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Kinetic and Geometric Characteristics of I'hrtensite Conversion
in an Iron-Nickel-Ihbnganic Alloy

by

SI.Yo.3lanter, F.V.Novichkov

In a previously published report14] hMve been discussed the causes,ex;;laining

why the rate of growth of I hrtensite crystals in iron alloys does not depend upon

temperature, while the rate of germination in general case should be described hy

a curve with a maximum. However up until now no exporimeatal data have been obtained

regarding the temperature dependence of the rate of geimiration during mErtensite

conversio in iron alloys. In reportj was proposed a method of calculating the

activation energy in case, if the volume of martensite crystals does not depend

upon the degree of conversion. It was then shown, that the adopted mathematical equa-

tion of isothermal conversion does not correspond with basic experimental data•3

because in ratio to the development of martensite coawcrsion the dimensionn of the

crystals decrease by many times ,

;:e have investigfated the influence of temperature and degree of conversion

on the rate of germination of centers and dimensions of martensite crystals in iron

alloys in conditions of pure isothermal conversion, elL inating the possibility for

the formation of athermal martensiteo On the basis of the investigated dependences

were determined the thermodynamic characteristics of the process: magnitude of acti-

vation energy and function of formation of martensite crystal nuclei, The obtained

data confirm the dislocating nature of martensite conversiono

To determine the rate of germination of centers at any given cases of phase

conversions, fir:3t of all, it is necessary to calculate the number of particlos,whi-h
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formed over the given area within a specific time period, and then establish the

.=uber of perticles, formed in a unit of volume per unit of time, ie.o to changt over

to the magnitude of the rate of germinatiolL. The universal method is .connected with

the necessity of clearly dividing the individual crystalline formations. For the case

of martensite eonversions in iron alloys this is possible in carbon containing alloys,

when all or a considerable number of mnrtensite is formed upon a change in temperature.

In the case of purely isothermal conversion calculation of the number of crystals

in the plane of the slide appears to be practically impossible in connection with

the inaccurate separation of formations, their fusion and imposition. In.fig.l is

-Ltown a typical structure of isothermal martensite in an iron-nickel-mnganese alloy.

By studying the structure it beýcrces evident, that quantitatively it is possible

to azcurately determine the thickness a of martensite crystals. Furtherrnoreby the

method of casual secants in the vclumeE5] it is possible to determine the surface of

-mrtensite crystals in unit of vclume S--U*, It is also possible by the magnotanetrio

method to determine the relative volume V of the ferromagnetic component - Mxrtensite.

If the nrrtensite crystal has the form of a flat parallelepiped
1 with sides a,bob fo

a volume of 1 nx3, then it can be expressed by the following ratioss

V ==J __ N a • b2, ()

S ,,,__2 ý 2N (2ab +I b%') (2)..

where N - number of crystals,formed within the given time interval.

1paving substitutod the values b in eqar-tion (2), we will obtain

N .= S..La_-2V• 1 (3)
4&VS

The thickness of martensite crystals is determined as.a mean from 400 measurements

a' I ,

1. It is possible to give any given form of the particle, eegeform of a lena, flat

cylinder etc, which principally does not change the method of investigmting.
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According to[51 for a degree of reliabilityequalling 0.7, at 400 intersections

is maxirmum possible a relative error of determination of a equalling about 5%.

The surface of martensito crystals S was eotermined for 400 intersections, i.e.

at the very same degree of reliability. The absolute error in detern~ining the volume

of martensite phase was equal to 1.2 - l.•4•31, °c
60

Mhe length of martensite crystals b is es-
0

tablished by substituting the values a,N, -•

V or S in equation (1) or (2).
-tO 0 2% 5 -20

Isothermal martensito conversion was -10

investigated on an iron alloy with 23.027. IO,

'ai and 3.35% in, similar to alloys used by 50 0 50 e ZW

When quenching in the air from 12000 YiC.2.DiaGr• ol L :.., ti
conversion in iron-nick: -z.nf3anic etl.

the martensite point lies at 100. Subse-

quent quenching in liquid nitrogen leads to the formation of 72. mz=.tensite. To assure

purely isothermal conversion in a wide range of temperatures the samples, soldered in

in quartz ampaules were cooled together with the furnace frcm 120C0 to rcom tempera-

ture within a period of 3 hrso As result of stabilizing the austenite there was a

drop in temperature of conversion,followed by a reduction

in the degree of final conversion (approximately to 25% imartensto).

