l l o y s  has  

t h e r e f o r e  been assumed t o  be wi th in  0.3%. 

. The e f f e c t  t h a t  o r i e n t a t i o n  e r r o r s  have on t h e  e l a s t i c  

cons tan t s  have been s t u d i e d  by Waterman (39) .  An e r r o r  of 

+ 0.5O i n  o r i e n t a t i o n  would only r e s u l t  i n  a maximum e r r o r  of - 
. - + 0.01% i n  t h e  t r a n s i t  v e l o c i t i e s .  

The u n c e r t a i n t y  i n  c 'mpos i t ion ,  a s  shown i n  Table 2,  r e -  

f l e c t s  both  t h e  u n c e r t a i n t y  i n  t h e  a n a l y t i c a l  chemical analy-  . . 

s is  and t h e  sample inhomogeneity. The sys temat ic  e r r o r  which 

t h i s  in t roduces  t o  t h e  d e n s i t y  i s  included i n  t h e  va lues  of 



Figure 3 .  Effect  of carbon on temperature dependence of C L 
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Figure  4 .  E f f e c t  of carbon on tempera ture  dependence of C '  



Figure  5.  Ef fec t  of carbon on temperature dependence of Cqq 
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Figure 6 .  Effect of' nicke l  on temperature dependence 
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Figure 7 .  Effect of nickel on temperature dependence of C '  
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Figure 8 .  Ef fec t  of n icke l  on temperature dependence of C44 



t h e  e l a s t i c  constants  i n  Table 4.  The t o t a l ' e r r o r  i n  t he  room 

temperature values of t he  e l a s t i c  constants  i s  estimated t o  be 

no more than - + 1.5%. For values below room temperature, an 

add i t iona l  systematic e r r o r  was introduced because the  changes 

i n  specimen dimensions w e r e  not taken i n t o  account. Using the  

coe f f i c i en t  of thermal expansion f o r  an i r o n  a l l o y  it was 

observed t h a t  t he  e r r o r s  introduced by change i n  length and 

change i n  densi ty  tended t o  cancel  each o ther  when the  e l a s t i c  

constants  were ca lcula ted (Appendix B ) .  I n  t he  temperature 

range over which most of these  a l loys  were measured, t h i s  

e r r o r  amounts t o  less than 0.1% and was there fore  neglected. 

Table 3 gives t he  Ms f o r  each a l l oy .  It can be seen t h a t  

t he  c r y s t a l  wi th  the  "as polished" sur face  has a higher Ms 

t h a n  t h e  c r y s t a l  which was s t r e s s  re l i eved .  Since the  e l a s t i c  

constant specimens were i n  t h e  "as polished" condit ion,  t h e ,  
\ 

appropriate Ms had t o  be used t o  l i m i t  t h e  temperature range 

over which the  temperature dependence.of t he  e l a s t i c  constants  

could be determined. Experience a l s o  revealed t h a t  these  Ms 

values were only reproducible t o  2 ~ O C .    here fore, adding 

a l i t t l e  margin f o r  s a f e ty ,  t he  temperatures were usually 

lowered t o  within 10 o r  2 0 ' ~  of t h e i r  "as polished" Ms.  
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DISCUSSION 

Polycrys ta l l ine  E l a s t i c  Propert ies  

.' I n  general  it i s  not poss ible  t o  ca l cu l a t e  t h e  e l a s t i c '  

p roper t i es  of a  po lycrys ta l l ine  aggregate from t h e  s i n g l e  

c r y s t a l l i n e  e l a s t i c  constants  because' of t he  cons t ra in t s  

placed on t h e  aggregate by t h e  g ra in  boundaries. However, i f  

c e r t a i n  bas ic  assumptions a r e  made about these  cons t r a in t s  it 

f s poss ible  t o  approximate t h e  po lycrys ta l l ine  e l a s t i c  prop- 

erties. Voigt (40) makes t h e  assumption t h a t  s t r a i n  i s  uni- 

form and t h e  r e l a t i o n s  expressing t h e  stress i n  a s i n g l e  

c r y s t a l  a r e  averaged i n  terms of a  homogeneous s t r a in :  Reuss 

(41) averages t he  . r e l a t i o n s  - expressing s t r a i n  i n  t e r n s  of a .  

homogeneous stress which he assumes i s  uniform. Both assump- 

, t i o n s  lead t o  the same r e s u l t  f o r  t h e  bulk modulus @ a poljr- 

c r y s t a l l i n e  aggregate., 

However, when expressions a r e  derived f o r  Young's modulus and 

t h e  ' shear  modulus', each theory pred ic t s  a  d i f f  erknt  r e l a t i on -  

ship: 



where E 'is young's modulus and p i s  the  shear modulus. H i l l  

(42) has shown t h a t  these values  represent upper and lower 

l i m i t s  f o r  the  polycrystal l ine  e l a s t i c  propert ies.  

These values have been calculated f o r  a l l  a l loys  a t  a l l  

temperatures and a r e  l i s t e d  i n  Table 5. Since the  re la t ion-  

ship of these propert ies t o  the  martensite transformation 

would more than.  l ike ly  involve a ,small value f o r  these con- 

s t a n t s ,  only the  lower l i m i t ,  t he  Reuss values, w i l l  be used 

for. fur ther  discussion. ' 

A value of 1 . 7 1 ~ 1 0 ~ ~  dynes/cm2 has been determined f o r  

Young's modulus from s t a t i c  measurements (10) f o r  an Fe-29 

a/o N i  a l loy  a t  room temperature. This compares t o  EV = 

1. 940x1012 dynes/cm2 and ER = 1 . 4 0 2 ~ 1 0 ~ ~  dynes/cm2 from the  

present investigation.  I f  the  average of these values i s  

obtained as suggested by H i l l  (42) a value of 1 .671~10 12 

dynes/cm2 r e s u l t s  which i s  i n  excellent  agreement with the  



Table  5 .  P roper t i e s  of Fe-Ni-C a l l o y s  .ca lcula ted  from t h e  e l a s t i c  cons tan t s ;  
. . 

