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The present study concerns a detailed investigation of the kinetics of the eutectoid
transformation in the Cu-In system based on both the isothermal growth rate of the
eutectoid colony (monitored by microstructural change) and enthalpy changes during
non-isothermal heating (determined by differential scanning calorimetry) of
solution-treated and quenched samples. The maximum growth distance of the eutectoid
cells and the equilibrium interlamellar spacing have been determined by optical and
scanning electron microscopy in the temperature range 600-825 K. The reaction front
velocity was observed to increase with the isothermal ageing temperature in the
temperature range studied. A detailed analysis of the isothermal growth kinetics through
the models available in the literature has yielded an activation energy of 125-127 kJ mol~'
for the operating diffusion process, which is comparable with that for discontinuous
precipitation in Cu-In or for grain boundary tracer diffusion of "®In in Cu, but significantly
lower than that for volume diffusion of In in the 8 Cu-In alloy. A subsequent differential
scanning calorimetric study has indicated a similar activation energy of 133 kJ mol~" for the
concerned eutectoid transformation. It is thus concluded that the eutectoid transformation
in the Cu-In system is a boundary-diffusion-controlled process. © 7999 Kluwer Academic
Publishers

1. Introduction behind the RF was necessary to produce the equilib-
The eutectoid transformation in a binary system may beium transformation products. Furthermore, a different
defined as a solid-state diffusion-controlled decompotype of reaction by which thg phase could assume
sition process of a high temperature phase into a twoa herring-bone appearance was observed at tempera-
phase lamellar aggregate behind a migrating boundariures well belowTg, such that a pre-precipitation af

on cooling below the eutectoid temperatuligf [1].  preceded a gradual transformation of the matgX (

In Cu—In, this transformation occurs #8s— o + 8§ to §. These observations by Spencer and Mack ap-
at 20.15at% In belowle, = 847K [2]. Unlike the peared to suggest that the eutectoid transformation in
pearlitic reaction in Fe—C alloys, where the solutionthe Cu—In system could be volume-diffusion controlled.
is interstitial in nature, the eutectoid transformationHowever, both Bhatia and Gupta [8] and Maretaal.

in a substitutional solid solution involves diffusion of [9] have subsequently carried out kinetic analysis of
the solute atoms either through the matrix or alongthe isothermal eutectoid growth to conclude that the
the boundaries or ledges [3]. For instance, the migrateoncerned phase transformation in the Cu—In system
ing boundary or reaction front (RF) is known to pro- is a boundary-diffusion-controlled process. However,
vide a short-circuit path of diffusion for the eutectoid both these studies were confined to kinetic analysis
change in Al-Zn [4]. Recently, the eutectoid changebased on only a few of the relevant models of eutectoid
in the Cu-Al system, previously thought to be con-transformation.

trolled by volume diffusion [5], has been identified to  In the present work, an extensive kinetic analy-
undergo a ledge-growth mechanism of eutectoid transsis of the steady-state isothermal eutectoid growth in
formation aided by boundary diffusion [6]. Regard- the Cu—In system has been undertaken considering all
ing eutectoid decomposition in Cu—In, Spencer andhe relevant models [4, 10-16] reported in the liter-
Mack [7] suggested that a compositional adjustmengture to verify the mode of diffusion during the phase
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transformation. In addition, a detailed differential scan-3. Results and discussion

ning calorimetric (DSC) analysis has been carried ouB.1. Morphology and distribution of the

to substantiate the results of above-mentioned kinetic ~ reaction products

analysis. It may be pointed out that a similar thermalFig. 1 reveals a typical optical microstructure after eu-

analysis has earlier been successfully applied to detetectoid transformation at 750 K for 2.5 h. The eutectoid

mine the activation energy of discontinuous precipita-colonies (dark) nucleate at the grain boundaries and

tion [17] and eutectoid transformation [18] in Al-Zn, grow into the untransforme@ matrix (light). Here,

but has not been utilized for the eutectoid change in the. seems too small to be resolved by the optical mi-

Cu—In system. croscope. Fig. 2a is an SEM micrograph revealing the
two-phase lamellar product of the eutectoid transfor-
mation at 600 K after 7 h. The parallel alignment and