Kinematic Characteristics of martensite Conversion

The diagram of isothermal marteasite conversion is down in fig.2. The tcemrature

range of active process lies between - 50 and -155., In conformity with this the in

vestigation was conducted at -55, -68, -94, -114, -129 and -1-55.The results of de-

termining the value N for degrees of conversion 5,10,15,20 arl 25% are given in tab-

le 1.

* The law formulated by the authors is valid for the given allcW,because only in this
alloy have the researchers succeeded in obtaining isothermal martensite conversions
in pure form. The obtained laws cannot be disseminated to other iron alloys,especially
to steel,in which an isothermal martensite conversion has not been practically obser
vrd. (Editor's remark).
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According to datagiven in fig.2 and in table 1, were calculated the vmI-m of

vartensite crystal germination rates

Table l. Effoct of ibmperature and degree of conversion on the nil, of
crystals in

i rzp N-.10 6 .

De-ree of convwrsion Tempe .ature cf isothermal conversion in O

in I

5 •0,0•.7 0C8M0.098 0.0910.0920.099
10 0.302 .328v0,29"10,2890.280 , 1

15 0.6250. 3M0. 067 0.647 0,574 0.607
20 . 170 1, 14611:17711:127 I 0541. 179
205

25 1~~~:,8012106 12,147ji .952 1:4

'Me tempe:ature dependence of the germination rate at martensite conversions

coincides qualitatively with analorous dependences , investigated previously for

crystallization type processes (fig.3). The principally important thing her is the

dependence n upon the deree of conversion in isotherm=l conditions (fi..4})

75%
5 il ...

4000 12,5% -
0ooo 2 .5 .%-

W •.5

SOW 0enes. V 5e 6t 20It -
•'4 , , Ieftfle ff" Me,4mmemir

I JeJO.&f of Ce..IACINOg

Figo3.Tomperature dependence of the rate Fig&4Effect of the degree ct converjion
of germination of minrtensite crystals* on the rate of nucleation of murteesite

crystals.

As is evident frm the figu-'e~with the increase in the de-rce of martensits conver-

sion at all temperatures the rate of nucleation decreases continuously and tends to

zero at a rnximum degree of conversion of about 25%9

The Civen value - ratio of rate of nucleation at given degree of conersion at

FTD-TT-62-1760/142 4



the inital moment no for all isotherms in depondence upon the degree of conversion'

(ratio V to maxiMM Vmax at giver. isotherm) leads to a perfectly satisfactory descrip-

tion of data in fig.4 of a single curve (fig.5). nPhis dependence is described by oqua-

tions r -. (V)1] (5)

The results of calculating by equation (5)

are indicatc by dotted line in fie.5.

'rho obtained temperature dependences of T14e.rnf 0\--
nP6 4 '. . .. 6.....

the rate of nucltcitin of mrtenmito crys- -66

tals (fitg.3) enabled to calculate the -

thermodynai;,,c characturiýtics of thi3 pro- 0

cess. For this was u:3ed equation
_ _A a 02 0.4 0,6 0,. 0 . V,"4-- - Camene,.. np.-po'u4emji.

R--K e Pr e .T (6) o 3Aene n~e ,p . a,,,w .

where U - activation ,3ner(y; A3 -job of for

rning nucleus; K - MRKE;IdOE7.2IAL factor, Fig.5.1Effect of the doegee of conversion
on the rate of nucleation of mz.:rtensite crys-

thM physical sonso of vwhich for the Li- tilo.Co::ibined Lire joints nIr for six con-
n

yen case will be :Ihion below.During the vernion tcmneratares,dotteý line indicates
curve calculated by equation (5)

Table 2,T"her!rodynamic Charactoriitics of the nuuleation of crystals

during iLo7hormal rvnrtonsite conversion

Degree of con- - A0 cal at various temperatutes in 0 C and

version in . ... u.o g.atm dorees of conversion

"t o, 50S -f j -91 -114 J -19 IS

2.5 1,14 920 4745 4150 3405 3055 2785 2405
7.5 1.11 932 4780 4180 3490 3080 2800 2420

12,5 1.0 934 4710 4120 3.140 3030 2770 2390
17.5 0.755 911 41710 4120 3440 3030 2710 2390
22.5 0.309 967 1570 4000 3350 2040 2680 2320

FTD-TT- 62-1760/1+2



A B6

celculation the index of the second exponent ; was substituted by the Tvlue TT)2
* C

a T(INT)2 * To determine the vqlue &T it is necessary to know the tem;erature TO

above which ples:ic deformation does not lead to minrtensite cnversion. Yo the gi

Yen alloy To = 2100.