, p o l y c r y s t a l l i n e  e l a s t i c  moduli i n  loL2 dynes/&n2; C12-C44 i n .  - - - - . . 

1012 dynes/cm2; . and Debye temperature i n  ,OK 

C r y s t a l  Temp. h? WR E~ E~ K C12-C44 A' 'Debye 
(OK) : temp. 

1 2 98 0.731 0.445 1.768 1.164 1.016 -0.2021 4.45 372.7 . 

( f e r r o )  293 0.730 0.443 1;765 1.160 1.013 -0.2032 4.47 
288 0.729 0.440 1.763 1.154 1 . 0 1 2 '  -0.2022 4.50 
283 0.728 0.439. 1.761 1.150 1.010 -0.2032 4.52 
2 78 0.727 0.437 1.758 1.145 1.009 -0.2026 4.54 
273 . 0.726 0.434 1.756 1.140 1.008 -0.2022 4.58 

2 2 98 0.801 0.543 1.940 1.402 1.119 -0.2156 3 .71  405.4 
( f e r r o )  293 0.801 0.543 1.938 1.400 1.110 -0.2255. 3 .71  

288 0.802 0.543 1.935 1.399 1.101 -0.2352 3.72 -P 

283 0.802 0.542 1.933 1.396 1.091 -0.2453 3.73 . W 

278 -0.802 0.542 1.930 1.394 1.083 -0.2544 3.73 
2 73 0..803 0.542 1.928 1.392 1.076 -0.2623 3.74 404.7 

3 2 98 
( f e r r o )  293 

288 
283 
2 78 
2 73 
268, 
263 
258 
253 



Table  5 .  (Continued) 

C r y s t a l  Temp. 
(OK) 

E~ . K  12-~44  A Debye 
temp. 

4 298 
( f e r r o )  293 

288 
283 
278 
2 73 
268 
263 
258 
253 
248 
243 
238 
233 
228 

5 298 
( f e r r o )  293 

288 
283 
278 
2 73 
2 68 
2 63 

. 258 
253 
248 
243 



T a b l e  5 .  (Continued) 

. . 
. . Crystal Temp. PV VR E v E~ K ' C12-C44 A ' ~ e b ~ e  

(OK> temp. . . . . 



Table 5.  (Continued) 

K A Debye Crys ta l  Temp. VV PR v E~ C.12'C44 
(OK> 

. . 

. . 
temp . 

7 .. 2 98 
( fer ro)  293 

288 
283 
278 
273 
268 
263 . '  

258 



Table 5. (Continued) . . 

Crystal Temp. ' 1 ~  K C12-C44 A . Debye 
temp. 



Table  5 .  (Continued) 
. . .  . . 

K C r y s t a l  Temp. p~ WR . E~ E~ C12-C44 ' A Debye 

. . . . temp. 
, 9 298 

( f e r r o ) '  293 
288 
283 
2 78 
2 73 
268 
2 63 

10 298 
( f e r r o )  293 

288 
283 
278 
273 
268 
263 . 

258 
253 

11 2 98 
( f e r r o )  293 

288 
283 
2 78 
273 
268 
2 63 



Table 5. (Continued) 

K Crystal Temp. lJ'v l J ' ~  E~ E~ C12-C44 A Debye 
(OK:! temp . 

12 298 
(ferro) 293 

288 
283 
278 
2 73 
268 
2 63 
258 
2 53 
248 
243 
238 
233 
228 



Table 5. (Continued) 

Crys ta l  ~ e m p .  M~ F L ~  E~ K C12-C44 A Debye 
(OK) temp . 

13 ' 298 
(para) . 2.93 . . 

288 
283 
278 
273 
2 68 



Table  5 .  (Continued) ' 

C r y s t a l  . Temp. p~ '- -5- E~ K C12-C44 A Debye 
(OK> temp . 

15 298 
( f e r r o )  293 

288 - . 

283 
278 
273 
268 
2 63 

. .. 258 
253 
248 
243 
238 
233 
228 
223 
2 18 
2 13 
208 



Table  5 .  (Continued) 

C r y s t a l  Temp. !V C L ~  E~ E~ K '12-'44 A Debye 
(OK) temp . 

16 298 
( f e r r o )  293 

288 
283 
278 
273 
268 
2 63 
258 
2 53 
248 
243 
238 
233 
228 
223 
2 18 
2 13 
208 
203 
198 
193 
188 

, 1 8 3  
178 
173 
168 



T ab l e  5 .  .(Cant inued) . . 

C r y s t a l  Temp. IV VR *V E~ K C12-C44 A Debye 
, (OK) temp. 

: ' 

. . .  
16 163 0.809 0.589 1.926 1.486 1.037 -0.3113 3 .24  

. . 158 0.809 0.5-89 1.925 .1.485 1.033 , -0.3154 3.25 
. . 153 0.810 0.589 . 1.924 1.484 1.028 -0.3223 3.25 

148 0.811 0.590 1.924 1.484 1.025 . -0.3266 3.25 414.4 
143 0.811 0.590 1.924 1.484 1.020 -0.3325 3.26 
138 0.812 0.590 1.923 1.483 1.016 -0.3367 3.26 
13 3 0.812 0.590 1.923 1.482 . 1.013 -0.3411 3.26 
128 0.813 0.5.90 1.923 1.482 1.009 -0.3459, 3.26 

.. 123 0.814 0 .591 .  1.9.23 ' 1.482 . 1.006 -0.3508. 3.27 
118 0.814 0.591 1 .922 .  1 .481 1.001 -0.3559 3.27 414.6 

18 298 0.834 
(para)  . 2.93 0.836 

288' 0.839 
. 283 0.840 

278 0.842 
273 . 0.844 
268 0.847 

'. 263 0.849 
258 0.850 
,253 . 0.852. 
248 0.854 



Table  5 .  (Continued) 

C r y s t a l  Temp. p~ p~ E~ K C12-C44 A Debye 
(OK) temp. 

