~

THERMODYNAMICS AND KINET\I_CS FOR THE PEARLITE KEATTL ON

’ NI
CHROMIUM STTEFS
acarer s
.o |




® |
et .

P L THERMOOTHAMICS AND KINETICS FOR THE PEARLITE REACTION

P | mo

* o . CHROMLUM_STEELS . _

5 ’ : : . :

! |

‘:Z

:

‘. By

ARGHESH CHAND SHARMA, M.Tech.

/

A Thesis

SOOI gt

Submitted to the School' of Graduate Studies,.
“in Partial Fulfiiment of the Requirements

for the Degree

Doctor of Phi]oéophy

McMaifer University

November 1976

L)

"B o ROMESH CHAND SHARMA < 1977 |



‘DOCTOR PHILOéCPHY (1976) | . © McMASTER UNIVERSITY
(Hetallurgy) ‘ ) ' Hamilton, Ontario
TITLE: Therﬁodynamics and Kinetics for the Pearlite Reaction in

‘ Chromium Steels
AUTHOR: Romesh Chand Sharma, B.Tech., Indian In;tigupe of Technology, Kanﬁur
’ M.Teéh.,.lndian Institute of Technology, Kanpur
SUPERVISOR: Professor J.S. Kirkaldy

NUMBER OF PAGES: xii, 168 °



ABSTRACT

¢

The phase equilibria in the Fe-C-Cr system, essential for the
understanding of the peariite reaction in low chromium steels, has been
calculated from the thermodynamic data. The_expgrimén@a]]y determined
tie-lines are ih good agreement with the calculated ghase diagrams.

The pearlite growth rates and interlamellar spacings in a series
of low chromium Fe-C~Cr alloys have been experimentally determined. The
growth rates in these alloys are explained in terms of chromium parti-
tioning and chromium phase boundary diffusion control at low supersatura-
tipng aﬁd in terms of the local equi]ibreum no-partition mechanism and
qarbon vquméldiffusion control at high supérsatu}ations.

The relativé effect of Cr, Mn and Ni on the pear]ite reaction is
qua1itét1§e1y discussed in terms of_tHe above mechanismé, established
for the chromium steels. The results hﬁQe an application to the harden-

abiTity problem 1in steels.
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y - .. CHAPTER I

INTRODUCT EOi

&

A Warge‘proportion'yf ﬁhezgtee]s used %or tools add maching pa. ts
can be classified ae hedidn{carben? Tow alloy hardzaab.lity steel,. The ™ -
propertiee of these stecls can be appreciably improved by quenching nd

o - ) temper1ng A stee1 when éoo]ed from the austenite (y—face-centored chirE
‘ phase at a suff1c1ent]y Fast rate transforms to metastable rar«*r»x:e
(a hard and brltt1e body -centered tetragona]) phase. On temperwng mar-
tensite deeomprmes into ferriic (‘—body—ceneered cupic phaee) and iron
ba?t 162, SO its hardnass dec rases and its ddct:11ty 1ncrea>es Such“a
-heat Lreatmeht produces comb1nat1on of ductility and haqdness which are
super1or to those obtained with norma]wzed (s1ow coo]ed)xsteels
The most 51gn.f1cant parameter 1n c1ass1fy1ng hardenab111ty steels
.' | is the cr1t1ca1 c0011ng rate. A-steel must be cooled at a rate faster
than the(critica1 cooling rate,tofobtain 100% martensite. Af slower coolina
. “rates, austenite deeomposes into stable -ferrite and pear‘i'e'(or'metestabTe'
bainite)‘ peariite beinq the eutectoid product of austedite deeomdosition.
i\ o ' _ © 7 ne ro]e of a! tloying elements in hardenabu ity ‘steels is to
', d>rre,>e *he cr1v1ca1 conting rafe 50 that thicker sections ‘can ‘be made
. re"pnns1ve to'qnqnnnwng and‘temperwnJ treatments. A1l the common a]]oy1ng
elemants (wifh the possitle exceptiow-of'coba1t) decrease the critical

‘coo]ing‘rate.(I)- .- . ~
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7.

. The cr1t1ca] cool1ng rate for a steel is divectly re]ated to the
k1net1cs of ferr1te and pear11te reactions. The faster the k1net1cs of
these reactwons, the Tower is its hardenab1i1ty A]]oy1ng elements in
steels retard, these reactions "in vary1ng.degrees,'ihus‘incneasing the
hardenab1]1ty ' - . \.

. A number of cor‘r‘e]atmns,(2 -5) relatjng hardenabiliﬁy to the}-
chemica] cdmpositapn‘of steels have been developed over the.yéars. Most
of these are purely empirical, so have severe limitations with resdect to
. aCCUracy and genera11ty Reéeht]y, Kirka1dy and co-workers have made
s1gn1f1cant progress in re]atlng hardenab1]1ty to aTlox‘thermodynam1cs
and'to the‘k1net1c§\ef the: pear11te react1on and other austen1te decompo-
s1t10n products. (6) However maJor gaps inlour know1edge of the thermo—
dynamlcs and kinetics of austen1te decomp051t1on react1ons 1n mu1t1 -Compo-
nent steels remain. Hence, in the present work an 1ntens1ve study’ of the
'therﬁodynamics~and the k1net]cs_of the pear11te reaction in the’Fe-C-Cr
system has been-uridertaken. o 1 |

~ In the eUtectbid (or pearlite) rédction the high tenperaturef

austen1te phase transforms to’a lamellar stricture cons1st1ng of para]]el
:"1ame1]ae of ‘ferrite and cementmte (Fe3C—cm)f It is a first order trans-
Aformatidn and‘occdrs by‘nucleation and growth.

The exderinenta1 spudy\pf:nuCTeation ig vehy.difficult hecause'
of the very small sdze of the-chitica] nucTeusl(wIO'to 100 atons) . On P
the other hand, the theory of therma]ly actnvated nucTeat1on has been :
'fa1r1y well establ1shed and has been recent!y reviewed by Russell( ) Yet
very few attempts have been made to correlate nucleation theory w1thtl
experlments in. so]1ds H111ert(8) has suggested that pear11te deve]ops

L

toof .
.y . i . oot
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/;//// by nuc]eat1on gf ferr1te ‘Sharma and Purdy

) of'pear]1te growth was f1rst propqsed.by Zener
)

further developed by Hillert

(9) havé recent]j examiﬁed
the nuc]eat1on of ferrwte in staels and its re]at1onsh1p to hardenab111ty.'
The nucleation probien will not .be d1scussed furtner in this thesis..

The growt!” of pearlite has been d subject. of numerous studies, "

an?&'QQFk being carried out main]y on comnercial steeéls. ' Unfortunate]y,

the theoretical ana]ys1s of péar11te grouth 1n these stee]s Aas comp]xcated

" by the presence of a 1ar99 number of e]ements In the past 20 years,

.however much worP has becn done on p‘ar]1te growth in bwnarj Fe C. and

ternary Fe-C- X’(X being an alldying element) -systems. An elemen‘“ary theory_

(10)
{12-14)

.and this has been

(1)

‘and others. The theony of . pear11te

growth in the Fe-C system is fa1r1y we11 understood and has been recent]y
réviewed by Puls and Kirkaldy. (") \

' The effect of a]]oywng elements in reduc1ng ‘the’ pe1r11te growth -
rate is not to. we]] understood There is, however, some consensus, thdt
for pearhite growth in Fe-C-X systems, two reg1ons of dwfferent retardatlon
mechanisms ex1st. At Tow supersaturat1ons, Lhe a1;0y1ng e]ement must
pértition between® the‘fexrwte ano_cement1te_phases and the growth is
controlled Hy the dif?vsibn of the 57loying element thropgﬁ the phase
boundary. At high supersaerations,fhoweVer, thé alloying element caqnot'
p§rtit{oﬁ and tpa'reﬁctfon5i§ cqntrqlled thfﬁugh cérbqn diffusion and the
theﬁnodynamic effect of thevé]]oyiné element. The relative, importance af
‘these- mechan1sms will vary with the a110y1ng e]ement and its concentration.

nhe alloying elepents in ;tee]s can he d1v1ded into iwo groups,

(i) aust en1te stab1lxzexs, tn,: N}, Cu, etc and (ii) ferrite stab111zers,

Si, Mo, V etc. The elemant Cr/dopendwng on concentxat1on can act as an

cy



austenite or Yehrite;stabi]izer. This ?act,’amohg etheré;‘1ead, us.ﬁd-
Fe C-Cr as an ]nterestlng system tc study _ h u,:_

' The austenite stab111zers decrease the eutectoid tempehature and B
thus the dr1v1ng force for the pear11te reaction and the1r effect on
_.decreas1ng the growth rate of peariite has ‘been sat1sfactor1ly exp1a1ned
ﬂpure]y on a the rnodynam1c bas1s by Puls ‘and K1rxa1dy (]5) ionetheless,
def1n1te ev1dence for Mn part1t1on1ng dur1ng‘pear11te react1on at ]ow

supersa ‘yrations exists. (75 ]7>

The ferrite stab1]1zers raise the eutect01d temperature and ehe
driving force for the pearfite reaction. Thus, the1r effect in retard1ng
the peur11te qgrowth cannct be exp1a1n :d solely-on a thermodynamwc bas1s '
While the partitioning of Cr and no dur1ng peat]]te growth has been

(]u,19)

exper1menta]]y estab11shed the.theoret*ca] basis for part1t1ening

and the theony of pearlite growth in Fe-C-X.systems has not Been well

. estab11shed

The present, work vas undertaken to obta1n a greater 1n%1qht into

the pear11te react1on in ‘Fe=<C- X systems in genera1 and"in the te»C Cr

system in pgrt1cu1ar " The study has been d1v1ded into two parts in the

‘ first'part, the thermodynamics. and phase d1agrams of the Fe-C-Cr system.

.are established for the 1ew_Cr'(<3.weTght %) rarge. ' In the second part

'the'process for growth of pearlite in a series of Fe-C-Cr ai]oyé is studieq

7

and related to the thefmodyhamic and kinetic theoretical.analysis.

o, Y
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I1.1 INTR0DUCION

uand have been )ecent1y rev1ewad by Harvig.

by Miller and Kubaschewski.

-CHAPTER 11

THERMODYIIAIICS AND PHASE EQUILIBRIA IN Fe-C-Cr -

;e

7

A knowledge of the phase equilibria and the thermodynamics of

d1fferent phases . 1n the system Fe- C Cr is essent1al to the understanding

phase transforgatlon n thromtum.stte1s. The general features of the

%

phase diagram are already knqgh/. ,The present work is aimed at a detdiled

and accurate thermodynam1c treatment of the ferrtte, austenite and
cementite phases and thé equ1]1br1a between them These are the” phases
_involved in ‘the pearlite rcactlon and the other austenite decompns1t1on
reacttons-1n Tow chromium (<3% Cr) steels.

. . . : ’ 3
'The Fu.-C system has Tong been a subject of intbnsive study . The

\

thermodynamwcs and phase equ111br1a of the Fe-C system a:i/)ell es*ab11shed

(20)

'

1

\ - , ’ , o
A study of the thermcdynamics.of tie Fa-Cr system was published

(21)
(23)

"
} .

Uhrenius{(zg) and Chipman

dynamics pf the Fé Cr‘system

-

For the ternary Fe- C Cr system, the actwv.ty of carbon in the

' austen1te (y) field has been stud1eu by a number of workers . Ntshizawa

Bungardt Khnié'ahd Hprn;(zs)

Jnckson,(27)

Bungardt Pre1sendanz and Lohnhrt (26)

. More recently, Kirchper, Nishizawa and

have studied the o-y equilibrium and tharmo—

(24)

and benz E1’101t and Chlpman(z ) have all studied the phase

P

=y
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equiliiria in Fe-C-Cr w%th an -emphasis bh.hign temperatures (a850°c)."
The equ1]1br1um bbtween ferrite (a) and cementite_ ( ‘cm) and the stability

(29) (30)

'Wanue of cm’has boen djscussed by Jellinghaus and Ke11er? Kuo ;

(25)

) Bunoa¢dt et a] and other: .

> For the study of ausienite d<compos1t1on in Tow chromium sieels ,
fwe noé oniy need accurate equ111br1um phase d1agrams at temperatures be]ow
- 850° C but we also need 1nformat1on bout the thermodynumics of the meta-
stab1e phases at sub eﬂfézzb?a"?Emperatu es (<700°€).

In the precent stadv, a]] ‘the’ 1nformat1on avaw]ab1e on the thermo:
’ dyndm1c9 and- phase equ111br1a 1n Fe- C Fe Cr and Fe €-Cr systems has been
used to estab]1sh‘the thermodynam1c$ of the o, y and cm phases and to
‘calcu1ate equi]ibrfa between thémkin the-stab1e and metestable'regions
For 1nterpo]at1on betweer various re.1ab1e data po1nt§, a quas1 -regular
so]ut10n model of the thermodynammcs of the phases has been used. The
t muerature and comp031t1on range essent1a1 to the understandlng of peariite

and other decompos1u1on \eact1QNS in Tow chromium steels is covered. A ;

number of critical experiments.have been ca' ried out-to verify the calcula-

tions. . . : ~
| - - #
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11.2 SOLUTION 1ODELS '

(a) The Ferrite and Austonite Phases

“\\\\Efor ferrite and austen'te, the solations containing subgtitutiona]
as well as interstiiia] solutes, a simplified versioq of a rﬁgu]ar so1utign
- model developed by Hillert and Staffansson(3]) has been adopted. This

assumes a four component -s6lution with subst,tutional mixing af iron and

bic lattice and carbon ¢nd vacancies mixing on the corre-

romium on a

§pon ing interstfitial sub-lattice. For .such a model the appropriate

Xke )
YFe = T;YE . (11.1)
L . -
- . X
L _.___C_':___ »
Yer ¥ 12X (11.2)
and . - ) _ -
X ¥ : * . .
-a “C- “ : .
IS = )
. AN ' .
subject to the mass conservation. conditions: )
YFe + YGr =] B | : | (11.4)
and
X ot XLr + XC = }, ‘ ' ’ (11.5)

Fe
" In equatioﬁ (I1.3), c/a js the number of interstitial sites. per
]atticeléiyé, for austerite ¢ = a = 1 and for ferrite a = 1 aud ¢ = 3.

t;:XFéf xCr and XC are ole fractlonsloﬁ irca, chromium gnd carbop, respect7ve1yt*:

v



The %Qéal entropy- of wixing of  one mole of solution can then °

be written as:

1-X,.

51 o (S Rrav. Inv. + aY + cYiny
a F :

Fe Cr]nYCn €

*,

e] C

P b(l-YC)]n(]:YC)]}= ‘ | (11.6)

and the total freec energy of mixing of odne male of solition is given by:

X. % o« x0%%. - 7519 Eg ( (11.7)

(o]
G cr Ser K¢ B¢ -

Fe “Fe *

Gy =_X

-where OGrp“ OGCr and OGC are sfanderd free energies, T is .the temperature

’
-

and G is the excess free enevny of mixing. Followiny Hillert and Staf-

>

fansson,‘EG can be written as:

X
G = (= erbrecr ™ Yorfcteer Yc(]_Yc)?cv Voleyd  (11.8)

E

~

where Ly . Locoand Loy ave sotvtion paremeizrs %o il depand only on

the temperature. The term (—YLLCV) Jocurs ia tbh e xpression for tG because

OGC inequatioy (i1.7) refers 1o infinmite dilution of ¢ “n Fe as a standaid

state for carbon. A higher urder dependence of hG on .unzentrations has
; .33)

;
NP
H{52)

been suggested oy, Chipman av | Byusd and by Unrenius and 15 included

. . . . : . . 1) .

in the original colution modael o7 Hillery . v ntuffansson.(° " This is
N - - L

LCrC and LCv are,

: . v -~ -~ 4 oA 3 R S o \(32>

crions o0 conzenicari n. cHowever, Chipman and Brush

gquivala oving that the solutron pavameter .
equivalant t?>x jug that € .olx on pavamgers LFepr’
\

in generaly 7
failed to detect suvch higher o~der u:gondeﬁéies in Fe-C-Cr austenite, while
Uhrenius(33) ddtrced high order parameters in Fe-C-Cr of rather high

unrav‘amnly: Luratie ot 0 done}hine the concentrgtion depondénce of the

-

salution parametars fruw more recently available dala also did not succeed.
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Conséquently, the possibie concentrakion dependencies of the soTut%on
param2ters in equation (11.8) has beeA ignored. - |

"The Parﬁwa] moiar free energy,rﬁé, of componeﬁ} 1 éan‘be derived
from Gm by the faliov:ing re]a%xun:

—_— _ ;\-(‘l; ’ - ’ ) .
Gy = Gm~+ (I'Xi)Kan) - S ) (11’9)

and yields the follo ing expressions:

G = 0 -(—:- .. 2 2 ; / {
Bre = Gpe * RT(InY +2In(1-¥o)) + Lpo Yo chYc‘ LCCrYC\Cr \11.10)
§ =% 4 RT(InY, +S1a(1-v ) + L. ¥E s ¥E e L
Cr Cr . Cr a C reCr Fe cv'e cor! L Cr
E' and . ‘ (I.]])
| 6. =%, ¢ R*]n[jg—] AL P D 2, ‘ (1 'né)
: e e TP T et evie Toteer e '
i . .
‘ . B ¢ .
j ‘ (b) The Carbide Phase o | Y
: A number of different carbides‘are formed in the Fe-"-(Cr system. R

However, here we will deal only with. cementite. The general formulation
.« e - .
cen he used for otier carbides.. The ccmantite phase in Fe-C-Cr can be

~described o5 (Fe{r)c1/3. The carbon concentration and the carbon sublattice
//// are assumed to be fiked. The ternary carbide, (FeCr)C]/3,_is formed by

the substitution for Fe by Cr in the metal sublattice. Such a carbide/can’ ’

o

be cons1dered as a solid so ution of_£g§+73_and €P€3/3 The total free

. °nergy of mixing for th1s so]ut1on can be wr1tten as: (34)
Gy = YFDOG“~” * YCroc“rc L RT‘[YFQMYFeW 1nY ] cm Cr Fe '
‘ £y i VX
. vl o . , / {11,13)
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.

where 0GF c and %, . > ore [tandard free energies of formation end
91/3 ‘ LY'.]/3 .

'3

~

A,m is a solution parameter. , -

The partial molar free eneﬁgiesrof FeC] 3 and CrC]/3 will then

/-
be given by:
E}ec B oGFeC +‘RﬂnYFé L"L\c:mvgr‘ ' (I1.14)
/3 | 1/3 .
and
Serc. o= Bopo. b RTINY, # AchE; o : © (11.15)
173 - MMy | -
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11.3 THE PHASE EQUILIBRIA’.

The phase equilibrium between austen1te and ferrite 1s‘bh§a1ned

by équat«ng the part1a1 mo]ar free energ1es of each component in the two-
phases, i.e., - . . . oo ) ST , ,

‘

€ - W (i-Fe cr0) ~ (11.363,b,c)

and the equilibrium between austenite (or ferrjte) and cementite is given

by - - ~ o ; oo

e L
G 3G Guc (M

Fe, Cr) \ - (11.%7a,b)
v (e | :

YOY‘a)

n-u

To ca1cu]ate the phase bounderies uswng equations (II 16) and
AT 17), all the solution parameters defined in eqqat.ons (11. 8 and (11.13)
ifgr different phases and‘the standard free cnergy differences batween a.and
-y for all three components and the free energics of formation of FeC]/éﬂand
CrC}/3 are required. In the following scct1on all these porameters are

evaluated using the availabie thermodynam1c ari phase d1ggram data.



.{:‘

o v’

~set equa] to. zero.

