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Kinetics of discontinuous precipitation in
a Zn-2.5 at % Cu alloy

I. MANNA, J. N. JHA, S. K. PABI
Metallurgical Engineering Department, Indian Institute of Technology, Kharagpur,
W. B. 721 302, India

The morphology and growth kinetics of discontinuous precipitation in a Zn-2.5 at % Cu alloy
have been studied in the temperature range 383-583 K by optical and scanning electron
microscopy. The precipitate phase has a lamellar morphology, and maintains a statistically
constant interlamellar spacing under isothermal growth conditions. The interlamellar
spacing increases with an increase in temperature. The isothermal growth kinetics in terms
of reaction front migration rate is maximum at 523 K. The upper temperature limit for the
occurrence of reaction in this alloy has been predicted to be 643 K. A detailed kinetic analysis
of the experimental data using several analytical models has confirmed discontinuous
precipitation in this system to be a boundary diffusion controlled reaction, and enabled the
determination of the grain boundary chemical diffusivity of Cu in a Zn-rich Zn-Cu alloy in the
temperature range studied. The corresponding activation energy values determined in this
study, range between 65 to 86 kJ/mol~!, which compare well with the relevant data in the

literature.

1. Introduction }
Discontinuous precipitation (DP) involves decompo-
sition of a supersaturated matrix phase, oy, across
a migrating boundary, into a two phase lamellar ag-
gregate comprising a solute depleted matrix, «, and
a precipitate phase, § [1-4]. The migrating boundary
provides a short circuit path for solute transport, and
hence is called the reaction front (RF) [2-4]. Analysis
of the steady state DP reaction kinetics offers a conve-
nient and reliable method of estimating the grain
boundary chemical diffusivity triple product, s8D,, in
systems which undergo DP [3]. This approach is
particularly useful for the systems in which s8D, data
either do not exist in the literature or are not reliable.
Several studies have already been carried out to esti-
mate s8D, through the kinetic analysis of DP in
a number of binary systems, such as Zn-—Al [5],
Zn—-Ag[6, 7], Cu—In [8], Ni-Sn [9], Al-Zn [10], etc.
The present paper concerns a similar investigation on
the Zn-rich Zn—-Cu system.

Smith [11] reported the occurrence of DP in the
Zn—Cu system for the first time. In a more detailed
study, Watanabe and Koda [12] calculated the activa-
tion energy of boundary chemical diffusion, Qy, using
an empirical relation between the RF velocity, v, and
Qb. Subsequently, Abdou and Gust [13] took both
v and interlamellar spacing, A, into account in the
estimation of sdD,, as a function of temperature. How-
ever, Abdou and Gust [13] utilized only the.analytical
model on DP by Petermann and Hornbogen [14] to
obtain Q. In the present paper, a detailed microstruc-
tural study and kinetic analysis of DP using several
analytical models in a Zn—2.5 at % Cu alloy are re-
ported. It may be pointed out that the séD,, data for
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the diffusion of Cu into Zn—Cu does not exist in the
literature except for the study by Abdou and
Gust [13].

2. Experimental procedure

The Zn—Cu alloy containing 2.5 at % Cu was prepared
from high purity materials by melting in an Ar atmo-
sphere. The cast ingot (10 mm in diameter) was
homogenized at 678 K for 15 days in a similar Ar
atmosphere, followed by quenching in water at room
temperature. Circular discs of S mm thickness were
cut from the ingot for metallographic studies. The
specimens were solution annealed at 678 K for 14 h,
water quenched to room temperature, and then iso-
thermally held (for DP) in the temperature, T, range
383 to 603 K for different lengths of time, ¢, using
either an oil bath or a muffle furnace (with samples in
Ar-filled glass capsules) controlled to + 0.5 K. Sam-
ples for metallographic studies were prepared by con-
ventional mechanical polishing using 0.1 pm diamond
paste. A colour tinting solution containing 20 g Cr,0O;
and 750 mg Na,SO, in 100 ml of distilled water was
used for etching the polished samples. While optical
microscopy (OM) was utilized to determine the neces-
sary experimental parameters for isothermal growth—
kinetic analysis, the morphology and mechanism of
the DP colony growth were studied by scanning elec-
tron microscopy (SEM). Random measurements of
the maximum normal distance between original posi-
tion of the boundary to its leading edge after DP,
obtained from 30-50 different colonies in the micro-
structure, were used to obtain the average of the
maximum DP colony width, w. It may be noted that
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the probable error in determining the true colony
width, w, due to the difference in the growth orienta-
tion of the DP colonies with respect to the plane of
observation was normalized by multiplying w by the
correction factor m/4 [15]. The isothermal growth
rate, expressed by v, was determined from the slope of
the plots of w as a function of ¢ at different isothermal
conditions. Since the morphology of the precipitate
phase, B, was mostly lamellar in nature, similar nor-
malization was also applied to determine the true A.
Finally, X-ray diffraction (XRD) analysis was carried
out to estimate the difference in composition between
the oy, and o phases in the course of DP.

