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A differential equation is obtained and solved for the entropy of trans- 
formation in first-order phase transformations with allowance for the 
effect of an external magnetic field. The effect of a constant mag- 
netic field on phase transformations in an austenitic stainless steel is 
investigated. It is shown that the theoretical values for the magnetic 
5T effect are of the same order as the experimental values. 

In [1] the  6T e f f ec t  was  obta ined  in the  g e n e r a l  f o r m  

a s +; A s (1) 

As fo l lows  f r o m  (1), to compu te  6T it  is  n e c e s s a r y  to 
know AS = f(p, oq). With th i s  ob jec t  in v i ew,  we wi l l  
f ind the  c o r r e s p o n d i n g  d i f f e r e n t i a l  equa t ion  f o r  d e t e r -  
m i n i n g  the  i n t e g r a t i n g  f a c t o r  # = 1 /AS.  The  n e c e s s a r y  
and su f f i c i en t  cond i t ions  f o r  the  e x p r e s s i o n  #2Xix  i = 0 
to be  a to ta l  d i f f e r e n t i a l  of s o m e  func t ion  f (X  i) a r e  
cons t i t u t ed  by n(n - 1)/2 equa t ions .  F o r  the  c a s e  of 
t h r e e  v a r i a b l e s ,  which  we wi l l  c o n s i d e r  be low,  we 
a c c o r d i n g l y  obta in  t h r e e  equa t i ons :  

c)x~- (b~ X~) -- (t~ X~) - O, e tc .  (2) 

F r o m  t h e s e  we obta in  t h r e e  d i f f e r e n t i a l  equa t ions  f o r  
t he  i n t e g r a t i n g  m u l t i p l i e r  

( OX~ OX2 ) X~ c?lz --X2 O~ q- ~ = 0 ,  e tc .  (3) 
c?x~ Ox~ Ox~ Oxl , ' 

Since  X i = A(O@/8c~i), we can  w r i t e  Eqs .  (3) in the  
f o r m  

0 ~ _ X ~ 0 ~  = 0  etc. (4) X1 ~x~ Oxl ' 

Fig .  1. The  e q u i t h e r m a l  s u r f a c e s  

To = f(P0,  a0i) and T = f ( p ,  ~i)" 

Adding Eqs .  (4), we obta in  the  d i f f e r e n t i a l  equa t ion  fo r  
the  i n t e g r a t i n g  f a c t o r  t~: 

xl( O~ ~x~) + x~(~x ~ a~ + 
Ox~ Oxl s 

Subs t i tu t ing  into (5) the  v a l u e s  X 1 = A(0~/Op),  X 2 = 
A(ar  

(5) 

X 3 = A ( 0 ~ / 0 c ~ 2 ) , x  1 =p ,  x2 = a  1, xa = a2, 

o ~ .  ~oo 7OlO --~o 
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Fig .  2. T e m p e r a t u r e  d e p e n d e n c e  
of the  p e r c e n t a g e  eon ten t  of f e r -  
r i t i c  phase  in Cr18Ni10Ti  s t ee l :  
1) wi thout  f i e ld ;  2) wi th  f i e ld ,  H = 

= 8.4.105 A/m.  

we  obta in  a d i f f e r e n t i a l  equa t ion  f o r  
t r a n s f o r m a t i o n  of f i r s t - o r d e r  p h a s e  

in e x t e r n a l  f i e ld s  in the  f o r m  

. . . . .  7 , Oal c)a~ 

+ h ~ , Oa2 8p + 

OO 
Oal ) = 0 .  

The  so lu t ion  of Eq.  (6) is  

I~=~l.o(Po, %~)exp( + A r oh) ) 

the  en t ropy  of 
t r a n s f o r m a t i o n s  

(6) 

(7) 

A c c o r d i n g l y ,  fo r  the e n t r o p y  of t r a n s f o r m a t i o n  in 
e x t e r n a l  f i e l d s  we obta in  

A S = I = A S ~  ~ A O ( p ' F ~  0 a~!_)= 

= AToqO exp ( :g A 0 (p,o ai) ). (8) 
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The express ion  AS0 = Aq0/T0 r e p r e s e n t s  the entropy 
of t r ans fo rma t ion  of f i r s t - o r d e r  phase t r ans fo rmat ions  
in the absence of ex terna l  f ie lds .  The value AS0 c o t -  
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Fig.  3. 5T effect  in C r l 8 N i l 0 T i  s tee l  

as  a function of t empe ra tu r e  (~ in 
a f i e ld  H =8 .4 .10  ~ A/m (1 and 2 for  

pos i t ive  and negat ive 6T e f f e c t s ,  

r e spec t ive ly ) .  