20 
(para)  



Table 5. (Continued) . . . . 

Crys ta l  Temp. C L ~  p~ E~ E~ ' . K c12-~44 A Debye 
(OK) temp . 



Tab le  5 .  (Continued) 

C r y s t a l  Temp. 
(OK) 

A Debye 
temp. 



Table  5 .  (continued) 

C r y s t a l  Temp. WV NR E~ E~ K c12-c44 .A Debye 
(OK) temp; 

25 2 9'8 0.854 3 . 6 6 2  .2.157 1.733 1.520 0.0970 2.86' 439.6 .  . . 

293. 0.857 0.664 2.164 1.739 1.521' 0.0927 2.86 . . 

288 0.858 0.666 2.168 1.744 1.523 0.0927' 2.85 



d i r e c t  determination. The same temperature dependence i s  

obsenred i n  both inves t iga t ions .  Similar ly  a value of .I. 80x 

1 0 ~ ~ , d ~ n e s / c m ~  was obtained from a po lycrys ta l l ine  a l l o y  

(10) comparable t o  t h e  composition of c r y s t a l  no. 13 of t h i s  

inves t iga t ion  f o r  which H i l l  ' s averaging technique gives a 

value of 1.8 14x1012 dynes/cm2. The  agreement i s  excel lent  

and' again t he  same temperature dependence was observed i n  both 

' i nves t iga t ions .  

The decrease i n  young's modulus with increas ing tempera- 

t u r e  (dE/dT < 0) i s  t h e  behavior displayed by most metals.  An 

inspect ion of t h e  values i n  Table 5 shows t h a t  many of t he  

a l loys  i n  t h i s '  inves t iga t ion 'have  dE/dT > 0. 0 the r . au tho r s  
. . 

(10,43) have a l s o  observed t h i s  behavior.' This behavior can 

be explained by t h e  magnetic p roper t i es  of these  a l l oys .  A l l  

t h e  paramagnetic a l l oys  have dE/dT'< 0 and a l l  t h e  ferromag- 

n e t i c  a l loys  have dE/dT > 0 except a l l oy  no. 15 where dE/dT 2 

0. Fine a n d . E l l i s  (44,45) have shown t h a t  t he  Young's modulus 

of paramagnetic mate r ia l s  always have d E / d ~  < 0; whereas, 

a l loys  i n  t h e  ferromagnetic s t a t e  show a minimum i n  t h e  

young's modulus and dE/dT i s  pos i t i ve  between t h i s  minimum 

and the  Curie temperature (Figure 9 ) .  A t  low temperature., 

dE/dT i s  again negative.  Evidently t he  ferromagnetic a l l oys  



TEMPERATURE 

* 

Figure 9. The effect of ferromagnetism on the temperature 
dependence of Young's modulus (after Fine and 

. . Ellis (44,45)) 

. . 

CURIE TEMPERATURE 



. . 

of t h i s  inves t iga t ion  were i n  t he  temperature range between 

t h i s  minimum and t h e  Curie temperature,  thus dE/dT > 0. Alloy . 

n o .  15 i s  very weakly ferromagnetic and, i t s  value of dE/dT 
. . . . .  . .  

only shows t h a t  t h e  schematic o f  ~ i n e  and E l l i s  i s  approxi- 
, .  . 

mate and may not  be followed exact ly  f o r  border l i n e  cases,. 

The same arguments can be used t o  explain t h e  temper- 
. . 

a t u r e  dependence of t he  shear  modulus and bulk modulus. 

Figures 10 and 11 show t y p i c a l  behavior of t h e  shear  modulus 

and bulk modulus. respect ively .  

The quant i ty  C12-C44 i s  considered t o  be t h e  volume 

dependent energy term .contr ibution t o  t h e  bulk modulus ( 4 6 ) .  

Negative values of which usual ly  s i g n i f y  'covalent bonding. 

. . A l l  t h e  a l loys .  demonstrate a negative value a t  low tempera- 

t u r e  except t he  a l loys  with low n icke l  contents  which demon- 

I t  s t r a t e  a tendency t o  form .2 ,2 ,5"  mar tensi te .  The s i g n i f i -  

cance of" t h i s  i s  not known. 

E l a s t i c  Anisotropy 

The e l a s t i c  anisotropy i s  defined as '  t he  r a t i o  of t he  

two 6 , las t i c  shear  constants ,  2c44/ ( ~ ~ 1 - c ~ ~ )  . I n  no a l l oy  d id  

' t h e  anisotropy become la rge  a s  t he  Ms was .approached as  d i s -  

cussed i n  t h e  in t roduct ion.  The values obtained f o r  a l l  of 

the  a l loys  var ied  only f rom 3.09 t o  4.58. This coinpared t o  



0 29 .0  a/o Ni- 0.0 a/o C 
A 28.8 a/o Ni - 0.56 a/o C 
o 27.9a/o Ni- 1.21 a/oC 

- o 28.5 a/o Ni -2.50 a/o C - 
e 27.9 a/o Ni- 3.22 a/o C 
v 27.9 a/o Ni-4.00 a/o C - 1 A 187 a/o Ni- 3.0 

I-" I D 26.1 a/o Ni- 2.95 a/o C 

TEMPERATURE ( O K )  . . 