12

"I1.4  THE THERMODYNAMLC DATA

(a) The Fe- C System ‘ ‘ T -,"

The actlthy of: carbon 1n austen]te in the Fe-C system has been

(35) (36,3 and others

»

xer the’ temperature range of stab111ty The most recent data 31 Ban Ya

'determined by'Smith Ban-< Ya, El]wott and Chipman®

" et al. (37) is 1n go. agreement w1th the other data repowted in 11ferature
- They give the va1Ue of. GZ w1th standard state. at’ 1nf1nine d11ut1on as:
& = %Y # RTIn(—C%.) + 17,660 Y0, - - - - (11.18)
C c ]_YY C . o
C .- ’

nhicn agcondjng to equation (IY.[Z), wjth-YC}—; 0,‘cbr%esponds.to LEV =.
-8830 ca]s/mdle.' This value has ‘been adopied for our investigation, viz.,
LY, = -8830 ca]s/mo]e ‘ oo S (11.19)

N For the ferrite phase in the Fe-C systeim, 1nsuff1c1ent 1nformatﬂon o

1s ava11ab1e on ‘the concentrat1on dependence of the act1v1ty of carbon

for the eva]uat10n af LCV' However, in the phaSe diagram ca1cu]at1ons

tgv is mu1t1p11ed by the terms YE and(YC)2 which are very sma1T Accor—

dxng]y, W1thout pre3ud1ce to the outcome of the ca1cu1at1ons LCV has been

. Now, the vaTues of ( G“- ) and ( G“ OGY ) can be’ 0bta1ned from

the Fe C phase d1agram Fow the blnany Fe=C System, equat1on (II 16)

‘g1ves .
* RTIN 118 ] =T(°Gé.. )+ ik (Y;) iLY“(Yd)Z L ‘(il 20)
R (1493 N Fe cv. AN AR
q:’ " " C‘ ) " > . I ! .. ’ ' ) ‘



<13

YL =Y "0' ' : :
KT1n[—~—~ )= (» GY) 2/3LCVY§ + ZLEVYE (I1.21)
- YC Yg ’

By using the &;y équi]ibrium concentrations trom. the best.available

(39)

phase diagram .and L% and LCV as determined abee, equgtiéns (11.20)

and (LIw21) are so]ved fOV‘(OngOGE) and (0pu G}e) o . /

. The (QG%—OGE) values, thus'obtainea,’are p101;ea in figure (1).
. Within a small scatfer they fall Gpoh'a straigﬁtiline The'scatter is:dqe—
in part to the error in p1ck1ng the concentrat1ons from the .smoothed

' exper1menta1 phase dlagram The 1east squarés line has been constra1ned

SO as to give the correct exper1menta1 eutectoid coordinate (.765 w91ght

"% ¢y 727°C)- (39) This fit to the data gives
(°62-2GY) = 16,923-6:933T(°K) cal/mole C(1i.e2)

¢ %C

4

and this relation is used ihlthe calculations. =

- GY B ca]cu]ated from equation (II. 20) cogrespond. .
1-15)

The values.of ( GF

. c]ose]y to the va]ues taby? ated by Orr ano Ch1pmdn( 0) and others(
‘ (fwgure (2)). Thws is a good check an the overal] conswsiancy of our data

(4

set.. The tabu]atOd va]ues of Orr and Chwpman 0), have been adofted for our

ca]cu]at1ons (table 1)+ o B
The y~cm equ111br1um 1n the Fe- C system 1s used to determ1ne the

| free energy of format1on of cement1te from austen1te gguat1on.(IL;17L

*for the y-cm gqu111br1um in the b1nqry Fe-C gives:

LN Y.Y S
1 o .
—_ '}n(......,. ) = A GY X LY ((YY)

) - - F\ 2._ 2 vy 23
REIN(-YY) + S0 e
where o R . . o Y

It 4
N
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..Tf - Kirchner et al.

14°

2%Y - # [OG L0y oL Y] : (t1.24)
FeC]/3 FeC1/3 Fe ~ 3 - . ,
Since LEV is known (equation (I1.13)) and since the y-cﬁneqdi1{~'

(27,39,40)

brium in Fe Cis we]] established, equat10n (II 23) can be solved

The values obta1ned as a funct1on of temperature are f4tted
(20) .

vy
for a GFeC1/3

to an equat1on of the type A +. bT + CT1nT as suggested by Larvig.
~ The least squares fit, suchct to the cond1t1on of y1e1d1ng dhe correct

eutectoid po1nt, gives

~

2967

Feg, .= “521-13.2T+1.69TInT cal/mole(Fe) y" (11.25)

1/3°
The data is p]otted in f1guﬁe (3).

The free energy of format1on of cement1te from ferrite, QGgeC)' s
C . ‘ i/3
‘can be wr1tten as . .o R '
L . ) :
. 0n0 Op O o ‘ ) ",
A6 = [7G .- . G ] : (I1.26) -
FeC”3 . 'lFeC]/-3 . Fe c . 5 S o
and is relat ed to A GFeC]/3 by the fo]1ow1ng relation
0 < 0y T s Q I - 10c opyy IR
6y = 1% - (% -% o) 7306 760) 1£.27)
FeC]/3 Fe(,”3 Fe _ °C /
.. . andcan be readily calculated. ‘ :>

(b) - The Fe-Cr System |
(22) have dia1ysed the Fe-Cr system in terms of a

regu]ar so1ut1on mode s1m11ar to.the one used in th1s wo*'v The Fe-Cr

(23,48) -

system has also been recent]y discussed by Ch1pman and K1rchner and

4

Uhren1us (47) The thermodynamxc parameters obtained by Kirchner et a]. g1ve

the best fit'to the y-loop (figure (4)) and are consistent with the-
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(c) The Fe-~C-Cr System

15

(OG“r Gzr) values obtained by Kaufman.??gi Accordingly, for our

calculations we have adopted the values of.Kirchner et al. for the. thermo-
' dynamic parameters for the Fe-Cr system.. Following is a ‘summary of

" these parameters.

The free energy difference between b.c.c. and hypothetical f.c.c. .

chromium is given by

P

°G{) = -2500-0.15T(°K) cal/mole - (11.28) -

( s Cr

Cr

e parameter g , which was obtained from the chromium activtty
Th te LgeCr

measurements in the o phédse-over a .range of.composition and temperature

_and the heat of mixing data, is given‘by

o i T ‘ ) - ' .
LFeCr = 6000-2-8T cal/mole o (11.29)
The values of L; cy Were calculated to give the best fit to tﬁa

exper1menta] binary Fe—Cr phase diagram and is givan by.

LY

! cp = 3133-7.606T+0.6568TInT  cal/mole - (11:30)

'

. Other parameters required for the calculation of the a-ys b
o . . .

Y-cm and o-Ccm equ111br1um in the Fe- C Cr system are LCCr LCCr’ A and

the free energy of format1on of CrC]/3 These parametérs are obta1ned

from 1nformat1on pub]1shed on the ternary Fe- Cr C system

(1) Ternary austen1te and ferrite: The activity of qarbpn_in Fe-Cr-C~

austenite has been invéstigated by many workers for a range of témperature

. and cémpositioh Th1s 1nformat1on is used to evaluate LCC. TheVpartial

mo1ar free energy of carbon in Fe- Cr—C austenwte solut1ons can be written as



" Since LY

luate LY

A mmvmtr e e e e 55

16

SY L 0aY Yo “ 111
GC = aGC'+ RT]naC - (11.31; .

Comparing this with equation (II.123 gives:

. Y'Y
raY o G Lros Y oY vy o .
RT ]naC RT?nL]_Y T+ ol ZL LLCrYCr] (I1.32;
¢ .

Cv is known (equation (I1.19)) and the experimental data for aE '

at different temperaiures and compositions of carbon and chrowium is

(51)

/ R .
given by Nishizawa,(24) Wada et a].\SO) and Greenbank .'e cen eva- .

cCr from equation (I1.32). HNo significant variatf on of LCC wWith

carbon and chromium content could be detccted so it as assumed henceforth

to be a function of temperatu-c only. Table (2) and fvgure (5) summarise

T

the exper imental values of lLC for each temperature. A least squares fit

yields
Lic, = -76,745440-T6T  cal/mole _ (11.33)
/\\thch is used in the calculations. These values of ICL are in good agrae-
ment with o1 ther a data not used in this analysis and. quoted for Fe-C-(r
(26,52 53)

austenite by othar workers.

Va]ues for the act1v1ty of carbon in ternary ferrite have not been
experimentally determ.neu bt cause of th» 1ow solubility of carbon in ferrite.
For thiabsame rcason the precise value of LEC -is nat critical to this

3

calculation. It has accord1ng\y bPen set equal to LCCr

- (11) The ternary caryide: Since there does. not exist a stab]e or meta-

stable CrC; phase, ‘he free energy of formation of-ihis phase cannot be

1/3

'_obtained from the Qr«t system. However, if the'yjcm equilibrium in ternary

Fe- Cr-C is known with accuratoe tie-=lines, this quantity can be deduced.’
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By subtra.ting e'lat?on (I1.170) from (II.17a) we obtain:

cm cm
__g_t: E.v E.v
(e GCrC1/3 3 GFeC]/3) Aonl1-2Ycp) = RTIn [Q T ("Gpe"Gcy)
Fe’ 'Cr o
(11.23)
‘where N
Oy . _ O oy 10,y
s G = "G - G = Gl
CrC]/3 Crb]/3 Cb 3 °C
EGY = LY (y( ): (YY)Z _ LY YY vyY
Fe FeCrt 'Cr CV C CCr Cr C
and
E = U0 (yY )7 LY (YV) PoLY LYY vy
Cr FeCr' Fe cvr'C (Cr Fe C

From tho 9xper1menta1 tie-line information on ithe y-cm egu1]10r1un
’1n ternayv Te-C- Cr tabu1ateé by N1<h17*wa(? ) for 1000°C, the right hand
side of equatlon (11.33) ‘has been calculated (table (3)) and plotted
against (1-2Yéﬁ) (figure (6)). A Jeast squares straight iine is drawn

through these points. From the'ihtvrcept and the siope of this line the

following valurs for ¢(a Gg c AOGIeC _ ) and A:.are oﬁta{néd:
n i~ ]/3 [ ]/3 . v
(n26Y %Y 1 ) = -7075 cal/mole (M) (11.37)
CrC]/3 FeC]/3 .
and . , ‘o
Acm = 286G - ca]/mole‘(M) _ ' (I1.35)

Insufficieat accurate data on the tie-lines in the y+cm field
in Fe-G-Cr at other témperatures are avaiWab]éito independontl  specify

"A_ and a%GY

cm Cre as functions of temperature. It is :herefore assuvad
“1/3s '



that Acm does not vary with temperature (a true regular solution). In
any case, the variation of Acm.with temperature is not exnected to be

Targe and Ach iétquite smalt. Accordingly, the assumptions) cannot have

a significant effect dn the outcome ofethe calculations.

-~

‘Y ) . . . .
\ A GCrC]/3 as a function of temperature is determined using this

constant A and limited information available on the y-cm equi]ibrium.(ZG’

28,39,54) The results are sunmarised in table (4).

S1nce tie-lines in the otcm field of Fe-C-Cr at 700°C have also

(29)

been determined by Kuo, 30)‘Je1hnghaus and Keller and others, an

alternative evaluation of szGErC]/3 can be obtained by the following
~ transformation:
’ cm
Y< WA
On0 _ Fe’ 'Cr E.a E.a
(A GCI"C]/ -A GF C]/3) + AC (1 ZYCY‘) = RT]n[-Y—'—/—Y"—] ( GFe GCY‘)
’ Fe’ "Cr ' _
and B (I1.36)
(%Y . -a oy ) = (a%2 . -4%2 eY %2 )
CrC1/3 FeC]/3 . Cr'C]/3 FeC]/3 Cr Cr
.y 0 '
. _ F ( GFe GFe) (11.37)
4 .
§ A !

. The results of this ca1cu]at10n are summarised in'table (5) ‘and
should be compared with the corresponding resu]ts in table (4).

The values of (2%G) ) ca]cu]ated from the two data

-4 G
. CrC]/3 FeC]/3

bases are 1n reasonable agreement. Unfortunately, the scatter in both
sets is sufficient-to conceal a possible temperature dependence. The

averages obta}ned from. table (4), (-6734) and from table (5), (-6575),
- are within 5% and 7%,.respective1y, of -7975, obtained from the

=~



PY e '
comprehensive data set of Nishizawa(“4) at 1000°C-{equation 11.34). Hence,

3

y ) n . i Y . 2 ) O Y ‘ _{»O Y =
we have adopted the temperature 1ndegyndyntvvath N} (A GCrC]/3 A GFeC1/3)

~7075 cal/mo'e (ii) evaluated from what we be]ieQé is the best data set.

This gives
2% = 27506-13 2T+1.69TInT  cal/mole (Cr) (11.38)
CrC]/3 . . ]
and 4°6% can be obtained from the following relation
CrC]/3
00 _ Onv _(0na Ony oy 100 0AYY . .
A8ene 8 Ggpe - Ubg 6o - g (T6-"Gc) o (11.39)
1/3 . 1/3 !
LY
\
)



I1.5 CALCULATION OF THE PHASE EQUILIBRIA

)

A1l the t'ermodynamic dita requived to calcuiate the phase equi-

20

libria according to the equations (11.16) and (11.17) are now known. °

These data are sumacised in wable (6).

{a)

The a-v Equilibriug

tating equations (11.10),

obtain:

and

terms.

The a-y oquilibrium is given by equ.tions (II1.16a,b, ).

‘Y{i %:%3 expl 5 %5m =60 ) + Loy (1
¥ “geCr(Yg; ’ L}eCr(Ygr‘Z LZ
;%T %%E%%%k; exﬁ[&f(o(tr—obgr) ' %%(LCrC(YF
| L?eCr(YFc)z - FeCr(Y Z ) Lg
E - %) i 62.96) 4 1 Ty
oy expl(%63-"60) # rllopc 3o

v

G

(v¢

C

yY

v

Ca

C

)

Y Y
Cr C Yrch

?

)7 ]

LyY v

Fo G0 -

12) ]

.L?l

Subé&i—

(I1.11) and [11.12) into equaticn (I1.16) we

(I1.40a)

(11.40b)

(11.4Qc;

These are three equatiouns invoiving four independent concentration

Ly T1x1ng

the temperature and the value of one concentration term,

equation (11. 40) can be solved for the other ‘hree <anentraticns, thus
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defining a single tie-line in tne afy field. In our case, the equations

were sd]ved for a set of jiven valucs of Yér‘by computer iteration, thus

defining the stable {or metastgble) wt¢ phase field in the Fe-C-Cr

systiem for the low chromium range, The prcdictions (lines) are shown in

figures (7), (8) and (9). Figures (7)*and (8) show the stable u+y regibn
at 770°C and 750°C, respectively, while figure (©) shous the predicted

metastable uty field at 700C.

(b) The 4f(or ()-cm Equililri m

Tire y(or o)-cm equilibrium is give by equations (Il.17a, ).
Suhstitutihg the approgriate equatiors  rem equations (I1.10), (1i.1)
(I1.12), (11.14) ant (11.15) into the ecuations (II.17a,b and rearianging

we get the following for the y-21i equilibrium

( Y(,m/Yt I:)

Erl = ] Y Y 1 Y
— 8T = el (06 ° IR (I
S
. + L o (1-27L ) - A (- ZYE'l TR (11.41a
and
yY .
Fe Y ]/3 Y 2/3 . ]_A L0y _]_» CIn 2
YCm (YC) (1- c \ ‘ eXp[RT<“ GFeC] 3) * RF(Acm(Y" )
fe ' / .
Y A yYAvY oY Y
Loy (73-Ye)Ye - Lo o¥e, (1/3-Y()
S LD (Y] (11.41b)
leCr Cr ‘ :

and for the a-cm equilibrium:



R R L

[y

-

YL gt

cm,C

ol e gl ee. % )+ pillepcte

(Y“ S el g 1/3 r
] c[n - ’
+Lfep(1- 2\/ o= A (1-2Y ] (11.42a)

and

Y\'t 3 R

Fe yuyi/ ayo’3 o 1 ,Clity 2

gan o) e T = el R TIRIRTAUARY

Fe A/

L Yy - v D) (11.42b)
Cri ¢ ¢ crticy /e '
3 In the case of the Aor aY-cm eguitibrium, thore ar- orly two

equations involving three ingepegd;nt concontrationa; two for the ;(pr +)
pha. e and only one for the cementite ciuee L.e ¢ vbon conceatration in
cementite is fi.ed. The equations are solved vor the ((or o)-cm equili-
brium by fixing Ytr {or Ygr) and soVuing for the ¢ther w0 concentrations
by computer itercatior, giving the a2 (wr metestible) two phase fialds.
The results ofltne calculgtigng}igLVL—cm~eq;tliby»um ars aiso Shownlin
figures (7), (8) and (v} Tnd for the a-cm cquilibriue in figures (8) ana

(10). S .

(¢) The futectoid Feint wul *he Three Phase Fguiiortum

. The intersection of the (xty)/y and the ,/(ytcm) pna-: boundaries
defines the eutect®hid pcint as indicated.in figure (8). T.ovre (17)
shows thé pradictet var1$tion of the eutectoid t-.mperature and the eutec-
toid carbon composition as : function of the chromium concentration.

Tne cquilibrium three phase field, (aty+cw), is defined by *he

. thre2 phase triangle as shown in {igure (8). The intersection of the
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}u/(d+,) and o, (wtem) phase boundaries cefines the point of the threc
phase Lr%angle at the u-phase end and tHe éutectoid point at the .-phase
end  The pointxat the cementite line is defined by the «-em tie-line
from the «-phase end and the y-cm tie-line from the y-phase end. The
fact that the y—cﬁ and «-cm tie-Tines which form the boundaries o1 the
threa phase field intersect at exactly 25 atomic 7 carbon{(FeCr)C]/3),
demonstrates the internal consistency of the calculations reiating

dif "eront phase fields. ' . A :



I1.6 LUAPCRINENTAL DLTERMIUATION OF THE TIE-LIHES

<

The cal.ulated pha.e Jiagrams (figures (7) through (11)) are in
general accord with tne very limited terncry me2asurcients available.
b :)( - Ia' '\'\. i“’:\ .
(24,26,28-30,39,54) To further vorify t .2 calculated pha.e diagrams, wve

carriad out a few critical evperinents at lower tewperatures. In parti-

- *
cular. tie-Tines in stable ((#y) and (y+cm) regions were detey nined at
77¢7°C oad 750°C and (et.m) tie-lines weve delev.ined ot 700°C. C 2
experiment was camied out in the tnree pha e region at 7.6 C.

> : ! 4

(a) Proparation of the faterial

The Fe-Cr binary « 1lc s were preparcd trom electrolytic irbn
andd high purity chromyum stock and welted in a non-consumabie tungst. n
2lectrode arc furnoce unqr an argon gt osphese.  The alloy buttons
(around 100 gms each) were turned and melted at least four times to attain
a un:Foré soluticon of iron and chremium.  The bultens thus obtained‘were
celd roiled to about 1/2 cm thickness ana homog nized at T(50 C for about
10 days and then furtner cold rolled to a final thickne~s of 0.5 nm.
The samples qf about 1 cm x 2 cm were cut ‘rom these L.e~ts and carou-’
rized in a ]oqﬁhg €0-C0, s mixtme at 100, C to the requ' el ¢ rbou
content. The Lnﬁes(t)for\wwum tne saupltes were carbur.zed were sufficient

Dct

to emsure a hoiogoaecous caroon content (-—-- >~ b, where bL
B . \

diffusior co.fficiont and o is the half thickiess of tne sample). The

is the carborn

samp! s, after the cart prizing treatwer o, wer - divectly guenched in
water.
The samples we. ¢ then analysed for chrowiun and carboa using

standar proceuures, The compositions of the alloys used ior the tie-



Tiné experiments ar2 given in tables (7) “ar ugn (1¢) under the colunns

for falloy composition',

(b) Tie-1 ne cxperironis in the (i) Negion
The experi -~ntal c terination of the tie-Jlines «n _he fe-C-Cv
syétvm at low tempeoratures is di ficult bec rse of the slow diffusion of
3>

Cr, part cularly in the austenite phase. The times required te ¢t i in

therimodynamic equilibrium are generally i prectically larg:. 1he tie-1iazs

gon!d in principle be determined from « iffusion couple experimoyts.
However, this nelhod proved hnprdctical because t' » errer involvad in
extrapolating the steep conceniration graidients 0 tne interface is large
\dnd'the CgmeCu mioroprobe at lidllaster could not analys~ accurately enough
for the lew curb' n c:ntents. '
| (bo) ang G. luour et a]_(SS}

. . : \
Sae time 0. Gi oour develeped a

teciinigue to overc. w2 the difficulty of slow diffusion and we :ave pro-

(

3t

. , . 5 T ier s
cecded along the sanc Tiney. Kurdju nv ) had -hown thal th« diffusion

of the substitutional elements in up-quenched ternery austeniics is

greatly enhanced bec use of the presence of an extensive detec structuie.

