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Phase boundanw betwe'en T and a m the *

" solid state of ' FeNi alloys has been unde-

cided due to a marked hysteresm on heatmg' ‘
‘In Frg 1 the experimental

-and cooling
‘results are summanzed by means of thermal
analysis, thermal expans:on and magnetlc:
analysis.
“the begmnmg and” finishing temperature” of

.the ‘Ay-transformation on heating _and a, F
ments is remarkably _ditferent fromi’ ‘th

., 9. v, @ on coolmg "1t has been hitherto

supposed that the A.-transformatxon accom-v
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'panied with' change of concentratxon wonld"

- 'effectively in a case of even low wncentr&

Marks A, D/ Q, v, O represent g

- formation in the Fe-Ni -alloys.,. That- 4l

~ the case of small dxffusnv;ty, is questhnab))e

9 5. 70 /5. 20 25 ‘30 35 - -

o~ pomts in Fe Na alloys on heatmg and coolmg.,
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take place in ranges of AA’ on heating and
BB’ orf cooling. However, an extra-ordi'na
long time is required to make drffusm%i

tion and high temperature with ‘an -alloy-
containing 3% Ni or 595 Ni. 1t is, therefore;
doubtful that variation of concentration™s
proceeding in the range of AA’ or BB’ |
the\'ordimary heating or cooling prooess
A diagram deduced -from the above, exg

results obtained by X-ray analys;s"’ 9. g
speczmens quenched after heating for iemg',
hours at’ a high temperature. This discre-
pancy may ‘have arisen from a lack - af kno
ledge on the characteristics of the A,-trans-

phases situated at high- temperature gan\ :
always be supercooled by rapid cooling in’ *

An X-ray analysls ‘was ‘made on small
- pieces (diameter 1~0.7 mm) quenched after
“heating for one hour at 1000°€ in order t
observe whether or not the 7. - phases of ]
FeNt alloys containing 109Ni, 1896Ni, 25"
Ni and 27%Ni respectively could be super
cooled to the room temperature. X-ray phot
,graphs of them reveal Debye rings of the
body-centred cubic. lattice in every case, and (
‘a trace of the face centred lines in addit‘io g
ta.the body centred line can ‘be reoognizéd‘
in the case of 2796 Ni. Thus ‘a transitiofi
_from t state to a state was so quick that
Cit could not be 1mpeded even by quenchmg
Thxs fact r&embles the case of martensita_‘,
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tmnsformatmn in- Fe—C alloys.
‘It must be examined whether or ;mt the

-eoncentration of the alloy with little effect
‘bf the cooling' rate. The alloys containing
25%Nx and Y806 NI, which were annealed ‘20
ours at 1000°>C and then quenched in ice
water for homogenizatmn, were used for the
rpose mentioned above. Their thermal -
xpansion curves when they were cooled at
' rate of 1~2mim/10° from 1000°C show a’

6 Ni -and 35°C.in ‘the case of 2895 Ni. The
:éaame‘,sgec;mens, being cooled from -1000° C

the temperatures at “which the transforma-

dewn; were kept at'these temperature for

‘which did not take place. - When th,ey ‘were .
eopled. from these temperatures, the similar
pansion wa$ observed to- begin at - the-
potnts deecrtbed -above (see curves I in Fig.

Y. “The alloys, next, were quenched in a
melten m&tal-bath heated at 160°C and 60°C
) cuvely in the cases ‘of 25¢ % Ni and 28%-
.with -the aim of giving - more. rapld

\ 25%Ni

‘e'xp‘&n‘sloﬁ .
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mperature of transformation is affected by -
ooling ‘rate or almost fixed at a given .-

sudden expansion at 90°C in the case of 25 =

120°C and 50° C ' respéctively, justeaboye
tion. would occur if .they continued to cool, -

hours to observe ‘the mode - of change,

eeoltqg in order tp avoid precxpztats.on of an 5 ‘

R between 1_and
- can be decided. . . .
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‘a phase that rmght happen _in slow coohng. '
and then they ‘were put: into a\dilatometer

heated ‘3t the same temperature .as the
moltenr metal for observation of transforma—
- tion temperatures due to cooling thetefrom

The result obtained by this method was not

. S0 much different from the above measure-

«ments in the case of furnace coohng as
L shown in curves 11 of Fig. 2. _
- the transformation temperatures dxsplace hy -

approximately 10° to higher temperature
‘and the progress of transformatmn is more

rapid as compared with . the ~case of fumace

cooling.