Figure 10. The ef fect  of nickel and carbon on the tempera- 
ture dependence of the Reuss average,shear modulus 

. . 



TEMPERATURE (" K )  
Figure. 11. The e f f e c t  of n icke l  on the ,  temperature dependence 

of t h e  bulk modulus 



' . values of 3.2 f o r  copper and 3.9 f o r  lead both of which 

exh ib i t  s t a b l e  l a t t i c e s .  I n  most cases the  e l a s t i c  aniso- 

t ropy did increase  as  t h e  temperature was lowered but .only 

s l i g h t l y .  For t h e  low n icke l  a l l oys ,  t h e  values ac tua l ly  

decreased a s  t h e  Ms was approached. This small change i n  

e l a s t i c  anisotropy with temperature agrees with t he  r e s u l t s  

of Salma and Alers (22) f o r  an Fe-30 a /o  Ni s i n g l e  c r y s t a l .  

Figures 1 2  and 13 show the  compositional and temperature 

dependence of t he  e l a s t i c  anisotropy f o r  t y p i c a l  Fe-Ni.-C 

a l l oys .  

Single  c r y s t a l l i n e  E l a s t i c  Proper t ies  

The temperature dependence of t he  ad iaba t ic  e l a s t i c  

constants  i s  given i n  Table 4. Figures 3 t o  5 show t h e  e f f e c t  

of carbon on t h e  28.5 a/o N i  s e r i e s  of a l l oys .  F igures '6  t o  

8 show t h e  e f f e c t  of n icke l  on a l loys  containing approximately 

3.12 a /o  C.  The same r e l a t i v e  changes i n  s lope a r e  followed 

by a l l  of t he  a l l oys .  Both .carbon and n icke l  addi t ions  lower 

L C , C ' ,  and C44 except i n  t h e  28.5 a/o N i  s e r i e s  where C L 

increases  s l i g h t l y  when carbon increases  from 0 t o  0.56 a /o  

and from 3.22 t o  4.00 a /o  (Figure 3 ) .  This general  decrease 

i n  e l a s t i c  constants  with the  addi t ion of n icke l  and carbon 

c o n f l i c t s  with t he  idea  t h a t  the  shear  constants  should 



2.61 - I .  I I I 
0.0 1.0 - 2.0 3.0 4.0 

ATOMIC PERCENT CARBON 

Figure 12. The compositional dependence of e l a s t i c  an i so -  
tropy af 298 '~  



TEMPERATURE 

Figure 13. The e f f e c t  of n i cke l  on t h e  temperature depend- 
ence of e l a s t i c  anisot ropy , 



become small  a s  t he  Ms i s  approached as  discussed i n  t h e  
. . 

in t roduct ion.  Nickel and carbon both a r e  known t o  be austen- 

i t e  s t a b i l i z e r s  which means t h e  Ms moves f u r t h e r  away from 

room' temperature, a s  these  elements a r e  added t o  the  a l l oy .  ; 

It would then seem reasonable t o  expect t he  shear  constants  

t o . i n c r e a s e  i n  magnitude with t h e  addi t ion of n icke l  and 

carbon. 

The temperature dependence'of t he  e l a s t i c  constants  i n  

some a 1 i . 0 ~ ~  i s  observed t o  support t he  idea  t h a t  t h e  shea r ,  

c.onstants should become smaller  a s  the  M, i s  approached. 

However, i t  i s  not observed i n  o thers .  The a l loys  with high 

n i cke l  content do have t h e  pos i t i ve  s lope expected but t he  

r e l a t i v e  change i n  value of t he  shear  constants  a r e  small. 

The a l loys  with low n i cke l  concentrations ac tua l ly  have nega- 

t i v e  s lopes .  

A t  t h i s  po in t ,  a  r e l a t i onsh ip  was sought between t h e  

e l a s t i c  constant behavior and t h e  type of mar tensi te  each 

a l l oy  w i l l  nucleate.  Although t h e  hab i t  plane was only exper- 

imentally determined f o r  one a l l oy ,  c r y s t a l  no. 25 ,  i t  i s  

poss ible  t o  d i s t ingu ish  t h e  types of mar tensi te  by metallo- 

graphic examination (1,47). Figures 14 and 15 a r e  photo- 

micrographs of what i s  bel ieved t o  be predominantly "2,2,5" 



Figure 14. Burst martensit& at lqOX (a) Fe-21.3Ni-1.76C 
single crystal (crystal 917) showing 112,2,5" 
martensite (b) Fe-23.9Ni-2.49C single. crystal 
(crystal 9 13) showing "2,2,511 and "2,5,9" 
martensite 



Figure 15. Burst martensite with "2,2,5" habit plane in 
Fe-12.2Ni-4.29C single crystal (crystal f 28) 
at lOOX 



m 69 martensite and Figure 16 1s a photomicrograph of 112,5, 9" 

martensite. Table 6 lists the habit plane each alloy is 

believed t o  have on the basis of metallographic examination. 

Also included are the signs of the temperature derivatives of 

cL, C '  , and C.44 f o r  the crystals  i n  which a temperature 

dependence was measured. It can be seen that  i f  a l l  the 

e l a s t i c  constants have negative slopes, "2,2,5" martensite i s  

always present. Also i f  dcL/d~  > 0, "2,5,9" martensite i s  

present. The temperature dependence of e i ther  shear modulus 

seems t o  have no ef fec t  on the  nucleation and growth of 

11 2,5,9" martensite which i s  very surprising since martensite 

i s  known t o  have predominantly a shear mechanism of formation. 

Since the e l a s t i c  constants have not been reported a t  

the actual Ms , one could argue tha t  the  values may change 

dras t ica l ly  a t  the  Ms. However, on several occasions various 

e l a s t i c  constants were accidentally measured a t  temperatures 
/ 

down t o  the Ms and no unusual behavior was observed. A t  the 

onset of transformation the  transducer bonds fa i led .  This 

prevented an examination of the  temperature dependence of the 

e l a s t i c  constants a t  temperatures below Ms. 

