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ABSTRACT

A thermodynamically self consistent phase diagram together with
To line for iron-rich Fe-Mn system has been evaluated using the
experimenta]tgie-line information from this study and other sources
and thermodynamic data from the literature..

The competing morphologies resulting from the decomposition
of Fe-Mn austenite due to variation in Eomposition and cooling rate
are equiaxed, ragged ferrite and lath morpho]ogx. The former two
may result via a massive mode, whereas the last one may be due to a

martensitic reaction. ' The massive mode of decomposition has been

lobserved in the two'phase field of this system.

The solute drag theory for massive transformatioﬁ due to
Hillert and Sundman has been further developed for the low velocity
branch. Qur theory predié}s a C-shaped TTT curve and an optimum in
the rate of entropy production with-respect to a structure parameter
related to defect &ensity.

Isothermal' transformation tests have yielded a C-shaped TTT
curve for Fe-3.1%Mn alloy. The transformation behaviour has been

explained as controlled by trace interstitial impurities (C and N)

diffusion above the nose and by the massive mode at lower temperatures.
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CHAPTER 1
INTRODUCTION

In view of the existing energy crisis, the developmant of new
structural steels with ever increasing demands on the strength to
weight ratio, together with a high value of toughness, has become a
matter of prime importance. One of the results of recent efforts is
the family of HSLA (High Strength-Low Alloy) steels. Typically,
these steels areg alloys of iron, 1-2% Mn, 0.2-0.5% Mo, 0.05 to 0.1% C
and 0.05 to 0.}0% V, Nb or Ti. They derive thefr strength from a
microstructure \consisting of a fine dispersion of carbonitrides in a
matrix of fine acicular ferrite. Characteristically, to promote high
toughness, these| steels have less than 0.1% carbon content. Furthermore,
the carbonitridé| forming micro alloying elements Y, Nb, and Ti ténd to

scavenge carbon from the matrix assuring an essentially Fe-Mn austenite.

] It was our hypothesis at the beginning of this study that the
decomposition products of this austenpite can be understood in terms of
an Fe-Mn base rathe; than a conventional Fe-C base alloy. Thus, to
extend our understanding of the thermodynamics, kinetics and morpho]égy
in such steels austenite decomposition in i;on—rich, Fe-Mn based alloys
has been investigated.

To begin with it is useful to refer to the iron-rich side of
the Fe-Mn phase didgram (Fig. 1). Iron, on heating, transfofms at 911°C

from the body-centred cubic (B.C.C.) structure called ferrite or «-iron

to the face-centred cubic (F.C.C.) structure called austenite or y-irohﬂ

1



This transformation reverses at 1400°C, a temperature much higher
| than that of concern in this study.

Manganese, being an austenite stabilizing element, on alloying
with iron lowers the y<»(a+y) transformation temperature. The ferrite
solvus 1ine shows a maximum at 3.2 at % manganese at approximately
550°C, whereas the solubility of Mn in austenite increases monotoni-
cally with decrease in temperature, reaching ~26 at.% at 400°C.

| In the high temperature region above 600°C, experimental
information on the y/(a+y) phase boundary is missing. This is the
region where the y/(a+y) transformation for most of the commercially
interesting Fe-Mn based steels (<2% Mn) takes pl;cé.

On cooling below the y/(at+y) phase boundany; the Fe-Mn
austenite decomposes into equiaxed or ragged boundary ferrite, or a
lath morphology, or a mixture thereof, depending upon the Mn content
of the alloy and the rate of cooling. The critical coo]iné rates for
obtaining equiaxed ferrite, ragged ferrite and lath morphology are in
increésing order, respectively. Of interest here is a knowledge of
the critical cooling rates for these phases as a function of Mn content
and their relationship to the phase diagram.

The objectives of this study are to establish a thermodynamically
consistent Fe-Mﬁ phase diagram together with experimental confirmation
in the high temperature region and to examine in general the effects of
the alloy composition and the cooling rate 6n the mode of decompesition
of iron-rich Fe-Mn austenite into massive and equiaxed ferrite.

Accordingly, this thesis is divided into two parts. The first part



deals with a study of the Fe-Mn phase diagram and the second part deals

with the kinetics of Fe-Mn austenite decomposition.
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Part I-Thermodynamics

CHAPTER 11
THE Fe-Mn PHASE DIAGRAM

L4

Troiano and McGuire(]) exgerimenta]iy etermined the Fe-Mn
phase diagram using crystal structure and laftice parameter deter-
minations and by examination of the microsyructures of equilibrated
Fe—Mn alloys. They determineq the o/(at+y/) boundary between 400°
and 800°C. However, they could not locate the Qa+y)/y boundary with
the same level of accuracy, as they eXérapo]ated'it from the data
at 600°C and below on the basis of qualitative observations of the
characfer of the microstructures and the diffraction patterns.

' Hillert et. a].(z) experimentally determined one point on the
o/ (a+y) boundary at 820°C, which is in agreement with the experimental
trend of Troiano and McGuiré(1) (Fig. 1). They uséd two methods for
preparing the samples with a and y in équilibrium. One was a diffusion
couple method in which pieces aof iron alloys of two different alloy
contenfs were spot welded together and then heat treated at the desired
temperature for a long enough time to make the concentration gradients
at the o/y boundary sufficient]y flat to allow chemical analysis by

an electron microprobe. In the other method, they bﬁose the alloy
composition in the two phase, (a+y), phase field regionland.then heat
treated the specimens at the desired temperature for Igng enough time
to equilibrate. They determined the a/(a+;) point at ééQ°C but did not

succeqd in measuring the correspoﬁding (aty)/y point due to the §teep

.manganese gradient in the austenite aqjacent to the interface.

4 R
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Hillert et. al.(z) proceeded to fit theoretical o/(a+y) and
(at+y)/y phase boundaries between 9311° and 500°C using existing thermo-
dynamic data and a regular solution model. The calculated a/(aty)
boundary pass{ng through their single experimental point lies very
close to that of the Troiano and McGuire(]) diagram, while for the -
(a+y)/y boundary their calculated ¢urve lies substantially lower than
the estimate of Troiano and McGuire(]) (911° > T > 600°C).

Gilmour et. a].(3) reevaluated the Fe-Mn phase diagram between
911° and 700°C, using the o/(aty) boundary of Troiano and McGuire(])
and the Wagner therhodynamic forma]ism(4). Their (a+y)/y boundary
Ties very close to, though a little higher, tﬁan that of Hillert et.
a].(z) Kirchner et. a].(s) used rigorous regular solution thermodynamics
+. to evaluate théLFe-Mn phase diagram between 911° and 400°C. Their
calculated diagram is essentially in agreément with that of Hillert
et. al.(z). ‘

In view of the strong indication that the (aty)/y béundary is

(1)

lower than that estimated by Troiano and McGuire and the missing
experimental tie-]ine‘information'in the region of high temperatures

(> 600°C), an experfmen;a] evalua;ion of two tiei1ines has been'carried‘
out. Experiments using several diffusion techniques have been perfqrmed.
The'theorética1 methods and the éxperimental techniques are described h

«in the following sections.



CHAPTER III
THEORETICAL BACKGROUND

In the first part of this section the thermodynamics of the
phase equilibria, the solution model and the available thermodynamic
data used to calculate the Fe-Mn phase diagram are discussed. In the
second part the theoretical analysis of the equilibrated diffusion
couples yielding the experimental determination of the tie-lines end

compositions is presented.

II1.1 Thermodynamics of the Fe-ﬁn Phase Diagram and of the T, line
II1.1.1.A The Ferrite-Austenite Equilibrium and the Solution Model

The partial molar free energies, E}, or the chemica]_poteﬁtia]g,
Mis for reach component i are equal for two or more phases in equili-

brium. Thus, for the Fe-Mn ferrite-austenite eauilibrium
N

%" T = o)

T - T | )
where

B, = OGFe +RT 2n ac, S - (2a)

[ °§Mn + RT 2n QMn L ' 3 ~ (2b)

where OGFe and oGMn are the standard free energies and ac, and a, are
the activities of Fe and Mn, respectively. On,bdmbining equation (1a)

with (2a)



Onat & . Ony Y
._GFe + RT en ag, Ggo * RT enag, {3)
or
0na+Y _ a .Y '
8" Geg 2n(aFe/aFe) (4a)

Similarly from equations (1b) and (2b)

0,0y _ o

8 Gy ¥ = an(ay /3y ) (4b)
Since the activity of a component in a given phase can be expressed as

the product of an activity coefficient, Yis and its mole fraction, Xi,

equations (4a) and (4b) can be expressed as

AOGa+Y

r = an(XE/XT) + an(rE/vE) (5a)
2%
—'ﬁTD—'= 2n(Xﬁn/X§n) * 2n(Y;n/Yr}n) (b)

(Note that the subscripts o and y stand for the ferrite and austenite,
respectively: X, + Xy =1, and AOG?f“'=°G¥ - OG?):

As this study is mainly concerned with the high temperature
region involving relatively dilute so]dﬁions, Wagner's Taylor series
forma1ism can be‘used to. describe the concentration. dependence of the,
activity coefficients.(4) Thus on expanding the logarithm of the
activity coefficients~about the state of infin{te dilution and dropping

the second and higher order derivatives, one obtains

§ 4n v
0 Mn
Mn " T R

—— O ’ N
. o - + .
A ¥un = A0 Yyn ' SMp Mn 7;;;\\5\‘_///

ln‘{Mn- X +-.-

Mn
\\



where €Mn M is the Wagner self- fnteraction,parameter for Mn in a given

n
phase. Furthermore, choosing 1nfinite dilution as the standard state,

o . .
Yn 1S taken as unity, i.e.,

Y Yy = €My Mn Fvn - (6)

A related expression for the solvent may be obtained by using the Gibbs-

-

Duhem relationship, as follows: ™~
XFe d an Yo ¥ XMn d an Yon = 0 (7)
X
d 2n Ype = " Xﬂﬂ-d 2N Yo
Fe
--XM dﬂ,nYMn (XFEN]) |
M 4 Ceppmn*yn)
and
N Yy = - _Mgﬂﬂ. ﬁn ' (8)

On combining equation (5a) with (8) and (5b) with (6) one obtains the
following, respectively:
OGQ'*Y
P = an(XE/XY) + (e X % 2 (9)
RT an(Xeo/ Fe) EMniMn Mn - EMnMn / :
and '
0 Ga-w

Mn Y Y
—= = KX * CEpamn e = Epamnt ) (10)

Provided the standard free energies of transformation from the ferrite
to austenite phase for each component and the Wagner self-interaction

parameter for Mn in each are-known, the tie-lines for the two phase



region can be calculated by solving equations (9) and (10) simultaneously.

-

IIT.1.1.8 Thermodyngmic Evaluation of the To Line

'

By definition, T  is the temperature at which 6% = GY, {.e., the
molal free energy of the ferrite phase is equal to thap of the austenite,
for a given composition, X(To). The significance of To may be better
understood in terms of the kinetics of Eomposition invariant decomposition
of austenite, i.e., the free energy change accompanying the decomposition
of austenite of composition X(To) into ferrite of composition X(To)
is zero at temperature To' Following this definition one obtains the

two conditions,

6HT ) = 67(T.) (11)
and |

X*(T,) = X(T,) = X(T,) (12)

For a binary system equation (11) can be expanded as follows:

(1 < X(T ), +'x(ro)c;,, - (- X OIEL, + (T8 (13)
or (ﬁ* )
X(TQ) = [1 -_ﬂ_____ﬂ...]
(B - BFe)

On further manipulation using equations (fé), (2b), (6) and (8), one

obtains

A G“+Y ( - e )X(T ) ~1
- MnMn MnMn
X(To) =[1 -

A GFe

(14)
2—'(€MnMn - el*’inMn)X (To)
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Equation (14) can be solved for X(To) using numerical iterative techniques.

I11.1.2 Thefmodynamic Data !
I1I1.1.2.A Activity Data )

In austenite, several activity measurements have been reported
in various temperature ranges, giving conflicting results in terms of

(5-10) " hittert et. a1.%?) chose a constant

the deviation from ideality
value for the regular solution model interaction parameter, AY = -1200 Cal/
"mole, to fit the austenite boundﬁry in the low temperature range (< 600°C)
to the experimental points of Troiano and McGuire(]). 'f;rchnér et. al.(s)
extracted a temperature dependent regular solution model interaction
parameter, AY = -5210 + 4.56T (Cal./mole), using Roy and Hu]tgren‘s(g)
activity measurements and the data extracted from the low temperature
phase diagram. .

Gilmour et. a].(3) reviewed the activity data of Roy and Hu]tgren(8)
at 1450°K and obtained E%nMn = -0.65. Then, they extrapolated this value
to their temperature of interest using a (theoretical) 1/T dependence(]])
and then used a constant value eﬁnMn = -1 in the range 700° X T X 911°C.
In this study, in view of the pbnf1icting results of the activity
measurements and our doubts that equilibrium was attained in the Tow
temperature phase diagram data, the approach of_GiImour et. a].(3) is
followed setting e%nMn = -942.5/T.