The results cf the calculation are given in table 2,

By examining the data in table 2 we find, that the activation energy of the nucle-

ation process of =-rtensite crystals, does not depend upon temperature act upon the

degree of conversion and constitutes 911-967 cal/g.atm (each value I in table 2 was

calculated in acc:rdance with 12 determinations at six cunversion temperatures). The

job of forming tha nucleus decreases almost in half at a reduction in ccnversion tem-

peratures from 45-, - 4780 cal/g-atm at -500 to 2320 - 2420 cal/g.atm at -155. The

preexponential fentor K decreases continuously from 1.14. 109 (at an avera-e degree of con

version of 2o5/) to 0.309 . 109 (at 22.5%). At 259 nucltar conversions Lave not been

revealed.

The effect cf temperature and deijree of ccnvergion on the Vwlues. U,! *K is shown

in fig. 6 (for ccr.ntaat degrees of conversion) 3n, fie.7 (for constant cc.ý.ersion temperatu-

re).

From equatica (6) and experimental data in table and fig.7 is evi-znt that in
a-a a-al3000 •2" '

isothermal condi,:ons the rate of nucleatior 98o / .M2.5

_900 IQ.A .
n and preex~one_1._Til factor K are linearly 96V 0175 H2,5

connected (beca'-ae U and A3 are constant U ZS%

And consequentl~y 'he derivative e RT KX3 1.3~*

a also apý,rs to be a constant val Kg 1 .

____ K22.5%
us). _____

In this way Fig06.Ef I % of te-Mrrature o- isothearmal
ntsartensite conversion on the magnitude of

SI7, ) activation eneray I.Job of nucleation and
g o' preex;onential ractor

Combining equa:ion (7) with equat ion (5) we obtain the following depeence K upon

FTD-r'r-T62-rt6o/1-.2 6



the dcexoe of convercioni.

K,, o I (8)

2ubstiti.tin-.- in equaticr. (6) instead K tihe walue K-r frmr equation (8) we obtain

the dependence of' the reatc of nucleation o~f rmutoný;ite cryztals upon tt~npaititure and.

do~yee of convorsio-a (i.e.t Jmo3) 0 n Kot V.~xY e R

A,

In oýquuttioji (6) the ,xcduct c- RT

r,ýresvlts the probc-bility of 2
riwcloation of' new, 1phine c:rtl.in t 1.! 14

case the fnctor. K characttcrl;;e:s the rium

bcer of ;-articles or v,,lumn,p,,rticipat- 0i ''~-i -5

in- in the cunverzrionn'. And so ncecri~r,:70

woco 5-
to =.~~i~Ol9  K 0 103 ~j24 tfor thle 0 '0 0S 10g

cryt~tallizaticn of the liquid un(! it cor ofiY.RD
T'ig7.'fc' c~thc d',ý.crcc _' ccnverr'ion

rcsuads tc. '.Ie nuý--br of atoms ~ (:cri ner~ct5.v~ticn eojr(y 1, job cf nucication
_n] roryoen'lfctor K

in (-ra21i-etcrm cr ,r.-ol*i.e. to C- ;z1u of ~tcc~~tc~t:;in the con-

vernicen. T.1 ti:,ý r'ivmn ca:_ý. t>., -.cLluo Y 109 dii',er~s :,. :~y orlers frc= the nu!:.ber

of ntcznn in i~ crfu~-o-tr_. or 1 "171 of %tu:-tcnit,-.