The c r i t e r i a  observed fo r  the  formation of 112,5, 9'' 

martensite i s  a suff icient  but not a necessary condition. 



Figure 16. Burst martensite with "2,5,9" habit plane in 
Fe-26.3Ni-L36C single crystal (crystal 4/11) 
showing midrib and twinned structure; (a) 500X 
polarized light (b) 150X bright light 



Table 6 .  Observed martensi te  morphology and s ign  of 4CIbT 
of Fe-Ni-C a l loys  

Crys ta l  Habit plane Sign of bC/bT 
'I 11 ltl "259" "2 2 5 " c L C ' c44 

%ar t  e n s i t e  not observed. 



There a r e  a l loys  which have the  "2,2,S1' c r i t e r i a  and exhib i t  

both, "2,2,511 and "2,5,9" mar tensi te  (Figure 14b). It i s  

e n t i r e l y  conceivable t h a t  t he re  i s  a broad area  i n  cbmposi- 

t i o n  where a l l o y s  can have both ."2,2,511 and  112,5,9" marten- 

s i te .  A s  one type of mar tensi te  p l a t e  nucleates and grows, 

t he  s t r e s s e s  induced i n  t h e  aus t en i t e  by the  growing marten- 

s i t e  p l a t e  may be j u s t  s u f f i c i e n t  t o  nucleate  t he  o ther  type 

of mar tensi te .  

The " 1 , 1 , l 1 I  type mar tensi te  forms i n  a l loys  which con- 

t a i n  no carbon. The e l a s t i c  constants  show the  same behavior 

as  those f o r  112,5,9" mar tensi te  with the  add i t iona l  r e s t r i c -  

t i o n  t h a t  dC44/dT < 0. There 'are o ther  a l loys  which demon- 

11 s t r a t e  t h i s  e l a s t i c  constant behavior and yet  2,5,911 marten- 

s i t e  r e s u l t s  because carbon was present .  Carbon must prevent 

11 t he  1,1,l1' martensi te  mechanism' 'from operat ing.  Further  

cooling f i n a l l y  forces  the  "2,5,911 mechanism t o  operate.  

This behavior i s  a l s o  observable i n  t he  Ms measurements f o r ,  

these  a l l oys .  The s ing l e  c rys t a lMs  values f o r  t he  28.5 a /o  

Ni s e r i e s  given i n  Table 3 a r e  p lo t t ed  i n  Figure 1 7 .  The 

l i n e a r  ext rapola t ion of these  values  ind ica tes  a much smaller  

value f o r  t he  Ms of an a l l oy  containing no carbon. This 

value i s  indeed t h e  Ms i f  t h e  mar tensi te  were t o  form as  



ATOMIC PERCENT . CARBON 

Figure 17. The effect of carbon on the single crystal M, for 
alloys containing similar amounts of nickel '. 



I I 2,5,9" mar tensi te .  Since t h e r e  i s . n o  carbon present t h e  

I t  1,1,1'! mechanism has already operated and martensi te  was 

formed a t  a higher temperature. 

11 1,1,11' type martensi te  has been observed i n  a l loys  con- 

t a in ing  carbon (48,49).. However, t h e  Ms of each a l l oy  'was 

between 100 and 500'~. The thermal energy present a t  these  
. . 

temperatures must be s u f f i c i e n t  t o  a c t i v a t e  the 111,1,1'1 

mechanism over t h e  carbon b a r r i e r .  

Whatever i s  t h e  c r i t i c a l  f a c t o r  con t ro l l ing  t h e  nuclea- 

t i o n  of mar tensi te ,  i t  has not been i d e n t i f i e d  by t h e  s i n g l e  

c r y s t a l  ad iaba t ic  e l a s t i c  constants  of t he  aus ten i te .  General 

t r e n d s h a v e  been observed, but it i s  believed t h a t  mar tensi te  

nucleat ion i s  con t ro l led  by many parameters, t he  e l a s t i c . .  

c o n s t a n t s b e i n g  j u s t  one. However, i t  must be remembered t h a t  

these  measurements have been made using long wavelength 

phonons' ( A  - 0.05 cm) and .it may be t h a t  a t  very shor t  wave- 

length phonons the  shear  constants  do indeed approach zero as 

t he  temperature. i s  lowered. 

Debye Temperatures 

The Debye temperatures of c r y s t a l s  1 through 28 were 

ca lcula ted a t  &very 2 5 ' ~  and a r e  included i n  Table 5.  Most 

of t h e  s ign i f icance  . of .. Debye temperature i s  l o s t  i f  not 



ca lcu la ted  from O°K measurements. However, f o r  reasons of , . .  

comparison t h e  Debye temperatures have been calcula ted by the  

method of DeLaunay (46) f o r  t h e  a l loys  of t h i s  inves t iga t ion  

and a l s o  from the  e l a s t i c  constants  given i n  l i t e r a t u r e  f o r  

0 
r e l a t e d  systems. A value of 405.4 K was calcula ted f o r  

c r y s t a l  no. 2 which corresponds t o  a value of 4 0 0 . 4 ~ ~  calcu- 

l a t ed  from the  e l a s t i c  constant  r e s u l t s  of Alers e t  a l .  (43). 

However, t he  n icke l  compositions d i f f e r  by one atom percent .  

Table 7 1ist.s t h e  e l a s t i c .  constant  r e s u l t s  reported f o r  .al loys 

r e l a t e d  t o  those used i n  t he  present  inves t iga t ion .  The 

Debye temperatures have been calcula ted using these  r e s u l t s  

and a r e  a l s o  included. 