For the ferrite phase no experimental measurement of the activity
is available. Kirchner et. a].(s)lextracted their regular solution model
fnferaction parameter, A%, from the phase diagram(]) and then Sack calcu-

lated to generate thé phase diagram. In this study eﬁnmn'is set equal

NG .
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AN

to eMnMn We argue firstly from the fact that the interaction paraheter

has been shown to be d1rect1y proport1ona1 “to the coordination number

()

and a difference of pair interaction energies .- Furthermore, the .

ferrite interatomic distances are 1arger than in austenite. It may

thus be noéed that the first factor tends to make EMnMn Tower than
(
M Mn whereejgézyﬁEecond tends to make it higher. In the absence of any

further informdtion it is thus assumed that these two opposing ‘Factors
) a = : e :
cancel each other, leaving EMnMn = EMnMn” This hypothesis 1is empir1ca11y

supported by the fact that e (-0.65 at 1450°K) is not very different
MnMn

from sh;ﬁgTd Fe (-0.6 at steel making temperature(] )). In any case,

as the phase boundaries in the Fe-Mn system are not very sensitive to

this parameter (580° < T = 911°C), our choice of setting eﬁnMn = e%rMn

should lead to insignificant error. \

IIT.1.2.B Data on Free Energy of Transformation of Pure Iron

2

The free energy of transformation of pure iron from the ferrite

(13-19)

to austenite phase has been evaluated by several workers as

summarised in Figure (2). Kirchner et. al. (5) have used (°GY oG?e)

values from Orr and Ch1pman(13) Hillert et. al. (2) preferred to use

(19)

the values given by Kohlhass and.Braum as they produced better

agreement with the experimental values oﬁwXQn at low temperatures.

Gilmour, Purdy and Kirka]dy(3) used slightly adjusted values of AoegﬁY

presented by Kaufman, Clougherty and wefss(15). Recently, Sharma(zo)

has used A°e§;Y values given by Orr and Chipman(] ) for the calculation
of the Fe-Cr-C phase diagram. In this study the data of Orr and Chipman
" retabulated by Harvig(21), giving the interpo]ated values of A°GFe

(13)

~ AT,
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for intermediate temperatures, will be used in all subsequent calculations

(Table I).

IT1.1.3 Method of Evaluation of the Phase Di&bram and the T, Line
The most probable phase diagram and T0 line was evaluated using >

the following computational procedures:

(1) Given the thermodynamic daté, viz., AoGg;Y, E%nMn and e%nMn’ 1imited

experimentaT tie line information from tHe present study and from the

previous sources(]’z) and the equilibrium relationship (10), A°G§;Y was

calculated at different temperatures. A least squares straight line

wag %itted to obtain A°G;;7 as a function of temperature (580° < T < 911°C).

A Tlinear temperature dependence was chosen since this has been observed

in the case of other solutions of austenite stabilizing elements, e.g.,
c{22) gna ni(23),

(II) Equations (9) and (10) were solved simultaneously for X* and XY

between 600° and 911°C using a numerical iterative technique. X*(T) and

) XY(T) are the ferrite and austenite solvus lines of the phase diagram,

respectively.

(I11) X(To) was obtained by solving equation (14). The results are

-

desc}ibed in'a Tater section.
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{3111.2 Analysis of Isothermal Diffusion Couples

In this(section the diffusion process will be analysed for a
number of one and two phase situations. These will be treated as one
dim&nsional problems, both sections of the diffusion couples being
infinite in the x direction and of constant cross-section, the original
position of the interface being at x = 0. The diffusion coefficients

are assumed to be concentration independent.

II1.2.1 One Phase Diffusion Couple

Analysis of this situation provides a good approximation to
tﬁe composition profile in a'y/(a+y) couple, where the second phase,
a, is a negligibly small fraction. This is the simplest situation to
analyse. If D' is the composition independent diffusion coefficient
in the vy phase, the diffusion profile can be described by Fick's

;econd equation, together with initial and boundary conditions as

following:
Ay 3%C
ﬁ“DYa_x_Z | (15)
c=clforx<0att=0 (16a)
c=cl forx>0att=0 (16b)
c=clforx=-=att>o (16¢)
€= CI for § = >0 )

+o gt t 7 (16d

where C is the composition at any instant, t, at position x. The
composition .1imits of the diffusion codp1e relative to thé phase

diagram and the composition profiles at t.= 0 and t >.0 are shown'in'
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the Figures (3a) and (3b). The appropriate solution is

T I ‘
c=cl+ ELzrj;' [1 - erf —X—] . (17)

247t

I11.2.2 Planar Binary Two Phase Infinite Diffusion Coubnle

(24). The

An analytic treatment has been given by Wagner
.composition profiles of the two components relative to the phase
diagram and their initial composition profiles are shown in Figures (4a)
and (4b), respectively. It is assumed that 1oéa1 equilibrium is achieved
as soon as the two components of the ;oup]e are brought together.

Following Hagner(24)

, the differential equations, initial
conditions. and the boundary conditions describing the diffusion in the
two phases are written as follows:

For the vy phase

Y 32

%%-= D —-%-for'x <0 _ (18)
aOX
c=clforx<o0,t=0 (19)
)

Similarly for the a phase,

2

0" 2% for x> 0 - (20)
X

C2cl forx>0,t=0 ' (21)

A

In terms of the assumed parabolic kinetics for the position of the

moving interface giyen by
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£=n.2 0.t . - (22)

where n is a constant, the particular solution of equation (18) which
satisfies the initial and boundary conditions, for the vy phase is
II } CII - CY/G

1 + erf(n")

{(1+erf -2~} forx <t (23)
2/6Yt

C=¢

Similarly for the a phase
A

ay I
c=cle bzt { - erf

(1 - erf(n®))

X

} for-x > ¢ (24)
2/0%¢
where n* = 7Y/§ and ¢ = DY/D%. The velocity of the interface, v, can

be expressed in terms 6f the parameters for either phase, viz.,
ved8e 0t b (25)

The amount of material necessary for a small displacement of the
interface, d¢, can be equated to the material delivered by the y phase
minus the material drained into the o phase in an infinitesimal interval

of time, dt, i.e.

(€=M G0 0t

(26)
X=E X =gt
Now from equation (22), (23) and -(24)
CYG - CG'Y - 1 CII - CYu exp _.(pf_)
2T (1 + erf(n®/75)) ¢
. ay I
R I € o L (27)

n*/r (1-erf(n®))
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It should be noted that a special case of equation (27) can be
applied to the parabolic precipitation of o« from a §upersaturated vy phase
of concentration CII as indicated in Fig. (5). In this case the precipitate
can be assumed to evolve at constant composition so that the second

term on the right hand side vanishes and (27} becomes

nY=

___]_CII - ¢ exp _ﬁylz (28)
/m % - ¢™ (1 + erfnY)
This is the binary 1imit of a ternary formula which we will be presenting

in the following section.

III.2.3 Parabolic Precipitation of o from a Supersaturated Ternary v
Alloy
We are concerned here with precipitation in the Fe-Mn-C (or N)
system which has a constitution as indicated in Figs. (6a-6b) and we
seeg the generalizations of equation (28). The local equilibrium treat-

ment of this‘brob1em was due originally to Purdy et. a1.(25)

and has been
usgd by Gilmour et.a].(3) in their study of the role of manganese in
the formation of proeutectoid ferrite. Aﬁ approximate and numerically

equivalent method has been given by Hi11ert(26).

In this problem we
need to obtain both Mn and C profiles which satisfy the two interfacial

mass balances

(i = 1 and 2 represent carbon and manganese, respectively) whgre Cﬂ

is concentration of component { and Ji(E) i{s the flux of the component
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i, at the interface. Primed quantities refer to ferrite and unprimed
to austenite.. The velocity of the precipitate growth and the flux of

component i are given as follows:

y = L (30)
2/t ‘
and .
2 BCk
Ji = ‘g':‘ D‘ik é?’" ‘ (3])

where Dik describes the diffusion of component i on thesconcentration
gradient of component k. The growth rate constant o' must be determined
by simultaneous solution of the two flux balances

] 2 3C ‘
)L =7 D, —S(i=1,2) (32)

(C. . i
M ox k=1 Tk 3X

i1~ C

These equations involve only two independent variables, i.e.,

n'and one of the concentration terms, say, C]] as the other three con-

11°
tie 1line in the two phase region corresponding to the interfacial con-

centration terms (C CZ]’ Cé]) are fixed by the particular equilibrium
centrations. The solutions of equation (32) predict two types of trans-
formations, as discussed qualitatively in the following paragraphs.

As shown in Figﬁre {6a), a sample with composition A rapidly
cooled to the jsotherm temperature wqu]d be highly super-séturated.
For this alloy a "zero partition" tie line is represented by B'-B.
As Dyq >> D,, and carbon diffuses much faster than manganese ahead of
thesAviterface stable "no-partition" profiles such as shown in Fig. ﬂ6a)
exist as sb1utions of the diffusion equations. The very small
depletion of Mn in ferrite (not experimentally detectable) would be

balanced by the narrow Mn "spike" at the interface. The steep.Mn
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gradient will sat%sfy the equations for the rapid transformation rate,
although the transformation is carbon diffusion controlled. Ignoring
the ternary interactions, this argument holds for any alloy within the
dashed triangle in Fig. (6a). The ternary interaction leads to further
reductions in the driving force due to the negative interaction between
Mn and C.

In this region of high supersaturation Ci] = 0 and Czd = Cé1

(C; ., represents the bulk composition of the component i). Furthermore,

io
D]l >> D22 and Dz1 the diffusion of Mn on a carbon gradient is negligible

because due to high mobility, carbon can relax to the manganese gradient

(27). With these

Tong before manganese can readjust to carbon gradient
simplifications, an approximate.growth parameter Bj (related to o' by
By = n'/ﬁ1]/2) is given as follows: |
- 2
D2 %, e ™H

By = (1 +

(33)
e ,

where Ay and 4, are the concentration differeﬁces,'as shown in Fig. (6a).
The ratio D]Z/D11 is to be related to the thermodynamic pérameter through
the quasi-steady carbon dfffusion approximation(zs?. Since 012/01] = 512X1,
équation (33) contains only carbon diffusion coefficients, it is only
necessary to know that the manganese coefficients are small. The effective

carbon concentration for the transformation is given as

D .
] 12 '
RIS mallC IR (34)

It should thus be noted that the driving force for the carbon diffusion

controlled transformation is reduced by a constitutional effect and a
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ternary thermodynamic effect of Mn.

For a lTow supersaturation alloy of composition D Tying outside
the dashed "triangle" in Fig. (6b), all solutions of the mass balance
require some manganese partition resulting in a very low growth rate.
The approximate tie-line for th%s alloy is E'-E where the carbon
depletion in ferrite is balanced by a very small increase in the austenite
spread over a large distance, with a small local increase at the inter-
face due to the ternary thermodynamic interaction. In this case of low
supersaturation C]1 = C]0 and C]] 0 and the equivalent growth parameter

B, (related to n' by Bo —11/5 2) is given as follows:
2

/ -85.
1o e ®

(35)

)

This represents a manganese-controlled reaction.
There is a second approach to this problem basetd on the cohcept
of paraequilibrium due originally to Huitgren(zg) and clarified by

Hillert(30)

and by Gilmour et. a].(3). This concept of a metastable
interface insists that the fast diffusing carbon have equal activities
at and through the interface and that the alloy concentration, e.q.,

‘XMn satisfy

X
ah constant , (36)

‘XFe

- on going thorugh the interface This leads to a pseudo phase d1agram
as in Fig. (7) in which the tie-lines are essent1a11y parallel to the X
axis. Note that because of Xﬁn Mn the zero carbon terminus of the

diagram must coincide with the T0 line. The transformation of alloy X
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8
shown in Fig. (7) can then be discussed by a binary formula of type (28)

with an adjustment of the interface carbon values according to the
identified paraequilibrium tie line. It is not yet clear that such a

‘ternary reaction exists in nature.

III1.2.3 PLANAR ONE PHASE/TWO PHASE BINARY DIFFUSION COUPLE

Due to the complex nature of this three-dimensional diffusion
situation, it will be discussed only in terms of the 1imiting conditions.
The first condition concerns an y/(a+y) couple when a in the right hand
section is a neglibibly small fraction. This situation is similar to
that in the one phase diffusion couple discussed in II1I1.2.1., except
that the overall kinetics of the moving front will be somewhat faster
than normal parabolic as part of the matéria] is delivered to a particles
so as to transform them to y, Figs. (8a-8c). The composition profile

h

may be approximated as foliows:

Il Ya
c=ce & =C (v epf

L -t X 37
2 Yok 37

The second 1imiting condition concerns the transformation of a

v/{aty) couple where the y in the right hand section is a“negligibly «
smé]]‘fraction. This may be represented by a diffusion situation which
is similar to that discuﬁsed I11.2.2. There will, however, be a perturbation
in the diffusion profile in the4a phase near each y particle as shown in |
\\Figs. (9a-9¢). In this case with the bulk diffusion préceeding only in
the y phase, the diffusion equation, initial and boundary conditibns
(24)

.

¢tan be written as follows
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2
C
| %f = pY 3;% for x < ¢ - (38)

where £ is the position of interface at any instant t > 0.