2. Experimental procedure
The Cu—20.15 at % In alloy was prepared by induction
melting of high purity &99.99wt %) copper and in-
diumin an evacuated and argon-filled silica tube. Cylin-
drical ingots of 10 mm diameter were homogenized a
933 K under similar protective conditions for 14 days
and subsequently quenched in iced brine to room tem
perature. Semicircular discs of 5 mm thickness were cu
from the central part of the ingot by a low speed Isomet
diamond saw, solution treated at 923 K for 10 h undel
an argon atmosphere and quenched in iced brine, ar
subsequently subjected to isothermal ageing by rehea
ing to different predetermined temperaturés= 600
to 825K), controlled to+1K, in similar evacuated
and argon-filled capsules. At a given temperature, the
isothermal treatment was interrupted at predeterminea‘gure 1 Optical microstructures revealing the eutectoid growth in Cu—
intervals of time {) by quenching in iced brine for mj- 20-15at%nalloyat750Kafter 2.5h.
crostructural investigation prior to the next treatment ‘
with the same sample. A given isothermal treatmen ' L1} |
was repeated several times to ensure the reproducibif )'
ity of the results. The isothermally treated samples wer¢
ground, polished (with up to 0/m diamond paste)
and etched using a colour-tinting solution containing
209 CrQ, 2gNaSO, and 1.7 mI HCI (35%) in 100 ml
distilled water. A detailed microstructural investigation
was carried out using a Reichert MEF-2 metallograpt '
and a Jeol scanning electron microscope (SEM) to defl i\ ¢}
termine the true eutectoid colony widik)@as afunction ~ Hi\
of t and the true interlamellar spaciny) @t a givent,
respectively. To obtain the true valueswofind A, the
average of the maximum growth distances,j and \ ‘ 1
interlamellar spacings,, of a eutectoid colony was @
calculated from 40-50 random measurements and mul-
tiplied by a normalization parameter as in the procedures
of Liick [19]. e
The DSC studies were carried out using small rect:

set of samples were subjected to identical thermal treat-
ments in a separate furnace to simulate a typical DSC
thermal cycle and correlate the results of such thergigyre 2 SEM micrograph of (a) a typical lamellar eutectoid product

mal analysis with the corresponding microstructuraldeveloped at 600 K after 7 h, and (b) the spherodized morphology of the
changes, product phases following eutectoid transformation at 750 K after 1 h.
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curved interfaces confirm the lamellar morphology of -6.6
the transformation product. However, at higher temper
atures or extended periods of isothermal treatment, th
parallel alignment of the lamellar product tends to be
replaced with spherodized or fragmented morpholog

due to coarsening and/or a low degree of cooperatio
during the steady-state growth behind the migratingRE 74 |
(Fig. 2b) [20]. Despite a possible change in the lamel:
lar orientation within a given colony and a tendency to%
spherodize destroying the parallel orientation betwee £ -
« ands, it is found that the average repeat distance o0 &,
8 (center-to-center) is statistically constant at a giver-=

temperature. 86}

3.2. Determination of isothermal Ty,
growth rate

Fig. 3 shows the variation @f as a function of for dif-

ferent temperatures. It is apparent thahcreases with

an increase ihat different rates for differentisothermal ~ -9.6 : L

temperatures. The slopes of thet plots yield the RF 350 650 750 850

velocity (v) at a given temperature. It is important to T (K)

note that the calculation ofis restricted to the range of

a given plot that strictly maintains a linear relationship

betweenw andt (within a standard deviation of 6%).

Flg 4 shows the variation afas a function of. In the such elevated temperatures [20] As a reswand con-
temperature range studiedincreases monotonically sequently calculated forT > 750 K may be grossly
with Tand does not show a ‘C-curve’ behavior typical of gverestimated. Hence, theT curve in Fig. 4 is shown

a diffusion-controlled nucleation and growth process.as a continuous line only up to 750K. A possible re-
Signiﬁcant interference of a concurrent mode of de'versa| in thev=T curve could have been recorded 0n|y
composition of8 made the distinction of the eutectoid f the eutectoid colony could be clearly distinguished
colonies in the microstructure extremely difficult and from the priorg regions in the microstructure following

prevented precise monitoring of the eutectoid colonyisothermal ageing in the range 750KT < Teu.
growth kinetics aflT > 750K. It is presumed that a

volume-diffusion-controlled mechanism may account

for a concurrent mode of decomposition pfalong  3.3. Determination of interphase boundary

with the usual eutectoid transformation mechanism at  diffusivity

The interphase diffusivity triple producs§,D;) in
terms of the experimentally determined kinetic param-
eters ¢ andi) may be obtained through kinetic analysis
of the eutectoid transformation as [20]

Figure 4 Variation ofv as a function off.

100

750
825 sspD; = ka2v 1)
75 800 , . .
wheres is the segregation factod, is the boundary
width, Dj is the interface diffusion coefficient, akds
a thermodynamic function related to the concentration
terms of the concerned phases.