Furthermore, the diffusion of Cr in ferrite is-known to be,aphroxinatély

(57)

two orders of wagnitude higher than in austenite. To take advant:ge

of these increaced mobilities in equilibrating the alloys at Tow tempera-

tures, our alluys were auenched from the high tumperacure (1000°C)

austenite region to produce mavtensite, encapsulated in quartz
tubes with an argon atmosphere and inserted into a preheacod Kanthal

furnawe at the equilitration temperature to produce an «dstenite disper-
. \
{

sion in a ferrite matrix. .

After about a week the capsules were removed from the furnace

L] ’ R

L,
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and d\o5pcd %ytq wate» withou£ breaking the.capsu1ei ‘The mizro trycture
{ndicaxed that this rate of .)o}ing was sﬁffigz@nt‘{o'pro§uce ar? wa}teni
site 4n fbrmeé'augteniae reg{§ns. The samp]és were then reduced in
ihickness.by~5 to 10% by hammering fg ﬁfoduce.more dislocations and ﬁ%us
enhanc: the di%fusjqn of chromium in both the & and the vy phasés. The _
samples were then re-éncapsu1atea qnd inserted %n\the-furnace. Tiis

procedare WAQ,repeéted three times. After the final heat treatment,
‘ samples‘hey quenched in water by breaking-the capsd1gs under wa£er:
-~ The total time for'the is-fherné1 treatment was 5.5x1Q6 secs at 770°C and
,1.O5x107 ‘cs at 750°C.  The témperature‘was contrplled to £2°C and
periodically ciecked during the heat treatmﬁn’

The sumples viere ana]ysed for chrom1um di str1but1on between a and
.‘y‘using the Caneca—microbrobe, detecting chromium K radiation.. A typical
piicrostructure’ and a pre11m1nary scan is shown in figure (12) Careful
po1nt counts across the samp]e did not 1nd1cate any chr0m1um qrad1ents
~within a phase.’ This Js good assurance that the phases are 1n thermo-~
‘dynamfc equiiibfium ~ ' |

. Béth phases, the ferr1te and the martensite (formerly austenite)
were quant1tat1ve1y analysed for chromium using an accelerut1ng vo]tage
" '0f 20 kV and”a beam current of 120- nano-amps. The bac grouqd radlation‘
was measured on pure éledtro1ytic iron and the original untreated marten-
sitic¢ alloy was used as a standard for chkomium, assuming background
subtracted counts a§ proportwona] to the ue1ght percent 6f chromium. This
‘]1ngar1ty wa > ver1f1ed by ana1y51ng three alloys of d1f;erent chromiun

contents motnted togdtiier and ‘analysed under 51m11ar condiﬁions. Figure

(13) 'shows a typical dilibration curve, wﬁiqh~is a straight line within

o\

A\
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Tines in the «ty region.

.,.._.‘--_

the*eVperimﬂrta1 oYror Th%s justified thc‘procedure adepted in cglcu—
lating the caromium &onteﬁt of the different phases frow the mjcroprové
data. The samples were lightly etc ed with /¥ nital but this has been
shovm to have no effect on the microprobe 1na1ysis.(5

The Vd]umé ?faction4Jf the 1wo phases (o and martgnsite) was
determined using an avtomatic image analyser at the Steel Company of
Canada ﬁesearch Laboratories. Knoﬁing the -bulk c;rbon cortent and the
volume fractwon« of the phdses (a correction o% 4% was made to allow for
59)j

the volume expans1on of the austen1te in the martensitic transformat1on(

the carhon content of the austenite could be calculated from the carbon

mass bq]ance.‘ Thé‘carbon content of the ferrite was assumed tc be the

same as in the calculated phase diagram. This, é]ong with the chromium

.analysis.by microprobe, resvlited in a coplete determnatien of tha 'tie-

(c) The Tie-line Experiments in the (v* m) wnd_the [c o) Regie ns

The alloys o appropriate compositiuns, were prep‘*ed as Joscrited

previously. The samples of the alloys in martensitic Torwr were encap-

su]ated in quartz tubes in argon atmbsphere and neat trcatedaal the

"equ111urat1on temperatures for times ranging from 15 days .ov *he'a+cm

equ111br1um at.700°C to over a‘menth for~the-y+cm equ1]1br1u5 at 750 C

and 77U°C.‘ The carb1dcs precijitated as a fine dispersion at these temper—
a*uresll An estimate of the chromi u diffugipn distance indicates that the

ab&ye times were more” than ﬁufficient to obtain thermodynamic e 2iTibrium.

Figures (14) and (15} show typica! micrographs of the samp]és equilibrated

¥

in the y+cm and the atcm regions, respe.tiively.

(i) Carbids .nalysis: The cementite particjes in these alloys were too
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small for analysis by the electren microprobe. Furth.rmere, extraction

and chemical analysis is not = ble for martensite (formerly austen%tg) -
carbide sumpiés. Hen e analy ) 5 acinieved by preparing carbide extrac- .
tion replicas for the Phily ‘ i electron microscope ritted with the
"DAX energy dispersion s:li ;. detector system. The teéhniqﬁe is

described pelow. i |

In a 'thin' spectmen the primary X-rays produced by the incident
electron beim have a very low probability of ei her being abscrbed or

exciting fluorescent radiation in the sample. In such a case one can

write:(60—62) ' ) ’ >
I, " ¢ . ]
_I.}--_- F]‘ : (11.43)
2 2

where I] and 12 are measured characteri.tic X-ray intensities and CI and

'

C2 are the weight fractions of any pair of elements (e.g., Fe and Cr in

ourAcase). The factor k depends only on the relative efficiency of X-ray
production for these two eleéments and *e detgvtor_{Si[LiJ) efficiency.
Forla'given instrumenf and operating vo]%age I is a constant for a giVen
pair of elemcnts. 'Notu that the ratio (I /xa\‘s—pends only on the we1ght
fract1ons of the twa el nents in question and not on the weight fract1ons
of other e]ements present as well, as is the case, im bulk sample micro-
probe analysis. The constant k can be e«perimentally determined for a
given i1strument op2 ating under specific conditions once and for all.
Provided the“speéimen is thin enéugh‘to satisfy the above condi-
tions, equation (11.43) can be used to Ea]cﬁlate'the wéight fraciion
ratibs‘of pairs of eiements in a sample. Th1s 11m1t1ng th1ckness of a

sample is a function of accclerating vo]tage and sample-density. As the

~

/
»
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‘Qver]ab~of KG and K

accelerating voltage is incre~.ed the liniting thickness increaces.

(63)

Hall has found that at 30 k. the limiting thickne.s has a n@ss per

unit areawpf about 500 ug/cm2 anda e has estimated tuat at 100 kV it
will be around 1 mg/cwz. Tnese estimates are in general  reerant with
the estimalzd values of Lorimer ez al.(80)

The cementite parti.les in our samp'es weré small erough to
satisfy the condition of ; "thin' specimen for the écce1erating voitage
(80 kV) used. Using a density of 7.6 gm/cm3 ‘or cenentite and the above
estimates, the limiting thicknes: of the cgment{re"partic1és 1; 1.3u at
100 kv and 0.65u at 30 kV.‘Sincé cementite particles in our samples were .
generally less than 1 thickness we concfude?'that all would be 'thin' at
an accelerating vo]tagﬁ of 807 kV. )

The broad éhav&cterisiic X-ray peaks which are obtained infthe
energy dispersive analysis as compared to the Wavelength dispersive method
can lead to an exira dffficu]ty in the quantitative analysis i f the elements
being analysed are adjacent to cach o{her in aitomic n ~ber, because of the

g peals of <hese eiements. However, for the thin

specimens, the ratio of KF to k. peaks is-constant fur a given element.

Once' these ratios are datermined, the problem of overlapping peaks can

eas1ly .be solved if either the K or Kb,' peak is 1 olated. (61)

In our\case,
(analysis.of Fe and Cr) this problem did not exist.‘ ’
Thé garbop gxtraction replicas wvere prepared using the method
déscribed'by Smith and dutt1n31(64) The sample, were polished éna etcheh
with 2% nital so that the structure\v&graadily visib%c-under the optical
miéroséﬁpe. A thin carbon 1ilm was then evaporated ohto‘th( surface. To

male the stripping eusier the filmwasscored into small squares with a
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knife edge w. ilc still on the specimen. The sperinenvas then dipped

into 5% nitric acid in ethanol and etched %0575 to 1 minutes, after

which the cazrbon film  was stripped by trans%erring-thé sample to
distilled water. The carbon films were then litted from tie distilled
water onto 20y nesh corﬁer grids and were ready to be used. Mo t of the.
carbide particles were extractad in each case. “or comparison purp);és,

one pure Fe-C alloy was ireaied in tné‘CTEﬁ/:cgion at 700°C.and analysed

/,4Tra similar manner, The typical extraction replica micrographs are

shown in figures (14) to (16).

| The Philips EM300 electron microscope at the McMaster University
Madical Centre fitt.d with the‘EDAX‘Si[LiJ X-ray energy-dispersion analysis
system was used for .tre carb;dé ann]ysis? The geometry of thg specimen
chamber and the line diegrawm of the X-ray producticn and detection is

shown in figure {17). A tilt angle of 36° was used for all the reasure-

ments. These were carried out at én‘80 kV accelerating voltage. After

_identifying the particle to be analysed the electron beam was tocussed

on the particle by manipuvlating ithe condens=rs I/and iI. The minimum beam-
size o about 0.5u was easily obtained. Figure (18) shcs > typical .
X-ray spectra obtained. -In some cuse.s the camntite particles from the“
pure Fe-C alloy ghowed CrKa counts. HoWevér, thts number was well within
the s.atistical error of the analysis.

‘ The integqued peak intensities of FeKa~and Cr'Kd peaks'were
obtainad oy ts]ng the computer progremce EDIT/7EM prepaved by EDAX
Labor*rgies.  The pooiad ware sfétisticaﬂ]y smoathed and the -background

cubtraciod. Since the clements Fe and Cr are very close to each other in

“atomic numbzrs the ¥:ii~ of tho k factor in equation (I1.43) is very close
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-using a CdBr2 electrolyte.
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to uniky.(']) [ our calculations wo usea‘the theoretic:1ly culculat.d
value of-{-.DAX.(6 ) Tha ueigh£ fractions of Cr and Fe in cementite weré
tr»n obtained usipg equaticn (I1.43). _From the scaiter of the (fCr/Ire)
values from the different particles in the sane sample, the R.IL.S. error
in the analysis was estiwa ed to be around +77 of the amount present. Fort
each particie the anclysis was carriéd out “for a éufficienfly long time

~

to obtain a statisti-al counting error of much less than this. This time

gernerally variec from one to two minutes.

To érdss-theck this method of obtainiig tne compousition of the
cementite, an alternative method was fol]owed‘fo%~the 1.87 atomic @ Cr,
3.0¢ atomic  C alloy tréat%d in trhe (atcm) region at-700°C for 1§xdays._
Tho cementite was isolated irom the samd]e by electrolytic éxtraction

(66)

The resicue was th»n analysed for chromium

and iron. It contained 15 weight & chromium,  However, the totul of

chromium, iron and & stoichiometric amount of carbon added to only 9%%.

The difference from 100% was due to the decomposition of some of the
cementite during the c¢lectrolytic extraction. Applving a correction for
this_ the isolated cemeritite was analysed as 15.5 weight % chromium. This

is to be:cqmpared with 14.9 weight 5 chromium obtain-d wit!t the method

descﬁihed abgsg\\\§ince the agre(ﬁent is excellent, the simp1e. and more

~enera1 extvqct1on reﬁilca method was followed for all otner measurements.

~,

N

(i ﬂgtgjlnqrath\ The voTume fraction of the cement1te in the a]?oys
containing martensit» (ermerly austen1te).and cemem$1t; was determired
w1th ‘the dutomafwc 1muge ana]ysqr\ Thé SXIP.es were kémperrd at 200°C for

1 hr to darken tne mar tensite phase ~ Th1s has no effedt on the volume

fraction of cemeniitc me.3¢VLu. The compos1t1on and the\volume fraction

)
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of camentite is now “no.n. . The composicive of trne austenite is ohtained

-

from the mass balance of critmium anc rarbf‘. s leads to complete
determihation ¢ the Lie—1%wes in the (tom) reavon,

The tie- ines for the alloys in the (atcn) region are obtaine.’
f;om the mass bel.nen for'carbnn and chro .ium an¢ the composition of

cementite. Tne 1errite phase s assumed to have a carbon concentration

tre same as obtained fre the ci’culated phase diagram.

(d) The Experiment in the fhree Ph se Recion

A single experimant in the thr.e phac: rgqion (ctprom) was carried
out a. 75 “C. A 1.88 atomic % Cr, 2.73 atomic ¢ C u]]ﬁx ‘as guenched Trom
the austenit . jon to preduce ma~t nsite .nd .-en heat treated a£ 750°C
for 36 days. The threz ﬁha,o gtructurc obtained is shown 1p figure (15):
The cementite was énalx’ed as .duscribed previously. Boeouse of the fine
structure, the ferrite and the marteﬁsite (formerly austenie) phases

could not. be anaTysed for chronium by the microprobe. -The volume fraction .

of martensite was determined with the autoratic image analyser and the

volume of cementite was determinc? by a sysiemaiic poi. t count nethod.

-z

For the complete determination of thle compositions of all the

_three phases by the mass baltance we requiré the chromium content of at

least one of fhe two remainfng nhases, ferrite and austenite. Since these
could not be determined with the techniqueé available, the compdrisbn with,
the calculated phase Jdiagram is necessarily a Tiritéd one. The experimental ’
vafues‘determined abnve are compared with the ones expectea from the Cd]CUT'

lated phase diaqaram.
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[1.7 RESULTS Aliv DISCUSSIOi

The experimentally determined tie-lines in the aty reygron at 770°C
and 750°C are shoun in figures-(7) and (8), respectively {dotted.lines).

" The results are summarised in table (7). The agreement between the calcu-

. . I
1- ted and the experimental phase boundaries is erceilent. Nonethe]ess,ﬂ

the slopes of the ti;-ﬁines ¢ i fer s]ight]y‘from the calculated values. ? {
. ' X . i
The maximum difference in kC%{ (= "Bn) values is about 107 at 750°C. Foﬁ
Cr
the low concentration measurer2nts by the electron microprobe, the minimum
e , . . (105)
statistical R.M.S. errgr is given oy
100417,
R T o o (I1.44)
NP NB ‘ .

whe:e NP is the number of counts o?'the chavacterisi o radiation (QyKa in
this case), “B ié the-number ¢f background counts aﬁd o 1s tne standara
deviétion. For our measurements on the low chrdmium alloy this was about
5% which would le-4 to a stendard deviation of about 7% in u\e_K’g‘{*’, i.e.,
at a 95 confidence lwvel, the error in the\K%l{Y measuremen.s 1% £145.
This does nct include olher possiblé experimential erro s. Hpncé, the
difference b:tiyeen the slopas of the experimentul énd calculated Lio-tines
is insufficient to suggest an error in the indepeﬁdcﬁt“y caiciilated tie-
Tines. |

" The experimentaily detcrnined tie-Tines in the yptam region at
770°C and 750°C arc &..o shown in figures (7) and {8), respeciively (dotted
1in¢§) ana are ﬂummariéed in table (8). The agrecment bet: ten the calcu-

Tated ana the experin-atally determined phase .oundaries as well as the

slopes of the.tie-Tincs is very good. The last two columns of table (8)
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compare the e rerimontal and caleulated distribulion (oefficieﬁts for
cﬁromium be ween cenentite and austoniiv. Again, witqin the cxperimental
error the agrecment is excell nt. ‘

» Table (9) gives Ethe results of the exherimcntq in the otcm region
at 700°C énd thie sum-ry is given in Ffigure (10). In this case, tle
phase boundaries are not .ndependontfy detepmined but are assumed Lo be
the sane as the calculated one,. The cementite phase boundiry it {ixed
and lies at 27 atomic © ca(bon. The solubility of carbon in o is very snali,
and cold not be de .erminad, hence, the above-mentioned assumpiion.. fhe
best test of the calculated phase diagram in this case'there1ore vies in
correctly predicting the composition of th: cewmentite. In table (9),
columns (7) and (&) give the experimental and the predicted chromium con-
tent of the cementite for the experimental alloys. The agreement in the
two case  is excellent. In th - third case the experimental and predicted
values are within 10, of each vther. The error in the anulysis is around
*7%., Hence, the agreementxcan Sé svid to be fair in this case. Columns
(3) and (10) give the experimental and the calculated distribution coeffi-
cients of ghromiﬁn Betﬁeen the cemontite and the ferrite. The average of
the experimental values is at 53 wh{ch is in fair égreemqnt with the average
of the calculuted valtes which isTat 44.5. Hen e, the overall agreement
betweem the experimerts in the «tcm region and the independently calculated
phase diégrom i< goud. )

Table (10) yives the experimenial values of the volume fractions

of the differen. phases (y and cw) and the compasilion of ine cenentiite
phase far thé.g]]oy tre ted in the threc phase (atytcm) vegion at 750°C.

The alloy composition is markad in figure (8). These experimental value-

st

< nn A % sl e e
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are covpared in tib.e (10) with the values of tarce parameters that would

be expeited from the calcu,ated phase diagram (figure (8)) for : given

»

ailloy comnosition. The agreement, as seen from table (lu), is 100d.

A}

The eutectoia tewperature as o function of chromium ¢ tent in

the Fe-C-Cr system ..n bo obtaince frowm isotharaal spacing egperiments for
the pearlite reccstion. ™ The extrapo]at%on of the 1/S vs T (S is the inter-
Tamellar spacing and T is tewperature) as a straight linc to infinite
spacing (i.e , 1/S = 0) should ntercept the temperature axis ai the
eutectoid temwnerature. Figure (]1) shows Lhe\giperimenta] roints for ;ne
eutzctuid tempuyature thu determinea frum our own (Chayter V) and other

(19).

externg nts. vhe agreement with the calculate! curve is excellent.

In gfhefal,_the acreeront teteeen the calculated phisc diagrans
and the experiﬁen£s is very g~od. The -hermodynar:‘cs of the Post-Ue system
described in th. first part of tit s Chap or is thus used with oo v Ce
in SUBSEQJ;nt ct.oters 1o calculeate stable and metastable phuse o« rans

and to ootain 2!l the other thermodyramic inforaat on as a funciion of

temperature which is required to describe the pearlite reaction in the
‘ » N -~ 4

Fe-C-Cr s&stom.
!