IT

L
o
i

C** for x < 0,att=0 : (39)

n -
L -

=C"® forx=¢ att>0 (40)
.Assuming as usual parabolic kinetics for the moving interface, i.e.,

s=n2/ﬁ_§ (41)

where n is a constant, the particular solution of equation {38) satis-

fying the initial and bouﬁdary conditions is

S S L (1 + erf —oo) | (42)
I+ erf(n) 2/07t :
Now applying the mass balance, the material delivered by the austenite
g .
on the left of the moving interface is equated to that necessary for
| raisjng the concentration level on the right from the average CI to'Cya,
i.e., -
yeva | ol ‘E - _nYyaC
. (C cY) It D i (43)
From equations (41), (42), and (43) we thus obtain
Ya I 2
= 1 C - C exp(-n ) L. (44)

?E CIIT; Yo (T + erf n)

Note the similarity between this approximate growth rate equation and

equation (28). ' |

e



CHAPTER IV
EXPERIMENTAL

The experimental determination of the tie lines in the Fe-Mn
system reveals the inherent problem of slow diffusion of the substitutional
alloying element, particularly in the austenite phase. The annealing
periods required to reach complete thermodynamic equilibrium for
previously homogenised alloy samples are very long. It may be recalled
that Hillert et. a].(z) could not evaluate X' in their experiment due
to this limitation. Gilmour, Purdy and Kirkaldy(3) made use of two-
experimental fdcts to overcome this difficulty in the equilibration of
?e-Mnfc alloys: firstly that the diffusion of substitutional elements
in upquenched austenite is greatly enhanced(3) due to the preéence of an
extensive defect structure and secondly that the diffusion coefficient -
for chromium (another substitutional alloying element) in férrite is
known to be approximately two orders of magnitude higher than that in

austenite(32).

They successfully equilibrated a structure consisting of
austenite dispersed in ferrite matrix, relying on rapid diffusion of o
manganése through theNferritelfor equilibration abetted by enhanced
mangﬁnese dif%usion in the austenite by the reverse martensitic trans-
formation. Sharma(zo) has followed the same lines for eqbi]ibratioq

of Fe-Cr-C a]?oys.

In this study two distinct methods have been used to equilibrate

ferrite with austenite, yielding tie Tine compositions.

22
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IV.1 Preparation of the Fe-Mn Alloys

Iron-rich binary alloys containing up to 6.2 weight percent
manganese were prepared using Ferrovac-E iron and electrolytic Tanganese
of spectrographic grade (99.99%). The composition of these starting
materials is given in Table II. The Ferrovac-E iron was treated with
moist H2 for one week at 890°C to further reduce carbon level. These
approximately 40 gram samples were prepared in a non-consumable tungsten
electrode arc furnace under an argon atmosphere. Larger batches of
nearly 400 grams were prepared using untreated Ferrovac-E iron and
electrolytic manganese by melting in an alumina crucible in an induction
furnace under a purified helium atmosphere. All of these alloys were
deformed by rolling at least 30%, homogenised at 1300°C for one week,
and finally machined to remove 2 to 3 mm of skin to avoid the effects
of macro-segregation and preferential evaporation of manganese from the
surface. The homogeneity of these alloys was confirmed by chemical
analysis using atomic absorption spectrography and the electron micro;
probe.

Samples of continuouéiy varying manganese concentration were
prepared by austenitizing the desired Fe-Mn alloys at ]1bO°C for various
lengths of time in a vacuum-sealed quartz capsule taking advantage of the
preferential evaporatian of manganese from the surface. Typical compo-

sition profiles developed in these samples is shown in Figure (10).
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IV.2 Tie-line Experiments <
Two methods were adopted for the preparé@ion of specimens 1in
which ferrite and austenite phases could equi]ibr%te with each other.
The first was a diffusion couple method in which alloys of different
manganese concentratiéns were joined together or with a piece of
Ferrovac-E and heat treated for a long enough time so as to yield
experimentally accessible interfaceo% precipitatedferﬁite-austenite
equilibria. In the second method, the samples of continuously varying
manganese concentration were heat treatéd for long periods at a given
temperature to yield distinct regions of ferrite and austenite. (Note
that the austenite on subsequeni quenching decomposes into various
supercooled forms). Chemical m?croanalysis then allows the detérmination\
of the end compositions of the'%ie lines.

The samples of chosen alloys of approximately 4 mm x 10 mm X
10 mm were encapsulated in quarﬁz under a vacuum of 5 x 10'5 torr,
austenitized at 980°C for 30 minutes and then quenched in water_ to obtain
a starting super-cooled structure. The samples to form the diffusion
couple were then polished to oné micron level and tight fitted into a
clamp made of pure (99.9%) mo]ygdenum as shown in Fig. (11). The
criterion for the choice of thezmaterial of the clamp was that it should
have a thermal expansion coeffiéient Tower than that of iron (The
1inear thermal expansion coeffi@ieht of Mo.and Fe at room température
_are 3.0 x 10'6)°F and 6.7 x 1d'§/°F, respectively(33)), so that during
the annealing period the diffusibn couple expands more than the clamp

assuring good welding contact between the couple sections and uniform

diffusion across the interface.
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IV.3 Heat Treatment

In this study, two temperatures in the high temperature range -
were chosen for austenite-ferrite equilibrium,'viz., 762° and 822°C.

For equilibration at 762°C, an Fe-6.2% Mn alloy was chogen for equili-
bration of the surface depleted sample and a stack consi;ting of Fe/
Fe-2.47%Mn/Fe/Fe-4%Mn/Fe-6.2%Mn/Fe was chosen for local equilibration
within diffusion couples. All compositions are in weight percent unless
otherwise stated. Since each element in this cascade is 3 to 4 mm

thick, the Mn diffusion field of one coup]g (a maximum of 200 um long)
does not overlap with that of the neighbouring EEuple. Similarly, for
equilibration at 822°C, a stack consisting of Fe/Fe-2.0%¥Mn/Fe/Fe-2.47%Mn/
Fe-3.1%Mn/Fe was chosen.

These samples, with starting structures for the Fe-Mn alloys
in. the lath form were encapsulated in a quartz tube at a vacuum of
5 x 10’5 Torr. In turn, the capsule was suspended in a kanthal wound
vertical furnace having a unfform’temperature zone of approximately
40 mm length. During the'equiTibratiOn period, a constant flow of a
purified mixture of helium plus ten bercent hydrogen was -maintained
through the furnance tubeﬂto ensure good welding.

The temperature was measured using a Pt/Pt-13% Rh thermocouple
located adjacent to the sample outside the capsule and a self compen-
'sating (for ice junction) digital temperature indicator. The proportional
controller used for the input power control to the furnace allowed a
maximum fluctuation of £1°C. The thermocouple was cé]ibrated af 419.5°
and 960;5?C using melting/freezing point of high purity (99.99%) zinc

and silver, respectively.
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IV.4 Metallographic and Electron-Microprobe Analysis

The equilibrated diffusion couples were cut perpendicular to
the interface between the couple, using a low spee&ziiamond wheel
cutter. This slice of approximately 3 mm thickness was mounted on a
bakelite backing and polished to the 1 um Tevel for metallographic and
electron-microprobe’examination. 2% nital and 2% picral solyiions were
used as etchants to delineate the microconstituents, the former being
used for ferrite boundaries and the latter for lath structure detaiTs.
A number of photomicrogfabhs were taken of various areas of the speci-
mens and the volume fractions of the phases were determined using the
linear intercept method(34).

The equilibrated, polished and etched samples were ana]}géd
for Mn concentrationAusing the Cameca electron-microprobe detecting
the Ka line, at an accelerating vo]tagé of 20 kV and a specimen current
of 100 nanoamperes. It may be noted that the light etching of the
sample has been shown to have no efféct on the microprobe analysgs(35).
A typical calibration curve using‘Fé-Mn a11dys of concentrations 1.2%,
2.0%, 4.0% and 6.2%‘Mn as standards is shown in Fig. (12]. The back-~
grbund,counts were measured on a piece of Ferrovgc-E iron. "The bars

in this figure represent the 95¢% confidence limit of thecounts for a

given alloy composition. It may be recalled thaé the
1imit is given by t2¢, wﬁere o is the‘sténdard‘déviation Since the
emissfon of x-rays follows Peisson statistics guite accurately (due to
the randpm‘nature of‘the ém{gsion'of e]ecirons from the gun), and'the
dead times losses of the couﬁters'wére negtigible, the standard

deviation may be-evaluated as the square root of the total number. of

- -
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counts(36). Hence, for these low concentration measurements, the
statistical R.M.S. error is given by(37)
. 100/N_+N
o(%) = Tﬁf (45)
p

where Np is the total number of counts of the characteristic radiation
and NB is the number of background counts.

Foé the present measurements, at the 2% Mn level, ¢ is 1.6%
which would correspond to a standard deviation of about 0.03 at. % in
the’Eie line end composition determinations. At the 95% confidence level,
thé'expected error in a single tie line and composition measurement is
+0.06 at. %. It may be noted that this does not recognize other possible
systematic errors. -

Various composition profiles were measured via point count§ with
an éhzomatic step séan procedure, i.e., the sample is moved intermittently
by a motor controlled by an electronic timer such that the timer, and
hence the motor, starts at the same time as the scalar print out. The
motor then runs for a preset time which must be less than the print-
out cycle as the x-rays are not beinj counted during this period.

Step sizes ranging from 5 um near the tail pf the error function shaped

composition profile to 0.5 um near the interphase-interface were used.



CHAPTER V
RESULTS OF EQUILIBRATION EXPERIMENTS
In this section the optical and electron m%crographs of the
equilibrated diffusion couples together with their microprobe traces
are presented and analysed in relation to the theory discussed in
section II11.2 to yield the end compositions of the tie lines for the
Fe-Mn system, These results together with other data will be used to

construct the phase diagram (600° < T < 911°C).

V.I Planar, One-Dimensional Austenite-Ferrite Diffusional Coupnle

Figures (13a) and (13b) are optical micrographs of Fe-6.2%Mn/Fe
equilibrated at 762°C and Fe-3.1%Mn/Fe equilibrated at 822°C, respectively.
These microstructures consist of ferrite (on the right) a and the
decomposed form of austenite (on the left) a'. One may note broken
straight lines behind the advancing (to the left) wavy y/a interfaces
as remnants of imperfections in the welding of the diffﬁsion couple.
These lines may be used as indicators of the original position (at t=0)

of the y/a interfaces(3g).

The occasional cro;sing of the original y/a
interface position by the a« grain boundaries and the continuity of the
etching shade (besides the con;jnuity of the composition profile, which‘
will be discussed later) are miérostructural evidence of good weld

gcross the y/a interface. T ' *
\ The metastable decomposed form of austenite, a', could be either
equiaxed or r&gged ferrite, or a lath mofbho!ogy, or a mixture thereof,

depending upon the composition and hence the hardenability of the
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equilibrated austenite. For example, the austenite in figure (13a),
well awa} from the a/y interface, having bulk composition of 6.2% Mn
decomposes mainly into a lath morphology, whereas that shown in figure
(13b) well away from y/a with bulk composition 3.1% Mn decomposes

primarily into ragged ferrite. This aspect will be discussed in detail

_in the second part of this thesis.

Figure (14a) shows the compositionprofile across the y/a inter-
face in the Fe-6.2%Mn/Fe diffusion couple equifibrated at 762°C. Th%s
pfofi1e is drawn by eye as a smooth curve through the data points deter-
mined By the eleétron microprobe analysis. Note that its general form is
as predicted by equations (23) and (24). As discussed in section I[I.2.2.,
the discontinuity values in the composition'profile in austenite at Y'
and that in ferrite at Y represent thé composition of austenite and
that of ferrite, respectively, in eéui1ibrium with each other, I.e.,
the tie line end compositions as marked by arrows are X;62°C = 1.95 tMn =
1.98 at. @ and XJ.no. = 4.55 wiMn = 4.62 at,%Mn. It is to be noted that
these discontinuity points must be determined as intersection of the
extrapolated diffusional compositiona} profiles in each phase to the
v/a interface. *

The Matano interface in Figure (14a) has been determined,
graphically. It amounts to the placing of 1line BE at such é position
that the area ABCYY'A (corresponding to the amount of Mn delivered by
austenite) is equal to the area ECDE (corresponding to the amount of Mn
received by ferrite). The perpendicu1ar distance between BE and YY',

£, is the distance through which the y/a interface has moved during

the equilibration period. In this analysis, the areas were measu?ed
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using a planimeter and £ was found to be 6.5 um. The value on the micro-
structure shown in figure (13a) varies from 8 to 12‘um. The discrepancy
is probably due to a Kirkendall effect(38) in_u and/or y.

Figure (14b) is the comp]eie composition profjle across the
v/a interface in the Fe-3.1 %Mn/Fe diffusion couple équiTibrated at
822°C. Again using the same criterion, the end compositions of the
tie line, marked by arrows, are determine as X;22°C = 1.32 wiMn = 1.35
at.%Mn and XY = 2.40 w¥Mn = 2.44 at.%Mn. The displacement of the v/a
interface during equilibration determined on the basis of the mass
balance gives £ = 25 um whereas that on the microstructure shown in
Figure (13b) varies from 50 to 60 um.