responds  to Ar 0 = 0, i . e . ,  equali ty of the the rmody-  
namic potent ials  of the two phases  in equi l ibr ium at 
the equi thermal  sur face  T o = f(Po, % 0 .  We denote 
this as  follows: OfT ~ = ~ T o .  A state of equi l ib r ium 
will  a lso exis t  on the equi thermal  su r face  T = f(p,  ai) 
and the the rmodynamic  potent ials  will  be equal,  i . e . ,  

# i T  = ~2T. However ,  in view of the effect  of the ex -  
t e rna l  f ie lds ,  the the rmodynamic  potentials  OlTo and 

#IT  a re  not equal.  Consequently,  we have ~IT - #ITo = 
=A~(p,  ai)  ~ 0. The same  may also be said of the en-  
t ropy of t r ans fo rma t ion .  It is c l ea r  that AS(p, a i) 

ASo(Po, %i), and exp(~A~{p, ai) /O) de t e rmines  the 
effect  of the ex te rna l  (magnetic,  e l ec t r i c ,  gravi ta t ional ,  
iner t ia l ,  e tc . )  f ields on the entropy of t r ans fo rmat ion .  
Let  t he re  be given the two equ i thermal  su r faces  To - 

=f(Po,  % 0  and T = f ( p ,  ai) (Fig. 1). In the case  o f  
f i r s t - o r d e r  phase t r ans fo rma t ions  on the ze ro  equi -  
t he rma l  sur face  To -- f(Po, a oi) we have the re la t ions :  

AT 0 -= 0; S2T 0 - S1T 0 = z~S 0 ~ 0; ~2To - ~lTo -- A~0 = 
= 0. Onthe T- th  equ i the rmal  sur face  T = f ( p ,  ~i): AT = 

= 0; S2T - SiT = AS r 0; @2T - @iT = A@T =0. How- 
ever ,  T - T o -- 6T ~ 0; AS ~ AS 0. Here  we have: AS - 

- ASo = A1S and ~ lT  - @iT0 = ~2T - r 0 = Ar r 0. 
Consequently,  for any equ i the rmal  sur face ,  i . e . ,  

for  any equi l ib r ium state of the the rmodynamic  s y s t e m  
cor responding  to the equi thermal  su r face  T = f(p,  a i ) ,  
we will  have an entropy of t r ans fo rma t ion  AS = AS0 
• A1S due to the effect of the externa l  f ie lds  and p r e s -  
sure ,  and a change of the rmodynamic  potential  A# @ 0 
with the physical  s ignif icance indicated above. 

In the p r e s e n c e  of a magnet ic  field we can set  A@ = 
= AMH. Consequently,  the exp re s s ion  for  the entropy 
of t r ans fo rma t ion  (8) can be wr i t ten  as 

A S =  Aqo [ A M H \  
To exP t , - - T - J "  (9) 

We have inves t iga ted  the effect  of a constant magnet ic  
f ie ld  on the a ~ T t r ans fo rma t ions  in austeni t ic  s t a in -  
less  s tee l .  The d i f fe rence  between this work and that 
r epor t ed  in [2-8] is that we inves t iga ted  the effect of a 

constant magnetic field on the phase transformations 
at temperatures above as well as below the Curie tem- 

peratures, i.e., in regions where the ~ phase, like 

austenite, is not a ferromagnetic. For purposes of in- 

vestigation we selected industrial steel Crl8Nil0Ti in 

the form of a pipe blank 150 mm in diameter with the 

following chemica l  composi t ion in %: C--0.08; Mn- - l .32 ;  
Si--0.42;  P--0.025; S--0.07; Cr--17.50;  Ni--10.40; Cu-- 
0.15; W--0.11; Mo--0.08; Ti--0.45;  N2--0.018. 

The cyl indr ica l  or  cubical spec imens ,  measu r ing  
~2 x 2 ram, were  cut cold. They contained 0 .1-0 .2% 

f e r r i t i c  phase.  In o rder  to e l imina te  the effect  of s u r -  
face  working, the spec imens  were  subjected to chem-  
ical  etching or e lec t ropo l i sh ing  before  the magnet ic  
m e a s u r e m e n t s  were  made.  The pe rcen tage  content of 
f e r r i t i c  phase and its va r ia t ions  under  the influence of 
the magnet ic  f ield were  de te rmined  by the magneto-  
d i f ferent ia l  method developed by the authors ,  which 
makes  it poss ib le  to de t e rmine  the content of ~ phase 
c o r r e c t  to 10-3 _ i0-4%. 