CHAPTER T11

THEORY OF PrARLITE GROUT

I11.Y THE Fe C SYSTLH

Figure (”0) shaws the binary Fe-C phase diagram calculated i1vam
the thermodynapic datarof Chapter IV, The dashod 1ines defin. the region
where the pcar{ite rraction takes place. During tne pearlite reaction
the y phase decomposcs coopcratively inte a lamellar structure of « und
am.  This lamellar st{ructure grows Tnto.the utr ns’ roed vy phase a*
Constant velocity during an isothernal experimeat. Fo1lowinq‘the‘~arly

(10) to de<cribe the pearlite growlh on tac bisis of

attempt of loner
carbon vo.dam: diffusion, the problem of pearlite qrow{h by volune .diffu-
sion has tecn rigurcasly tre tted by subscquent wovkers. Because of an
apparent Jisagreew:nt Hetlwe i the velume divfusion theory of peaiite
groy,th and the experinental observations, a number of workers Have inves-
tigated the protiem on the basis of the boundary diffusion of caroon and

L
other mechanisms. Recently, Puls and Kirk}ldy(]d)

have_taken account of
the variation of the carbon diffusion cocfficiet in austenite wath con-
centraticn of carbon and showﬁ'thgn tive volun 2 daffusi~n wodel satisfac-
torily describes the pearlite growtn data in Fe-C at higher températures.
The partial involvement o boundiry diffusion at Tnuév temperatwrés is

not rule ., out. In the fellowing we will briefly a2ccrive the volume and

boundary difiusion w.odess.

L
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(a) Volume Diffusion jlodel

I3

Figure {(/la) she., cchema“icatly che pearbr e-austenity inter-
face. TLocal eanliorium is assumed to exist acrons this intniice. In
the cive 07 coorerative precinitation, st h 2, edrowise o+ onc ' lar growth,

» .
there ea1sis a sitatior t tie ju ~tion of the two 1anvl, 1@ vhere three
\ J

v

phases must ¢ .1, in Toce equi ilrmu beluy the eutecto d terperature.
This is achieved through tac motiticat or of the phase diagram due to
capiltlarity. In this way, the conc niratich of tav parent phase can
vary smoothly acro.s the junction. AL the three Ehase Junction the

mechanical equilibriam of Lhe surface teasion forcecs must be st dtancously

_accommodated. 1t is ther~fore essent al to admit a curvat e of tre

interface between the parent and the procuct prases.  the local radius

-~

of curvature gercrates a vressure whica is assuted Lo ¢t wmaivly o the

product phases. This Teade to a varyeticn of composivicn along the inter-

)

face, which is overyuhere 1n local equilibriun.

A siepliTied taeory accounting for these considerations wae first

(10)

ut forward by Zenor. [f the ferritz-ou teni.e and the ¢ wen ite-
p Y. , ‘

aus'enite interfc os were {lat, the coneentration drrfererre which
s e L, . s rr1 bt ~yCHlt Y
provides the driving foro for difrusion would be ‘Co —CO )» where C0
gh! C s s . _—
and \g 4re Ahe ev ddibrium conzentrations according the the phase
diggram for austenmite in contact with ferrito and cementite, rispectively.
It was conjectured by Zener that the cepillarity nodified difference can

So

be ppro. . ely represented by (1- S )(CXJ—CE&M) vhere S is the inter-

0

+

. Tamellar spacing and Sq is the orivical interlamellar spacing., S is a
. A

0

funceion of temporature only. At the critical irdterlamellar.spacing no

concentration difforence exiets, the thermodynamic dr: ing f.rce for the

B



pearlite rea.tion is ¢ 1 ¢ly pailanced by the int»rfacial cncrgy stored
in tne w-cm oant rfaces and the verocity nenessarily goes to zero.
Furtheoe, Zoner suprosed that the effective distance foo diffusion

-

up to the dgn af a cementite lemella is propartional to 1ts thickroess,

0 the flux

,J - .p C;ﬁ:?éf? (1 SQ\- (ITL.1)
P ) acCim s '

or from the mav, Filancen

J = _\,(CCUI_CU) ~(

$-=
r—e
-
™S
~

m

wmere v is th. pe«rli e growth rate and € and ¢V .re tie concentrations

of the cenentite and the forrite, roopectively., ro Lo Tover rute

“tha e

CCTt N Sur(hcm_cy} .S ﬁ_,;CHLCw) (T11.2)

&
£
v

sy a rombination of equations (UI1.1), ‘U1.2) and "i[.3" yie.ds

i ) ‘(,‘\ v‘
. e (-5 (171.4)
a S'lS\ hi (‘:\, ' . ) 5 . 5 )

e)

! ' o®
(e7) and Scheit©

Brandt were the first to constr ¢t a compyehon-

“vsive volume di fusion model for ti . peariite transformav.on. A move rigorous
caiculation based on Brandl's series solution, bo. wactuding capiliarmity,

(171,6¢) e , .
He alsu acticved 4 detailed pre-

has bueen performed by Hi sexrt.
) 1 { N E N Y - (]4) ’ .. . "
diction of tho interfale srope. bolzs et al.d arnergiised Hiflert's
voelume diffusren el o toke into account the nen-uniformity q{ .0n¢ n-
tration irn Lthe produc’ nhases which results from a varisvion of curvature

By

along the po v lite votenite interface. The Hillert and Bolze et al. ‘reat-
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menls dare brierby cumarised helow.

First ve ¢ nsider the effect of t'.e curved interface on the
equiiibri an compositions. A curved interfuce gives rise to a press: ¢
difterence, 2P, beb.cen tne iwo sides of the inLur(a(e, which is related
to the inier favial energy, o, b

b=kl g | (111.5)

J T 2 -
where F] anc 1, are the twe privernte rad i of curvature of the in. rface.

Two phases «« ol in equilibrium in a binary system. having the
cor ¢,itions (A?" )LY}, ’A1‘, X}“) and the ac.ivities of the two Compo-
nentc 2, ard a(, L oisily the hiibs-Duh; relatiens

. V! - |

hdte N e, = R? apY o o (111.6)
Qlld '

. v 4

X?Yd1na1 b ding, = P o (111.7)
rosui g dPY = 0, tie molar volumwes of Lhe BRI L rhAases Vm and VE to

¥
be equal to each other, dlna] 2 d?nx“]‘W and Jow undis uarings  the above
equations can be solved to yieid('J)

P o= RTK (S13-C17) . (117.0)

or in terms of the concentrations in the y phase

a TG an . . ' : Yroah

plos RTna(L;q-c} ) k | (1:7.9;
hor ay CeYX et N I Ao bt v S Eeas T L. ;
wherve C]O and “10 refer to :(,2‘.\ COn Lty rairtas Tuer the oty mmieviacee and

ku and h arve constanits relatlad (0 the phace disoran. Stmila oxprossions

L

r



‘solution of the d1ffus.on eQuat10ns, a translation of the [:

L ‘. i “ - o v ‘e ' -
< . .
. . N . .

A

for ‘Ho‘ M poase are obtained.
For the stieady spatevpear]ite reactior occurring at ve1c¢1ty,'v,-

the diffusion problcm.i: two.dimehsionaﬂ: To obtain a Steady state’

arie of’

reference is mode via {figure (21a))

=X -t L (111.10)-
) “ N « * ¢
In this frame the diffusion eqhétion for solute concentration is
2 2, , , S
v%ﬁ pE S L . (IT1.11)
* X Ny : T ’
For’boundary‘éonditiohs W2 have,é =:Cw atHU'=’w for all y and C(y) = C(y+S)
for all u. ‘e .hus obtain the solution: -
D e A ot : ) . \
q - C, + EoAne _ cosbny ' . , (T11~12)-
where
S2m o : R
b = “E. . , S (111.13)
.. .' . . r : . . )
and- ' ‘ ‘ . . , L B
) . —-‘_-’T :‘ ' ' - ’ ) ' ‘ ot o
Cory Jaadt A - L . ‘
)\n ="é*(“‘ -——"2—"'—) ' . . A L (111.14).
' v v
’ . -. ¥ [
' Hillert has suggested that for all 1nterest1ng exper.mental s*tua-
tions S0 z"nD >> 1, 50 that to a very good approx1mat1on
n ¥ b m ) o (1T1.15)
\n . ZDb ’ . ) . v

' ' R * > . : N < . . .'ll . ‘.. ’ . Y ‘u\ N d " M
Now considering a_mass balance in a small strip of 'volume of width, dy, we

. . . .
a“» - L] M > ~( 0 - < ' N -

i ; ‘ o oo
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|
obtain two.expressions of the form - .
' . K .
A4 . 2C
HCCp) = D | 2 © (111.16)
oo Ju \,y ) .' . ‘ )
o -

In this, Cb is the concentration in the product phase (o or ch). Possible .-
«diffusion 1n the broduet phases is ignored. Using the expression for C
“rom éqdation (III.]Z).dnd making the ¢ssumption that the interface is -

A
approximately flat so that exnuo(y,): 1, equation {I11.16) becomes
_“i.ﬂ cosb y ©(111.17)

-To complete the solution of the problem, the balance of surface
tension forces at the three phase-junction is utilised, viz.,
oy . ycm acCil . ’ .
e = 2_m2;7'9~_~* ' . e (111.18)
sing” V' siug sin¢? .

The terms in equation 1111.18) are aefined.in figure (21a). 1 the inter-

face ‘between a -and cm’is assumed to be-parallel to the u ax1s, the above

boundary cond1t1ons ‘can be expressed as: N . ‘ o
sz L
. & - E_.._ ﬂ 19-
-C0s ¢ J o dy | C | | (111.19%)
. 0' \ , .
and ‘ ' ' ‘ L L ‘ L
‘ Lo s/2
cm pCl : ) *
"CO_S‘(b L= R —-;:EE]- dy (III .]9b)
. S Sa/Z g . ’ ’

' » B N . 1 . " i' ' N . "
Substituting the expressions-for pe apd'Pcnexpressed in terms of the concen-



s €

trafjons”ﬁﬁ’the' phase (equation (II1.9)) into equations.(II1.1%a) and

{IIE.19h), and integrating gives:

2 ouYCOS_Q__.~ lya o 2 »om S o by
- 5F T T = C -Cm_A - Ly Ssﬂ(n "’”) (III-ZO,)

RT 5 'h 0 0 g2 i bn S .. .

o . . ‘ .
and ’ ~ ‘ = . .- \
v I. * ( - \

LoCmy . _cm oo L, A o : .
B A o o) N S sin(nn§ ) «(I11.21)

k i [¢] < (0] > b S

. 5 hcm > n

Now squations (I111.17), (I1.20) and (I11.21) can be combincd to

give a v vs S relationship. Hillert, assuming a uniform concentration in

i
o N 4

the pradict phases, arrived at the sotution

4

. Yo ~YCM . - e - '
v = Q%E'§j§;ﬂ'£EQEEEp ) % ( _“29) , S - (I11.22) |
s& MM : o :
wher? E -
X S S
B = ET _Dwﬁ-(sinwn §i)2 . /
2mn .

Bolze et a]l,(]4z taking into account the conentration variation
in the product phases, arrived at the relation
s, | -
(- ¢7) : |
vV = - - ————— . R (III.23)

MO I

where the coefficient 9 is essentially the same as. Hillert's and where the
term (1+ %) in the denominator represents ti.e effect of ﬁon—unifbrm concen-
trations in the product phases. ¢ is interpreted as representing e free’

eneryy stored via solute segregatidn in the product phases. It was q]so



AR,

" . been obtained by HiTlert
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shown that the effect”:f thjs segvégation for - systems wnfh Tow solute
so]ﬁb*lf;y in the terminal phases is very small. Hence thepnillerf'
approximation is adequate for the Fe—t system,

' Fof given'values of S and Q equation (I11.72) can be solved for
Y. Once C¥ is known the pressure difference batween the vy and o {or cm)
can be échu]atéd aésuhiné Tocal equilibrium across the 1nterfac§. If the

interfacial free énergies%arﬁ‘known eqhation (II1.19) can then be solved

for the detailed:'shape of the interface. Figure (21b) shows tne results

of such a .calculation for the Fe-C systiem performed by Hil.ert.

(b) Boundary Dif:usion Model

The boundary diffusion ﬁodé{ for Tamellar growth waSAfi%st applied
to the pﬁob1em of discontinuous precipitation by Turnbull(]z) and by Cahn:(]3)
Vari&us attempts to insoke boundary diffusion control in eutectoid reactions
have«sincegheen méde. .In the case of the eutectoid reacfﬁon in fhe Fe-C

system the carbun is assumed to diffuse through a pearlite-austenite boupd—

'ary of thickness & and diffusion coefficient D,. To a first appreximation

the growth\equation for pearlite can, be obta11ed from the volume diffusion.

4

mode! byﬂsubstituting a boundary diffusion coefficicnt, ,, for tne: voiume

diffusion, coefficient, D, and decreasing the “window" for ‘tateral diffusion”

1/S by the ratic /S. This leals to

D S ' L | R
v a _%“ (1= &% o ' < (II11.24)

A more comprehensive solution for the boundary diffusion mode1'has__

(11.69) 70).

and by Shapiro and KirkaTdy:( Considering

the mass balance in a thin styip of material paraliel to. the a-cm interface,

-



Syt -

e p o~ s 5

we obtain

.2 2.8 S ’
. f Q2% dy= 0y G- s= (e -0 (11T.25)
o3y C dy ' ‘ '

B . . ‘ . :
wrare C7 is ' e concentration 'in the boundcry. Assuming the concentrations

in the « and' cn to be constant.and 8

- KCY, where K is.an adsorrtion
coefficient, the c.ovz equetﬁoeﬂcan.be easily integrated. Using t ese
solutions atong with equeeions (1I1.19) Hi}]ert obtained the following
velocity equation:

52 . (CYa_Cch)

0 0 ) .
= 12 KDgs g&bcm Ccm_ca é? (]i ) _ A . (I11.26)

Shapiro and Kirkaldy, fo]lowing'a more rigorous but Tess éenera1

argument obtal. for a symmeiric eutectoid

(Cya Cch)

v =24 6D 0

S, ' L
. 1/2 —(1--3-9-) _ (111.27)

1
3

where -
D; = 2qVL : - . (111.287~

q and a are equilibrium thermonnamic paremeters obtained from the free
energy’cowpoé{eion dtagram, V is the mo]ar volume and L is the. Insa ;ar
phenomeno]og1ca] coeff1c1ent (mob111ty) for boundary 0&foS10n |

The boundary d1ffus1on models are d1fF1cu1t to test quant1tat1ve1y
against experiments because of the lack of know]edge of the boundary ‘

.2 diffusivity and the nature of the boundary phase However, sémi—quaﬁti-

tative comparisons based on the functxona] re]at1on between v and S and

- 7



“than for minimum und.rcooling are.inherently unstable, while Spacings ,

*he Lvrhenius behaviour can be wade.

(c) Problem of t.e Opijmum Spacing o _ \
, ) {
The theories of pearlite growth based on eituer voJumc diffusion N

or boundary diifusion lead to a s1ng19 re1at10n batween the spacing, S,

velocity, v, and thc undercooling, AT. Snnce in .an exn°r1ment éither v

+ or AT, bul not Louh wan be fixed, the sprcing is n.t unique]y determined

by the diffusioca solution. - To get a unigque solution of the problem we
require a further condition.: This usually takes tne forn of <n optimize-
tion principle.

Zener(]O) originally proposed the maximum‘ve1ocity principle, i.e.,

in an iscihermai experimers, pearl 12 ¢noos2s a spacing correspond]dg to

the ma>1mum “in the v s S Vurve This is bused on the in*tuitivz, but
1ncorrect reasening that tre areas of ths pearlite front wiich have a
spacing less or ore than the one corresponding to the maximum in v will

lag tehind and eventually vanisﬁ. Zeior's criterion leads to the optinum

. spacing of 2 S0 for the volume diffusion mocel and 1.5 S0 for the boundary

diffusion model. Initiaily this had been accepted.as.the_b}gcticaf solution .

to 'the problem. kKowever, in-the-past 15 years.a number of workers have

turned to perturbation. tests-and irreversible thermodﬁdamiC'argamen!§'to

gain more 1ns1ght into the spacing 09t1x1zat1on prob1em in eutectlc and

(13,71-75)

eutectoxd teact1ons These stuawes -have been rev1ewed by Puls

‘ and Kirkaldy. (15) Ve wii] briefly swmarise the resu1ts below.

Cahn,(]3) f0110w1ng an approach originally o\pounded by Frank and

Puttick, (74? argued that if we analytically impose a perturbat1on on the’

local qucing of forced eutectics it can be inferred thaﬁ spacings less

’



greater than for AT i ave inherently stable. A similar argunént can be

constricted for iscthermal pearlite which suggests that the stability
(75)

point is for S » S(Vmax)' Sunaquist, in invéstigéting shape changes
of the lamellar front within the range of the steady siate v vs $ reTation,

has discovered thet For Q(\4C) s> S{v___) the d1f’ua1on solutions become

Yinax
)
non ana1yt1c 1mp1ylng a catasttgpfnc instability. K1rka]dy(7 used a

"half-spacing" pertuisation procecure, combining elements of Cahr's and
' !

" of .Juckson and Cha]mér's(7]) arguments, to arrive at a. optimm spacing

for the isothermal pearlite. For each quasi-steady confinuration he

"envisages a region of a colony front which, via nucleaticn or Gvergrout,

has achieved a spacing exaccly on--half.of that for the colony generally. ffj)
An examination of the &naly:ic re:axation of such a perturbat1on for all
spac1nos uniquely “dentifies a stability point at that spac1ng for wh1ch a
short reg1on of the front Wh]kh has one-half the average spacwng has the

same ve]oc1ty as the average. For pearllte growth by volume d1ffus1on

this gives a stabi]itx point at a spacing of 3 SO and for fhe Houndary

“diffusion modcf axstabilipy point at 7/3 So' : . . ) -
‘1rla dy(76 ,77) has also concluded that a maximum in the rate of
ehtrbpy product1pn consiétent with Onsager's Dissipation'Theorem(78) is

the best thermodynamic criterion for,de%iﬁing the optimun spacinéu For

the steady st. te growth of pearlite the rate of entropy pfoduction‘is
d. :
W, AF
HF.T w T ) ) i ' (I11.29)

where
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For isotirermal pearlite growing according Lo the volume diffusion niodel

this gives:

[= 9
w
v

i 1 0,2
L LENYE DI CA ,
qoes g : (111.31)
which is maximum at S = 3 SO and for the boundary diffusion model -
d.S S /
A 1l 0y2 5
ez ) (11¢/32)

v

which is maximum at S = 2 SO.
The optimum ¢ :3~ing cbtained from a maximum in the rate of entropy
production is thercfore the sara, or very nearly the same, as that obtained

from the perturbation analysis.

{d) Jomparison betwcen Ineory and [xperiwments

Early comparisons beiween the experimential grcwth rates of pearlite

in Fe-(_and theoretical vel s based on the. volume diffugion rodel were

» .

unsuccessful. The experimental values seemed-to be generally an order’ of

magnifude higher than ihe calculated ones. This.led Cahn and others to
suggest that the maior part of the carbon diffusion tgﬂes place through
the boundary layer separating the pearlite ant the aust.nite. However,
Brown and Rid1ey,(79) assuming vo1umepdiffusiﬁn conpfol, baak;c(1bu1ated

the effective carbon diffusivity in austenite from the pearlite growth

data and found DC values oniy~2 to 4 times highet than the experimental

rgiffbsion coefriciepts. They also found that for small undercooiings the

effective DC alimost remains constant with ‘decrzasing tempe-ature. Kirkaldy

“and Puls attributed this to the fact that the diffusion coefficient of
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carbon in auster’te 1s strongly .oncentratica dopond(nt.(IS’)O3)

They
thaiefore re-calculoted the pearlite arovth rates ir Fe-C using Hillert's
voiue diffusion model nd taxking 1nto‘account the variaticn of carbon
diffusion coefficient in auctenite with carbon concentration and fodnd
that the voluwe dirTfusion Calrglations agree with the experimantal valucs

wiihin a factor‘of 2 oetlween 727° and 650°C. They also concluded that

below this temperature involvemant of boundary diffusion begins and

“eventually tukes over as the tempera.ur2 is further lowered.