Figure (14c) shows an expanded partial composition profile in
the neighbourhood of the y/a interface in the equilibrated Fe-3.1% Mn/Fe
diffusion couple in a different fegion. Tﬁe profile in austenite is
realtively flatter near the interface, probably due to an incomplete
weld. Due to the high Mn vapour pressure the interface is nonetheless
equilibrated as a comparison of the intercepts indicate.

It may be recalled that at t = 0 the Fe-6.2%Mn and Fe-3.1%Mn
alloys are in the "as-quenched", or "martensitic" form. As the equili-
bration treatment begins the marténsite is un-auenched transforming to
austenite, the latter inheriting fhe extensive defect structure of the
"former.Krauss(39has observed high densities of tangled dis]ocations in
up-quenched Fe-Ni martensite which substantiates this proposition.

Thus the diffusivity of Mn in up-quenched martensite may be much higher

than that in the eqﬁi]ibrated austenite. " This high diffusivity of Mn
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in the up-quenced state may be a very slowly decreasing function of
time as Kurdumov(3]) has indicated defects do not anneal out easily at
temperatures below 1000°C. It has been noticed also &Fig. 14b) that
the ferrite side 5f all the couples has substantial precipitation of
Mno-aue to the expected high oxygen content of the ferrovac-E.

In view of the complex nature of the effective diffusion
coefficient of Mn %n the austenite phasé, the multiple sink situation
on.the ferrite side, and our main object%ye being the determination of
the end compositions of the tie 1ines in the Fe-Mn system, it was
decided not to perform a quantitative diffusional analysis of these
composition profiles. MNonetheless, it is worth noting semiquanti-

tatively from Figure (14a) that D%/07 ~ 15, a lower than normal

vatue (~100) since DY has been artificially enhanced by up-guenching.
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V.2 The vy/aty Diffusion Couple

Figure (15a) is a,miprograph of a Fe/Fe-2.47% Mn diffusion
couple equilibrated at 762°C. This micrograph consists of the three
- distinct regions: equiaxed ferrite on the far left, a fine distribution
of ferrite d@d decomposed austenite in the middle, and a representative
“equilibrium distribution of ferrite and austenite (in decomposed form)
corresponding to the bulk composition, Fe-2.47% Mn, on the far right.
The.first and the third regions on the two ends will be discussed in
detail, whereas the fine structure in the middle (probably due to the
higher nucleation rate in this region) will not be discussed any further.
Figure (15b) is the microstructure corresponding to the far right in
figure (15a) at higher magnification (x250), several photomicrographs
were taken at ﬁigh magnification in this region and the austenite fractior
was determined by the 1inéar intercept method to be equal to 18.94 2
0.72%.

Figure (16a) is the composition profile of the Fe/Fe-2.47%Mn
diffusion couple equilibrated at 762°C, in the equilibrated ferrite
(far left in figure (15a) region). Since this diffusion couple represents
equilibration between a single phase alloy and a two phase a]ioy and
since on1y a small fraction of the second phase on the other (right end .
in figure (15a)) end, it can be approximated as a case of diffus}on between
the two components in the same phaseﬂbut differing 1in composition, as
discussed in section III1.2.3. The validity of this approximation is
confirmed by the complete error function shape of the composition profile
in the ferrite phase. The asymptotic composition on the far right

end of the diffusional composition profile represents the composition
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of ferrite (in equilibrium with austenite), x;62°c = 1.95 wiMn = 1,98
at.%Mn, confirming the result of the preyious section.

As an aside, we note that Kirké]dy, Smith and Sharma have(4o)
demonstrated a negligible composition dependence of DMn up to Fe-4%
Mn in é-ferrite in the temperature range of 1446°C to 1494°C. Assuming
the same simple nature of diffusion in the lower temperature range,
(since the structure remains the same), the composition independent

diffusion coefficient, D, may be evaluated is

where Z is the intercept at the abécissa by the tangent to the
composition profile at the original position of the interface. This,
in turn, may be determined on the basis of the mass balance and

graphically by equating the areas AYBA and CY'BC.  This construction

Mn,afe -12

in figure (16a) yields Z% = 55 um or Dygroc = 2.7x10 cmz/sec.

This value of diffusion coefficient is in excellent agreement with the
value (3.5 x 10'12 cmz/sec)'obtained by interpolation of the high
temperature data of Kirkaldy et. a].(40) and low temperature data of
Nohara et. a].(41).

Figu%e (16b) shows the composition profile obtained by scanning
across several a/y/a regions in the far right region of the micrograph

shown in the figure (15a). The composition of féhnjgg is uniformly

—

constant, 1.e., ¥gpoc = 1.95 Wil = 1.98 at #n, confirming the
results of previous sections. The'uniformity of the composition in the
ferrite phase may be attributed to the relatively large ferr{%e grain -
size(which eliminates the smearing éffect from underneath and to the‘

re]atix:ly larger diffusion coefficient of Mn in ferrite than that in

\

B i T T
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austenite. Due to the absence 6f these features the composition profile
in austenite shows either strong gradients or uniformly lower composition
than X;62°C as determined in section V.1. This uniform dilution effect
may be caused by ferrite lying under the austenite grain being analysed.
Due to these limitations we place little weight on X;62°C deduced from
these composition profiles, Figure (16b). '

Figures (17a) and (17b) are typical micrographs of Fe/Fe-4.0%

Mn and Fe-6.2%Mn/Fe-4%Mn diffusion couples, respectively, equilibrated
at 762°C. The former consists of equilibrated ferrite on the left of
thé vertical wavy o/(at+y) interface and a mixture of ferrite and the
metastable decomposed form of austenite on the right, whereas the
1a;ter consists of primarily a lath morphology on the left and a
mixture of ferrite and a metastable decomposeq form of austenite on
the right. .

Figure (18) is a composition profile as scanned across the
equilibrated Fe-6.2%Mn/Fe-4.0%Mn diffusion couple-interface. The Mn
delivered from the left section of the diffusion coupte transforms
ferrite to austenité and raises. the concentration of ﬁn in austenite on
the right. Thus the composition profile on the teft falls continuously,
in the form of an error function, to a nearly constant value. It is

seen that near a ferrite particle the composition rises corresponding

- to the austenite in equilibrium. However, due to the dilution caused

by the ferrite particles the microprobe detects less than the composition
of austenite in equilibrium with ferrite. Furthermore on meeting a.

large ferrite particle the composition profi]é falls close to X;62§C’
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Figures (19a) and (19b) are microgtaphs of the Fe/Fe-2%Mn and
Fe-2.47%Mn/Fe3.1 %Mn diffusion couples, respectively, equilibrated at
822°C for 6 weeks. The former is of the «/(at+y) kind and the latter
of the y/y kind.” Due to the lack of contrast between a and y (in
decomposed form) in figure (19a) it was not possible to evaluate the
phase fraction of austenite in equilibrium with ferrite, from this -
sample.

Figure (20a) shows a composition profile across the Fe/Fe-2%
Mn diffusion couple equilibrateq at 822°C. X;22°C and ngzoc, as
marked by the arrows, clearly confirm the results of the previous
sections. IF may be noted that the composition of the austenite is
constant within the statistical (95% confidence level) limits, con-
firming the attainment of complete equilibrium in relatively large
_austenite regions (so free from the smearing effect). Figure (20b) is

the microprobe trace of several o/v/o regions of this sample, which

again confirms the ngzoc, X522°C and the attainment of equilibrium.
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V.3 The Single Phase y Diffusion Couple
Figure (21) shows a composition profile across the Fe-3.12%Mn/
Fe-2.47%Mn diffusion couple equilibrated at 822°C. Analysis of this
diffusion profile does not provide any direct information about the
end cohpositions of the tie Tine. However, this smooth error function’
shaped composition profile yields two useful pieces of information.
Firstly, it certifies that at 822°C, the 2.472M; alloy lies in single
phase austenite region. This provides supporting evidence for X522°C =
2.4 wiMn = 2.44 at %Mn. Secondly, it yields a composition independenf
- average diffusion coefficient of Mn in austenite (in the up-quenched

14.cm2/sec. This is in geod~agreement ,~

cmz/sec obtained from exfrapo]ation of

: Mn,y _ =
state), i.e. 0822°C = 2.64 x 10
-14

with the value of 5.6 x 10

i 4
the high temperature measurements of Nohara and Hirano(\1).
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V.4 Equilibration of a Surface Depleted Fe-Mn Alloy

An Fe-6.2%Mn alloy austenitized at 1100°C for 120 hr. in a

vacuum sealed quartz tube develops a continuous composition profile (e.g.

Figure (10)): the bulk concentration being 6.2%Mn in the middle and
the surface concentration ~1% on either end, depending upon the size
of the quartz tube and the temperature of austenitization. This
surface concentration is the result of the equilibrium with manganese
vapours in ﬁhe quartz tube. Thus a semi-infinite diffusion couble is
formed between the alloy with this surface concentration and that with
the bulk concentration.

Figures (22a) and (22b) show the scanning electron micrographs
of this sample, indicating equilibrated ferrite on the left end and
austenite (in decomposed form) on the right. It may be noted that
the metastable decomposed form of austenite changes with changing Mn
content of the austenite.

Fiugre (23) is a composition profile of the Fe-6.2%Mn alloy
austenitized at 1100°C for 120 hr, and followed by equilibration at
762°C. As the equilibration annealing proceeds the concentration of
ferrite increases, transforming ferrite to austenite and thus pushing
the o/y interface to the right. The austenite in the immediate
neighbourhood of the a/y interface receives Mn from the right and,
in turn, delivers to the ferrite on the left. In this process, the
Fe-6.2%Mn"'alloy iﬁ the bulk appears to attain equilibrium with the
austenite (with composition X;52°c)’ which is in equilibrium with
ferrite. Thus the composi;ion profile in austenite pha;e near the

a/y %s relatively flatter, clearly marking X;62°c = 4,55w2ZMn =4.62

S
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at,Mn, similarly o the ferrite side, as marked by arrows, X;62°C =

1.95 W&Mn = 1.98 at,ZMn. This confirms the end compositions of the

tie line determined in the previous sections.

>

JN——
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V.5 Summary of the Experimental and Theoretical Phase Diagram Results

Table (III) summarizes the experimental results obtained from
. the equilibration of the various diffusion couples. The number of
check marks show the éstimated relative degreéxof retiability in
evaluation of the tie line end composition. Ih a given case the
composition profile may be flatter a110w1nglp more reliable evaluation
of an interfacial composition than in o/her case and a phase fraction
determined from lever rule application to the tie line determined
from microprobe analysis may Be more reliable than that determined
from statistical analysis of a series of microstructures.

Using these tie line end compositions and the computational
procedure described in the section III.1.3., 2%%Y as a function of

Mn
temperature, i.e.,

AOG':;:Y = ~7359 + 5.519T e (47)

and the phase diagram together with the To line have been calculated

as shown in Figs. (24) and (25), respectively.

N



CHAPTER VI
DISCUSSION

The Fean phase diagram shown*in Fig. (25) is thermodyhamica11y
self-consistent and in excellent agreement with the experimentally
determined tie lines.

Admittedly, some error in the judgement of the interfacial

“austenite compositions may be involved due to the relatively steep
concentration gradient (Figs. (14a), (14b)). However, this has not
affected the statistical results of this study, as these compositions
were confirmed by relatively more flat prof?]es, e.g., Figs. (20&)
and (23). ‘

The most 1ikely systematic error in tﬁis study lies with the fact that the
Ferrovac-E iron ﬁsed in the preparation of Fe-Mn alloys for tie line
experiments initially .had 40 ppm carbon, 5 ppm nitrogen and relatively
high oxygen (~100 ppm). It is shppbsed that the moist hydrogen treat-
ment {at 890°C for 1 week, see p. 23) will have reduced the carbon 4
substantial]y. Furthermqre, during the equilibration period hydrogen
(continuously flowing through the furnace tube outside the quartz capsule)
easily diffuses.info the quartz capsule due to the high diffusivity of
hydrogen in quartz glass (10"6 cm2/sec(43) at 800°C). This assists the
tie 1ine experiments in two ways; firstly, the reducing atmosphere
promotes good walding and scavengiﬁg of nitrogen and secondly the hydrogen
on combining with oxygén in Ferrovac-E and'Fe-Mn alloys could provide an

e oxidizing potential which scavenge carbon, particularly near the

diffusion couple interface éreh. This is thg region'whe?e.the end
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compositions of tie lines are measured at a/y interfaces.

The chemical analyses of a section through the equilibrated
diffusion couples for overall carbon and nitrogen content indicated
C~ 0.003% and N ~ 0.001%. It should be realized that as these values
1ie close to the detection 1imit of the Stelco Metho&k(i .002%) one
can give little absolute weight to these C and N analyses. We estimate
that at the worst the systematic error in the measured concentration '
statistical error of the measurement, which is to say negligible on the

due to interstitials is 0.04 wZ and approximately equal to the

scale of Figure (25). This is not to say that such amounts may not be
significant in kinetic measurements (see Part II).