‘These results show a“most essent1a1 feature

of the transformation that in spite of such

a rapid change that it can not be obstructed\, .-

éven by quenching, it does. not occur in the

. case when the alloy is supercooled to some-

 what higher temperature than the - trans-
formatmn temperature, ; being’ kept at that

point for long houks. Consequently there,'
~exist pecular traﬁsfprmatmn temperatures :
~ depending mamly on concentratxons and. W‘th,
little relation. to. coohng rate.’ Even’ in a’

~ region. of temperature m Wthh diffusmn

) hardly proceeds transformation "is able to -

occur rapidly. - Thérefore, such trans%orma-

tion must be a transition of crystal .lattice
~alone 1’ to a accempamed with no change

" of concentration. The above expenments

were performed in the alloys containing high .

x:oncentratmn of Ni in which transformatlon

‘temiperatures are in - -4 range. of poor diffu-.

sivity. The same conclusmns as above can

be obtained in the alloys of lower concentra- -

- tion, on quick coolmg The similar phenome-
non also. takes place on rapid heating, so

. that contraction of volume on heating is due .

to the transition of crystal lattice a to 7.
If it is the case, we must- mvestxgate on the

thermodynanucal conditions for the occur- <

rance of the lattice transformatxon, and
‘study the reasons why‘v jts® temperature must

be fixed in each concentration of the alloys.

- From the: ‘experimental results summarized
in Fig..1 we may expect such a figure as
“drawn in Fig. 3-as the equilibrium diagram
~of Fe-Ni alloy, the observations have not, yet .

been performéd on ’the isothermal trans-
formation from Wthh _the phase boundaﬂw
in the equmbhum state

It‘seems that - "
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" We suhpose such a type of Fig. 3a as the

true equihbhum dnagram of this ‘alloy.  The

change mccumng by ' supercooling of the

allqy frogn the r ‘phase to" the temperature :

P in -que; twn, is mscussed balow.
(A) When the point P i is outs1de of a coexis-

_ting ralnge of two phases, v and a, the
~ most etable state @ can Be attained by
~ only. he “lattice transformatmn accom-

' pamed with no change of  concentration:

Hence, its occurrance may be’ naturally N
the txme when t'he alloy " 1s_f

v",'eXpectdd gt
: superc; ted to such a temperature as P"

‘When the paint is within the coexisting

range the most stable state ‘may be attained
by sepa ation into,. two phases passing
through ;ther of the followmg courses (B)
or (C). '

- (B) “Pred:pxtation ‘of the « phase contammg

lower concentratlon, and separatxon into_ :

\ rst the lattlce transformatlon Tre
" will take’ place, ‘and then separation into

‘two phases will arise, accompanied with
precxpitatmn of 7 phase ot‘ hlgher con-‘ -

o (C) occurrance of the lattice transiormatwn

_of the courses (A) and (C). But'itis n*ecee

- (C) within :the coexisting Tegion. Fig ‘3b
. ‘shows the curves of free energy-— concertra-
- tion in the 7 and. & state at several tempera-
~tures, and two' phases, having a free energy
‘and- a* concentration - which - corresponds ‘to
‘contact ‘points on a common tangent. agamsi‘

-in the. state of equ1hbr1um ‘Such- a2 state

‘case of superooolmg or. superheating can _be

 relation between the free energy and te
. perature shown in Fig. 4 which was" denvec!

- was found A 7 state at higher temperatu
than Tz'is more stable as compag:ed with a
 a state containing ~the same cdncentrat
as the 7 state, on the contrary an a sta
-is most stable below Ta.