N Puls and Kirka]dy(]”) also calculated tte intcrfacial free cnergy,

" LCi “ . . .
rtcn, between « and@n from the interldmel'ar spacipg measurements of

(79)

Brewn and 31d1ey, the volume diffusion theory of Hillert and the

principle of maximum ehtropy production and arrived at a value of M =

Y

2 5 . ' v -‘
00 ergs/cm~. This was regarded as a salutary recult since this value
carresponds to an incoherrnt interface and is consist at with the obser-

(80) , » e
that pearlite can change direction

vation-of Bolling and Richman
émooth1y wit?ﬂut»a‘chgngé in the spacing. . .
In final concﬁusion, the ayreersent.betwnen theory and experiment

for‘the pearlita growth process in fe-C appears to be good.

o
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T11.2 Te-C-X & TENS

The rigorcu treatient of the di‘ﬁusion equaticn, and Jhe thermo-
. \ . . . g1
_onamics for pearlite arowth an Fe-C-X systems is intract b 2. olze'”
invesyiguted the problem for the volume diff.sion mo.>l scas to accomwo-
date a wide range of constitution: and ternary interacltiors. Unfortunately,
he was only able to obtain a‘trbctv[le and transpavent :su’% for vatner
oy . cos . L 182) e
unrealistic physical conditions. Hille-t has recent’ treated tne
problem of ternary eutectoid growth for a grou> of ternacy wodeis (ot
solutes moving v:a volure Jdiffision, botn vie osoundary diffusion and one
via boundary und the other via voluiae diffusion). Tne author, rowover,
Mmace 1 attempt to. relate his selutions explicitly to real or scheztic
ehase diagrans, making even a qualitative relative appraisal difiicuit.
In the casc of pearlite orowth with no partitioning of the aiiu; g
element, X, 'the solutions for the binary Fe-C system with an appropriate
modification of the drevirg, torce can be.used (see a detailed discus<ion

(15)

1n‘Chapter ﬁv}. Puls and Kirkaldy l.vé qualitatively explained the
growth rates of peartite in the Fe-C-Mn andvtﬁe Fe-C-Ni svsomns in thas
manner. In the case where the alloying element pariitions, the oiff sion
of carbon as well as the a]]oyihd element must be talen intu a3 count.
Since the partitioning reaction takes place at higherktemperalurﬁb, Larbon
»NOSL probably diffuses through the vo1ﬁme. However, to obtiin the growth
rates -encountered in the experinents we must at fhe same time assume that.
the alloying element d%foSﬂs through the bogndaryf’ Kﬁ?ka]dy(6> has semi-
émpiriqal]y Loken this into account by combining the voﬂume diffusion for

carbon and tne boundary diffugion for the alioying elements via a heat

transfer analogy. HMore discussion of the growth bf pearlite in fe-C-X
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CHAPTER 1V

THERINDYALTC AHD KIHETIC CONSIDERATIUNS PEQTAINIHG
TO T PARTITIOHILG OF ALLOY UG ELLMFATS DURING THE -
DECOMPOSITION (i AUSTERITE

V.1 INTRODLCTIuN

™

© The behaviour of th- alloying elements during the austenite
decompdsition reactions has been the subject Qf extensive theoretical

and experimental investigation. In Fe-C-X systems, where X is a substitu-
tional alloying element. carbon volume diffusion is much faste than the
diffusion of 11loying elements. Under such conditions the di fusion-
cgntrolled austenite decouposition réactions can take place in one of

ctwo ways. In the first case the alloying element is partitioned between
the parent (austenite) phasc and che product phase (or phases). ‘e will
cail such a reaction a partitioning reaction. In this ase tﬁe reaction
is slowed down c0nsideranyAbecause of the relitively slow diffusion of
the alloying element involved. In ihe second case, the alloying undergoes
no lTong range di{fusion and'the rat16 of the a]loying’element td irun
remaing Lhe same in«the product phase (6r rhases) -as in the parent phase.
The reaction in this case 15 controlted by the diffusion of carbon. An
alloying element affects (hv'reuutﬁon Kinctics only through its thermo-
dyrmamic in"Tuencs on the driving force for the yveaction. We will call

such a re | ticn a no-partition reactin In geneval, the partitioning

b
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*

¥
£ .
reaction must take place at low supersaturations while the no-partitioning
reaction can teke place at nhigh supersaturations. The actual temporature
of tﬁe partiition - mo-partition t-unsition, if it exis's, depends cn the

alloy system and composition.



Iv.2 kX“EAIHEHTn.' oGSy T FOR THE PARTIO OGN - HO-PARTITION TRAHSITION

In tie Titerature there is Lon,1dercnle evldence for a partition -

(63

no—part1'|on transition. Bouma in 1946 reported that zero par:ition

of molybdoﬁum Was detected duriny the format1on of pro-cutectoid fe. ite
1n a nymber o1 Fe-C-lfo a]Toyf *ran\formed between 6L0° oad %50°C. Aaronson
and Don1an(58) have recently studied the partition of the alisying elenents
beSween aqstenitn and p;o- u'ec .0id ferrite (or baiite) in a number f
fe-C-X systems. They detec'ed zero partition of /[ thwcer the austeni‘o

and the pro-eutectoid fer :te during the initial s 'gos of teensformation

s

at every temperature studied in the;case of $i, "o, A1, Cr and Cu steals.
However, they ohserved partitioning of X between Ust_uite and pro-eutectoid

ferrite at temperatures above an-individually charactevistic critical

(84) d

temperature in Mn, Ni and Pt steels. Purdy et al. have studied the

pro-cutectoid ferrit® rcaction in a number of Fe-C-Mn alloys and fouwnd zero

I’y

cpartitioning ot Mn at high supersatucations, while there was definite
- »

evidence of partitioning at low supersaﬁurations. If the reaction 1n the
high sipersaturation, no-pertition region is allu.ad to procee! for long

-y

times, the «1lnying eleiient will eventually partition towards the thermo-

. . L
dynamic cqailibriwn va ucs. This has bgen studied by Gi‘mour et a].(ds)i

in the Fo-C-M system and by Sharma and Kxéxalﬁy(Bﬁ) in the fg-C-Ni system
for tie pro-eutecﬁoid ferrite }eaution.

The paxt1tl]n1ng of the alloying e]eme“ts during the pearlite
reactlon is a much nove d1ff1ru1t problem to study experiment\Ily. Firstly,-
bLCduSL of tihe very ma]] pearlx,a spacxng, the eiectron m1cropr be cannhot:
be.used nd the m-tnod u» e tratL.aw and chemica) ana1)s1s of carb1des is

affected by the partitioning between fe-rite and cementlte behifd the



X

‘transfoxm1ng lnterface, whlch necessarily 1eads to a deviation from the

PSS et

' amount of part1t1on1ng that occurred at the reactlon front Nonetheless,

.‘,qu1te a féw attempts have been made to studv part1t1on1ng dur1ng the

-

pearllte react1on Bowman(]8) ohserved part1t1on1n( of o between

f ferrnte and cenent1te 1n pear11te formed in Fe- C-do a11oyJ down to 600° C

(16) observed that Mn part1t10ns between the ferr}te

P1ck1es1mer et al.
and cement1te dur1ng the pearl1te reactmon in an Fe-C-Mn alloy at low,
supersaturat1ons but not at high supersaturat1ons.‘ However, they were
unab1e to accurately dete ning the part10n - no-partition tran- 1t1on tem—

perature. Recent]y, Razik et al. (]7 19) have studied the nart1t onwng of

‘

Mn and Ci durigg,the pearlite reaction usingfthe analytic e]éctron—mieroseope

EMMA-4." In both cases they ubserved,partitioning at low supersatbratiodé

T

apd Zero partitionfng”ﬁi‘high supeksatunatﬁoné, Lhese appear to' be

.

.the most reliable results on the pdrtitionihg of alloying eTements'dufing

the pearlite reaction rebdrted_in‘iiteﬁatgre thus “far.

s - >
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IV.3 " THEORETICAL 1NTL°PRLTA|IOH

The probTem pfvpattitioﬁing"of dl}oying eltenents during the

. s . ) . . . 4
austenite to ferrite (or cementite) transformation-has been extensively

g ' : : ' studied theoreiica]]y Hu]tgren in 1951(87) first squésfeﬁ that ‘two

? . types of Ferr1te Lou1d form durwng the 1sotherma1 dmcompos1* on of

g < . austenite in alloy steels. He mnoted that at re]at1Ve}y Tow supersatura-
é‘ tions the Kinetics of tragsformat1onfw¢re s Tow while at higher suneraatu—"
% | rations they were much faster and tha the high andhlow supeﬁsatura:ion

+ “data could in many cases be represented by separate C-curves on, the TTT

)

diagrams. He.proposed; therefbre,'that.at Tow supprséturatidns the ..

interface 1s in local equ111br1um and the transformation’ required the

equ111br1um redistr1but1on of the alloying e1ementc THe ferrite produced

under such cond1t1ons vas cai]ed orthoferr1te by Hu1tgren At Tow tempera-

e ‘ tures, i.e. y high supersaturatlons, the’ s]ow d1ffus1ng alloylng elements
cou1d.not redistribute and thus’ the transfopmat1oq would procced under

carbon diffysion control, phecip%tqting the.%e%rite of the ggme alloying

" content as’ the éustenité.' He called this non—equi11brium produqt,-part-‘
“ferrite. Since this early work of Hu]pgren;itkhas been foUnd'tWai the

double C-curve does not necessarily imply fhat the é1loyiﬁg element éérti-"

t1ons in the reg1on of the upper C- curve (88) Other reasons for the. doubﬂe

'C curve (or the 'bay in the gycurve) found in certain a]]oy systems have .

been suggested(9 69 88) but we‘W111 not go into the detaw]s here. ' However, -

the genera1 conc]us1on of Hu‘toxpn that.dur1ng Lhe pro eutect01d ferrite

react1on the a11oy'no 91umentJ par 1on at re1at1va1y 1ov supeusaturat10n;

i K andﬂuﬂ:at hwgher supersatur(tlons remains vglwa

. [ ‘e
. .
. B - . » . N
. D N 3 . . N ‘ . .
' [ ' . . .
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HiTert(89)

and Rudberg‘go) haye discussed'the position of the
para-equilibrium phase bdundaries in ternary, Fe-C-X a]foy»systems in:
more detail. H111ert(69) has shown that the. para- equ111br1um phase
boundaries can be ca]cu]ated from a kngwledge of the free energy surfaces.
.A true para—equ1]1br1um t1e—11ne must satisfy the cr1ter1on that the
chemtcal potent1a1 of the high mobility e]ement (carbon) must be the’

same in both of phases (austenite and ferr1te) Nh11e the ratio of the

a110y1ng element to -iron rema1ns constant in both phases

g | |
(—é— = —é—). The para-equilibrium boundaries must lie within the thermo-
S Xe X ) ' : :
fFe Fe

(55) and Sharma and

dynam1ca]1y stable twd\phase-field ‘Gilmou; et al.
K1rka1dy(86) have calculated 'such para- equ111br1um boundartes for the.

- Fe- C Mn and the Fe-C-Ni system from basic thermodynamtc data ~Such calcu-
" Tations for the Fe-C- Cr system W11] be considered later 1n this chapter.

A schematlc.representatnon of para-equ111br1um boundarles is shown in .

~

- figure (22). | e T

\

Another way in- which a no- part1t1on react1on can take pTace is i

' '-ca11ed the Tocal equ111br1um no- parttt1on cond1t1on This has. been des-

cribed by K1rka1dy,(9]) Hl]]ert(ﬁg) and ‘'others. Under this condition the -
’ -

prec1p1tat1ng phase dur1ng a diffusion contro]]ed transformatlon in a’

" Fe-C- X~alloy, may haVe suBstant1a1]y‘the same.- a110y1ng e]ement compos1t1on
as the or1g1na1 austen1te phase and st111 ma1nta1n a comp]ete chem1ca1
'equ1]1br1um at the 1nterface K1r§a1dy(9 ) pub11shed sotutions to the f

d1ffus1on equattdns for’ transfogmat1ons in ternary a]Toys assum1ng ]oca]
equ111br1um at,the interface. Purdy et al. (84
, l

- of the,d1ffusvon equat1ons Ior the Fe~C Mn system to show that at 1ow

\2&

co .
S : \

:

extended these" so]uttons '“‘i
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.

super§aturations these so}htions predicf ma iganesn part:iion and low

growth rates'due.to mauoanese diffusion contro1, whilehot highet suoer-
saooratioas tro manganese need not partition and the transformation .would
be controlled by carbou d1ffusion. The positioﬁ o% this ]ocai equi]ibriomA

partition - ﬂé plltTt’“ﬂ boundary in the ternarj Fe-C-X phase diagram,

(69) (58> (:oa'ces(92 93) and

has been further consid red by Hillert, G1 limour,

./

others.  The constiruction of such-a boundary is schematica1]y shown in

figure (23). The 1ntersect1on of the carbon component ray (—¥7—= constant

4

_line) from the ferrite end of a tie-line in the_stable u*y two phase field
~and the extrapolation of the curbon iso-activity line in austenite from
the austenite end of the tie~-line define a point on the paﬁtitﬁon - n0+parti—'

tion boundory. The locus of éuoh points divides thc two phase (cty) region _
into partition nqd_no—paou;tion reojons. Figure (24,, taken from Giimour*s(38)
thesis, shows the concent}ation profiles during'the diffusion itransrormation,
y ~ a, in the Fe:CiHn system in the low and h%gh éupersoturation regfons;

In .the ﬁ?gh supersaturation no-partition range, the ‘two no-partition
-L‘ N

»

condjt1m~ described above cou]d e 1st. 'nich of th2se two possible condi-

tions éctua]1y ope)ute und unde% wiat cirCUmstancos has not been comp1ete1y

determined. Ho:ever, the problem ras been d1scussod by H111ert,(69)

(38)

Gi]mour and Coates. (92,93) “The local equaiibrium model, in genér&],

| 2]ooks wore attract1ve becauso it postulates a thﬂrmodvnamlc Lqu111br1um
across the 1nterface where the mob11lty of atoms in genoral, is much higher

than 1n the bulk. However, at h1gh reaction rates or very carly times the

S

‘a11oying e]ement‘dqffus1on prof11e (sp1ke) width in frOnt of. the growing

‘1nterface ca]cu]ated accordlng to the! 1oca1 equ111br1un mode approaches

L (38 92, 93)”

atom1c d1men510ns or 1ess In such a case the local equ1‘|br1um
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i, R .
s AR

H
.

model becomes amblguous, so the reactlon May proceed under these cond1—

5

tion. accurding_to the para-equilibrium model. Figure (25), taken f.om

Gilmour's thesis, schcmaﬁica]1y shows the possible operative reg?uns for

B B U VR
¥ P

the various conditions. In genera] the transnt1on between a para-eauili--

AR

br1um ard a local equ111br1um no-partition cond1t1on should depend on the
(92,93)

FR

Y
¥

precipitation size (i.e., the time of reaction) and the supersaturation.

gt

The above disc&ssion,summariseé the present state of theoret  al '

development of the partitioning problem. The same discussioﬁlhldo‘applies'

to ‘the dusienite - ¢ementite transformation.

. In the rest of this chapteF;.the thermodynamic . rediciions of the |
para-equi]ibr%um‘and local egui]ibﬁium no-partition bJundaries for the
Fe-C-Cr system [or austen1te + ferrite and austen1tL - cementite transfor-

mat1ons are given, fo]]owed by a genera] discussion of the partitioning

problem in the pear11te reaction in the Fe-C—?r-system.




59

Iv.4 CALULATT@{ OF THE PARA-EQUILIBRIUM BOLNDARLTS-IN Fe-C-Cr

The thermodynamic conditions defining para-equilibrium for

aus-enite - .err]te as discussed in the previous section, are given by:

G =G : o ‘ (1v.7)

- FO L Y Y Y EY : (.2
XpeBre * ¥C By = Xrelfe * X CCr (1v.2)
and - . . . .
X2 XY . .
e . —%9 = constant . (Iv.3)
_XCr Xer o '

A1 symbols and numerical values are %? defined in Chapter II. By

“substituting for the partial molar quar.tities. in. the above equations,'we

got: 3
e expla=(062-06Y ) % 1 .(‘ VYT ) w2l )] (1 a)
Y yy | CPWTY ¢ e T RT ctr'3 'eier cv "
C C " .
1-vY '
C o & Oy v .
RRCIE eXp[RT(YFe( Bfe~ Gfe) * Yol "Bg,-"6E)) .
- C ) . . . . ‘
T (- SUPR O SR N (O L0 IR S
RT? Fe Cr FeCr™ “FeCr cvy ' ¢ ‘ ALEe !
and ) /
AR .
ze v e | constant’ _ (Iv.6)
YCY‘ YCr Y t A ~

Cr ’ . \ ' ~
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Equations (IV.4)‘to.(IV.G) >re solved for a number of given
YCr/YFe ratins to give the para equ111br1um two phase field, atys for
a given temperature. by comput~r iteration. The res u]ts/of SUCh ca]cu]a—”
tions for 750° and 770°C arc shown in figures (26) and (L7), respectively.

For austenii« - cementite the tnermpdynamic conditionc defining -

pdra-equi]ibrium are:

—;'Y "Y ]_ “"Y - r .
YeaBre * Yerbor ¥ 3 G AG(FeCr)C]/q . - (v.7)
and
Xy Xcm ) .
Fe _ . ’
—;5-: ~g; = contant . . - (Iv.8)
KX ‘ S _ .

ATl symbols and nuwn)wca1 values are again ‘as defined in Chapter I1.

Substitutimg .or the part:a] malar quant1t1es and for t!a free_energy of

formation of (nefr)C]/3 in.the aone éqqations-we'ée;:

a

. 1/Q w2/3 . p 0.y
( O1750¥D2 = explig(¥p 2%l +p0%6e )
- 173 ! 1/3
1 Y 2
+‘RT‘YPe Cr(Acm Lﬁeg\) * LCV(3 - (¥ L)
] T - T [ 1;
e T3 Lecr Cr)] s BRLARRY
and
e Y v ' .
te . -{%-? & 2 constant - - . (Iv.10) -
yX oy 4 :

¢r .'Cr Cr



.

Equation (IV.9) is solved for Y

C
of YFe/YCr’ generating a para-equilibrium v/ (y+tcm) phase boundary.

for a <2ries. of given values

Redults for 750° and 770°C are shown in figures'(ZG) and (27), respectively. .

-

.
i
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IV.5 CALCULATION OF THE LOCAL EQUILICRIUM NO-PARTITIUH BCUHDARIES. IN Fe C-Cr

The local equilibrium no-partition boundary s calculated from

the intersection of the isoactivity line of carlon in austenite fiom
. . | Xe. ’
the austenite . nd 0F the tie-line and the carbon comporent ray (Yﬁg =
. Lr

constant) from the ferrite (or cementite) .erd of the tic-line as shown

in figure (23). lathematically, the local equi]ibrium'no—partition

boundary ceiditions can be written as follows

X Yyn , ' ‘ Yy
RTIn =l e vy Yoy ey Oy Y 2l vY (1va)
ol T Terteer T ov'e Ty Crocer T SRevTe BTTH
C . C . '
and ) ' _ ~
+N « )
YUy : : .
-g-;‘i = XL for a-y equilibriun L (1V.12)
Yre  Tre ‘ .
or .
W cm
Ytr _\Cr . " ’ .
=0T Tan for y-cm cquil brium (IV.13)
Y- Y

Fe Fe

where Yzﬁ, YEN and Y?N are the Tocul equilibrium no-partition bounda y

concentrations Snd Ygr, Y%e’ YEP,~YFG, YE are the cquilibrium tie-1ine
concentrations in th?-(a+y) field and YE?,’Yﬁz, Ygr, YE are the equilibyium
tie-line concentrations in the (\;cm) field. Once the equilibrium tfe—]ﬁnés
are known, equatibn (;V.)])-cén be readily solved for tﬁe local equilibrium
ﬁogpg;iition Soundar&. This calculation has been carred out for the a-y
and the y-cm equ%linrium and the YEbUJtS'fOY'7500 and f?O“C‘afe'showﬁ in

figures-(26) and (27), respCL1fvelyl
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[V.6 PARTITIOLIHG DURLLTCTVE PLARLITE REACTION

In the preceding sections of this chapter we nave calculated
the para-eouilivriun and local ~quilibrium no-partition boundaries for
the pkanar pr:cipitation of ferrite and cementite. Figure (28) scheme.i-

cally shows the general regions of partition, no-partition reactiorc in

the Fe-C-Cr system in the range where the pearlite reaction, y-u'Cu., 13

feasible. A para-equilibrium or localrequilibrium ne-partition eutectoid
point on such a diagram can easily be defined as shown in figure (27).