It should finally be noted that our X822°C is in good agreement
with that of Hillert et. al.(z) Furthermore the results are consistent
with the Vant Hoff relationship, which should be very accurate at this
Tevel of dilution. I.e., %% "/RT = XY - x* = 0.0108 and 0.0260 at
822° and 762°C, respectively, from Table I as compared with our experi-

mental values of 0.0109 and 0.0264.

* -

A combustion method with an electrical conductivity measure-
ment cell as the detection system for nitrogen analysis and an
1nfrared absorption as the detection system for carbon analysis,



PART II - KINETICS
CHAPTER VII
INTRODUCTION

The study of manganese as an alloy addition in steel has long
been of great technological interest. All commercial steels contain
0.3 to 0.8% Mn to counteract the de}eterious effects Eaused by iron
sulphide and to improve the hardenability of steels. Iron sulphide
forms brittle, low melting'boint films around the steel crystals and
causes the metal to crack during hot working, whereas in the presence
of mangenese, the sulphur prefers to combine as the less deleterious
manganese sulphide. Hardenability is defined as a measure of the depth
of hardness in a quenched steel. It may be noted that it refers to
the relative ease of hardening and not to the value of hardness. A
high value of hardenability means that higher temperature transform-
ations are suppressed and hence a relatively lower rate of cooling can

produce low temperature morphologies in the steel.

During the last two decades, intensive interest in high strength ‘

structural steels has focussed attention on the study of the micro-
structures and tﬁe associated mechanical properties of low-carbon-
manganese steels. There has been‘a commerctal tendency to -increase
the manganese content and decrease the carbon content in order to get
a ‘steel with highgr toughness at d given strengfh level. The micro-
alloying elements (Nb, V, Ti) added for érecipitate strehgthening

also scavenge som2 carbon from the austenite.

o
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In this part of the thesis, following a review of previous
experimental and theoretical work, the various modes of decomposition
of carbon free (<0.01%) iron-rich Fe-Mn austenite will be examined with
the objective of promoting an understanding of the ferrite morphology
of structural steels. In particular, the experimental results on the
kinetics of grain boundary ferrite formation will be discussed in terms

of various theoretical models.



CHAPTER VIII
DISCUSSION OF PREVIOUS WORK

Iron-rich Fe-Mn austenite, on continuously cooling below the
v/ {a+y) phase boundary, decomposes to a low temperature product. The
mode of decomposition of this austenite, resulting in a specific mor-
phology, depends upon the manganese content of the alloy and the
cooling rate used. The grain size of the parent austenite may also
be included as a factor deciding the morphology of the product phase.
However, the grain size of the austenite is not an independent factor,
as it depends upon the composition of the alloy and the austenitizing
process (the temperature and the duration of autenitization) following
the mechanical treatment, if any.

Some basic information about the yode of decomposition of
austenite has been obtained from the study of cooling curves in rapid
quenching. Iron-manganese alloys containing up to 10% Mn have been
studied over cooling rates ranging from a few degrees per second to
3 x 105 °C/sec(44'47). Characteristically, the y+« start temperature,
measured as an arrest point in the‘cooling curve, is depressed initially
as the cooling rate is increased. This is an indication of iﬁothermal
kinetics of austenitic decomposition in this temperatre range. On

7., (45)

further increasing the cooling rate, Jzumiyama et. a and Bolton

(46)

and Petty found a plateau region up to cooling rates of 5000°C/sec,

)

whereas Shteynberg et. al.(47 found a series of four plateaus in the

range of 100 to 300,000°C/sec (Fig. 26).

a4
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The y+o start temperatures corresponding to the only plateau

obtained by Jzumiyama et. a1.(45) and Bolton and Petty(46)

compare well
with those corresponding to the second plateau of Shteynberg et. a].(47).
This comparison is confirmed by the resulting microstructure being the
same, i.e., apparently martensitic in both cases. The latter believe
that the earlier workers missed the first plateau due to a relatively
larger austenite grai; size. The third and the fourth plateaus were
not recorded, obviously due to the insufficiently high cooling rates
employed. Shteynberg et. al.(47) also noted that on increasing the Mn
concentration that some of these plateaus overlap, e.g., for 3.7% Mn
alloy the third and fourth and for the 9.5% Mn alloy the second, third
ahd fourth overlap Fig. (26). Shteynberg and his coworkers also observed
similar behaviour in the case of pure Fe(48), Fe-Ni(49), Fe-Mo(49) and
Fe-Cr(49) systems. . .

The microstructures in the a]1oys\hav1ng up to 4.1% Mn resulting
from the cqoling rates corresponQing to the first plateau, consist
of nearly equiaxed grains bounded by irregularly shaped grain boundaries,
apparent]y as a result of massive transformation. In all other cases
(up to 10% Mn and cooling rates of 300,000°C/sec) a lath structur;u‘
“identified as martensite fo?med.(47) The increasing cooling rates led
to the finer structures and to a greater relief effect. While

(47) claim a distinction between the microstructures

Shtéynberg et. al.
and the hardness values associated with their .four plateaus, others have
claimed that the operating modes of decomposition of austenite are only
two. It may be recalled that only two ﬁ1a§eaus were observed in pure.

iron by Bibby and parr{#2) and in Fe-Ni alloys by Swanson.and parr(50)
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up to 55,000°C/sec; the first corresponding to the massive transformation
and the second to the martensitic transformation. It is clear that

as in pure iron(42) (49,50)

and Fe-Ni alloys, iron-rich Fe-Mn austenite
decomposes either by the massive or martensitic route. The characteristics

of massive and martensitic transformations will now be reviewed, briefly.

VITI.1 Massive Transformations
Massive transformations have been studied exhaustively by
-Massalski and his coworkers in numerous systems including Fe~Ni(51)

(52)

and Fe-Cr Excellent reviews are available in-the literature on

this subject by Massa]ski(53’54).

The basic features of this mode of
transformation are- discussed be16w.

The microstructure of the product phasg (in this case, ﬁassive.
ferrite) typically consjgts of 'massive' patchy grains surrounded by
irregular boundaries of both planar and curved (wavy) kinds. It is
this feature of the microstructure which provided the original name
for the transformation(ss’ss). .

The crystal structure of the parent phase changes to that of
the product phase whi]é the composition is inherited unchanged. This
transformafion is of the nucleation and predominantly interface con-
trolled growth type. The growth is thermally activated, occurring
through short range (over a few atomic distances) diffusional jumps across
the interphase boundary. |

The lack of a crystallographic orientational relationship between

the product and ‘the parent phase has been considéred as a characteristic

of this transformation. This feature is supported by the experimental
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evidence,in several systems studied by Massalski and his coworkers,
However, Ayers and Joy(57)
massive transformation in Ag-Zn alloy have observed specific orientational

relationships. Recently, Plitcha and Aaronson98+59)

in their study
of Ti-Ag, Ti~Au and Ag-A% alloys have also shown- the existencé of
specific orientational relationships.

The relationship of this transformation to the phase diagram
is best illustrated by the schematic phase diagrams of Fig. (27.1). It
may be noted that the high temperature phase on coaling to the single
phase regiqn transforms to a different‘crystal structure while the
composition remains invariant. Thié condition is met automatically
in the case of allotropic transformations in pure elements. In the
case of an alloy this condition is met at the T° line. However, since
the growth in this transformation is thermally activated, it needs
substantial undercooling (below To) to initiate observable amounts of
transformation. Often this means the necessity of cooling the alloy
down to the 1limit of the Tower single phase region (the lower solidus).
The massive transformation has, however, been observed in the two phase
field of number of systems, viz., Fe-Ni(S]), Cu—Zn(so’sl), Cu-Az(GO) and Ag-Cd
The thermodynamics and the kinetics of this characteristic still
remain a matter of debate.

Figure‘(27.II) shows the free energy change associated with the
decomposition of a high temperature phase g at various temperatures within
two and one phase (at low temperature, a) fields. The top portion of .
of thfs diagram shows a and gvéolvus Tines together with the Io Tine, -

and the bottom portion shows three pairs of free energy curves for

B L T T U,

in their study of 8(B.C.C.) to dm(F.C.C.) h

(61)

.
A s
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g and a« phases at temperatures T], T2 and T3. An alloy of composition

C in the g phase on cooling to T] (note that T1 éorfesponds to TO(C),
i.e., G* = GB) can decompose into a and g8 of compositions ay and B> ‘
respectively. At T1 it cannot transform to a of composition C as for .
this reaction the free energy change is zero. As this alloy is cooled
further to T2 < TO(C) a choice of mode of decomposition opens up, i.e.,
it can decompose either to oy and B, (involving diffusion of solute)
with a free energy change AGi or to a of composition C via massive
transformation with a free energy change AGi. It may be noted that
thougﬁ AGg > AGi, the actual mode of decomposition may be decided by
kinetic factors. On cooling to T, (in the single phase a field) this
alloy (of composition C in the g8 phase) transforms to o without any

62)

change in composition via the massive route. Hi11ert( has pointed

out that in this situation the free energy change for one of the cohponents
may be of wrong sign, i.e., Gﬁ - G; > 0 but Gg - G%
until some diffusion is allowed in the g matrix ahead of migrating

< 0, Fig. (27 I1I),

interface allowing in turn a free energy construction so that the
composition of 8 is displaced locally such that the tangents to Gd\
and G® curves do not intersect.

Some understanding of the massive transformation has been
achieved via its thermodynamic an@ kinetic treatment using the analogy
between the &assive transformation and solute drag on a moving grain
boundary. \

Following the pioneering work of Lucke and Detert(63), Cahn(6é)
anq Lucke and Stdwe(es) further'developed the theory for solute drag
efféct on a moving grain boﬁndary. Tﬂey considered the variation in

interaction energy, E, between the solute and the boundary with the
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variation in distance y of an atom from the middle of the boundary.
They(64’55) preferred to apply the model to a boundary with a wedge
shaped energy well because such a sﬁape simplifies fhe calculations.
Considering only the energy aspects, it seems that the solute atoms.
in the boundary are not at rest; rather each is-attracted towards the
centre by a force given by -dE/dy.

The net force and the total drag is calculated by integrating
over afl the atoms. Thus, for a stationary boundary, because of
the symmetric nature of solute distribution about the boundary, the
net force is zero. On the other hand for a moving boundary the concen-
tration profile is asvimetric exerting a net force on the boundary.

Cahn(64)

obtained a relationship between the driving force (which
is a function of composition, C and Temperature, T) and the velocity

V resulting from the impurity drag effect. He assumed that there exists
an intrinsic drag P0 (due to factors other than impurities) for a pure
specimen, and while considering an impure (alloy) specimen the variatiqn
in P0 is negligible as compared to that in Pi (the extrinsic part of

drag due solely to the impurities) relating velocity to composition,

temperature and the driving force

S P(V,C) =P
(64)

JV) + P (v,C) (48)

Cahn concluded the following: (i) The solute drag does
not depénd upon the nature of solute/boundary interaction, i.e.,
attraétion or repulsion. (ii) There exist two distinct branches of
driving force versus velocity curve (Fig. (28)), i.e., for a given

driving force the reaction éan follow either a slow branch or a fast
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one. It should be noted that for the pure specimen the velocity varies
linearly with the driving force whereas there exists a transition from
linear (slow branch) to a non-linear (fastbranch) relationship with

increasing concentration of impurity.

Hi]]ert(za) in his theory preferred to operate upon the free
energy of the solute, in contrast to internal energy‘used by Cahn(64):
Here it is self-evident that the net force on the soTute atoms is zero
when they are in equilibrium. He argued that the work put into the
movement of a boundary in order to overcome the solute drag must dissi-
pate by the diffusion of solute taking place as a result of the boundary
movement. “ |

It should be noted that in these models of the impurity drag
effect on the moving boundary an implicit assumption is that the
diffusion rate along the boundary is infinite resulting in a planar
grain boundary with uniform conceration in the plane of boundary.

Roy and Bauer(sa) have considered the deviation from the planar
nature of the boundary, which, due to diffusive and convective fluxes,
causes a non-uniform distribution of impurities in the boundary. The
convective flux arises when the net boundary motion is not perpendicular
to the boundary plane and the diffusive flux is due to a non-uniform
concentration gradient. Furthermore a non-uniform distribution of
impurities gives rise to a non-uniform drag on the boundary cauéing a

non-planar grain boundary conffguration. These two factors are

"coupled and can lead to stable or unstable boundary shapes, depending

upon the details of the process.
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Hillert and Sundman(67) have developed a theoretical kinetic
treatment of the massive transformation in a binary alloy. They. obtained
the following expression for the rate of free energy dissipation (given

as the product of the flux and the driving)force) per mole of the

solution due to the diffusion of solutes.