Turnbull [10] was the first to modify Zener's
treatment of the volume-diffusion-controlled eutectoid
transformation [11], assuming diffusion to take place
through the width of the migrating boundary, and to
extend the analysis to discontinuous precipitation. Ac-
cording to Turnbull’'s approach of growth kinetics, the
triple product for the eutectoid transformation may be

defined as [12]
600 K

8V(Xﬁ/u — X,B/S) 1 )»C
sépDj=——F7~"—-—"""—|1- = 2
. W b i fo fs(Xs — Xg) A2 5 (2)
0 2 4 6 8

¢ (h) wherexg,, andxg,s are the respective solute concen-

trations existing ing near the/a andg/$ interfacial
Figure 3 Variation ofw as a function of at different isothermar. segmentsf, and f; are the relative amounts of the two

700

w (um)

650
25
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product phases, ang andx, are the equilibrium con- ally larger tham.; because a marginal amount of lon-
centrations of thé anda phases, respectively; isthe  gitudinal (edgewise) diffusion can never be prevented,
critical spacing for the case where the available drivingeven when lateral (sidewise) diffusion is totally pre-
force (AG) for the transformation would be consumed cluded. However, the difference betweenand, is
only for the creation of the/§ interfaces. insignificant in the case of the eutectoid transforma-
Assuming diffusion to take place through a flattion [12]. Similarly, A, and s have been related to
boundary of thicknes,, Hillert[13] presented an anal- through a mass balance assuming equal molar volumes
ysis analogous to that for volume-diffusion-controlled for « and$, so thath, = f,A andis = fsA [20].
growth to derive a final expression of the form Apart from the above-mentioned models used for the
calculation of the interphase-diffusivity triple product,
) the model presented by Sundquist [16] readily accounts
3

s8pDj = for the determination of the activation enerdy;) for

the operating diffusion process. This model assumes lo-

] ] cal equilibrium across the interfaces involved and con-

where, and 4; are the respective spacings of the gigers the effects of capillary action and non-uniform

« and$ phases in the lamellar product. The tekg)  carhon segregation for the kinetic analysis of boundary-

the spacing for zero growth rate, is defined by theyiffysion-controlled eutectoid change. In addition to

expression presenting a numerical solution of the proposed model,

26 Vi /o = an approximate treatment for the general case of the eu-
tectoid transformation by boundary diffusion was also

(Xg/a — Xp/s)RT § fs[(Xs — Xo)/(1L — Xg)Xg] (4)  proposed. Accordingly, the temperature dependence of

the rate of edgewise growth of pearlite in this analysis

whereo is the specific surface energy of thgs inter- ~ may be expressed as

face,Vn is the molar volumexg is the original compo- 3

sition of the pareng phase, an®Ris the gas constant. v o (AT) expQi/RT) 9)

o (;e::]i\r/]ear:tj Zﬁggig[:)lrlel]szgéﬁ L:ct(')lr'zildeatfi'gga;g%ﬂrgtagr;\Nhere Qj is the acti\(ation energy of the process and
follows AT is the un_dercoollng at temperatures betyy.
The experimentally determined valuesiof and the
2720 (Xg /o — Xpy5) 1 concentration-related termy(— Xa)/(Xg/o« — Xg/s) are
=- (5)  presented in Table I. The parametgps, andxgs are
calculated by suitable extrapolation of the ¢ 8)/8

Cheetham and Ridley [4], by modifying the model of @1d 8/(8 + ) phase boundaries to the appropriate

Cahn and Hagel, derived an identical expression for thésothermal transformation temperature. On the other
triple product which differs only in the proportionality hand,x, andx; are directly obtained from the corre-

12\))\2(Xﬁ/a — Xﬁ/g) 1 1 Ao
Aads(Xs — Xo) A2 A

sépDi =

X5 — Xg A2

term used. The final expression is of the form sponding equilibrium solvus curves f@ands, respec-
tively. The sé,D; values calculated using the relevant
4?v(Xg/e — Xgy5) 1 kinetic models and experimental data obtained in this
SopDi = - (6)  study (Table I) at the various isothermal temperatures

_ 2
Xs — X A have been summarized in Table II.