The variation of these eutectoid points with chromium content are shown

in figure (29). It is segen from figure (29) that the para~equilibr ium

and local equilibrium no-partition eutectoid temperatures are not onlv
lower than the equilibrium cutectoid temperaturé, as wou]d:be oxpciLid.

but a%é also lower than thé binary Fe-C eutectoid temperature and »
decrease  as the chromium content inc eas€ .. For a given <hromium content
the local equilibrium r.o-partition eutectoid temperature is lower than the
para—onqi%{brium euteqtoid tenperature., Heﬁce a completely carbon contro]ied
pea?]ite reaction in an Fe-C-Cr alloy would be slower gﬁan in the binary
Fe-C alloy. It would be even slower for th: local equilibriun ho-partj:ion
condition than for the pira—equjlibrium condition and is further retarded
with increasing chﬂom{um content. The eutectoid carbon content for ﬁo~
bartitioﬁ reac.iuns lies close Lo” the biﬁary'Fe—C eutectoid composition and
incréases-s]ow]y with‘increasing chromium content (tigure (29)), whereas’
the eavtlibrium eutectoid carbon composition decreases as the éhr~mium
content iacreases.

For the pearlite reaction.under para-equilibrium or local equili-

brium no-partition conditions, the kinetics will be controlled by “the .
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diffusion of carbon and cen be obtained from equation ([11.22) for the
volume diffusion wodel and cquation (111.26) for the borndary diffusion

in these eyuations will be

. ¢ Cm
model. Howeve:, the values for Cz‘ and Cg

modified by fhe chromium ¢ontent of vhe alloy as discussed in the

9
«

previous sections of this chapter.

In region C of figure (28) partitioning of chro“idm 15 inerpo-
dynamically required for the prec{pitation of o as well as cm, s0 *the
same can be said for the'pear1ite reaction, ,-vtcm. In region A,d‘and cin
can both precipitate without pqrtii1oning and hence che pearlite reacion,
yratcm, can thermodynamically proceed wifhout the partitioniag of chr-wium.
In the region . only one of the two phases (« ov cm) requires the parii-
tinning of the a]ioy1ng elenené. In tﬁis casc wo possibilities exist.
Sinc: tam kiretics of the nou-wartition reaction are.much faster than the
partit:oning reaction, tﬂe wnase which requires né-partiéioning can preci-
pitate first and grow until ﬁhe*matfix compdsition shifts into region A or C
‘and then 'the pearlite reactiun can start accordingly. The othér-possibi?éty
is that the capillarity effects .during the pearlite rcaction modify ihe
pﬁase diagram in chh a waye that the a11oy.faTTs*i; régipn A or ¢ and the
pearlite reaction aga.n tales place accordingly. “in eithér case a carbon
component ray (§%§-= constant) passing through the no-partition eutectoid
' point would divide the pearlite reag}ioﬁlregion into regions vhere pdarti-
tioning is requi:ed and where no-partition is theﬁnpdynamica]]y feasihlé.
Since genera]]& in practfco no primary ferrite or‘éeménpite is observed in

alloys in the B regions, the second. possibility seems to be operative.

.-

In the temgévature range where the partditioning of the alloying

~
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element takes place the-.pearlite reaytion may be assumed to be‘contro}]ed
by diffusion of the alloying element. Since car''on diffuses wuch faster
than the alloying elemwnt %t can be inferred that the carbon activity in ‘
front of the pearlite growth front is unifoim. At the same tine th
diffusion path of the alloying element must be through the pearlite-
austenite interface (boundary diffusion cbntro]) since the volume dif usion
coefficient for substituticnal elements at thusc temperatures is vanish-
ingly smé]l. |
wa,assuming lTocal equi]ibpium at the interface and a steady sta'e
pearlite growth (i.e., tne average composition in the pearlite is the same
as in 'the origiral a]lo}), the interfahe‘compositions for a fﬁat.interface
condition and consistentfwith the above description can be obtained by
the construction shown in figure (30). In figure (30) point 0 is the ai1ox
composition, points a and d the compositions in the.ferrite~énd cenentite
phases, respectively, ab and ¢d are the tie-lines .describing the ferrite-
aystenite and cementite-austenite iﬁterface conpositions, regﬂettive]y, N

[y

and the line going through b and ¢ is the carbon isoactivity line ahead

N

, . . . g e ) A\
of the pearlite-austenite interface. The carbon isoactivity line in,general, °

may not go through point 0 (i;e.,.tne original composition of the alloy).
Tue difféience is éqqommodated by the capillarity effect. The_drﬁviné
force for the boundary‘djfiusion of the ii]oying element will then be
proportional to (C;°-C§CW) where C}“ 1s‘the concentration of X in austenite

~ . cm

at the -y interface (pdint b in figure (30)) and Ty is the concentration

of X in _the austenite al the y-cm interfpce (point ¢ in figure (30)). The

growth rate of pearlite under theiboundéry diffpsjon control of the alloy-
ing element can than be writtc1; fotlowing “11}ert(]]’69) LSecfion IiI.l,
. . &

[
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Chapter 111V, as:

.

| 2 (e, s '
vie tak ol 0 2o AL , » (1v.14)
s'sh T s

where K is the boundury segregation coefficient for X, § is the boundary
thickness, t& is.the avéragc conmosition of X in pearlite and other terms

are as defined previous}y in Crapter ITI. The term CX pxists in the
denominator in equation ('V.1!), and not’ aterm of the form (CiT—C;)

as 16 the éase of carbon boundary diffusion control of thg pearf te reaction,
because in the eutectoid rcact’on in Fe-C-X system the major component

wﬁich determines she nature of the veaction {i.e., ?hnleutectoid) is carbon

whor2as X only moaifies the thermodynamics of thi: reaction. Equation

(IV.14) is similar to the onc used by_Kirk§1dy(6) and gives the correct

_binarv limit as X goecs to zero.

The conceniration of the alloying element- in ferrite and cementite
(i.0., the partit¥o1ing of X} is obtained from points a and d in figure
(30){ respectively. However, these concentrations are modified by the’

capillarity eifect.



CHAPTER V

, X .
THE PEARLITE REACTIDN IN THC Fe-C-Cr SYSTEM

V.1 INTRODUCT ION

A kﬁow1edge of the kinetics of the pearlite rFactipn 1s.of great
importance for fhe understanding of the hardenability of steels. The
role of alloying elemenls during the -pearlite reaction has been the . /
subject of nunierous experrimental as well as thecretical studies. ;

A1l the common alloying elements in steels, with the*possiblé//
exception“of cobalt, are known to retard Ehe pearlite reaction. Thq/"
theory of pearlite reaction for‘binary Fe-C alloys has been wel]Je;éa—'
é ’ blished (Chaptér I1I). However, the effect of the al]oying'e1emeﬁts on

<

the pearlite reaction is theoretiéalﬁy tess understood. The atxempts by

H%]lert(S?)land.by;Bo]ze(B]) to develop a fheorj for the eufeqioiu reaction

Rt 2

in ternary sysiems have not been very successful, o
This-part of the present work was undertaken to experimentally

exar.ine the growih. process of pedrlite in the Fe-C-Cr system,-to investi-

gate the partitioning'of chrdmium between ferrite and cementite during

the peariite reaction and to relate itgto'phé thermodyhamics of the -

/

Fe-C-Cr.system. ' . T o

Unfﬁrfunaté]y, our attempts'to experimenta]jy‘determine the ~
. . . .
partitioning of chromium did net succeed. In this chapter the arowth rate

and pearlite spacing-measurements.on a nuwber of Fe-C-Cr alloys are

-

~
’
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discussed and the data on the part1t1on1ng of chromium during the pear]1te

reactlon pub11shed tgg%nt]y by- Raz1k et a] (1 ),IS ana]ysed in terms of

the thermodynam1cs of the "Fe-C-Cr system and the genera] d1scu551on on the

theory of oear]1te react10n presented in preV1ous chapters- _ ‘ ‘,7-\~,)

LY
.
' '
»
r
°©
Q'.
-
. .
~
. Y
A
1Y -
'
L
.
.
'
atl
~
')
.l
.
wy .
- . B
- L
?
»
t. &
* .
3
¥
- . ¢
r ’
0 A.
v < -
*
] N .
» - '/"‘
’ «
~ = . - !
[ - ’,
.
" -
v
’ b
. - L] ™~
» g -
~ .
~
. « ° - g e o o
o . 3 v,
~ d »
¥ ¥ » f [}
3 H ‘ .
.
o i . .
~2 L s 3



positions are given in table (11).
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V.2 EXPERINENTAL PROCEDURE

(a) Prepdration of Hagpria1

Three Fe-C-Cr a11oys with nominal chromium contents of 0.5, 1 and

2 percent were chosen to investigate the influence of chromium on the

" growth proceés of pear]ite. The wethod for the preparation of the alloys

was similar -to the one describedain Chdpter'II. The analysed alloy com-

(b) Isothermal. Experiments

. For the puar]ité trahoforméfﬁon experiments samples épphpximate}y
0.5 mm thiek and 1 em X 2:0 cn in area were avstenitisud at 950°C for
half an hour in a‘;a1t'5ath and thch.trgnsferred‘to a lead bath at the
requwred trausfozwat1on temp. -ature. At each téméer~turc 51X sdmp]eé were
treated for different t1mes and then quenuhed 1nto water. Despite ndrma]

precautions, surface decarburisation of some samples was détected% ' To

.. solve this problem the sanples were bTéted with copper by dipping the '

c]eaned samples in a slightly acidic copper §u1phate.solution., This éa;e.
an adherent cepper fiim on the surface and no further decarburlsat1on
“accurred. For the times - and the : temperatures of haat treatmunt
tie d1ffus1on of copper into, the sample was ca1cu1ated to be 1nsmgn1f1cant
and hence wou]d have no effect on the transformat1on k1net1cs These

parpxal.y Lransformed samp]es~w¢re meta1logfaph1cal1y anﬂ]ysed “for growth

rates. and interlamellar prarlite spacings. .

(c) Neasurement of the Growth Rates

[ ]

[

.

. The slmp1ﬂ9t and the most cq@non method for determ1n1ng‘the growth '

rates of;pear]wtc is from nieasurements “of the largest un1mp1nged nodule

'
4
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diameter observed in a sample afief a given reaction time. The growtﬁ
rate is obtained by plotting the radius of such a nodule as a function
of time, the slope giving the growth rate.

Another method of obtaining the average growtﬁ rate of pearlite

. is -outdined by Cahn andiiage].(94) The average growth rate, v, is defined
. é: > .

by:

v = 4_dX .

YT RCdt (Y'”
where Af is the .Tree pear11te ‘surface area, X is the volume fract1on
transformﬂd and ¢ is time. %i is obtained from the relation:

X =.U—x)]n(}:£(1'x)) com ‘ ) R . s (VZ)

t

'where m is the s]ope of a 1og[Tn(Tl—)] vs ,0g(t) curve. -The free pearlite

surface area, Af, is def1ned as the matrs x/pear]1te 1nterface not yet

1mo1nged vith ‘other pear11te nodules and thevefore assumed to be free 'to

The third method for'measuring'the gfowth rate of pearlite has

been deve10ped by . oodnead aftar the 1deas of Scheil and Lange-Weise. (95)

&

It involves the determ1nat1on of the size d1str1bue1on of the pearlite

_nodu]es in edch specimen using a Ze1ss particle analyser. Regentely,

(96)

Bramfitt and‘Maéder have measuired the pearlite growth rates accurately

using a_hot—stage microscopic technique.

(97) used the f1rst three methods to determ1ne

Brown and Ridley
the pear11te growtn rates in the same samp]es and found that all three
methods y1e1ded resu]ts in good agreement with each other

In our 1nvest1gat1on, we fo]lowed the first method for the most

part. . The* samp]es were polished qad etched and the measunement of the



71

-~

largest un1mp1ngeu nodule d1ameter (or rad1uo),was carried out on an. ~

optical microscope mounted with a measuring eyep1ece Figure '(31) shows
typical micrographs for one isotherma] experiment. The second method of

{94)

Cahn and Hagel was also used for the 2% Cr alloy. The volume fraction
and the free pearlite surface area were weasured using the automatic imaye

analyser at the Steel Company of Canada Research Laporator%es, Hémi]tqn.

The results of the grewth rates by this.method were in good agreement with

those obtained by the firet methou. Onlv the first method was used for

4

_the other alloys. In some cases the pearlite nuclected at_the_free'surface

and grew inwards, parﬁicu1ur]y aﬁ Tower temperaturee. The growth rates in
these sample9 were measured by deeermining the width of this surface
pear]ife‘as a function of time Figure {(32) shows typical m1crographs of
such sampies. The resu1us of the' e méasurements we 2 repeated and confirmed

by the first method in some cases.

(d) Measuremant of the Interlamellar Spacine
The most'conmon and the most reliable and cdnsistent approach em-

p1oyed in determ1n1ng the interlamellar pearl1te spacing is. to measure the

(15,97) (98)

average sma1]est spac1ng in & specimen. _ Other iethods to arrive

at the “true‘%minimum spacing have becn tried without much success. It is,

therefore, genera1]y agréed that the average minimum spacing is the most

reliable and consistent “In this investigation the fo]]owing procedure wae

-~

adopted to obta1n the average minimum 1nter1amc1]ar spac1ngs
Go]d-shadow 4 carbon rep11cas of the pO]lShed and etched samples

were prepered by the conventiona1 method. Before mounting the rep]icas in

the e]ectron microséope 1atex spheres of 0.48] u dwameter 51ze were sprayed

onto tha rep]wcas for reference A nunber of electron- mlcrographs (20 to
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25 for each sampie) were taken of the areas where the $pacing seempd'to:

. - ’ . M » 0 . -
be mintmum by visual.examined.. Then the average minimum spacing was

obtained by careful measurenicnts on the enlarged micrographs. Tne image

of the latex spheres was used as a standard. Figure (33) shows typical «.

,electron micrographs.

(e) Partitioning Measurements ) , .

.« 'The measurement of the partiticning of the alloying element between
cementite and ferrite during the peartite reaction is rendered difficult

for two main reasous:” (1) . The spucing netween the cementite and the

ferrite is submicron in dimension-so the conventional microprobe technique

cannot be usad to resolve the cvncentration’diﬁferénce between these phaseas

‘because the X-ray excitatiun volume in the conventicnal microhnwbe tech-

nique is of the onder of a few microns. (2) A]so for the same'reason

of submicron interlamellar spac1ng ® substantial part1t1on1ng of the
alloying elment towards equ111br1um takes place behind the grow1ng pearlite-
aus tenite 1nterfaue during the 1soterma1 treatment and hence carb1d°
extraction and .analysis would give results which cannot be easily related
io the growth procebs. | .

(]7 ? ) studied the part1t1on1ng of manganese

®

and chromium dur1ng the pear]1te react10n 1n the ana]ytlc elec tron mlcro-,

Recently ?az1k et a]

scnpe EMMA-4, using thin film specimens. Th1§ electron mmcroscope is

adaptéd’ w1th a probe forming minj-lens and X -ray deLectlon oqu1pmont A

probe_sxze of 0.0 -1 d1ameter was obtainéd wh1ch is also the effect1ve N
diameték‘of th= beanrbecause.of.the th1nfspec1men condition. The meqsure—

ments for partitioning were carried ont'near the pearlite-austenite inter-

'face, thus avoiding errors dug to post-diffusion. . o

) . - . N -
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We did not have this facility available at McMaster University.
~. The Philips EM300 electron miroscope attaghed w{th the EDAY system
des¢ribed in Chapter 11 was capable of a minimum probe si.e of 0.3—0;5{5
which is insufficient tc resolve the concen;ration differehces(between
¥cement1te ard Territe. e decided, therefure, to try carbice extraction
replicas instead of thin films. The carbon extraction replicas” of
partially transformed samples yere prepared by the method dcscrihed by

‘ (99)

Booker and Horbury. The samples vere polished and lightly etched
with 200 nital and "hen dipped din a 1% nitric aewd solution in ethancl for
times varying from ona half to two minutes. Thé optitmum time was arrived
at by tvial and'error. Immediately after thﬁs‘etch the specimeq'was
théroughi& rinsed with alcohol and dried it hot air: The etched‘suyfoce
wes then coated with’a thick co]]odion.filL. A ter ;ﬂn film was dry it

© was gfripped from the~sptc%men and a‘thin layer of carbon we- duUO%iTed

on it under Qacuum. The?col]ou1cn fiim vas then dissoived and 9 carnon
extraction reb1ica'was obtained. By th1s method aood farbon extra<t1on
replicas were obtained as shown in figure (?4).' ln this way'we SOtht to
analyse the chvomlum content of cementite near the edge of a pear11te
nodute using the Pb|.1ps F14300 electron n1croscope attached thh the EDAX
systeri.  Unfortunately, vepeated efiorts to obﬁaxn reJ1ab1e and consistent |
data by this-pethod d{d not stcceed.  The failure is due to either or

’

both of the following reasons

.

(i) Ther* is a]ways some X- ray s1gna1 produced from,the 1nuerna] siruc-

ture of "the mxcroaeope, particularly the sample ho]der For examp%e,

(100)

Berenbaum and Cammarano ohserved Ni and Cu ‘and sometimes Cr and Zn

characteristic X»rays,1n'a stmilar cet-up.



. e - ey = SN Ry WS Ty e B Ty -

74

In the ana]ogous,experimeh;s described in Chapter II to analyse
eqﬁilibrium~carbid§s the error due to Cr radiation.originating from the _
internal structure'of the electron microscope was found to be'within the
statistical scatter. This)was cénfirﬁéd by qpa]ysiné «m Da}ticles in )
phre fe-C alloy under simiiar coﬁditions. Thd§ result"as tc be expected
betause éf the relatively high Coynting rate o.tained from the high’
chromium cont:onts and the rel t1VQ1yiTErgé:size’of the carbide particles.

In -the analyses of the pearlite extractior r‘ephcac the cemontite

a

particles were wuch thinner and lower in Cr cantent than for the equilibrium

expcrinents and required a counting time of tern minutes or more to obtaiﬁ
a statistically sign{FicanEJ;Lmber of counts. In this case the.{r radia-.
tion cominy from the internal stfucturé of the imicroscopée poséd a:majoﬁ
problem. A bedr1ite extraction replica prepared frum a partially trans-

formed pure Fe-C alloy gave counts corresponding to chromium contents pf

anywhere from 0.5 to 5 curomium. No systematic correction for this error

~could be applied since the chromium counts for pure Fe-C pearlite varied

from position to position. We might have taken the minimum value from a
large number of measurements as being close to the actual value. However,

even this index had a large variation from sample to sample and could not
. ] : .

be relired upon, \ o :

(11) . The erroncous analysis could lie in the method of preparing the

(101)

extraction replicas themselves: Kirchnér and Steplienson, and Habrovec

(102? have reporied that during.the preparatioh of extrabtion replicas very
ma]] O partwc]es cen spontanuous1y de ompose or chamically react with the
etchant. In .checking th]S pos<1b111ty we found that our results d1d not

improve us1ng cold bromine and other etchants. ' L
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‘Thus*, "as already noted, the pactition of chromium during the
pearlite reaction could not be de‘ermined with the techniques available

to us. As an alternative, therefore, the meas'reggnts of the chremium

“partition obtained'bv'Razik et al.(19) will be discussed in the Tight of

‘the new thermodynamic and kinetic considerations discribed in Chapters 111 -

and IV, .

o
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V.3 RESULTS

(a) The G Grbwth'Ratéf
Tab]e (12) compares the gro'th rates obtained by the maximum
nodu]e dianater measurrmprt< and by the method of thn and Hagel(g ) for
.the 2% Cr alloy.” At higher temperatures the Cahn and Hagel me thod gave
Tow regﬂlts' This is because the automatic image ana]yser at the Steel

.