~ " in the most sfable state, in which the’sum .
" of their-free _energxes is shown as a curve;f,{

centrahon from the- &ransformed o states,
We may suppose the above three process-
es as the changes ‘to" happen at the supex-
cooled state of 7. In the case of (A) &

is expected We must consider whether the.
actual change: appears through one or anothes

sary to determine only the course of (B) 01'

the curves, -are ‘able to coexist each oth
displaced  from, the ‘equilibrium state as:

shown by one point on these curves: In i
alloy of a fixed concentratxon, .usln} the

from the curves in Fig. 3-b, the following

Between, T4 and
Tz two phases, T and a, are able’to cqexist

944
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ARB The free energy of the 7 state vanes
along ‘the ‘eurve BCP on cooling if no
g{recrprtatlon arises below Ty, until it inter-
secls the curve of a state at a point C
at, whrct;both states have equal free energy..
A-trace of such a point C for various con-
,eentratrons gives the G C line in the diagram
of Fig. 3a. When the 7y state is supercooled
to a ternperature below T¢, the free energy .
of 1. becom&s larger than the one of a of

the GC {ine ‘the « state is more stable as
cnmpared with the’ T state, below the G C
vice versa. It, therefore, is - seemxngly true -

'ive rise at the time when the y phase is

phase is overheated beyond the GC but- yet
‘there can also exist another process’ (B)."

The actual changes “appearing through the
process (B) or (CQ, .must be decxded expe-

e

rimentally. -\
" IV
an 5 shows thermal expansrork curve -of

T he’r-‘:‘m?

-
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the same: concentration as 7, therefore above .

&hat the process (C) mentioned above may

sitpercooled -beyond the G C line or.the a

specimens heated or cooled with a tolerable
speed to avord precrprtatrorr in such process, ;

;Frg. 5. Thermal expansien curves on heating -
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80 that the transformatron.a temperature on‘ -
SN heatmg ‘may ‘be defined as well as on cooling.
-For example, we see an abrupt -contraction

and expansion to be at 810°C on heatmg )
. and at 7165°C. on cooling respectively in the\

case of 3%N1, so that’ the transformation

-temperatures exist in a region which diffu-

_ sion. may proceed considerably during heat-
' ing for rather long hours. But: n¢- change

happened even when the alloy - was heated

‘should be caused by the ‘transformation of
crystal la.ttrce alone within the coexnstmg

range, “the conttacted or eXpanded phase .
* ‘'would be in a supersaturated state, so that
- they would separate intQ two phases by
- precipitating « or y having  different  con-
- centrations from the original phases during
. the time they are kept for long hours
~ at the temperature mertioned above. The
' precipitation of @ or 7 phase will naturally-
be accompanied: with a gradual expansxon' :

or.contraction, but in the above experiments

- no facts. were observed to show these phe-
nomena. The similax’ facts ‘were observed in

the case of S%Nr also in' which a sudden

contraction occurred at 760° C.on heatmg‘ .
" and a sudden expansion begun at 655°C on

cooling., Cpnsequently it can not be consider-
“ed that the tegperatures 810°C and 715°C

‘in the case of 3% Ni and 760°C and .655°C
in 5%Ni are_ within the coexisting region of -
- two phases We must rather suppose that
810°C and 760°C are outside of the. upper .
limit of the coexisting region and 715°C and
o BSQ"C -outside of the lower limit.
= speculations’ are ]ustrﬁed by lattxce trans- -
formatror\ on heating or coolnrg in cases of.

high concentration such. as 1096 Ni or 209 Ni.

| 'Accordmgly there must be at least the co-

’exrstmg range of two phases between the

two temperatures at which the sudden ‘expan--
sion. and contractron ‘occur on cooling and - -

These

. for approxrmately 20 hours at the tempera- .- -
_tures 830°C or 690°C. 1f the above changes

. .

heating respectively, and so a process which :

" can be observed within such a temperature
interval is nothing but (B) rnentzoned in =

the m

_ Now for example, a plece of the alloy of -
5%N1, quenched in ice water after anneal-

ing long.hours at 1000°C for homogeniza: - .

tion, was heated to 730°C, at which, the

change was observed A gradual contractron



.- change -occurred .until. a” sudden expansxon - as ‘mentioned above was- - heamd at a rate

5 19691 - On re%a Tmmjormatvon in Fc»Nr Ailoy& B

~

B /‘_}took‘ plaee for 50- hours. until it tezmmated,-{ Ni, 109%Ni and 20%Ni was used for. measur :
and then' the .alloy was ;ooied but no  ing the’ thermal expansmn.;' Each specimen

jappeared at 585°C.. When the ailoy was - of about 3mm/10° to. the transformatm‘
heated at 700°C, a more gradual contraction . 'temperature on cooling but after: passing. 1t
: contniued to occur for 74 hours: .On cooling - every specimen was ‘heated at a greater rate .