In another treatment, Shapiro and Kirkaldy [15]
derived an expression for the boundary-diffusion-
controlled growth of the eutectoid by considering local
equilibrium across a curved RF providing a short-
circuit path of diffusion. In the special case of a sym-
metrical eutectoid (in terms of the equilibrium compo-

3.4. Determination of the Arrhenius
parameters

The temperature dependence $f,D; may be ex-

pressed in the following form

sitions of the concerned phases) and parabolic shape s8pD; = (s5pDi)o EXP(-Qi/RT) (10)
of the corresponding free energy curves, the following
expression was derived for the triple product where Q; is the activation energy for interphase

sépDi =

. boundary chemical diffusion andsdD;), is the
Zﬂ Rbje — Xp/8 20 Vm . (7) pre-exponential factor. Fig. 5 presents the Arrhenius
A2\ 05—x, AGA

TABLE | Experimentally determined values of A and s —
Xa)/(Xg/a — Xg;s5) for different isothermal temperatures

Consideringh; = 20Vny/AG, Equation 6 reduces to
the more convenient form

T v A
s8,D; = @ (Xﬂ/a - Xﬂ/5> (1 _ k) (8) (K) (ms™) () (Xs — Xa)/(Xp/a — Xp/5)
A 0.5-x, A 600 465 x 10710 0.385 2.20
650 134 % 10°° 0.489 2.72
The relationship betweenand. is obtained from the 700 251x 10°° 0.688 3.41
optimization principle based on the maximum growth 70 616 x 1079 0.925 4.59

. 800 339x 1078 0.949 7.84
rate [11, 21] as = 1.51c. However, it should be noted . 143 % 10-7 1415 1664

that, (as used in Hillert's model, Equation 3), is usu-
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TABLE Il sé,D; values as a function &f calculated for the eutectoid transformation in Cu—20.15 at % In alloy using the different kinetic models
available in the literature

s8pDj(m3s1)

Cheetham & Cahn & Shapiro &
T (K) Ridley Hagel Hillert Turnbull Kirkaldy
600 384 x 10724 7.68x 10724 8.35x 10724 1.25x 10723 3.36x 10723
650 219x 10728 439x 1075 484x 1075 7.26x 1072 1.94x 10722
700 103x 10-22 2.05x 10722 2.32x 10722 349 % 10722 9.33x 10722
750 613x 10722 1.23x 10721 146x 1072 219x 10°% 5.94x 102
800 605 x 10721 1.21x 10720 1.48x 10720 2.23x 10720 6.25x 10-20
825 120 x 10719 — 2.96x 10719 — 1.27x 10718
-16 -115 ature [8, 22—-24]. Th&); values calculated in this work
v Sundquist are almost equal despite the use of different kinetic
O Cheetham and Ridley .
v O  Cahn-Hagel models and are comparable with the values for bound-
A Hillert J30 ary diffusion of In in Cu bicrystals. They compare even
18} A B Tumbull better with the values for the grain-boundary chemi-
" A Shapiro and Kirkaldy . cal diffusion of In in Cu—In alloys obtained from the
2 o, lias ”% kine@ic analysis of di.scontinuous precipitgtion and dis-
£ < € continuous coarsening [24] but are considerably lower
%; 201 \\:g: ol (i.e_. 0.5 of the lower bound) than those f(_)r v_o_Iume dif-
S ~ §  fusion of In in g Cu-In alloy [25]. Most significantly,
g S~ 1169 X thess,D; values determined in this study are compara-
= = b i y p
&  ble (to the same order of magnitude) wsyDy (Dp
22| = grain-boundary diffusivity) [22, 24] ans, D; data
{-17.5 [8] reported in the literature at similar temperatures. It
is thus concluded that the eutectoid transformation in
the present alloy is an interphase boundary-diffusion-
24 : . . 19,0 controlled process.
115 13.0 14.5 16.0 175
10%7 (1/K) 3.5. Kinetic analysis by DSC study

_ _ _ o _ Onheating the solution-treated and quenched specimen
F|gure_5 Arrhenius plots ofssyD; obtaln_ed from the kﬁnet|c _analy5|'s from room temperature at controlled rates. a diffused
of the isothermal growth of the eutectoid transformation using various X X ! X
models. exothermic peak was observed in the DSC plot (Fig. 6).
plots ofss, D; calculated using Equations 2—6 and 8. In
addition, the variation of /(A T)? as a function off ~1
according to Equation 9 is also plotted in Fig. 5 for com-
parison. Least-square analysis of the respective sets
data in Fig. 5 permits the determination Qf and/or
(s8pDj)o (Table 111). Note that the data in Fig. 5 have 40 K/min
deviated from linearity at > 750K due to an overes- J
timation ofv arising out of a possible concurrent mode <

of decomposition of3 [20]. The Q; values calculated % 4k 25 K/min

from the present kinetic analysis lie in the range 125-7

131 kJ mot?! and correspondings§, D;), values vary ;2

within 2.6 x 107° to 37 x 107 m3s™*. Table IV g 22 K/min 10 Kimin
presents a suitable comparison of the results obtaine® »

in this study with the relevant data reported in the Iiter—é‘i /

TABLE Il Arrhenius parameters for interphase-boundary chemical
diffusion obtained through kinetic analysis of the eutectoid transforma- 0
tion in Cu—20.15 at % In alloy