Company of Canoda used for the mpasur\mtnzs, measu:ed the whole of the
pearllté—martcnsgte (forn :rly austeq1te) }nterfacg area ¢ven though wome
of the interface was not an active g cuth Front‘(iae., graip boundary
’ ' hemispherical ﬁodu]us) ' This dtuction does nét exist at:1owér tempora-t
) . ‘ tures' The results obtained vy the two methods Jare qenera]]y in good
a rteant Only Mdaimuin-uodule diar :ter m«asurﬁmrnts wvaere used to deter—
P © mine the growth r~tes for the 5tneﬁ alloys:

Tables (12) .*o (14) ~ummarise tne.growth rate data obtained for

ati thrce experimental ailoys. The growth rates as a function of tempera-

ture dre plptted in figure (39) for all bf the alloys. Also included in

v Smetme . sa

figure (35) are the growth vate data for Fc C and ?é-1.3 wt%Cr-0.8 wt., C
aT1oys taken from other cumpar&b]e studics. As is seen from figuré (35)
. the maxinuwn in the growth rate of prarlite shifts to a lower rate and a °

higher temperature as- the chromium content of the steel {is increased,

thus demonstrating the retarding effect of chromium on the pearlite reaction.

(b) The Interlanellar Spacing

The {nterIame13ar spacine as a funnLioQ of‘tcmperathe is given -
in ﬁab]es'(1?) to (1 14) fgv all three experimental alloys. fhé rgc%procal
of'the 1ntcr1ame11ar Sphuing as 5 function of the tran;formgtiqn temperature

3




©

is plotted in figu{@ (36", The mean experimental curves for 0% Cr «nd

1.3% Cr alloys frym other sources are also included in.figure (36).

s

/7
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V.4 D.SCUSSIon

(a) The Growth Rat.g

have calculated growth

(i) High Supersaturation: Puls and Kirka]dy(15)

. N rates for the pearlite reaction in the Fe-C system éssﬂmihg carbon - volume

diffusion control. Their calculated values are in reaso ble qgreemént-

with ihe experimental values above-600°C. They obtained the fo]lowﬁng.

3(1,69)

expression for the pearlite velocity, v, based on iillert's ‘theory:

. Do '
v = 1,27 39»(C6G-Cgcm) cn/sec . (v.3)
- ” v ‘ . : .
where DC (cm®/sec) is tle cart n diffusion coefficient in austenite, S (cm)

-

. . . yem
is the interlamellar spacing and where Cé“ and Lg !

cuncentrations in austenit- ir equilibriuws with ferrite and cementite,

(wt % C) are. the carbon

e

respcctively., In the casc-of the Fe-C-Cr system without partitioning of

e o

chromium, i.e., either the para:éqni]ibrium or the local equilibrium
no-partition corditions, we ure justified in asswniig thal eguation' (V.3)
can still be uséy 1o calculate the pearﬂite grouth rates.  Figures (27)
to 740} shol the pqrd-equi]ibrium and tne lecal equ%librwum no-partition

hase diajrams for our three experinenta® alloys and the 1.3% Cr alloy
j }

(19)

used by Razik et al., calculaced A ording to the procedure described

.

b

in Chapter 1V, ug“ and Cgcm values thus calctlated are used in equation
- (V.3) to calculate the pearlite, growth.raotes. The diffusion coefficient

“of cavbon in-austenite. fi., was obta’sacd by oxtrapolating the data of
. - . . . .

’ Y B
Hells ct &1.(]0‘J.to the averen2 cardon concentration al the interface ¢

. - L 4
which was calcuiated .as

’l‘\\

A SL“_({CM)
> o S o
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K

and the S values ohtained from the experimen.s (figure (36)) were used.

The results of such calculations are shown in figares (41) to ’45)

along.with the gomparable calculations for the Fe-C (figure (41)) and the

Fe-1.3% Cr wTiay. (figure (44)). Also shown .in these diagrams are tie

v -

experimental growth rates. ‘ ' y
In the.case of the Fe-C alloys the calculated growth rates arc

lover than the exper imental values by a factor of about 2 (figure (41)).
Lo . "

This is the minimum discrepancy between the experimental val-es and the

-

volume wiffusion model calculationk that has been a.hicved to date. The

partial iwolvenent of boundary difiasion is thus not ruled out. Puls and
LY P
. 15 . L L ) . )
K1rka1dy(l ) have discussed this grobian in more dotail, lHere we nore only
tnat there is a rvesidaal discrepancy beteeen the avparirents and the voluie

diffusion calculations to be kept in nind chen mavang 51 ilar camporisens

-

for the other al]oys. - = "

For the Fe-C-Cr alloys, tigures (45, to (JBJ;Lthe expe tmental

-

valus Tor the grwoth rates at the lower ‘tamperatures Wre in general closer

to the local equilibriwg no-partition motel thon to the para-cquilibriw:

model. The exporimentar valuc,, as in the F -C case, are generally higher

by ¢ factor-ranging from 1 to 2.5. The growt’ rates calcula ed from the

para-equilibrium aodel are fortuitwusly closer to the vxpc%imtntal‘values
in the case of the Fe-0.4, Cr «lloy (tigure (4°)) belause of the rve:idual
discy§pan\y, but. are higher for all the othér alloys by a factor ranying
from 2.5 for fhe‘Fer! Cr allay to'about 15 for the Fe-2., Cr alloy. Thus

it can he coacluded that for all the alloys discussad above the pearlite

growth at Tow tempnyatﬁres-is sost probably governed by the Tocal equili-

brium no-partit-on condit.on.

®

¥
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(ii) Low Supersatdratioqf: At high temperatures, or low supe}satu}dtions, C
the pearliEe reaction must be accompanied:by the partipioning'of‘chromium‘
between cementite and férrite. The chromium nust therefore diffuse through,
the pearlite-austenite interface as the volume diffusion coéfficieﬁ£ of
chromium at these tempérafurestis vaﬁiShing]y‘small. Assumingﬁa uniform
carbon activity in auéteniteﬁin front on the pearlite-austenite interface,
the driving.force for chromiu@ boundary diffusion-controlled grthh can be -
calculated és discussed in Chap?er IV, section IV.6 (see also figure (30)).
>Figure (46) shows thé calculated values for the driving concentration
difference (CE?-CEﬁm) for the fourhslloys under discussion. The érdwth

rate acéording'io Hillert is given by equation (I1V.14), i.e.,

‘ 2 (CYe-cYEM) s
v = 1ok pB s S Cr fCr T 1y 0 (V.4)
T Cr. SQSB 'C' 'gz- S -
AN Cr , ) .
C oz s s _ 7 b
Taking = g-and SERT and S = 256, equation (V.4) becomes: .
B GG o
n r “Cr 1 .

_Cr . : - ' ¢
Since in this equation K and Dgr are experimentally unknown the

functional vaiidity of the equation mdst be checked as follows:

Rearranging equation (V.4) we get .
B. = v . Lo
K GDCr - CY&_cyem v (V.6)
‘Cr ,Cr ; ] . . < pe s
54[———5———] w L
- Cr S '

L v \ '
The left hand side of equation (V.6) is independent of the‘a1lgy.compositidn, !

-
' - -
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depending only on thn temperature., Fup;herugré, the ?emo:ru.urw dependence
of thc ]exl hand side shou]d be the ;ane @as that of Dg s1nce K and § can
be assum°d as a first anproxwmat1on ro be 1ndep°ndent of tcmperatur The

values of the right hand side of equarion {v. v) are ca]cu]ated for all the.

a1loys at temperatures above the.loca]‘oqul]ihrium nuc-partition transition

-
-

. = . oL Vo ¢ Al
temperatures. The experimental v and . values anc th (CY‘-Cfﬁ ) values ..

Cr

from figure (4¢) are used. The cal-ulations are suwnariced in tabl . (15) .
- ¥ . -

and plotted «s 1n(kaD ) vs '1/T in. figure (va. N

. <

The va'ues oV kSDCr’obtained from-such calculations, as seen from

tablc (15) and figur. (47), are app}okinately-constawt for a<§?Ven tempera-

~ture (within a factor or ¢) .as would be expec.ed if equation (V.4) were

valid. -From the slope and inteicept of the straight line in figyre (47),

4.

the following equaticn.is or .ained for (K&Jgr):

B 2 -'./- "8 ’ 40.\‘) \n) o
or - 7.5xT0 7 exn(- wF 3 e /shc

-

K3l (V.7)

C : . B L o ‘
This gives an activation e 2rgy for DEr of 40.3. cal/mole. o meosugements

of chromium diffusion exist in appropr.a*e phase buundaries, and furthermore,
there are ery few studizs on the grain boundary diffusion nf alleing eles

ments in iron. However, there are several studies on the qna1n boundary *

diffu31v" of iron in nubten1te and farrite.. A]] the.e stud1os, 1nc1ud1ng

ane on-chivwitm grain boundary diffusion in ferrite, have been sunmarised

(1_04)

by 1ridbérq et al. They found that the grain boundary diffusjon ’ .

gne'facj-.t of iron in austew:tc and in ferrite, as-well as the boundary’

diffusion woctficient of some a?&oying eYements in austeni te and/or Ferrwtp,

2

~can be described by @ single equation: L k L ;
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N : . L. . ) : \ . -~ s
R - ~..
coe ¢ - ) : . ° . . . N -\.'.
KDy = 5.4x107° exo(- I00) adpsec. . (v.¢)
- - : ‘\ : ' .

In v1ew\\f the limited temperature range covered by . our ar11ys1s (60°C),
the value of ﬂO 550 ca]/mo]e for the activation ‘energy for the,phase ”

;boundary d1f7us1on.or chrow1um derived f. o the pjsrllte growth data on. .

S
the bas1s of equae1on (V 4) is in reasonab]e agreewent wnth tre above
exprr1menta1 valao of 37, OOO ca]/mo]e( 04) (equation (V 8)). =~
M " Compar1ng equations (V. 7) 3hd ’V 8), the values of the Kngr

obtained from these equatians’ in the temperature ranee of. oun ana1yses are-
¢ : “

‘within a factor of 4 which is about the‘same\as the‘seatier in the experit
mental data from which equation (V.S) is obtained: Tﬁisy toéefheruwith
-the reasonavle value for the activation energy For chromium. bondary
d1ffus1on, teet1f1es to the broau validity of equat101 (v.4) for\pearlite

growth in Fe-C-X systems at 1ow supersaturat10ns where the a110y1ng element

, o ' 'mugt partition.

N

(b) Interlamellar Spacing h S . .

\

N\

In figure (36), the rec1pvoca1 1nterlame1]ar spacing is plotted
as a funct1on o7 temperature for 0, 0.4, 0. 9 1 3 and 1.8 percent chromium
‘ steels. The poincs lue c1¢se to stra1ght 11nes and are very near]y arallel.

3
. Cahn @nd Hage1(9a’ hoye sujgested that the plot of reciprocal spacing vs

temperaturé'shou]d shov a distinc% change "n slope in the vicinity of the

. Ltemperatire h:uré'the pa\rtitioning %f the alloying clement ceases. Interest-

ebserved in the preéeht study, nor has it.beéﬁ

ingly, no such change wa
' (17,19)

g ot < g ——gan ey

observed 1n previous studjes on - alloy pearlites.

- The intercept of theNgeciprocal spacing vs temperature line wi.h
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the tcimperature axis should bg the edtectoid iemperdture At th13 t=u,era-_
ture the spac1ng appPOthes 1nf1n1ty as there is no free energy ava113h1e '

for forming an interface between a.and crn  Eutectoid temperdtures' T

"obtained from.figure (36) have been used as an cxperimenta: verification

¢ for th> phase diagram~c'Leu1a£?ons in Chapter Il and.the agreemenc s w2ry

good (figure (11)). : B ' . :

Now we will consider the -1/S vs T relationship in more detail.

There are two interesting.features of this relationship which need to be

exb1ained. firstly, the 1/S vs T relé%fqnship fer the cnromium alloys are

approsimately straight 14nes and »how 10 chenge of slope near the partition
no-partition transition. §ecoﬂd1y the Tines fbr the éhromidm‘a]1oys are
early paral’ e‘ to the 1/S vs T straight line for the brnary Fe-C a]]oy

and do not cross to lower 1/5 valuas at h1'1 supeasaturat1on (1.e., Tow

,

temperatures) as mlgit be expected from the fact that the no- part1f10n

eu” octo1d temperatur' is lower than the eut’ctu1d temve ature of +he binar,

Fe-C system. &

The'crﬁticaﬁ interlai2llar soacing, S, 13 relatedto tle free
energy of tran§£grggfﬁonv%0r the pear]1te re\ct1on, AF » by the_re]aiion

&

_ équcmv ’ o :
o= - st I

«Ch

where o is the 1qterfacia]'free energy’ between o and cn and V is the

molar volume. F1qure /48) shows AF as a function of temperature for the

\

b1nary Fe-C and the 1. 3 .Cral.oys for different mechanisms of transforma-
tion, calculatod from the thernodynam1c data: of Chapter 1. F{gure\(49)A
‘shows the relative 1/S vs. T p]ots expected by a55um1ng S - 25 in the

. “low supersaturation vange (chromivh boundary diffusion control). and S = 350

\
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- diffusion contrel) and for the same o

~ lines in figure (495).
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for high supersaturations and for binary Fe-C (1.e:? carton volume
“ value for the two alleys (---,

Y

-

To exp]ain.the'straight']fné ré?atiodship‘we must assume tha.
transition from the low superséturation bhroﬁium.parﬁjtioning range fo '
the high %upeysaturafién no—parﬁit?%h range ié nét :iirb'as predicted
from the thermodynamics Vut ratheruis gradual. Fu}thermore, at low super-

saturations there must be a mixing of the locel ecuilibrium ¢ .d para-

équ11}br1um mode{s {0 yje]d Tbwer va]ues of 1/S (1 €., a smooth transition.
corresponding Lo a variatle dévia 10P from omp‘ete local equi]ibrium‘ét
the inteffacé) and §§ high :supersciurations there must be appreciabie
diffusion of chromium afong the pear1{te—austeui,; interface t gwbc higher

¥

valuacs of 1/S. By éuch a transiticn vetyeen processcs a linear 1/8°
(49) (oo,

The ]/S vs T 17ne obtained from the above cousider;tions would

vs T relationship as shown in figure Tine) might be obtained.

eross Jie 1/8 vs T line .for the b.nary Fe-C at somL temperature in the
v1c1n1ty of tbe Total oqu1lmox1Jm pa»;onn ro-partition trinsilion (see
figure (49))

By contrast, the experimental 1/S vs T re1ationships for

’ e

s : . . Lo
-chromium steels are approximately parallel to that fpr e-{ {see figure
. ! ! .

(36))._ The relative slopes of these 1in:s can be\exp]aiﬁed if we conjec~

: e e ‘° aCm Civ s
ture that the-interfacial free enerqy, ¢ , <hanges with the addition of .

¢hromium. The bhck,calcuTationf~oquired to predict the correct relative

s10pes of the 1/ vs T re]at1onsh1ps fxom the ca]cu]ated AF and the

ol

experimental Tnlerl. mo11‘r snac1ngs yive o values ~40% Tower for the

1.8% Cr'a116y, 305 Tower for the 1.35 Cr alloy, ~20% lower for the (.9%

aCm

Cr alloy and ~8% Juwer for the 0.4% Cr alluy then the o valu2 for the ’

-
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binary Fe-C (650 ergs/cmz). This 1mp11es an approx1mate]y 11near decrease

in 0% with the chromTum content of steel. "It is certainly conceﬂvab1e_

that ‘chromium segregation. to "the a-cm interface could decrease‘its energy

by-the above factors. . : RN

(c) Partitioning. of Chromium . _ : Q -

. .

The partitioning of chromium during the peér]ite’react{on cbd]”

not be exper]menta11j determlned as exp1a1ned ear11er in section V.2(e ).

(19).

The nesu]t< of chrom1 o part1t1on1ng obta1ned by Raz’k et a1 for'

1.3%.Cr alloy W1I] accord1naly be discussed here.
3

.+ Razik et al. have def1ned the chrom1um part1t10n1ng dur1ng the

pearlite growth as: . o - .
’ [ /C 1cm . ’ . . .
Kﬁm (Cr) = S CriTe . /// . - . {v.10)
: [CCr/CFe] ¢ '

The chrom1um-part1t1on1ng is calculated as descr1bed an, Chapter v
'(see also f1gdre (30)) and converted into kcm (Cr) as ‘defined.in equation
(v.10). The calculated values and thz exper1menta] resu]ts of Raz1k et ’

<19) for 1.3% chromium alloy are plotted togetner in f}gure-LSQ). The

al.
'cnlculated values are seen'to'be high by a factor of 5 or mé¥e. Razik et
‘al.'ebtained zero partttionfng of chrowium below about 690éC shile the
cé1cu1ated’no-partition temberatnre accord}ng to the local eqhi]ibrium '

model is 685°C. In. th1s latter respect, uhe agreement between .the theory

and experlment is excellent. o . . -

cm

The discrepancy between the calculated and exper1menta1 K (Cr)

3
values may be due to one or both of the fol]ow1ng factors (i) an error in

expevlmentat1on and (11) incomplete local equ111br1um at the 1ntnrface,
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i.e., partial 1nvo1vement of para ;qu111br1un

With the EHHA 4 ana]yt1ca1 elﬁctron m1croscope used by Raz1k et al.
for part1L1on1ng measuremenbs the, minimum, probe size that can be obta1ned
is 500 A to 1000 A. The pear11te spac1ng for +he 1. 1% Cr alloy was
abproiimate]ylooo i at 700°C and 760 A at-680°C, wh1ch leads, to & cementi.e
p1ate thicknecs of about 150 A and 100 A, respect1ve]y To have a probe

focusssd ent1re1y on the cm p1ate it must be at a very low angle to the

surface of the thin foil (~10° or less)o This may not have always been

the case, and even if -it were, a sﬁa]l volume of ¢ is Tikely to ‘come into
the patﬁ of the~e1ectron béam as indicated in figure (51). This would
lead to genéraf]y iower concentrations of chromium in cementite being
measured than the actua] ua]ues and hence to Ipw experinental K (Cr) values.,
This cou1d also part1a11j Lap1a1n the Tact tilat as the temperature goeés

down the d1screpancy be tween the exper1manta1 and- ca]cuWated va]ues is

~increased. However, tnis factor alane is insufficient to exp1a1n the 1arge

difference hetween the experimental and ca1cu]ated values.
More significantl’, a correction for tre lack of complete local ™
equilibrium at the pear?ite-auctenitaJinterface woula 1bwer our pfpjictgd

-

ch (Cr) values This uuuld imply a state at the 1nterface wh1ch is
1ntermed1ate between tocal equilibriuw and para- equ1.10r1um In the
previous section, while d1scuss1ng the stralght line re1atlonship'between
the 1/S.vs T plot, we.were forced to conjecture that at 1ow supersaturat10ns

the peaz11te react1on "takes plate by’ a mix1ng or overlap of the 1oca1 .equi-

']1br1um and para- equ1]1br um conditions to 1ust1fy an average stra1ght 11ne

re]at1onsh1p; The 1ower experrmcnta1 KCn (Cr) va]ues can be taken. as an

indirect justwwqcat1on for that conJecture.
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Here, a further general c.mment upon the controlling principle

for pearlite reaction in ternary steels is required. - ¥hile mé can thermo-

,dynamically. define.the operative regions for different mechanisus, the

‘smooth variation of growth rate as a function of temperature, and parti-

cularly the unexpécted etraight line relationsh{p between 1/S and T over

“a range which involves several different thémmodynam1ca]1y deflned mecha-

nism regions, implies the ex1stence of a yet unspec1f1ed thermok1ne icC

pr1nCTp]e wh1cn determ1nes the operating state. This.could be a wini-max

ln the rate of entropy production as sugne< ted by Kirkel iy However, it

_will not be poss1b]t 10. check such a propos1t1on unt11 the rigorous approach

(81) 82)

to the ternary prob1em 1ntroduceJ by Bolze and by H111ert( is
rendered tratfab]e

In conclusion, our pred1ct1on of thﬂ amount of part1t1on1ng during

. the pear11te react1on in Cr steels is not very good At the same t1m

@

the observed part1t1on - no—part1t10u trans1t1on temperature is c}ose to
the predicted local equ1]1br1um no- part1t1on temperature a coud1t1un

implied by the measurements of growth k1net1cs

(d) The Effect on Chremium on_the Hardenability .