3. Results and discussion
3.1. Morphology and distribution of
B lameliae

Fig. 1 is a typical microstructure showing the de-
composition products of DP, consisting of alternate
lamellae of o and B phases. The B lamellae rarely
extend to the entire width of the colony, and tend to
fragment, either during growth to surface tension
forces (tendency of lamellae-spheroidization [16]), or
during sample preparation due to mechanical polish-
ing. Interestingly, the lamellar morphology of the DP
reaction products observed in this alloy is in contrast
with the earlier observation of rod-like morphology of
the B phase in the other binary Zn-rich systems, e.g.
Zn—Al[5] and Zn—Ag [7] alloys. Usually, the  lamel-
lae are parallel to each other, and are perpendicular to
the RF. However, the precise thermodynamic condi-
tion and physical constraint in front of the RF may
lead to a change in the RF migration direction; and,
consequently, also in the orientation of the  lamellae
within a DP colony vis- a- vis that of the concerned RF
(Fig. 2). In general, the DP colonies in the present
alloy initiate at grain boundaries of favourable mis-
orientation and curvature [16], and consume the aq
grains according to the available thermodynamic
driving force. However, sharp changes in the direction
of RF migration may leave behind a certain area
fraction of the o, grains untransformed (Fig. 3), which
could subsequently undergo continuous or matrix
precipitation. Fig. 4 reveals a population of Widman-

Figure 1 Lamellar decomposition products of DP, following iso-
thermal precipitation at 503 K for 2 h.
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statten type of continuous—matrix precipitates in the
untransformed o, region, especially along the defor-
mation bands introduced during sample preparation
by mechanical polishing. This microstructural feature
is more common during isothermal precipitation for
an extended period of time, especially at T > 423 K.
The size and volume fraction of these matrix precipi-
tates are found to increase linearly with time. The

Figure 2 Microstructure revealing a particular stage of growth
(T'=503K, t=2h) of a DP colony. The statistically constant
distribution of the B lamellae, and the variation of orientation of the
B lamellae with respect to the RF are to be noted.

Figure 3 Several untransformed regions of o, remaining in the
raicrostructure after DP at 503 K for 2 h (shown by arrowhead).

Figure 4 Widmanstatten type of continuous—matrix precipitates in
the untransformed o, matrix, especially along the deformation
bands (T = 523 K, t = 45 min).



presence of a similar matrix precipitate has earlier
been reported in other Zn-rich alloys showing DP, e.g.
in Zn-Al [5] and Zn—-Ag [6]. Finally, it may be
pointed out that growth of a DP colony from different
segments of the same grain boundary seems to be
influenced by the local curvature of the grain
boundary, due to which both single and double seam
morphology of the growth front [1] has been ob-
served.

During the course of isothermal precipitation, the
B phase appears to maintain a statistically constant
value of A, either by repeated nucleation of B along the
RF, or by branching of some of the existing B lamellae
(Fig. 2). A increases with an increase in T (Fig. 5).
Extrapolation of the 1/A versus T plot to 1/A =0in
Fig. 5 yields an X-axis intercept of Tpp= 643K,
where Tpp is the highest temperature above which the
available chemical driving force is inadequate for sup-
porting the creation of the a—f interfaces and migra-
tion of the RF [17]. It may be pointed out that Tpp
corresponds to the hypothetical situation where X is
infinite, signifying cessation of DP at T > Tpp. It may
further be noted that T'pp is marginally lower than the
equilibrium solvus temperature (Tsy = 668 K) in the
present alloy, as was the case with Tpp in the Zn—-Ag
alloy [71.
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Figure 5 Variation of the interlamellar spacing, A, and its recipro-

3.2. Variation of v

Fig. 6a,b records the isothermal variation of w as
a function of t at different T. A good fit of the respect-
ive set of data points for each T within the time period
studied allows determination of v = (dw/dt);, by
suitable regression analysis. Table I summarizes the
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Figure 6 Variation of the DP colony width, w, as a function of time,

cal, 1 /A, with ageing temperature, T. Note that Tpp = 643 K is less t, at different isothermal conditions: (a) 383-463 K, and
than Tgy = 668 K (see text). (b) 503-583 K.