Qi (s3Di)o

Model (kdmot1) (m¥s1)
2 L s

Cahn and Hagel 125.0 Fx 10713 400 500 600 700
Cheetham and Ridley 125.0 62 x 10713
Hillert 127.2 880 x 10713 T (K)
Turnbull 127.2 132 x 10712 ] ) ) ) )
Shapiro and Kirkaldy 127.4 88x 1012 Figure 6 DSC heat flow curves associated with heating the solution-
Sundquist 131.4 _ treated and quenched specimens at different heating rates (indicated on

each plot).
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TABLE 1V Comparison of the Arrhenius parameters for In diffusion in Cu—In alloys=Déiscontinuous precipitation, D& discontinuous
coarseningQQ; = activation energy for interphase-boundary diffusi@Qg, = activation energy for grain-boundary diffusio@, = activation energy

for volume diffusion

Type of experiment Reference

Qix Qby Qv
(kJ md)

(s8Di)o
(ms™

Eutectoid transformation in Cu—In
Boundary diffusion of%In in Cu
DPin Cu-4.6at%In

This study
[22]
[23]

125-131
86
168.3

781012_26x 10713
12 x 10714
Ax10°8

DPin Cu-8.9at%In
DCin Cu-8.9at%In
Eutectoid transformation in Cu—In

(24]
(24]
(8]

135-160
16& 5

130-135 2% 1071245 x 10713

Volume diffusion of In ing Cu—In [25]

330+ 80 Do =57 x 10 8m?s?!

With an increase in the heating rate, the area under tr
latter peak increases and the peak itself shifts to a hight
temperature. The corresponding microstructure deve
oped on specimens subjected to identical thermal trea
ment to simulate the DSC cycle has confirmed that th
peak in Fig. 6 is associated with the eutectoid transfor
mation of8. Subsequently, the activation energy for the
process has been derived from the Ozawa relationsh

[26] as follows
E
=04 —
s )

whereq is the heating rateTmax is the temperature
corresponding to the peak position, aBds the acti-
vation energy of the process. Fig. 7 presents thejlog
versus ¥ Thax plot for the transformation correspond-
ing to Fig. 6. A suitable regression analysis allows the
determination of from the slope as 133 kJ ndl. If
the specimen is heated beyond the eutectoid temper
ture (847 K), a sharp endothermic peak is observed, ¢

dlogq

01 Trad 1)

1.7
1.5}
=
E
¥ 13t
o
=14
S
1.1F
E =133 kJ/mol
0.9 L . N
15.2 15.5 15.8 16.1 16.4
10*x YT (1/K)

max

Figure 7 Ozawa plot corresponding to the exothermic peaks in Fig. 6.
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Figure 8 DSC heat flow curves obtained by heating the specimens be-
yond the eutectoid transformation temperature (847 K) at different heat-
ing rates (indicated on each curve).

illustrated in Fig. 8. On increasing the heating rate, the
minimum of this endothermic heat effect increases and
continuously shifts to a higher temperature (Fig. 8). Fig.
9 presents the Ozawa plot for this endothermic heating
effect showing a linear relationship with an activation
energy of 591 kJ mot. This heating effect occurring
beyond the eutectoid isotherm can readily be attributed
to the dissolution of the decomposition productgof
The high activation energy of the dissolution process
(within the limits of experimental error) may be at-
tributed to a volume-diffusion-controlled transforma-
tion. On the other hand, the activation energy of 133 kJ
mol~? for the eutectoid transformation is significantly
lower than that for the dissolution process. Moreover, it
is in good agreement with the activation energy of 125—
131 kJ mot?! determined from the isothermal growth
kinetics of the eutectoid transformation. Thus, the ther-
mal analysis studies provide further evidence that the
eutectoid transformation in the present alloy is an in-
terphase boundary-diffusion-controlled process.



1.5

in

1.3

log g (K/min)

1.1

E =591 kJ/mol

0.9

11.55 11.60 11.65

11.50 17 4,
4 11.
1047, (1K) u.

.M.

Thus, it is concluded that the eutectoid transformation

Cu—In is a boundary-diffusion-controlled process.
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