- after gradual contraction an anormalous to the temperature, to avbid precipitation. uf

~ ’peratures of lattice alone may be-explained

R ‘priate \method to perform further exper:-

expansion was observed to begin at 460°C. g phase in the course of heating,: at which
. And the higher the heating temperature the the 1sotherm£l contraction -was measuged -
" larger ‘was the amounts of contraction at  with the “elapse ‘of time, After no. contrac— :
730°C, 700°C and etc. On the contrary every tion being observed, the specimen was: cooled
. change at 765°C or 650°C was very rapid  _torcom temperature and variation of thermal
“as ' mentioned above “Therefore, the con- contractxon was . measured in the course of
" tractions at 750°C, 730°C and etc. are not B R Y
caused by the lattice transformatton, but . - :
by a transition tending to the equilibrium' = | -,
~ state by iprecipitation of phases having higit :
" er concentration,’ Whmh are able to change
-to a-statés by th® lattice transformatiomr at -
585°C of 460°C respectively on cooling. If .-
every change at 7509C, 730°C and etc. was -
. the lattice transformation, @+, the amount
of every ‘contraction: must be' equal and such .
" phases produced las above must have
the same transformation temperature 650’C;
, oontrary to the observed facts

‘As it is supposed that the amount of ™
isothefmal contraction 4L is approxrmately i O . :
proportional - to -that .of a 7 -phase precipi- =~ 0700 300 300400 300 660 700 aoo 9oo
tated at every temperature, the phase bound- ‘ - — Tem.per'atur‘e Y NS
aries between 7 and @ may be determined Fig. 6.’ Tsothermal contraction of 7at super-
by measuring the- limiting temperatures at’ =~ heated state. e \
4L=maximum - and 4L=0, and also- at the ~ = - ‘
samhe time relations. between these limiting
temperatures and the transformation . tem-

' —= Thermal expansion .

I v
Ny V/O‘%'NL R e

)

experamentally ‘It is required to give an
‘-1mpetus to proceed dlffuswn by an dppro-

ments : at - every temperature Twithin the
coexisting Tange. ‘Tt is well knewn “that -
‘highly cold worked metals and" alloys be-
come. to have large dlftusxvrcy, S0 tha’c :
square ' rods" of alloys were prepared m \
. plan of thin plates .of 05mm in thnckness
“by. cold rolling to a reductxon of about 95%.
Small 'pieces"of'Scm in length and 8 mm in
‘width - were cut off from the rolled thin -
 plates, then they were bent at approximately

expansion

. .-—-—-- The amat

RO i | 1 + -

right anglenalong the rmddle line -parallel ‘ 0700 200 300 400 500 600 700 800" " _ "
‘with their long'dimension in order to prevent . ° == Tempegature . RN
~-deformation by external forces. Buch.a form = g 7. lsothermal contractxon of 7 at super

‘of the piece of Fe-Ni alloys containing 5% ~heated state.. -

' - N
\ R o . )




c@)ﬁling ’Thwe results are shown in' ’Flgs 6
and 7; in which every curve (1) was obtain-.
ed for Specrmens quenched in ice-water. after
annealing 20 hours at 1000°C. The above

ice occurs on heatmg and cooling qulckl‘y

at’ 680° - 650°, - 600°, -550°,
respectnve!y Hardly- any contraction was
- yvecognized at the temperature below 500°C.

cold. rolling is released mcompletely until it

att{ame these temperatures, a slight contrac-

ong - hours below 500°G This amount of
contractmn. therefore, must be substracted
from: that of contraction at. every tempera—

meunt of “contraction 'caused by the trans-

4L with time plotted at every temperature,.
the final values of 4L in the curves of Fig.

500
530°
550

630°
680°
700°

L,
20hy

, RE
. . time B
* - Fig. 8-a. "Variation of 4L with tifne.