~cda~tcic] _111,;_ cnrlr 10c,1--;7r--,:cndz tc Ih- nx.,.cr of disl-1cation i.Mper-

fncticns in anncclod sta~te (103~-10')d~/e i.e.10 6-1o7 .i::l/r!3:. he cc the nu7.;bher

of dislocations in 1 ri- equals (lO6-lO7)24/2 = 109-1010 dia~l.=n%~ A similar co~iAci~lel-

cc proves directly thle hetero~rcneity of nuclcation of !:itrtennite cr:'st-as -,ith pre-

ferontinl, u43o for samo of dislocatiton imperfecctions.

Direct proof of the validity of this coaclusior. was o ;teined by usa s result

of the followirk;; cxperi:cent. After ultrnhii(,h frequency rnicr,.plastic deforz~tion and

subsequent cooling to rocxa temperaturen 1thIe structure of' 5uCtenite3 ',,!! fixed. 12pecial

atching enabled to reveal the dislocation irnpcrf'oction3~ in the plahe ot' the slide

FYD-.TT-(62_l760/l*2



(dark lines in figr,). Subzequernt thorough quenching led to rr.rteneite conversion,wharehy

the accicular relief or1;inated preferably in points of previously revealed imperfec-

tions (see fig.8).

Let us discuss the rossible causes for change in K in dependence upon the degree

of conversione

As is sbown in fig. 9 the rise in deGrea of rsrtensite conversion leads to a

substantial rise in stresses of iccpnd order and jlulverizaticn of coherent diffusion

zones*

In this waythz jroce.s of m-rten~ite conversi.on is ccnnected with the continu-

ous change in th2 rtate of unconverteJ auztenite t14 [F121, 7h3 giuen chongs in the

L•tate of austenite alike cold hardeingn in conn-ction with the effect of LAlter forces

can lead to blocking of dislocation imperfections . Aissuming that the nuz;;ber of blocked
TImax

dislocations KT is proportiunal to the degrce of conversion (V- we will obtains

K) •K, (10a)

Then wirh the increase in the deCree of conversioa the number of vulune-s~capoble

of mrartensite convereion K, changes in the following mrnere

K, = K. - K, ý K. -- K.

K I] - V " - (10)

It shculd be mentioned, that equation (10) coincides with the empirlcal equation

CM 60
(t) at b t 3e " o' - d- In this way.the re-uction in thc rate of

*-nucleation of n=rtensite crystals n-t with

4 46 the increase in dcgTee of conversion can be

* '~ I -connected with the blockine of dislocation

S0Vlll of 1 imperfeotionnsin connection with the change

FigggeR.Lse in stresses oxnaecora mE u- in the state of the unconverted austeui-
de ± and pulverization of block structure

in austenite in the process of mnrtensite te due to increase in degree of phase cold
ccnvercion (0,67% C; 4$27% Ni, 49,86 Mz).

hardening*

FT"o-qT62--l?6o/.2 8



To'al blocking leads to cestion of conversion and its resneration in a majority of

in:.tances is connected with change in tempereture or to the application of stre!Seso

Gecmetric Characteristies of :.artensite Conversion

In conformity with above descrihed method a dire.:t experiment enabled to determine

the truo thickness of •'inrtensite plates a, their surface S and volume V. 4aving calcu-

ici ted by these data II (equation (3)), it i.- possible by equations (1) and (2) to de-

terr:ine the eztent of ra•rtensite plates b. '
i -- - VC0 - 520

lleoult5 of' investigitirng the vnrlups n,b 118

andJ t2L3Il vcluxre cof m=rtensito 1.lates V in 411

-e, be . -'

relation to the de,,yee and conversion tem- 4 -00

pe ature are listed in t,ble 3.The charac-

teristics of mraternite crystals (thick 5 ..... 320

ness a, extent b An.d volueo V) within -i- . o to 15 .O 25
o0. 5

mits of experimental accuracy do ,iot de- , Cmeneo nrr1';oawFiP

pend upon tcuperaturi at constant de•roee

Fig.10. Effcct of dor'roe of conversion on

of ccnversion.Thenoc vnluec are detev'mi- the geuoetric characttristics of mirtensite

cyzstnls (zr.ean values for toeaeratures of iso

ned exclusively by the detoo of con- thormal conversion)

version (fig.l0).