0,2
26 . gravd (=(Xg-%g) &y (49)
O e

where v is the velocity of the moving phase boundary of cross-section
A which passes through .l Qple of solution during time At such that

Avat = V_, V_ is the molar volume, Xg is the bulk composition of the

m’ 'm

ailoy, XB is the composition of the alloy at location y from the centre
of the phase boundary (XA = 1;XB) and D is the diffusion coefficient of
the solute in the boundary. One can expres§ equation (49a) in terms of

an integral involving dimensionless parameters, i.e.,

AG ‘
SD _ RTAv ,vé
v o) f - (49b)

where

"(xg-43)%d(y/ 6)
f = . (49C)
j (070, 1%, %

6 1is the width of the phase boundary and 0, is the bulk
diffusion coefficient of .the solute. 0/D, may vary with the parameter y/s
, depending upon the mode]Achosen for the phase boundary diffusion. Using
an ideal solution model and an appropriate standard state such that the

Henry's law coefficient is unity, the chemical potential or partial molal
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free energy for each component may be written as follows:
!

| .
0 - , .
B Gg + RT;zn XB (50a)

H

and

u

g = %6, + Rj en Xy (50b)

For the case of low velocity, which is of concern in this study, using the

thermodynamic and diffusion model of Hillert et. a].(67) the ideal

approximation for th? driving force is given as
|

|
1

/0, O 0
dlug=1p) _ d{ 6g-"Gy) R (Xg-Xg) (51a)

which in the limit of zero force or ve]oc%ty becomes
* 0. O
g XpXg d("Gg-"Gy)

& - TRT - &y (51b)

\ Hi]lert(67 ) considered the boundary as a thin film of a special
phase having its own free energy curve such that at equilibrium a
characteristic amount of segregation is established. Thus by assuming
equilibrigm segregation coefficients (fqr\the solute) for growing
ferrite to-boundary and boundary to parent austenite d(OGB-OGA)/dy

is defined. Furttermore, steady state d¢omposition profiles as shown

e

in Figure (29) can be ev&luated usin uation (51a). One can evalute

< 0.1) approximation which we will be

the solute drag by simu]t\neous1y using equations (51a) and (49b).
In the 10Q velocity (v&/2D

_subsequently using, the term in equation (5la) with v only enters weakiy

into the integral of (49a)' ih comparisaon to the v2 coefficient. .

Accordingly we are justified \in using equation (51b) in the evaluation

=%
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of f (equation (49¢c)). We have verified that the thermodynamics, the
kinetics and the evaluation of the dissipaiion of free energy in solute
drag by Hillert and Sundman(57) are self consistent.

The latter authors( 7) in agreement with Cahn(64) have found
that (i) the total solute drag is independent of whether the solute is
attracted or repelled by the boundary, and (ii) an optimum (maximum) in
total solute drag exists with respect to the velocity of the boundary.

The dissipation expression (49b5 can be related to the driving
free energy attending a massive transformation per unit vdlume, AR, as
follows. Firstly, it is necessary for theoretical consiétency with -
the steady state free energy balance to propose that a paé; of the total
free energy available AFO, (Measured in terms of the undercooling below
To) is stored in the product phase as a characteristic defect concen-

-

tration, such that
5
Feefy (0- 9 (52)
- where 1/S% is the defect density (number of defects per cmz) and T/Sg
is a Timiting density at given Tf Now considering the free energy

balance for the steady state one may write
AGS‘D’/At = Vm AF/at ”
or
AGS.D./At = AyAF (53)

Using equation (49b}, (Sé) and (53) one obtains

2
S . . -
v = vm(—-r—) (——-) (1 —g) ‘ ~ (54)

* " ) ’
It is implied that at high phase boundary velocity when the solute
spike cannot be sustained, most free energy for the transformation is

e qtncgd in_the nroduct Dhase1n the form of defects.

S+ s A e 2 = o a S e W
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It has been shown by computation via (51b) and (49¢) for y-o that f
decrease; for an increasing value of D/Do in the boundary. We now
postulate that D is monotone %ﬁth 1/S2 on'the-physical basis that a more
defective (or higher D) boundary should correspond to a higher inheritance
of defects in the product phase. Thus, in'turn, f is monotone with S.

It is well-known that this form of v relationship (54} results in a

typical C shape for the TTT curvecss).

In this case the asymptote
as t-~ would be To'
For the steady state the rate of entropy broduction per unit

volume, o, at a given temperature, T, can be expressed as:

T.o =_§%4§F _ : (55)
o // AF2 52
(-7> ) 7 (1 - ° - (56)

/
/
/

f/p___ﬂ,,,/*ﬂ*’// If with Kirkaldy and Sharma(ﬁs)'we identify the stable state

with a maximum in the entropy production then the stable defect density
can be obtained via f(S) evaluated from the Hillert and Sundman(67)
theory (v+0) and a model relating D in the boundary to the defect density
in the product phése. For large v, the optimization becomes much more

complicated siﬁce v through equation (51a) then appears explicitly under

" the integral sign in equafion (49c).
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VIII.2 Martensitic Transformations

e

Although numerous reviews on this subject are available in
(69-72)

the Titerature , 1t 1s very difficult to single out a character-
istic of this transformation which can be used‘to identify it. Some
of the basic features of this mode of transformation are presented below.

The shape revealed by the rumpling of a polished surface,
caused by the shear of the transformed region, has long been used as a
criterion to identify the martensitic reaction. This has been contested
by the existence of a non-martensitic Widmanstatten ferrite formation
which shows surface rumpling(73‘. |

In this transformation the crystal structure changes while
the composition is inherited unchanged, a feature in cqmmogfwith the
massive transformation. The transformation takes place by nucleation
and homogeneous shear of the transformed region.produced by the move-
ment of a coherent or nearly coherent interface resulting in a definite
crystallographic orientational relationship between theé parent and the
product phase. It may be noted that no thermally activated diffusion
is involved in this mode of transformation.

Following this transformation two types of morphologies result,
viz., lath martensite and plate martensite. In lath martensite the
'_transforming unit takes the shape of a lath. Each lath is a result of
; homogeneous shear and successive shears produce a packet of par§11e1
laths containing a high density of tangled dislocations. It is this
morphology that forms in dilute alloys of iron. The plate martensfte

differs‘iﬁ_tﬁe shépe taken by a transformation unit and {ts transfor-

.mation sequence-is characterized by nonparallel plate formation.

i
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(Note that the microstructural features are completely different from
those characteristic of the massive transformation).

The relationship of this transformation to the phase diagram
is similar to that of the massive transformation, except that it
generally takes a higher undercooling to generate this mode of decompo-

sition,



CHAPTER IX
EXPERIMENTAL

Alloys of up to Fe-6.2% Mn and Fe-1.5% Mn-0.25% Mo (using Mo of
99.9% purity) were melted and homogenized as described in Part 1. The
experiments to study the kinetics of the decomposition of austenite were
divided in two parts: continuous cooling and isothermal transformation

tests.

IX.1 Continuous Cooling Tests

With the objective of obtaining a general semiquantitativei
survey of the microstructures resulting from the decomposition of Fe-Mn
and Fe-Mn-Mo austenite, samples of 10 mm x5 mm x 1 mm size were

autenitized in a vacuum (5 x 1073

torr) sealed in quartz tubes at
various temperatures for 30 min and then transformed at different
cooling rates ranging from ~2°C/min ﬁo m105°C/min.

The slowest cooling rgte (2°C/min) was obtained by allowing
the sample to cool in the furnace (with the power turned off). To
oBtain higher cooling rates a vertical furnace was used. A weight
was attached to the outer top end gof the cap§u1e such that on dropping
the latter, the weight would break the capsule instantly. Using this
technique, a cooling rate of ~103 °C/min was obtained by dropping the
capsule into ambient air and 105°C/min was obtained by dropping if in

a bucket containing an iced brine solution. The air cooling rate was

deterﬁined in a separate experiment, in which a Pt/Pt-13% Rh thermo-

57
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codp]e was spot welded to the sample.

These samples, heat treated according to different schedules,
were examined for micrgstructure using optical, scanning and trans-
mission electron microscopy. The crystal structures of such transformed
samples were examined using X-ray diffractometry. Furthermore, to
further characterize the microstructures, microhardness values were
recorded using the Tukon microhardness tester.

In the beginning of this study, an attempt‘was made to examine
the massive transformation in Fe-Mn alloys- using the crossing of
thermally etched prior austenite boundaries by the subsequently formed
ferri?e boundaries, an experimental technique frequently used by

Massalski and his coworkers(S]’sz).

This technique did not succeed in
the case of the Fe-Mn system, since during thermal etching, the surface
concentration of Mn in these samples always decreased due to the
preferential evaporation of Mn. The microstructure of such Mn-depleted
samples (Fig. (10)) was studied to some effect by gradually removing the
surface layers by mechanica1'po1i§hing. Also a microstructural and
microprobe examination of the cross-section provided a means of the
study of the response to continuously varying composition to a given
cooling rate,’using only one sample. This is complimentary to a

Jominy End Quench experiment wherein one studies the response to

continuously varying cooling rates in one sample of a given composition..
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IX.2 Isothermal Transformation Tests for Gréin Boundary Ferrite Formation
For the quantitative study of the isothermal transformation

kinetics, a salt bath having 85% BaCl, and 15% NaCl was used for

austenitizing at 1040°C for 30 minutes and one having 55% BaCTZ, 25%

NaCl and 20% KC1 was used for isothermal treatments. The temperature

of these samples was measured with a chromel-alumel thermocouple spot

welded to the sample and was found to be stable within x3°C over a

period of one hour. The fraction of grain boundary ferrite formed in

this study was determined using linear intercepts on optical micrographs.

Approximately, 5 * 2% ferrite formation was used as the criterion for

. the TTT start curve.



CHAPTER X-
RESULTS AND DISCUSSION

X.1 Continuous Cooling Tests

Fiugres (30a-i) is a compendium of microstructures obtained in
1 mm thick Fe-Mn alloys as a result of variations in the composition,
viz., 2% to 6.2% Mn, and the cooling rate ranging from 2° to m105°C/mfn.
for a given austenitizing treatment, i.e. holding at 950°C for 30 min.
The competing morphologies are as follows: ~
(i) equiaxed ferrite with mostly planar grain boundaries forming in

the alloys of low Mn concentration at a relatively low cooling
rate, viz., in 2% Mn alloy cooled at 2°C/min.

(ii) ragged ferrite forming in Teaner alloys at higher cooling rates,
viz., in 2% Mn alloy at 105°Q/m1n or in richer'a11oys at lower
cooling rate, viz., in 4% Mn alloy at 2°C/min. :

(i1i) lath morphology forming in lean alloys at very high cooling rates
or in richer alloys at low cooling rate, viz., in 6.2% Mn alloy

_at 1000°C/min.

For certain combinﬁtions of the alloy composition and cooling
rate a mixutre of equiaxed and ragged ferrite morphologies is observed
(Figures (30b and ¢)) and for richer alloys ragged ferrite and lath
morphology compete (Figures (30d-i)), the latter increasing at the
expense of the former with increase in either-of the alloy content and
cooling rate. ‘ . A
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Figure (31a), an optical micrograph at higher magnification
(x250) corresponding to (30e), shows a mixture of ragged ferrite and
lath morphology. Figure (31c) is a scanning electron micrograph of
a portion of (30f) showing the lath morphology and Figure (31d) is
for an alloy of composition Fe-1.5%Mn-0.25%Mo whose 0.1 mm thick
sample was austenitized and then quenched in water. Figures (32a-c)
are transmission electron micrographs corresponding to (30a), (30e)
and (31d), respectively. The transmjgsioq electron microgfaphs,
indicate the increasing order of defect densities in equiaxed, ragged

ferrite and lath morphologies. Similar structures have been observed
(46) (74)

in Ehe Fe-Mn system by Bolton and Petty and Roberts. The micro-

structural similarity between the lath morphology in the Fe-Mn system
and that in low C, Fe-C martensité73)shou1d be noted. —
These observations draw attention to two facts: firstly, that
for a given alloy compoggtion, say 2% Mn, the critical Eoéling rate for
ragged ferrite formation is higher than that for equiaxed ferrite, and
similarly for the 4% Mn alloy, the critical cooling rate for lath
morphology is higher than that for ragged ferrite; secondfx, that
with increase in Mn concentration the crifica1 cooling rates for ragged
ferrite and lath morphology decrease, a simple hardenability gffect.
The number on the 1owér left corner in each of the micrg—
graphs in Figures (30a-i) represents the microhardness associated with
a inen microstructure. It should be noted that the microhardness

values qésociated with equiaxed, ragged ferrite and lath morphology

are in increasing order due perhaps to the increasing fineness of the
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structure and the defect density. The microhardness strongly depends
upon the kind of morphology. These microhardnéss va]uék/;6mpare well
with those measured by others in FeTMn(47) and Fe-N17%) systens.

It {s to be noted that in our continuous cooling tests the cooling rates
correspond to the first plateau of Shteynberg et. al.(47) (Fig. (26)). ,

The lath morphologies shown in Figures (30 f-i), (31 a,c,d)
and (32c) resémble those resulting from the martensitic transformation
in low C, Fe-C a]]oys(73). Furthermore, the microhardness of the lath
morphology, viz., DPH 287 for (301) agrees well with that for Fe-C
martensite extrapolated to zero carbon lgvel (~DPH 300)(76). Figure
(31b) shows the surface rumpling produced on an Fe-6.2%Mn prepolished
alloy sample vacuum sealed in a quarti tube, austenitized at 900°C
for 10 m{nutes and followed by the unbroken capsule thrown in water.
This 'surface rumpling suggests a shear mode of transformation.