The additiom 'of chiromium to steels increases the hardenability.

This is directly assocﬁated with the ability of chromium.to retard the

austenite decomposition reactions. The mechanism of retardation of the

. ] : . N
kinetics of these reactions.can jn general be divided ipto two parts:

At low éupersaturations the kinetics is controlled by the diffusion of

chromium and is a~companied by the partitionihb of that e]emth. At h1gh

'SuperSdturat1nna no. part1t1on1ng of chrom1um takes’ place s0 that the

kinetics is controlled by the u1ffus10n of carbon a]one and the retardetion




.

_mechanisms so that a boundary 'drag effect’

"

v

effect is through the thermo@ynam1c decrease of the effecttVe undercoo]1ng. )
In the case of the Yy transformat1on in the fe-C-Cr’ system the (;

retargat1on eff annot be exp]a1ned sole’y on the bas:s of the above

‘ (6Q’°8) and other mechanisms .

s ) . P

have been sugg sted (9) In contrast, for the y-ctcm (pearlite) reaction,

the above—mentjoned mechanicsm, explain the complete .etardation effect

/reasonau1y well. At high supersaturations the, local equilibrium no-purtition

mechanism ap.ears to be oueratave while at low 51persaturat10ns the pearlite
reaction 15'contr311ed by the boundary diffusion of chromium and is exp1a1ned

within local equilibrium considerations. As well, the partition - no-parti-

" tion transition is proper]yzprediéted from Iocql_equi]ibrium ﬁoipartition

calculations. - . .

*
(e} The Re]at1ve Effects of Cr, Hn and Ni on_the Pear11te React1on

It 19 1nforwat1ve here to qua]ntat1ve1y cons1oer the re]at1ve retar-
/

dat1on ef fects of Cr, Mn and ili on the.pearlite teact1on in tarmg of the

mechan1sms disCussed above for Cr stee]s Figure (52). shows™t)e empirical

3

pear]ite growth rates and figure (53) the empirica]:in\erse‘inteﬁlamellar

spacing vs temperature plots for Fe-C-X (X ="Cr, Mn, Ni) steels centaining -

L

'approximately 2% dt alloying elemeht .taken from different studies :As is

seen from figure (52), for the same amount of, a]]oy1ng element add1t10n to

‘steel, Cr has the maximim retardation effect on the pear]]te react1on

followed closaely by Mn, while Ni has the ]east effe(t of the three e]ements

under ‘consideration. , : : : I‘ !

At Tow. fUpersaturat1ons the part1t1oﬁTn§\Q[\tle al]oy1ng element

“js thermodynamically required in all cases. For cnrom1um the equ111br1um

etitectoid temperature is increased with the addition of that a]]oytng'ejement

—

i
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while -the local equ11ibr1um'n05pértition eutectoid temperethre is decreased.
This gives a re]atlvely large temperature “range where the partitioning of °
chrom1um takes place. for a 2 Cr a]]oy this. range 1s m]OO C. In this
range the pear]1te growth ‘must be contro]]ed by chromium boundary d?fipsion.
In the case of .IIn, the low’ 5upersaturat1on part1t1on1ng range is sua]]er
'than for Cr and the equilibrium, a well as the 1oca] eqa111br1um no- part1-
tion eutecto1d temperature decrease with the add1t1on of Mn. For the 2%

Hn a]]oy the eutectoid temperature is approx1mate1y 690°C and part1t1on1ng
occurs down to about 650°C, a partitioening range of about 40°C. (]7) The
maximum'in the growth'rate in this cxse~is in the ho-partition region In
the case of, Ny stee1%, steady state pear]1te growth in the partitioning
:regwon is never feaswb]e accord1ng to -the grozth model discussed in Chapter
Iv (see also figure (30)), bec iuse N1 segregates into .the austenite with

(]06) Hence, theﬂsteady

- respect to both the ferrite and cementite phases
state pearT1te react1on in th1s cafe can take p]dce only in the no~part1t1on'
ange Th1s is substant1ated by the fact that 1n this case the growth rate
curve (figure (50)) is ne&,asymptot1c_to the equilibrium eutect01d tempera-
ture but to antemperatureﬁebout‘30°c Tower. According to the aVaj]ehje
ihformation the equﬁ]ibrium‘eutectoid temperature for a 2k Ni altoy is about "
7O;°C(]063]O7) and the pear]fte\grewth rate'curre is asymptotic to 678°C.
Th1s 1§}also boxne out by the 1/S vs T plots. UWhile in the case of 2% Cr
and 2% Mn a]]oys the 1/S vs T straw;ht lines intercept the tenperature axis
- at appr0x1mate1y equ111br1um eutectoid temperatures, i.e., 761°C and 690 C,
respectively, the COPPE»DOHd]ﬂg 1ntercept For the 2% Ni al]oy is §78 C,
approx1mate]y 30°C Tower than th° eutecto1d tcmperature

At high suprrsaturat1one, the pear]1te react1on in all cases may
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be assumed to be controlled by the local equilibrium no-partition mecha-

niém”’ The- Tocal equi1ibfium’no—partition:phése boundaries are strongly
affected by the activity of carbon in austenite and the distribution
coéfffcient between the austeﬁjte and the ferr%te and cementité (see fig-
ure (23)). The more negative the effect 0% the alloying element on the
carhgn act%vity in .austenite, ihe greater wiil be the decrease in tﬁé
driving force for the no-partition reaction. Similarly, fhe farther away

“from unit/ .5 the distribution coeff1c1ent for the alloying element betwe :n

the austcf1te and the ferritc and cementite, the greater u11;,be the decrease

in the driving fo?ce,for.the'nonpaftition react-on. Of cogrse, the main

factor is the'direct effegt of fhe alloying eler :nts on the equilibrium

boundaries (sge“Tigure-(23)). At th; same t{me; at high supersizgrations

énd re?afiye]y 10& alloying element additions the effect of »the alioying

" element on the carbon activigy will signifiéant]y‘a1ter the driving force

as indicated in figuﬁe'(54) The quantitative measure of this effect,

the Hagner interaction parameter ;é(x is the a]]o ring :1ement), is w—12_

for Cr, ~-5 for Mn and ~t5 for Ni at around 800°C. &hu relative pearlite’
e :

growth rates at high supersaturations appear to reflect this influence

(figdre (52)) for the growth rates are hlghest for the Ni alloy, 1ower for

the Mn alloy and still lower for the Cr alloy. .

A rigorous confirmatign of this proposi}ion.can only be arrived at
through a detailed knowledge of the thermodynamics ind phase equi]i@tia
f;; the Fe—t-N% and Fe-C-Mn syétems. ¥

This general understanding of the pearii.e rcaction in Fe-C-Cr
and in the ternary Fc-C-X systems wif% serve éé a starting point for the

deyeTopment of more rigorousaﬂhgoretical models for the pearlite growth in
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ternary and higher order systems‘ahd uliimately to a wore accurate and

general treatment for prediciing the hardcnabi]ify of* multi-~camponent-

steels.

: ' ")
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CHAPTER VI

N

_CORCLUSTOS

1. 'Thc stable and m;tasta 1 hasc equilibria between the a,‘y and cm
phaécs in the Fe-C-~Cr systém hava veen calculated. The necessary thérMp—
dynamic dqta has bteen extracted from ?he Timiting binary phase diagrams-
and other thernodynamic and phase.equilibriﬁm information publ{shed for

the binary Fe-C and Fe-Cr, and the ternary Fe-C-Cr.systems.

2. Tie-lines in the oty region at 770°C and 750”6; in the y+cm region ot
770°C and 750°C, in the-atwm region at 700°C and the three phase equilibrium
'(a+y+cm) at 750°C have been experimentally determined and all are in good

agreement with the calculated phase equilibria.

3, The predicted variation of~the euféctodd temperature with the chromiun
content in Steel,is {n.good agreement with theleXperimeutal values bas@Q on
the extrapolation of the pearlite interlamellar §paciﬁg ag a Tunction of
temperature to infinite spacing, i.e., the intercept of 1/S vs T plot with

the temperature axis. . '

4. The partition and no-partition regions based on Hillert's para-equi]i:
brium and Kirkaldy's and Hillert's local eqﬁillbrium no-pdartition arguﬁents
havé been calculated for the y-« and y-cm iransformations in Fe-C-Cr. - The
question of partitioning during the pearlite reaction in Fé-C-Cr has been

discussed in terms of these regions. .

o
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5. The pearlite gro/th rates and 1nter]amel1ar.spacings have been
- determined for three Fe-C-Cr,alloys cuntaining 0.5, 1 and ?% chromium.

5

; Y -
These form a consistent setkgﬁth trosg reported by Razik et al. for a

1.3% chromium stoel. . ' __;//”\\

6. The pearlite growth velocity 1is satisfactori1y explained in terms of
chromium boundary diffusion control at low supersaturations and in terms

of the local equilibrium ne-partition condition at high supersatura.ions.

Bans A T Y A e s T i

N

7. The's.raight line relationships between the inverse interlamellar

( ) ‘ 'y
spacing and temperature and their relative slopes for the ternary Fe-C-Cr

alloys are qualitatively explained.

8. The ;greement beti.cen the amount of chromium partitioning during the
pearlite reéction‘of the 1.3% chroﬁium alloy experimentaf1y detenm1ned by
Razik et al. and our calcu]afions based on local equ;librium ﬁ]at interface

. considerations is not good. However, the phrtition - no-partition transiti)n

Yis properly predicted from the local equilibrium no-partition calculations. .

9. The relative retardation effects of chromium, mangarese ani nickel on '
the pearlite rea-tion are qualitatively explained in terts of tho iecha-

nisms established for the chromium steels.
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TABLE 1

Standard free energy _cha,nge ‘for the transformation

Fe (fcc) to _Fe (bcé) . \/

0, yu o Opy*0 1 oy .0 Y;*a
2% T °K 2%6Y7 T °K 2%6T,

-25977 980 -99.3 " 1110 -18.37.
L2647 990 289.8 1120 214.92

-230.8 1000 -80.50 1130 .-11.84
221723 1010 27218 . 1140 - 9.10.

~204.1 1020 ~64.16 1150 - 6.66
S191.0 0 1030 -56.75° ¢ 1160 - 4.48
78.3 1090 -50s15 . 110 - 2ls2.
-156.0 1050 -44.31. 1180 074
-154..1 1060  -39.11 1184.5+ - 0 .-
-142.4 1070 -34.2] 1190 + 0.89-
-131.0 1080 29.92 . 1200 + 2:40 . f
-119.9. 1000 =26.07 1210+ 382
-109.3 109 -22.22 1220+ 5.15

W e e P DRI Y T I T O s § AT
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P * TABLE 2 °
. "." o NP Kt
.V?jues of the parametar LCCr as a

" function of temperature

:' 7

> -~ oy . Y ‘ . : ) \

: T ‘k, Lee, cal/mole Ref..

: 1123 -3.303x107 50

£ 173 . -2.921a0% .51
1273 -2.366xi0% 50
1273 -2 .574x10" 24

. 1323 -2.20mx10% 51

: ' 1393 -2.220x10% . 51

&_ ¢

Js% -~
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TABLE 3
Evaluation of the thermodynamic parameters for ternary
cementite from data of Nishizawa(?4) at 1000°C
, YY YY yem (%61 . 10T )+ A (1-2YT 1-2vE™,
¢c . «Cr Cr CrCys3 feC]/3 cm Lr ! o
0710 .006 .03 . -6,842 ’ 1932
.0696 " ..0087  .048 - -6,776 o . .904
0652 0176 .100 ' -6,840 _ .800
0647 .0195 .12 S -6,077 I .76G .
L0600 .0312  .176, t 26,860 S 688
.0589  .0340° " .134 -6,903 o612

L0533 .0348  .200 6,922 S 600
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TABLE 4 ,

Evaluation of (A GLrC

T °K

1123
1423

. 1273
1273 -

1373

1143

L0179

1/3

- y-ci oqu

YY
C

.0369
30035
.056 -
.0458

.0247

“I
Yy
.r

1766
1766
212
A3
118
9

!

\ ’ ! .
b ) from the data on

1]3

i 1ibvium) /

39 -

(a° 68 91”3—,\ G}iec] 3)
7,058
. -7,046 39
-7,450 - 26
-5,53}. 28
-6,313 28
-6,545 54

Ri. f'.

103



T°K |

973

973
973
973
973

Evaluation of (

~

TABLE 5

0nY .
-AG
.FeC]/3

206Y

Cre ) from the dat. on

1/3

a-cm équilibrium

104

~ .
Y T (20 2% ) (2% £°6) ) "~ Ref.
Cr cr 1 Nere 3 Brec, Crey g Orec) 5
00351355 20,277 e 6,816 29
0069 2415 -4,298 . -6,837 29
.0063 -6,630 30
0044 -6,211 3
L0063, ' -6,380 30
e
\ )
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Summary

¢

Parameter

o

FeCr
Lgv'
L?eCr
LE(‘F:-LEY‘C:—

Acm

Onat Opy
GFG' CFe
0na OnY"
GCr GCr
OG@ _)O GE ;

LCrC

OfG "

A 8eac

1/3
o
AGE
CvC}/B
ond

A G
Fely )3
[0 IR+

'A G« C

Lr 1/3

- 16,923:6.933T cal/mole

-7556-13.2T+1.697)

NN . -
A GCrC] ey

TABLE 6
of the thermodynanic parameters for the

Fe-C-Cr system _

Value
A
RN
-8830 cal/mol ¢

-§133—7.606T 0.6563T1InT cal/mola

6000-2 4T ca](mnTG

-76,745410.75T cal /e

286 cal/mole (M) |

Table (1) / }
-2500-0.15T cal/moyle

-621-13.2T+1.69TInT _caT¥hioly” (Fe).

nT cal/ungle {Cr)

O0ny o
A G -(
FeC1/3 .

Ont _OpY L
USRI AN

)- % (OGC —OGE) cal/mole (Fe)

(OGtz~OGE) cal/mole (Cr)
/3
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TABLE 11
i { . .
Composition of the alloys used for pearlite

transformation experiments

Alloy - At % Cr At ¢ < Nominal & _Cr
A 0.42 3.39 ) 0.4
‘B 0.91 3.26 0.9
. C 1.87 2.73 1.8
(‘;7
N
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TABLE 12

17

Experimental growth rates and interlamellar spacings for

A

Temperature °C

720
705
690

670 |

650

630

620

1.8% chromium alloy

) Growth,}ate pcm/sec

(Max. Nodule

0.38
0.87

1.82

2.2

2.0

1.75
1.7

.

Cahn and Hagel

0.50

1.4, 1.14, 1.13
2.4, 1.98, 2.]
2.1, 2.0

1.65, 1.7

Inter]éme]]ar
: spaqing

ucm

135
092
069
060
0463
0407
0370
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TABLE 13 -

Experiifental growth rétés and interlamellar spacingé for

Temperature °C

C

/'710
/’700

' 680
660

640

618

0.9% chromium alloy

Growth rate
ucm/sec

0.38
0.9
3.4
6.2
8.3
9.5

Interlamellar
spacing
ucm
178 -
128
.088
1,072
.057
.046

112
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TABLE .14
Experimental growth rates and interlamclilar spacings for

. 0.47 chromium alloy

’,

TeEperature °C Growth rate Intéf1éme]?ar
pcm/sec spacing

: pcm

706 ‘ 0.33 | T .240

696 1.31 | ' 174

630 . 4.2 . 109

660 - 10.3 . : .079
637 o a0 ‘ 065 °

620 r 33.0 o 055
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TABFE 15

. . ! _ .
Calculation of,(KSU[ér) {rom low supersaturation pearlite jrowth data

35 .

Toc . G 1o 1/sx10°8 el R O]
| cm./' sec  cm) ' : 54[ ‘—g%:-‘n'ﬁ— -T-z—
( cr
720 1.8 .35 78 2.16 8.9 x10717
220 - 1.3 18 58 1.44 8.94x10" "
70 - 1.8 7 97 3.12 7.94x10" "
710 1.3 4 76 2.38 - 7.00x107"7
710 0.9 38 ) 2.00 9.41x1077
700 e 12 107 140 7.87x10717 -
700 1.3 .81 91 . 3.60 6.35x10" "
690 1.8 1.5 . 136 . 5.72 5.67x107)7
690 1.3 1.8 12 - 476 |  5.65x107V
630 1.8 215  -155 1.08 5.22x10" V7
670 1.8 2.2 175 8.64 5.78x10""7
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Figure 14. Typical (a) opticul photomicrogréph (x13£0) ard (b) carbon
extraction replica photomfcfograph (x7€30), of'the:Fe—C—Cr

alloy equilibrated in the (y+cm) region.
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Figure 15.

:;ﬁr‘n %&Q’n.

* Typical (a)~optiba1 photomicregraph (x728) and’ (b) cafbén
extraction replica phofom1crograph (anOO) of the Fe-C-Cr

alloy equlllbrated in the (u+cm) region.
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Figure 16. Typical carbon extraction replica photo:ﬁcw:ograph of the
Fe-C alloy equilibrated in (atcm) region (x5500).
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(a) - o < (b)

D48 BEV BINT
a4 H S 2BEV/CHE

Figure 18. Typical X-ray §pectra_of tﬁe carbide particle ana]ysis‘by
EDAX on rhe Philips £h300 for the Fe-CCr a]]oys’equiiibrdted '
in the («tem) region. (a) 0% Cr, (b) 0.4% Cr,-(c) 1.8% Cr
and (d)rsame as (c) with background subtracted. '
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(b)

Figure 19, Typical {a) optical photomicrograph (x&SO) and (b) carbon
: extraction veplica photemicrograph (x3300) of the Fe-C-Cr
alloy .equilibrated-in the three phase, (aty+cm) region.
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Figure 21(a). Representation of the growth of lamellar structu@ by (i)
volume diffusion and (ii)} boundary diffusion.
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'F:igurg 22. Schematic representation of para-equ‘i]ibr;'iu'm in Fe-C-X systém'

for (a) the y+*a and (b) the y+cm _trz;nsformé'ti'on. .
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. (after Purdy, He1chert and . K1rka1dy) '
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Photomicrographs of pearlite. growth.during an isothermal *
experiinerdt for thé 1.8% Cr alloy at 690°C. (x70)
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(b) 0.9% Cr alloy, 710°%¢

Typical pearlite surface hep]fca photomicrographs
measuring the interlamellar spacing.
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(b)

Figure 34. Typical fa) 'pearTite_c-arbon extractinn replica of the partially
' transforied Fe-C-Cr alloy _(*x2500) and (b) selected area electron
diffraciion pattern. ' ’
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Figure 46. Driving force for chromium phase boundary diffusion
low supersaturations. v
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