Recently (50) t h e .  Debye temperatures of a s e r i e s  of face- 

centered cubic Fe-Ni a l loys  were ca lcula ted using measured. 

values of t he  young's modulus and t h e  shear  modulus. These 

Debye temperatures a r e  usual ly  2-3% higher than those de te r -  

mined from e l a s t i c  constant data .  These r e s u l t s  a r e  shown i n  

Figure 18 f o r  both t h e  ferromagnetic and paramagnetic s t a t e s .  

It can be seen t h a t  t he re  i s  a minimum a t  about 40% Ni. Un- 

for tuna te ly  i t  i s  not known i f  t h i s  i s  i n  atom percent o r  

weight percent ,  although the  d i f fe rence  f o r  Fe-Ni a l l oys  i s  

small.  These r e s u l t s  agree with t h e  general  concentrat ion 



Table 7. E l a s t i c  constants  and Debye temperatures of Fe, N i  
and Fe-Ni a l loys  . . 

e~ Temp. Ref.. Mater ia l  C1l C12 C44 
(OK) (OK) 

F.e-29 a /o  N i  - 1.526 0.916 1.131 405.4 298 present  

N i  2.504 1.526 1.254 458.3 300 52 

~e (bcc) ., 2.42 1.37 1':215 478 77 53 
2.33 1.35 1.18 467 300 

Fe (bcc) 2.36 1.34 1.19 472 77 54 
2.38 1.32 1.165 463 300' ' 

Fe (f cc) 2.760. 1.735 1.363 484.4 298 present  
para 

Upper 2.984 . 1.866 1.413 499.4 298 
l i m i t  

2.576 1.626 1.270 467.1 298 I I Lower 
l i m i t  

Fe ( f  cc) 3.727 0.701 1 . 6 2 2  632.6 298 I I 

f e r r o  



FERROMAGNETIC STATE 
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Fe N i. 

PERCENT NICKEL 

Figure 18. The Debye temperature for Fe-Ni (fcc) alloys at 
oO, 200° and 4 0 0 ~ ~  



dependence observed by Bower &. ( 5 5 ) .  However, t he  . ' 

l a t t e r  author f a i l e d  t o  a t t r i b u t e  any s ign i f icance  t o  h i s  two 

'lowest n icke l  concentra'tion a l l oys  which do ind i ca t e  t h e  

presence of a minimum. Bower did  not have enough da ta  points  

t o  r e a l l y  say t h e r e  was a minimum i n  Debye temperature a t  

about 40 a/o  N i .  

I n  t h e  present  inves t iga t ion  a l i  t h e  a l loys  which a r e  

paramagnetic a t  room temperature always show an increase  i n  

Debye temperature a s  t h e  temperature i s  decreased (Table 5)'. 

Figure 18 shows t h a t  t he  a l l oys  i n  t h e  paramagnetic condit ion 
1 

. . 

have ' t he  same behavior. However, i t  can be seen t h a t  t he  

ferromagnetic a1loys.may have any behavior depending on how 

f a r  . the compositions a r e  away from . the  minimum. . Of course 

ther loca t ion  of the,minimum is  not t he  same f o r  Fe-Ni-C a l loys  

a s  it i s  f o r  Fe-Ni a l loys .  The a l loys  which a r e  not marked 

I t  "ferro" o r  para" i n  Table 5  are ferromagnetic but t h i s  i s  

because ferromagnetic mar tensi te  i s  present  i n  these  a l loys  

a t  room temperature. From t h e  behavior of t h e  Debye tempera- 

t u r e s ,  t h e  aus t en i t e  phase i n  c r y s t a l  no. 8 i s  probably fe r ro-  

magnetic 'and a l l  t h e  o ther .  unmarked .al loys a r e  probably para- 

magnetic. This i s .  consis tent  with t h e  condi t ion  of t he  

alloys. surrounding these  p a r t i c u l a r  . c rys t a l s .  

.,.< ; . . .'. , . . .  I,. . ..o . . ..: . : ' . ..;:;. . ,.. .. .+ ,:.. . 
A: , ! .  .. . . 



Proper t ies  of Face-Centered Cubic I ron  a t  Room Temperature 

From Figures 19 t o  21 i t  was poss ible  t o  est imate t he  

e l a s t i c  constants  of pure face-centered cubic i r o n  a t  room 

temperature. The a l loys  were divided i n t o  groups which bes t  

approximated isoconcentrat ions of n ickel .  Each s e t  of da ta  
. .  . . . .  

was then f i t  t o  a l i n e a r  l e a s t  squares  so lu t ion  with depend- 

ence on n icke l  and carbon. This was done f o r  t h e  approximate 

n i cke l  isoconcentrat ions of 28.5, 26.7, 23.4, and 21.3 a /o .  

There were not enough data  points  f o r  a l loys  with l e s s  n icke l  

concentrat ions.  -Therefore  t he  a l loys  with 21.3 a /o  N i  were 

combined with the  a l loys  with t h e  18.8 a /o  N i  group and the  

s lope determined from these  a l loys 'was  used f o r  a l l  t h e  re -  

maining n icke l  concentrat ions.  Extrapolat ing a l l  these, 

s t r a i g h t  l i n e s  t o  zero percent carbon gave values which could 

then be p lo t t ed  agains t  n icke l  concentrat ion.  Figures 22 t o  

24 a r e  these  p lo t s  and they c l e a r l y  show the  e f f e c t  of f e r ro -  

magnetism on e l a s t i c  constants .  A l i n e a r  l e a s t  squares f i t  

was then applied t o  both t he  paramagnetic and t h e  Eerromag- 

n e t i c  port ions and extrapola ted t o  pure i ron .  The . r e su l , t s  

f o r  t h e  e l a s t i c  constants  obtained i n  t h i s  manner a r e  given 

i n  Table 7. Also included i n  Table 7 a r e  t h e  values obtained 

f o r  t h e  pure i r o n  e l a s t i c  constants  by applying a l l  t h e  data  
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Figure  19.  The composi t ional  dependence of cL a t  2 9 8 ' ~  used t o  
e x t r a p o l a t e  t h e  va lues  f o r  Fe-Ni a l l o y s  
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Figure 20. The compositional dependence of C ' a t  298 '~  used t o  ' ' 

extrapola te  the  values f o r  Fe-Ni a l loys  



i 
. .. 
\ \  . \ .  
\ .. 0 FERROMAGNETIC 

\ . \ - 
\ -  '.'\ . % . . ,-. 