Although the alloy composition and the cooling rates used in
this study place them on the first plateau of Shteynberg et. a1.(47)
which corresponds to massive transformation, it is nonethéless possible
that aue to the differences in prior austenite grain size the regimes
of massive and martensitic transformations (in terms of cooling rates)
are shifted to Tower cooling rates leading to lath morphology as a
result of martensitic transformation.

' The composition of these alloys affect the microhardness in.two
ways, firstly as a result of solution hardening and secondly as a'
result of the finer austenite decomposition product with greater defect
density due to the lowering of y to a ‘transformation ﬁemperature.

It is to be realized that it {s very difficult to. isolate the effect



63

of'variatTOA in composition from that in morphology. A ternary alloy
of composition Fe-1.5%Mn-0,25%Mo was water quenched to yiéld lath
morphalogy (Figs. (31d) and (32c)), similar to that reported as acicular
ferrite in HSLA steeis(77’78).

These alloys of the Fe-Mn system, having different ferrite
morphologies, were analyzed for crystal structure, using X-ray difffacto-

metry. It was found that irrespective of the morphology, the crystal

structure is body-centred cubic. A texture effect was prominent in

quenched alloys resulting in a decrease in the intensities of (110) and
(220) reflections. There was no evidence for tetragonal distortion or
retained austenitez'due to the very low carbo; content of these alloys.
Figure (33a) is a composite figure of a scanning electron micro-
graph and corresponding electron microprobe trace of a surface depleted
(during austenitization at 1100°C for 24 hr.) and furnace cooled (2°C/
min) sample of Fe-6.2%Mn alloy. This experiment shows the effect of
variation in composition of the alloy on the resulting morphology,
for a given cooling rate. Figure (33b) is a scanning electron micro-
graph at a higher magnification of the same region as shown in Fig. (33a).
In Figure (33a) A-A is the maximum solubility limit of Mn in ferrite,
i.e., on the left of A-A.lies the single phase, a, region and on the
right the two phase, ot+y, region. It is seen that the equiaxed ferrite

with mostly planar grain boundaries extends up to the ferrite solvus

“Tine (A-A).beyond which ragged ferrite and Tath morphologies extend

up to the bulk composition. Here two points deserve attention: first

fhat there exists a sharp boundary between equiaxed and ragged feérite,

approiimate]y at ‘the ferrite solvus 1imit, and second that ragged
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ferrite formation starts within the two phase, oty, region and extends
well into it. ‘

Considering an i}regular shape of ferrite grains with ragged
boundaries and compositioﬁ invariance as criteria for massive mode of

decomposition Figure (33a) establishes that the massive mode of

- decomposition takes place in the two phase field of the Fe-Mn system.

This situation correspond to the slow branch of impurity drag treat-

(64)

ment of Cahn It may be recalled that the massive mode of trans-

(51)

formation in the two phase field has been reported in Fe-Ni

Cu-Zn(GO’G]), Cu-AI(GO), and Ag-Cd(G]) systems.
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X.2 Isothermal Transformation Tests for Grain Boundary Ferrite Formation

Alloys of Fe-2%Mn and Fe-2.8%Mn were subjected to isothermal
transformation tests near their respective ferrite solvus temperatures
for exploratory purposes. It was found that the nose-time for the
C-curve for grain boundary ferrite formation for the Fe-2%Mn alloy
was less than 1 min. and for the Fe-2.8%Mnla11oy was less than 5
min. ~Thus in order to have more accurately measurable transformation
periods the alloy Fe-3.1%Mn (close to the maximum solubility Timit of
Mn in ferrite) was chosen for TTT examination. For this alloy the
nose time is observed to be 15 minutes at 640°C.

Figures (34a-b) show the micrographs of Fe-2.8%Mn‘and Fe-3.1%Mn
alloys isothermally treated at 675°C for 10 min. and 620$C.f0r 27 m{n.,
respect%ve]y, at relatively high magnification fo; estimation of the
fraction of grain boundary ferrite formed. Figures (35a-h) show
micrpgraphs of Fe-3.1%Mn a]]oy’isothermally treqﬁed at different
temperatures for different lengths of time. Figure (36) shows the
partial TIT start curves for Fe-2%Mn and Fe-2.8%Mn alloys and a
comple TTT start curve for the Fe-3.1%Mn alloy for 5+£2% grain boundary
ferrite formation. . ‘

The TTT start curve for the Fe-3.1%Mn alloy shown in Figure
(36) draws our attention to three points.

(i) The transformation on cooling starts only after reaching close to

ferrite solvus (indicated by T® ‘on this figure). This feature was

e A iy s S A .- .
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observed also by Kariyn et. al.(79) in the Cu-Zn system. Furthermore,
it may be recalled that the equiaxed ferrite formation extended up

to the maximum ferrite solvus limit, as shown in Figure (33a). This
suggests that this’grain boundary ferrite is the analog of the
equiaxed ferrite in a uniform solution.

It should be noted that our continuous cooling tests (except
for furnace cdo]ing) correspond to cooling curves lying close to thé
temperiture axis (Figure (36)). Thus, for the %e-Z%Mn alloy (for
which the nose time is less than 1 minute) equiaxed ferrite formation
is seen in furnace coaled and afr cooled samples, whereas in a water
quenched sample.it seems to be suppressed as the cooling curve for
this sample misses the nose of the TTT curve. The other alloys Fe-4%Mn
and ﬁe-é.Z%Mn'may have their TTT nose shifted to far right in Figure
(36) reshl?ing in complete supp?ession of equiaxed ferrite in these
alloys.

-(ii) The TTT start curve bends backward in a C shape. Karlyn et. al.(TQ)
' using a pulsed heating and metallographic technioue observed that the
.rate of transformation increased monotonically with undercooling

together with a C shaped delay time in the Cu-Zn systeml‘ They identi-
field this delay tima with tﬁe tima taken for interface control to take
over the initially diffusion controlled growth process and not with

the actual n&c?eatibn of the o particles. Ayers and @hssalski(ao)

using pulsed heating and continuous resistivity measurements did not
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observe any delay time for this systenm. Bolton and Petty(46) obseryed

isothermal transformation kinctics in an Fe-3.78%ln-.012%C alloy and
they identified this as a bainitic transformation.

(111) The low‘growtp rate (~ .01 um/sec) of grain boundary ferrite
observed in this study of Fe-ln alloys is suggestive of a diffusion
controiled reaction.

We first exploﬁ? the possibility of volume diffusion of Mn

as the rate controlling step. this situation is described by

" equation (28) of section II1I.2.2. For a positive value of n' equation

(28) is modified to
C?a'-CII e'(ﬂY)z

Y.l
/r CYOC?*Y 1 < erf(nY)

(57)

n

o

and noting that for high supersaturation n' >> 1 then we can approximate

e-(nY)2

1 - erf(n") = [1 - —iy] (s8)
¢ :n n' /7. )

2(nY

Now from equations (57), (58) and (22) the ferrite -thickness s

'/yulrI ' '
g = J/éBYt[§TT:93;4~= /énYtR . | (59)

= . )

- On substituting into equation-(59) values for the observed
grain boundary ferrife formation, i.e., § = 16 um at 650°C for 20
minutes, sgalc *2.6x 10713 cmZ/sec (extrapolated from the higher .
temperature data'of‘Noﬁéra"Eﬁa Hiﬁahb(41}7”§ﬁa;assum1ng'that the
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nucleatfon is instantaneous (i.e. the kinetics is. growth controlled),

the m1nimum concentration ratio, R, needed (cf equation (59)) is

-n——-cm'cn 108 (60)
ctt-c%Y

This mzans that the height of the spike in austenite should be 105
times larger than the deficit in ferrite, as shown in figure (37).
since ¢7-¢T = 0.1 in our case then c11-c7 = 1077, Using the mass

balance, the hatched area on the ferrite side should be equal to the

cross-hatched area on the austenite side. Consequently the width of

7 x16 x 107%.05 = 3 x 1077 cm, s

the spike in austenite, x = 10
an order of magnitude smaller thanp the boundary width. This suggests
fﬁat the diffusion of Mn shobld take place mostly in’'the boundary
region. © ' ’ |

Noﬁetheless if we consider thai in the neighbourhood of the
boundary the bulk diffusion coafficient may -be 10 ta 100 times larger
than that far away from the boundary, the widkh of the spike in thé
austenite phase could be larger than the boundary width, resulting
in bulk diffusion of Nn as a rate controlling step. In this situation
the TTT start curve with asymptote j}“"he v/(aty) solvus could describe

the actual growth rate at large undercoo}ing. However, it should be

‘noted that no Mn paftftfonjng was detected by the microprobe step

scan-analysis both along.and across the grain boundary ferrite pre-

cipitatés. Furthermore, the observed TTT curve does not have 1;5 asvmptote

-

at y/(a+y) solvus.
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We now explore the possibility that there are sufficient
interstitial atoms to force the reaction into the ternary diagram
(Fe-Mn-(C,N)) and thus provide a temperature region of control py
these interstitials (C and N). The kinetics of interstitial diffusion
controlled reaction can beevaluated by referring to criterion (33).
However, noting that at 650°C the diffusion coefficient of carbon
plar,. = 1.96 x 1078 (81)

cmZ/sec , the diffusion Tength for carbon in

Coy
650°C
austenite for 20 minutes is ¢

8

x=v2x1.96 x 1070 x 20 x 60 = 68 um (61)

as compared to the observed grain boundary ferrite thickness of 16 um.
Although x should be discoﬁnted by a supersaturation factor it is
nonetheless several orders of magnitude higher than the interface
boundary width, indicating that the trace interstitial impurities Tike
C and N may be rate controlling in this process. Furthermore the
Eonjecture.of interstitial éiffusion control can be suéported by the
fact that tﬁe.obgérved'TfT start curveé (c.f._Fig. (36)) point to
asymptote at or near the ;eépective‘(a+y)/g so]vu; temperatures for
the binary Fe-Mn system (c.f. Fig. (25)). |

‘- ) To discuss this phase transformation behaviour in relation to
the phase diagram, we shall consider a ternary Fe-MnAé system {for -
sake of simplicity of the discussignf and not the quaternary Fe-Mn-C-N.
It is assumgd that the trace.coqcentration of oxygen will bé'{n the
combfneg form @f ﬁanganese oxide. Figures (38a,b) show the approximate
Fe-Mn-C isothermal sections of the phase diagram at 660° and 600°C,
regpéctively. The terminal binary 1imits for. the Fe-Mn and the Fe-C

¥
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~

(21)

systems are taken from the present study and that of Harvig, 'respectiv¢1y.
These terminal points are connected by straight lines as dpproximate

phase boundaries for the a/y equilibrium. True equilibrium, para-
equilibrium phase boundaries and the envelope of zero partition are

shown in Figures (38a, b) following the construction of Figures

(6a,b) and (7). The region of low C content of present concern is

shown separately on an expanded scale, Figures (38a,b).

The Fe-3.1%Mn alloy austenitized at 1040°C for 30 min. and
isothermally treated at 640°C for 30 min. was analysed for carbon and
nitrogen and each was found to be .004% with an accuracy of +.002%.
Conjecturing that the effect of nftroéen.on the constitution of Fe-Mn
- system is the same as that of carbon, we shall assume that there is
a linear additive effect of € and N. Thus thg effective alloy compo-
sition {s Fe-3.15 at ¥Mn-0.04 at %C as shown.by the open circle in
Figures (38a,b). Note that points P lie outside the paraequilibrium
range .and within the no-partiéion Tocal equi]ibriuﬁ range.

Figure (39) shows a set of schematic ferrite/austenite
boundaries for the Fe-Mn-C isotherms for the temperature T]>T2>T3 and
the bulk alloy-composition (0) marked as P. Following the construction
described in the section I11.2.3. (Fig. (6a)) the envelope of zero
partition and the self consistent tie-lines (C,M, and C,M, at T, and
Tz,respectively) are located on Fig. {(39).- At temperature T]; the
.alloy composition P lies very close to A]E], the énve1bpe of zero
partition of T1, implying a 10Q supe}saturation (cprrespondipg ?o C3P)

for carbon diffusion (controlling austenite to grain boundary ferrite
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transformation) ahead of austenite. This condition corresponds to

low transformation rates or long times required foé a given ¥ trans-
formation at this temperature. As.the temperatﬁre is lowered to TZ

the alloy composition 1ies close to the ferrite solvus, AZBZ’ resulting
in high supersaturation (corresponding to C4P) for carbon diffusion.
This condition leads to a high transformation rate or short times for

a given % transformatign/af/this temperature, T2’ On further cooling -
to %3, the alloy composition P falls within the single phase region
and could thus transform via fhe ;assive mode without any necessity

of partitioning of Mn or C.