J';ith an increase in detc' of convcrslcn tho thicknes., extent and volume of

xnirtonnite crystals decr ;Ic ,-radually. Up to the mor,.vnft of inhibiting the conversion

the value amean changes from 1,56 to 1,32 nicrons; bayv,r = 18.2 - 14,8 microns; Taver

= 520 - 289 microns3, Judging by the relatively s.-ll change in these characteristics

to the moment of total cesation of the process, the determinant factor appears to be

the nucleation of martensite crystals, the rate of which tends toward zero. as is

shcn in fig.4 and 5.

A reduction in dimensions or uL:rtvnsito crystals in rntio to the development

of conversion, most likely, can be bound with the continuous change in the state of

austenite. In this connection a substantial influence ,especially on the developient

FTD-TT-62-1760/I+2 9



of martensite plates in length, way bc ;roduced by the reduction in rpaces for free*

growth in connection with the general increase in volume of srtensite phase,

Table 3.Effect of Temr•perature and Decree of Conversion on the Geometric Char-

acteristics of Mbrtennite Plates (all data given in microns)

Martensite Geometr, TerAperature of isothermal conversion in degreeI Le.an
volume in % rharacter. .~II I.svalue

I .0,035
a I~~fl,9 I .19 ! IA 1.53 1,60 1.8I ,,, 0,7

-i

5 b8'0 17,6 17.8 19,0 18,4 17.9 1 011I18 I17ll6-o,.5

V 515 4Wi2 0N Y 540 1i

a In, 1,50 1,5") 1,49 1,.59 1.56 i 0038 A .45

I . ~0,5
t0 b 18,0 17,4 17,7 18.4 I8,3 17,6 17.9_

V487 45 47 &0 32 U 4921.230

a 1.. 1 . 4 .. 4 1 1 , 4 5 1. 5 2 1. 54.. . . . - 0. 0.

15 b j17.2 16.9 17,0 17,0 18,3 18.0 17 .,4 0.5

v 461 421 407 418 510 497 45 15

I 40 i , 0
a 1.49 1,49 1,39 1,43 1,49 1.48 1,46 D0o0

20 b 15,7 17,0 16.8 17,1 16.8 15,4 16.46 4006

. +35
V 367 431 32 418 413 350 396_

I_ _

t I ! I 0 , 0 8 2
a 1.32 1.21 1,34 1AO 1,32 1,3': 010o

I350.58
25 1 5, 3 , 1 . 14.7 15,41 , - 14.* 2  

0.92

309 AY 265 258 303 I 13 2 +24
-- 289_3,1

I iI 1
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Con.clusionss 1 A method was developed and the effect of temperature and derree

of conversion on the rate of nuciecotion and dirensions of martensite crystals was in-

vestigetede

2. It is s.owa*, tbat thr. teLperature dependence of the rate of nucleation is

characterized by a curve with ma::imm, and the absolute value of tho' rate of nucleation

n drops continuously and progressivel%- at a rise in the degree of conversion and beco-

mes equal to zero at the moment conversion ends. A similar' nature of charge n is

connected,.apparently, with the dislocation nature of mirtenaite conversion (t.,hown

directly by value K = 109 and direct experiment on the formatIon of plate relief in

dislocations revealed by prelir.inary etching). Introduced were equations ,binding n

and K with the d, gree of conversion.

3- It is shown, that the activation energy of nucleation of martensite crystals

does not depend upon temperature and d, gree of conversion and equals about 940 cal/

g.atm. The job of nucleation of martensite crystals A3 does not depend upon the deg-

ree of conversion, but it decreases almost doubly upon a drop in temperature of the iso-

therm fron 4670 (at - 500) to 2360 cal/g-atm (at - 155), ,

4. The proposed dependence of the rate of nuvleation of martensite crystals upon

Lzrperature and degree (time) uf conversion

U

It1 K, I e(o)

Xe RT

5.It is shown, that thickness, extent and volume of martensite crystals practically

do not depend upon temperature irnd are determined exclusively by the dogree of con

version. Up to the moment of ondinG the conversion a reduction in thickness and or-

tent of marten-ite plates reaches 15-18%. which is determined by the change in state

and by the reduction in volumes of unconverted austenitee

F!TD-T.-62-l760/1+2 11
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For consideration of readers

In No.1 of' our journal for 1962 will be puiblished reports on thermomcbt~nicax
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alloys, high speod and nickel stcel etc*
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