\ 
\ 

\ 
\ . \ 

\ . \ . . 
\ 1.2 L, 1, '\.\ " .. 
\ 

\ \ \ \ 
1 .  \ \ . . - 

\ \ ' '. '. \.. . \ \ . . .A. 
\ \ 

\ . 
0 '  \ 0 'A, . , \ - '. -. \\ lA 'LA&:. 'A<A:-,11.3 o/oNi 

0. ' '\ .'. 
\ . \ A\. 'A, .A' ' \ ~ . ~ ~ 3 . 9 + 0 . 1  o/o N i  

'Q 1 b\ ' , ' . ' 15.9 a/o N i  
' 0 \  '. \ , . . 18.82 0 . 2 a / o  N i  '. \ '\o . . 
\ 0, . '. . 2 1.3k 0.3 a/o N i  

-Q\ \ 
\ 

0 33.3 o /o N i  N 

I 
\ '. \ 23.49 0.5 a/oNi . . 

O,, \ 
\0, ' ~ 2 6 . 7 2  0 .7a /oNi  

1.3, 

ATOMIC PERCENT CARBON 

I I I I I I d ,  - 
\ 

- . A PARAMAGNETIC 

Figure -21. The cirmpositional dependence of C44 a t  298'~ used' t o  
:. ex t rapo la te  t h e  values f o r  Fe-Ni a l l oys  



A PARAMAGNETIC (EXTRAPOLATED) 

0 FERROMAGNETIC (EXTRAPOLATED) 

0 FERRO+PARA (EXTRAPOLATED) 

ATOM1 C PERCENT NICKEL 

Figure 22. The extrapolation of cL to pure iron in the 
paramagnetic and ferromagnetic state 



0 10 2 0  30  

ATOMIC PERCENT NICKEL 

4.0 

3.0 

20 

Figure  23.  The e x t r a p o l a t i o n  of C.\ t o  pure i . ron i n  t h e  
paramagnetic' 'and ferromagnet ic  s ' t a t e  
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Figure 24. The extrapo.lat ion of C44 t o  pure i r o n  i n  t h e  
paramagnetic and ferromagnetic s t a t e  



simultaneously~ t o  a l e a s t  squares f i t  t o  t he  .following .two 

func t ions  : 

Many o ther  expressions were t e s t e d  but these  two seem t o  f i t  

t h e  da ta  bes t  C+ 8%). The reason these  r e s u l t s  a r e  included 

i s  t o  give an idea  of t he  accuracy of t he  ext rapola t ion pro- 

c e d u r e  f i r s t d e s c r i b e d .  It can be seen t h a t  expression 1 7  

and 18 seem t o  give upper and lower l i m i t s  t o  t he  extrapolated 

values.  - 
\ 

The Debye temperatures of face-centered c u b i c ' i r o n  ca l -  

cula ted  from these  extrapolated e l a s t i c  constants  by the  

method of DeLaunay (46) a r e  a l so  included i n  Table 7 .  Extrap- 

o l a t i n g  t o  pure i ron  on Figure 18 y ie lds  values a t  4 9 0 ' ~  a t  

0 
O'C and 456 K a t  200 '~  f o r  t he  face-centered cubic paramagnetic 

s t a t e .  In te rpo la t ing  between these  values y i e 1 d s . a  value of 

4 8 6 ' ~  a t  room temperature. This i s  i n  excel lent  agreement 

with 484. ~ O K  obtained from t h e  extrapolated e l a s t i c  constants .  

Similar ly ,  t he  ferromagnetic s t a t e  shown i n  Figure 18 gives a 

value of 622OK a t  25O~ which again i s  i n  excel lent  agreement 

with the  value of 632 .6 '~  obtained from extrapolated e l a s t i c  

constant data  from the  face-centered cubic ferromagnetic 



0 
a l l oys .  These Debye temperatures a r e  higher than the  432 K 

. . 
value assumed f o r  face-centered cubic i ron  by Blackburn-et  - 
a l .  (56). It should be s t r e s sed  again t h a t  t he  present - 
inves t iga t ion  Debye temperatures were  obtained from room 

temperature da t a  and may wel l  be 'd i f ferent  a t  O'K. However, 
, . . . 

. t he  ,temperature dependence a s  shown i n  Figure 18 ind ica tes  
. . 

t h a t  t he  Debye temperature a t  O'K would be l a rge r  than t h e  

value a t  room temperature. 



SUMMARY 

-The s ing l e  c r y s t a l l i n e  e l a s t i c  constants  have been 

measured f o r  a  se r ies .  of face-centered cubic Fe-Ni-C a i loys  
. - 

i n  t he  temperature range Ms + ~ O O C  t o  room temperature. 

Po lycrys ta l l ine  e l a s t i c  proper t ies  were ca lcula ted from the  

e l a s t i c  constants ;  however, no corre , la t ion was observed 

between these  po lycrys ta l l ine  proper t ies  and the  observed 

martensi te  .morphology. 