The effect  of t e m p e r a t u r e  on the var ia t ion  of 
phase in the spec imens  AP = f(T) was invest igated as 
fol lows.  The pe rcen tage  content of a phase P0 in the 
spec imen  was m e a s u r e d  before  heating on a magne to-  
m e t r i c  balance [9]. Then the spec imen  was heated to 
a ce r ta in  t em pe ra tu r e ,  at which it was kept for  3 min, 
and cooled toge ther  with the tube furnace  (at approx-  
imate ly  200 deg/min) .  Af ter  the spec imen  had cooled 
to room t em pe ra tu r e ,  the pe rcen tage  content of f e r r i t -  
ic phase was again de termined .  S imi la r  expe r imen t s  
were  conducted with other  spec imens  but at d i f ferent  
t e m p e r a t u r e s ,  The r e su l t s  a re  p re sen ted  in Fig.  2, 
curve  1. 

I _ I___  
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Fig. 4. Dependence of posi t ive  (curve 1, 
T = 873 ~ K) and negat ive  (curve 2, T = 
= 1273 ~ K) 5T effects  on the constant 

magnet ic  field.  

The effect  of a magnet ic  f ield on the phase t r a n s -  
fo rmat ions  ~ : T  at va r ious  t e m p e r a t u r e s  was d e t e r -  
mined by heating the spec imens ,  holding them at a 
given t em pe ra tu r e ,  and cooling them in a constant 
magnet ic  f ield.  Curve 2 (Fig. 2) shows how the f ie ld  
affected the a phase content AP H = f(T) .  It is c l ea r  
f rom Fig.  2 that up to the region where  curves  1 and 
2 have a min imum the 5T effect  is pos i t ive .  This  means  
that a constant magnet ic  f ie ld  i n c r e a s e s  the equi l ib r ium 
t e m p e r a t u r e  of the ~ and T phases .  Converse ly ,  above 
the t e m p e r a t u r e s  cor responding  to the min ima  of 
cu rves  1 and 2 the magnet ic  f ield reduces  the phase 
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equi l ib r ium t e m p e r a t u r e .  Accord ing  to our m e a s u r e -  
ments  the min imum on curves  1 and 2 co r re sponds  
approximate ly  to the Cur ie  point a - Fe(~ 770 ~ C). As 

may  be seen  f r o m  Fig.  2, the 5T effect  changes s ign 
on pass ing  through the min imum on curves  1 and 2. 
The t e m p e r a t u r e  dependence of the 6T effect  is p r e -  
sented in Fig.  3, which shows that in the region of 
t r ans i t ion  t e m p e r a t u r e s  the 6T effect  does,  in fact,  
have a discontinuity with change of sign. We also de -  
t e rmined  the dependence of the pos i t ive  and negat ive  
5T effect  on the applied ex te rna l  magnet ic  f ield.  The 
r e su l t s  a re  p resen ted  in Fig. 4. 

It is known that for  meta l s  the p a r a m e t e r  p has only " 
a v e r y  weak influence on phase t r ans fo rma t ions .  T h e r e -  
fo re  the f i r s t  t e r m  in (1) can be neglected.  Consider ing 
only the effect  of the magnet ic  f ie ld  and using (9), we 
wr i t e  the fol lowing exp re s s ion  for  ST: 

t' ( OcP ~ A MH r - A7~ A . b-h-] ~xp- o d/t. (io) 

Bear ing  in mind the fact  that the 6T effect  is being ca l -  
culated for  high f ields (H > 5.103 Oe), and in tegra t ing 
(10), we obtain 

6T=T~ ( l - - e x p  HAM (11) 

F o r  known f e r r o m a g n e t i e s  up to H ~ 106Oe the ex-  
p re s s ion  HAM/| ~ 0.01. Expanding (11) we obtain 

6 T To ,~ MH, (12) 
h qo 

which coincides  with the fo rmulas  of [1, 2]. In the case  
of equ i l ib r ium of the f e r r o m a g n e t i c  and pa ramagne t i c  
phases  AM = M 2 - M1 = I2V2 - I1V1. In view of the 
fact  that ItV 1 >> I2V 2 in the reg ion  up to the min imum 
on curves  1 and 2 (Fig. 2), in accordance  with (12), 
the 5T effect  will  be pos i t ive  and we can wr i t e  

6 T -=- To I1ViH. (13) 
A q0 

In our expe r imen t s  at T0 = 873 ~ K 

eal  
A q 0 ~  150--:mol--"ge I , ~  1.5.10 s G, 

V t = 7  cm , H=1.3-104 Oe. 
g - m o l e  

Substi tuting these  data in (13) for  5T we obtain the 
value 6T ~ 20 ~ K. As may be seen  f r o m  Fig.  2, fo r  
the s a m e  t e m p e r a t u r e  exper iment  g ives  5T ~ 60 ~ K. 