It‘is to be noted that should carbon diffusion alone be con-
tro]fing the rate of transfgrmation for the comp1qte TTT of Fe-3.1%Mn
in Fig. (36), the 'nose' of this TTT curve could not be so sharp. This
leads to the proposition that there exists a qompetjtivelmassive mode
of decomposition which défines the cut-back of the TTT cu%ve. However,
due to the relative faster transformation rate for the massive mode

in the high temperature range, it is the carbon diffusion ahead of the

interface in austenite which controls the iransfqpmation rate above

the nose.
Transformation curves for the massive mode have bgen constructed
as follows. According to the most common version of the model of

interface control, the migration rate of the interface,
‘~B J : _ .
vaMaG (62)
where M is the mobility of the interface and AGg is the free energy per

unit mole of solution dissipated in the interface. (Our own theory

&
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T

would give a similar result, c.f. eq. (54)). Thus the time to form

a given fraction of grain boundary ferrite
o 1
M Aea

Since the mobility has an activation term and 4G

t

(63)

a may be estimated as

being proportional to (TO-T) equation (63) can be rewritten as

t = k e¥RT/(7 1) (64)
»
where k is slowly varying with temperature. We have used this

coefficient to force the transformation curve (for massive mode) through
the nose of the TTT curve. Q is tHé activation eneérgy per unit mole
of the solution for the thermally activated atomic process in the inter-
face. It was set equal to 30,000 cal./mole, typiéa] of the grain
boundary diffusion coefficient of a substitutiona] element.

Now the completé transformation behaviour of Fe~Mﬁ austenite
to grain boundary feﬁ}ite may be visualized as follows. The transfor- '
mation curve for the massive mode, shown as the broken line in the
Figure (36), starts with an asymptote at Ty As the undercooling
increases the massive reaction can speed up, but the trace impurity

diffusion controlled part of the transformation being much slower

. determines the actual rate of transformation. This behav{our may

continue £i11 the nose of experimental TTT curve is réachgd. On

'_ cooling below -the nose temperature the driving force fof C diffusion .

is now much larger (shown schematically as C#P in Fig. (39)) trans-

ferring the rate control to the maséivg transformation (dot-dash 1ine)

PR
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curve - corresponding to the 'stow branch’ of the impurity drag

effect in grain boundary migration.

s
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CHAPTER XI
CONCLUSTONS

1. The end compositions of the tie-lines for a/y.equilibrium at 762°
. and 822°C in the iron-rich Fe-Mn system have been measured using a
diffusion couple, technique. The end-point values are X;62°C=1.98
v o4 g @ . Y o as
at. %Mn. '

4

2., The analyses of the composition profiles for the equilibrated

822°C

diffusion couples y1e1ded Dggégc 2.7 x 10712 cn?/sec and
oM.y = 2,64 x 107714 cm?/sec.

3. Using the experimental tie-line information from this study and
other sources,and the thermodynamic data from the literature a
thermodynamically self-consistent phase diagram together WIth T line

has been .calculated for the iron-rich Fe-Mn system (see Fig. (25)).

4. The competing morphologies resulting from the decomposition of
1ron rich Fe-Mn austenite are equ1axed ragged ferr1te and lath
morpho]ogy The former two may result from the. massive mode of
transformation, whereas the ]ast one may be a result of martensxtlc

decomposition.

5. The massive mode of decompos1tion has been ohserved 1n the Fe-6. Z%Mn

sample which Ties in the two phase f1e1d of the Fe-Mn phase diagram

74



.
g A coltatp b s "

75

6. The salute drag treatment of Hillert and Sundman(EB) has been
further developed for-the Tow velocity branch. :Our‘treatment predicts
a C-shaped TTT (q1me-temperature transformation) curve foTlowing. the
maséive mode of transfbrmation. Furthermore, invoking irreversfb]e
thermodynamics it has been noted that ;he rate of entropy production
has an optimum with respect to a structure paraﬁetér, S. Iqé., for

a given free energy of transformation there exists\a unique optimum }
defect density and velocity éssociated with a massive transfofﬁétion.-.
To make such a theory quantitative'it will be necessary to develop

a detailed model of the re]ationsﬂip between the boundary and the

product phase defects.

7. A TTT diagram has been experimentally evaluated for a grain houndary
ferrite (analog of equiaxed ferrite) formation in the.Fe-3,1%Mn alloy,

with nose time 15 minutes at 640°C.

8. The grain boundary ferrite formation starts only upon reaching

close to the (1ower)'sing1e phase solidus.

9. The TTT observations are generally consistent with the proposition
that the austenitic decomposition to grain boundary ferrite is con-

. s
trolled and drastically limited by trace carbon diffusion above the

nose temberaturg and by the massive mode at lower tempgratures.

v
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TABLE I
T . Free Energy of Transformation of Pure Iron from Ferritg’to Austenite

in cal./mole.

Temp. (°K) 2% Temp. (°K) 26>
. 1184 0 1020 64.16
¥ 1180 0.74 1010 72.18
1170 2,52 1000 80.80

1160 4.48 980 89.8

1150 6.66 .90 - 99.3

140 - 9.10° © 960 109.3

1130 - 11.84 950 119.9

. N2 14.92 940 131.0
--1110 18.37 930 $142.4

1100 22.22 920 154.1

1090 26.07 910 **166.0

1080 29.92 900 - 178.3

1070 34,21 890 191.1

1060 39.11 © 880 1, . 204.1

1050 44.31 870 | 217.3

1040 50.15 860 .  230.8

1030 56.75 gs0 | 204.7

N U
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Table II |
Analyses of the Ferrovac-E Iron and Electrolytic Manganese Flakes Used

for the Preparation of Fe-Fn Alloys

Ferrovac-E Iron Electro]ytic Manganese
c 40 ppm Mg 46 ppm

Mn . 10 ppm $ Fe 5 ppm

S 60 ppm Si 2 ppm

P 20 ppm ‘ | Cu <2 ppm

Si - §0 ﬁpﬁ . Mn . Balance

N 4 ppm ﬂ

Fe Balance
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Figure (11) Schematic diagram showing arrangement of Ferrovac-E, Fe
and Fe-Mn alloys, as held in amolybydenumclamp (approxi-
mately full size).
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DISTANCE ‘FROM ARBITRARY REFERENCE (um)

Figure (14c) Expanded partial compd;ition profile in the Fe-3.1%Mn/Fe
diffusion couple eauilibrated at 822°C for 6 weeks. Note

the loss of resolutiaon at the interface due to the approxi-

mately 2 umdiameter. x-rav source,
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Figure (15) (a) Optical micrograph of Fe/Fe-2.4%Mn diffusion couple
equilibrated at 762°C for 6 weeks, x125, and (b) that
at higher magnification of the far right region of the
same sample as in {a), x250.
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Figure. (16a) Composition profile in thé‘singje phase ferrite region of
. Fe/Fe-2.4%Mn couple equilibrated at 762°C for 6 weeks.
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Figure (17) (a) Optical micrograph of Fe/Fe-4%Mn, x250 and (b) thdf
of Fe-6.2%Mn/Fe-4%Mn diffusion couples equilibrated at
762°C for 6 weeks, x250, ’ '
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Figure (19) (a) Optica
that of Fe

1 micrograph of Fe/Fe-2
-2.47%MnyFe-3.12Mn diff
brated at 822°C, x125,

S
7 ey

%Mn x 125, and (b)
usion couples equili-
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Figure (20a) Typical composition profile in Fe/Fe-2%Mn diffusion couple
equilibrated at 822°C for 6 weeks.
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Figure (21)
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Composition profile in singfe phase auéﬁenite; Fe-3.1 *Mn/ .
Fe-2.47%Mn equilibrated at 822°C for 6 weeks.

g S

v Fe ey



Figure (22)
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(b)

(a) Scanning e]ectron micrographs of Fe<6.2% Mn sample
austenitized at 1100°C for 120 hr and followed by
annealing at 762°C for 6 weeks, x1800, and (b) at
higher magnification, x4500.
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Typical composition profile of the Fe-6.2%Mn alloy austeni-

tized at 1100°C for 120 hrs. and

762°C for 6 weeks.

followed by annealing at

7. LT



s el

. . .
L R

€ e emen

{ I { I
—~1000}
; -
3 .
£
~
anbe
©
A
~ =2000r-
b & 7359+ 5519 T
Go .
QQ .
= O-TROI0ANO ET AL
. A—HILLERT ET AL
O- THIS STUDY
- 1 1 1 1
3000g55 1000 1200

TEMPERATURE (°K)

" Figure (24) AOG;;? as a function of -temperature.

- L

1 LI
TE it 4 wan v an s

v -

b i o



112

H ¥ i [ 1 H | | [ 1 A 8 i ¥
s00R O TRIANO ET AL -
R A HILLERT ET Al2 i
O BIBBY ET AL<%R2)
B g ———THIS STUDY R
A = -
(&)
2 - .
71|
% = (] L =
-
< hon -y
o
w
Q. . -
s
W
700} Q -
o To LINE ‘ -
i kY
600} S o O -
1 ‘} L1 1 1 | 1 | 1 L g
0.00 0.05 - - Q.10 .15

- MOLE FRACTION OF MANGANESE

Figure (25) Phase diagram of the ’iron-.rich Fe-Mn system.

B it SN

T R e LR

PO



113

a o
700 i ﬂ I
So0-
- Pi-'] L e
300t i _ "Fq
b | .
’ s oot 1 »—‘-L» 7 |
7 '\ 400 - o ‘[{7 i _
200}
c .
= TG
400 I
I
" A v
200 = 1 = [T
) 400 g : ;
T T ]
200 MR /o] i v A
0

. 10° 10° 0° 1w !
/ . Ucoo! ? d 9.9/ e

-

A3

{
Fligure (26) - Influence of cooling rate on the temperatures at which the
v»a transformation begins in Fe-Mn alloys: a-1.2; b-4.1;
) { c-7.5; d-9.8%Mn: {-}\{ stages of transformation (after
Shtyenberg et. al. 47)y.
}
\



114

-
LI o

— r
Reson of massive transformotion

=T

Temperoturg ———om

| (11)

Figare (27) (1) Schematic phase diagrams for various types of alloys

that may undergo massive transformations, (critical compo-
sitions are indicated by dashed vertical lines), (II)

Schematic(gsﬁe energy diagrams for g and « phases (after
Massalski ).
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Figure (28) The driving force versus velocity curve for various B
compositions. (a) pure material, (b) and (c)_correspond Y
to the increasing concentration of impurity. ~The unstable
part of the curve (c) is broken. The two stable branches
(c.f. curve (¢)) conform t t?e low and high velocity
approximations (after Cahnl64)),
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Figure (29) Schematic steady state composition profiles in ferrite,
phase boundary, and austenite for boundary velocities,
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Figure (30) a-i Various ferrite morphologies in Fe-Mn alloys as a function

of composition and cooling rate, x120, number on each micro-
graph gives microhardness »  DPH for 500 gm load.
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Figure (31) a. Optical micrograph of air cooled Fe-49 Mn alloy, x250,

and b. that of prepolished sample of Fe-6.2%Mn alloy austeni-
tized at 900°C for 10 min. and then unbroken capsule thrown
in water, x125. Note the surface rumpling following the
transformation, c. Scanning electran micrograph of water
quenched Fe-4%Mn alloy, x1000, and d. that of Fe-1.5%Mn-
0.25%Mn alloy, x500.
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(c)

Figure (32) Transmission electron micrographs of (a) furnace cooled
Fe-2%Mn alloy, x14000, (b) water quenched Fe-4%Mn alloy,
x12000 and (c) water quenched Fe-1.5%Mn-0,25%Mo, x64000.



Figure (33a)
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Variation of ferrite morphology with composition in-
Fe-6.2%Mn alloy austenitized at 1100°C in vacuum sealed
quartz capsule for 24 hours followed by furnace cooling.
GBF: Grain boundary ferrite, RF: Ragged Ferrite, LM;
Lath morphology. v i :
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Figure (33b) Scanning electron micrograph of the same region as
shown in Figure (33a) at higher magnification.
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Figure (34): Optical micrographs at higher magnification (x248)
. for the estimation of fraction of grain boundary ferrite
formed in (a) Fe-2.8%Mn alloy at 675°C for 10 min. and
(b) Fe-3.1%Mn at 620°C for 27 min.
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¢. 630°C/18 min,

Figure (35) Microstructures of Fe-
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b. 620°C/27 min.

d. 630°C/21 min.

3.1%Mn samples austenitized at

1040°C for 30 min. and followed by different heat
treatments, x60.
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f. 640°C/30 min.
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g. 650°C/20 min. . h. 660°C/43 min.

Figure (35) cont'd. Microstructrues of Fe-3.1%Mn samples austenitized
at 1040°C for 30 min. and followed hy different heat
treatments, x60.
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Figure (37) Schematic manganase spike in austenite, ahead of the advanéing
. -interface.
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MANGANESE , at. %

CARBON, at. %
(a)

4-

MANGANESE , at. %

CARBON , af. %

(b) .
Figure (38) a. An.approximate Fe-Mn-C isotherm: (——) true equilibrium,
' —— - —) envelope of zero partition, (----) para equilibrium,

0) composition of alloy, at 660°C and b, at 606°C. The -~
areas in circle are shown on expanded scales.
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Figure (39) Schematic representation of the variation of driving force
for carbon diffusion ahead of austenite {controlling
the rate of transformation) with variation in temperature
estimated in terms of location of the bulk composition
of alloy relative to the ferrite/austenite boundaries;
A{B,/D,Ey, AZBZ/DZEZ’ and A3B3/D3E3 are the ferrite/
austenite solvus, respectivelv, for temnerature T1>T2>T3;
(= = —) envelon of zero.partition, ,

e, L

PR I

Ty Ve L s
P S L PP