Cer ta in  re la t ionsh ips  were observed t o  e x i s t  between the  

parent s i n g l e  c r y s t a l l i n e  e l a s t i c  proper t ies  and the  product 

mar tensi te  morphology. I f  d c L / d ~  < 0,  dC I /dT < 0 ,  and 

I I dCg4/dT < 0,  2,2,5" mar tensi te  was observed t o  form upon 

transformation. I f  d c L / d ~  > 0,  e i t h e r  "2,5,9" o r  "1,1,1" 

martensi te  was observed t o  nucleate  and grow. The tempera- 

- t u r e  dependence of e i t h e r  shear  constant d id  not appear t o  

I I in f luence the  2 , 5',9" transformation mechanism. However, i f  

dC44/dT < 0 and the  a l l o y  had no carbon, an a l l o y  which 

I1 o rd ina r i l y  would form 2,5';gt1 mar tensi te  would f  o m  "l,l;ltl 

martensi te  ins tead.  It was postulated t h a t  t he  111,1,111 

martensite.transformation mechanism required l e s s  energy t o  

operate than the  "2,5,9" mar tensi te  mechanism i f  the  a l l oy  

contained no carbon. The carbon must prevent the  "1,1,11' 



mechanism from opera t ing  below room temperature and t h e r e f o r e  

allows t h e  "2,5,9" mechanism t o  opera te  upon f u r t h e r  cool ing .  
. . 

Both "2,2',5" and "2,5,git m a r t e n s i t e  can be present  i n  

L t h e  same a l l o y .  It i s  be l ieved t h a t  i f  dC' /dT 2 0 and i f  

dCt/dT < 0 ,  t h e  growth of one type  of m a r t e n s i t e  can nuc lea te  

t h e  o t h e r  type  of mar tens i t e .  

It has been concluded from t h e  above observat ions  t h a t  

t h e  p r o p e r t i e s  of t h e  parent  a u s t e n i t e  do indeed e f f e c t  t h e  

product m a r t e n s i t e  morphology. There appear t o  be many 

parameters e f f e c t i n g  ,the nuc lea t ion  and growth.of  m a r t e n s i t e  
. . 

and t h e  e l a s t i c  cons tan t s  of t h e  parent .  phase a r e  j u s t  a few. 

L The va lue  of dC /dT of t h e  parent  phase appears t o  have t h e  

most in f luence  on t h e  r e s u l t a n t  h a b i t  plane.  This  must be 

involved through t h e  volume expansion of t h e  m a r t e n s i t e  during 

L growth. I f  dC /dT > 0,  t h e  parent .  phase can accommodate t h e  

expansion of t h e  mar tens i t e  more e a s i l y  a s  t h e  temperature i s  

lowered. 

The magnetic t r a n s i t i o n  from ferromagnetism t o  para- 

magnetism present  i n  t h e s e  a l l o y s  does not  appear t o  e f f e c t  

t h e  m a r t e n s i t e  morphology s i g n i f i c a n t l y  . Although t h e  t r a n s -  

i t i o n  does coinc ide  wi th  the ,boundary  which s e p a r a t e s  a l l o y s  

which form "2,2,5It from those  which form "2,5,9It m a r t e n s i t e  



in many alloys, there are.enough exceptions to this observa- 

tion to conclude that the boundary is a result of the elastic 

constant behavior and not the magnetic transition. 

The elastic anisotropy was not observed to increase 

rapidly as the Ms was approached. In some alloys the value 
. .  . 

actually decreased. High elastic .anisotropy must therefore 

only establish a sufficient and not,a necessary condition for 

lattice instability. 

The compositional dependence of elastic constants has 

been used to estimate the values of the elastic constants for 

the face-centered cubic allotrope of pure iron at room temper- 

ature. The elastic constants of paramagnetic, face-centered 

cubic iron based on the compositional extrapolation are C11 = 

2 2 . 7 6 0 ~ 1 0 ~ ~  dynes/cm2, C12 = 1 . 7 3 5 ~ 1 0 ~ ~  dynes/cm and C44 = 

1 . 3 6 3 ~ 1 0 ~ ~  dynes/cm2. These elastic constants give face- 

centered cubic iron a Debye temperature of 484 .~OK. 
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APPENDIX A : HYDROSTATIC DENSITY DATA 

The density of each alloy was determined by hydrostatic 

methods in a bath of diethyl phthalate. The following is .a 

comparison of these results to the theoretical densities. 

Crystal 
Density (gm/cm3) 

Hydrostatic Theoretical 



APPENDIX B:. ERROR INTRODUCED BY THERMAL EXPANSION 

Since e l a s t i c  constant data.  f o r  Fe-Ni-C a l loys  were 
. . 

was necessary t o  est imate t h e  er ror .  involved i f  thermal ex-. 

pansion was neglected. The coe f f i c i en t  of thermal expansion, 

a ,  was estimated t o  be about t h e  same a s  a low carbon, n icke l  

'6 o s t e e l  (a = 10x10 / C) . For a temperature change of 1 0 0 , ~ ~ ,  

where i s  length and V i s  volume. Therefore, t h e  densi ty  

w i l l  increase  b y  0.3% when cooled. 1 0 0 ~ ~ .  ' The t r a n s i t  d i s -  

t a n c e  w i l l  con t r ac t  -0.1% which means t h e  wave ac tua l ly  t rav-  

e led  a sho r t e r  d i s tance  than assumed. Therefore, t he  t r u e  

ve loc i ty  i s  lower than measured by 0.1%. Since 

C i j  = p(v2) 

it can be seen t h a t  t he  e r ro r s  tend t o  cancel each other. 

Therefore, t h e  t o t a l  e r r o r  involved i n  t he  e l a s t i c ' . cons t an t  

. ca l cu l a t i on  i s  only about 0.1%, i . e . ,  
. . 

C,ij = (1.003) (.999)2 = 1.001, 