N

620
— Tempe rature-

" 580 700°

540 660

5

& - Fig. 8b. Amounts of contractlon ‘at, every
temperature. .
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transformation: arises' on cooling.
- when the progress. of isothermal ‘change at

;idi(:ates ‘that transformation ofcrystal lat-e )
_ The curves (II) were obtained by the method .
dweribed above, We shall describe, as an .
xample, a case of 10%Ni in detail. Observa-

tion on the isothermal change was performed '
530° and’ 500°C -

Since a strain' stored in the specimen by

L tion may be observed on account of recovery }
- from the strained state during heating for.

ture mentioned above to obtain the true

‘ormation. Fxg 8a shows the” variation of -

6000

: formation on heating. Fig.9 shows the phase .
. boundaries between 7 and « in the st‘ate of,
" equilibriuym determined from temperatimes of

{Vol.":l. T

8a are plotted agamst temperature m F ig.

. &b, from which -we see the lnmtmg tem-

pe{ature reducing 4L to 0,to be just 500°C,
that is the temperature at which ‘the lattice

{emperatures, 680° 650° 600° and- 550°C 18
almost finished, “accordingly the alléys reach-
ed” approximately the. ethbnum state at
whn:h the two phases\ are separatéd, if shey
were cooled, an anormalmls expa.nswn occurs

-at. 455°, 340°, 176°C- and ~below room tem- .

perature respectively. From Fig. 3 it is. clear

' that y phases produced by isothermal trans:.
- formation at-every temperature contain high
- cencentration of Ni, becoming higher as the -

heating temperaturw are lowered. Resultq
obtained in the case " of 5% Ni afe quite

- similar as above, ‘and ‘they are shown in

Fig. 6, in which_the limiting temperature - of
4L=0 coincides hlso with the transforma-'
tion temperature on cod}mg In the case of

209 Ni the coéx:stmg range exists-in lower - .-
~ temperature.- Thus such a ‘isothermal change -
_.as in the case of 109 Ni can take place only -
_in. the range of comparatlvely high” teni‘ '
E perature, near.the upper limit of coexmtmg-
‘region - due to  its small diffusivity.

Con-
sequently the lower limit can hardly be detex-

~mined by the above me'}cho:_l,\‘ -But we may -
suppose that the temperature of lattice trans- °

formation of this alloy 'on cooling corresponds

to its ‘lower limit of Ctoexisting range - of

two phases as m the case of 10%N1 and -
5% Ni.

\,’.

a

After

AN

. The upper lindit. of coex:stmg r;ange is also o

determined by the-similar method fror tem-

perature at which amount of contraction AL

has a maximum value, and such a tempera- -

ture .too coincides with that of lattice trans-

lattice transformatlon on. heatmg -and cooling
based on‘these. facts Thus, we can conclude-

* that only a precipitation of a phases or T-

phases is taken ‘dlace through the process of

diffusion when . r phases of the.alloy are
' supercooled .or .a phases aré overheated .
- beyond the GC line on which their free
‘energies of the same contentration of Nj'are .
-the same, and the transformation of erystal
Jattice alone can foccur.?at" the -time. when =

e

~
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l;,,‘

they are bupercooled or overheated beyond
the lower’limlt or the upper hrmt of coex1st-
mg reglon of two; phases :

(=~ Temperature .

™~

oo
- S0UNE

' ’--‘N;’ %

Flg. 9 Phase boundanes between 7 and a

- temperatures.

Y

- -.supercooled beyond the CoeXIStlﬁQv r’eg:on of

CC2)
- determined from lattice. transformatxon- U

/In conclusmn, the author w1shes té express
" his hearty thanks to Dr. K. Iwase, Prof. o
\the Tohoku Umversﬂy under whose kiml

rled out

Summary

The characterlstms of Fe«Nx alloy, 1ts A\y
transformation and phase boundary between
7 and a in the solid state, have been studied.

) It was concluded that, on cooling .or heatmg;
with a marked hystersis, the lattice alo’ne
‘can be transformed without. any chang& of:
concentration. And such a lattice trans-.
~ formation wi4s found to occur only at ‘the
time when ~the alloy was superheated or. i

two phases. The equilibrium dlaégram ‘of the
* alloy in the solid state was drawn- from ‘the
- temperature of lattice transformation.. -
L : . . 8, "
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