For  phase t r ans i t ions  in the h i g h - t e m p e r a t u r e  r e -  
gion (above the Curie  point) in tegra t ion  of (10) leads 
to the fo rmula  

too  [ A(~V)H~ ) (14) 
5 T = 2~qo \ 1 - -  exp 0 " 

As in the case  of (11), (14) can a lso  be expanded in 
s e r i e s  and we obtain 

~T-- To (•215 (15) 
2Aq0 

Substituting the values  ~1 ~ 5.10 -3 , ~ ~ 3.10 -~ , 

V 1 ~ 7.27 cm~/g-mole ,  V 2 ~ 7.19 cm~/g-mole ,  H = 
= 1.3.104 Oe, T O = 1300 ~ K, andAq0 ~ 150 c a l / g - m o l e ,  
for  the 5T effect  we obtain 6T ~ - 1  ~ K. Fo r  this case  
expe r imen t  gives  6T ~ -40  ~ K. 

If we now use the expe r imen ta l  data given in [2], 
namely,  To = 300 ~ K, Aq0 ~ 700 c a l / g - m o l e ,  I 1 

1.5.10 ~ G, V t ~ 7cm ~ /g -mole ,  H =3.5.105 Oe, and 
subst i tute  them into (13), then for  5T we obtain 
5T ~ 40 ~ K, while exper iment  g ives  5T ~ 50 ~ K. 

We note that the lower  the phase t r ans i t ion  t e m -  
pe ra tu re ,  the c l o s e r  the ca lcula ted  data to the e x p e r -  
imental  va lues ,  and converse ly .  The above data f rom 
[2] re la te  to mar t ens i t i e  t r ans fo rma t ions  in s tee l s  at 
To = 300 ~ K. In these  t r ans fo rma t ions  the diffusion 
p r o c e s s e s  a re  weak, and the the rmodynamic  ca l cu l -  
lat ions for  the 6T effect  approach the exper imenta l  
va lues .  As the t e m p e r a t u r e  r i s e s ,  however ,  the dif-  
fusion p r o c e s s e s ,  neglec ted  in the the rmodynamic  ca l -  
culat ions,  intensify,  and apparent ly  for  this reason  
the higher  the t e m p e r a t u r e  of the diffusion phase t r a n s -  
fo rmat ions  taking place in austeni t ic  s t ee l s ,  the g r e a t e r  
the d i sc repancy  between the the rmodynamic  and ex-  
pe r imen ta l  values  of the 5T effect ,  

F o r m u l a s  (11) and (14) give the dependence of the 
5T effect  on the magnet ic  f ield s t rength.  Clear ly ,  the 
graphs of (11) and (14) a r e  a quite good re f lec t ion  of 
the 6T = f(H) cu rves  p re sen ted  in Fig.  4. 

In conclusion a few words concern ing  the physical  
nature  of the magnet ic  5T effect .  When a magnet ic  is  
in t roduced into a magnet ic  field,  i ts  energy  fa l ls .  A 
magnet ic  in the f e r r o m a g n e t i c  s ta te  has an espec ia l ly  
l a rge  negat ive energy.  In the s tee l s  inves t iga ted  the oL 
phase is f e r rom agne t i c  and the 7 phase paramagne t ic .  
Accordingly  in the a ~ 7 t rans i t ion ,  s ince the energy  
of the f o r m e r  is lower  in the magnet ic  f ie ld  than out-  
side it, the f ie ld  should inhibit the p r o c e s s .  C o n v e r s e -  
ly, in the y ~ ~ t rans i t ion  the magnet ic  f ield should 
a s s i s t  the t r ans format ion .  Consequently,  in al l  cases  
a magnet ic  f ie ld  should expand the region of ex i s tence  
of the a phase in aus teni t ic  s t ee l s ,  which is in fact  
conf i rmed by exper iment  and a g r e e s  with the conc lu-  
sions of [2]. 

NOTATION 

is the thermodynamic  potential;  p is the p r e s s u r e ;  
vq a r e  ex terna l  f ields;  H is  the magnet ic  field; ~ -- 
= 1/AS is  the in tegra t ing factor ;  AS and AS 0 denote the 
entropy of t r ans fo rmat ion  with and without a l lowance 
for  the magnet ic  field; x i a r e  genera l i zed  fo rces ;  x i 
a r e  gene ra l i zed  coordinates ;  @ is a p a r a m e t e r  with the 
d imension  of energy;  M 1 and M~ a r e  magnet ic  moments  
of the ~ and y phases ,  r e spec t ive ly ;  11 and 12 a re  the 
magnet iza t ion  of v~ and y phases;  V t and V 2 a re  the 
g r a m - m o l e c u l a r  vo lumes  of ~ and y phases;  T O is the 
phase t rans i t ion  t empera tu re ;  /Xq~ is the heat of phase 
t rans i t ion;  ~ t  and ~42 a re  the magnet ic  suscep t ib i l i t i e s  
of a and y phases .  
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