TABLE I Kinetic and thermodynamic data for DP at different T

T A v X, X —~ AG, Y AG, — AG
(k) (pm) (107'°ms™ 1) (Umol™) (mMIm~2) (Jmol™) (Imol™Y)
383 0.88 1.7 0.0037 0.139 84.9 299 6.1 78.8

403 0.82 3.7 0.0048 0.139 71.1 297 6.5 64.6

423 0.94 84 0.0060 0.139 59.2 295 5.6 53.6

443 0.97 28.5 0.0073 0.139 48.7 293 54 43.3

463 1.18 35.0 0.0085 0.139 40.8 291 4.4 36.4

503 1.22 81.7 0.0112 0.137 26.6 287 4.2 224

523 1.25 160.7 0.0126 0.137 20.9 285 41 16.8

553 1.47 103.3 0.0152 0.137 12.3 282 34 89

583 1.81 83.0 0.0176 0.137 6.8 279 2.8 4.0

603 2.83 - - - - - ~ ~
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Figure 7 Variation of the RF migration velocity, v, as a function of
isothermal precipitation temperature, 7. Note that v,,, corres-
pondsto T, = 523K (see text).
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kinetic data for v as a function of T. The variation of
v with T exhibits typical “C-curve” behaviour (Fig. 7).
Initially, v increases by about two orders of magnitude
with an increase in T from 383 to 523 K, and then it
decreases above 523 K. The decrease in v above 523 K
may arise due to the decrease in the available chemical
driving force near Tgy. It has earlier been suggested
that the maximum growth rate, v,,,, in DP occurs at
T,., =089 + 0.04)Tsy [18]. In the present alloy,
Vmax 18 Tecorded at T, = 523K =0.8Tgy (Fig. 7).
This small difference may be attributed to the strong
tendency of continuous—matrix precipitation in the
present alloy at higher T (cf. Fig. 4).

3.3. DP growth kinetic analysis

Since the earliest effort by Zener [19] in carrying out
a quantitative analysis of the growth kinetics of
a moving boundary reaction, a number of analytical
models on the kinetics of DP [14, 20-25] have been
proposed in the past. In general, these models assume
DP to be a boundary diffusion controlled process and
express the boundary diffusivity, D, in terms of v and
A through the following equation

s8Dy, = kvA? (1)

where s is the segregation factor [26], § is the grain
boundary width, and k is related to the fraction of
supersaturation relieved after DP (k assumes different
forms in the different models). Several of these models
[22-25] necessitate the metastable solvus data for the
o phase to calculate a relevant thermodynamic func-
tion. Unfortunately, neither the metastable solvus
curve for the Zn—Cu system is reported in the litera-
ture, nor does X-ray diffraction analysis in the present
study evidence a measurable residual solute super-
saturation in the o phase following DP. Therefore,
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kinetic analyses in the present study to calculate s6Dy,
have been carried out only through the models of
Turnbull [20], Aaronson and Liu [21]} and Peter-
mann and Hornbogen [14], which do not require the
metastable solvus data.

The value of the parameter k for the Turnbull
model [20] is as follows

k=X /(X5 - X3) 2

where X'g and X are the equilibrium solute contents
in o and o phases, respectively.

According to the Aaronson and Liu model [21],
k in Equation 1 is given by

k=(X§— Xa)/[4(X§ — X3)] ()

where Xj is the equilibrium solute content in the
B phase.

The expression for k in the Petermann and
Hornbogen model [14] on DP assumes the form

k =RT/[8(— AG)] 4

In Equation 4, AG refers to the total driving force for
the DP reaction in terms of the change in the overall
Gibbs free energy, and R is the universal gas constant.
AG comprises two components

AG = AG, + AG, (5)

where AG, is the chemical free energy available for the
growth of a DP cell, and AG, is the interfacial free
energy. Since the free energy of formation of the
B phase and the activity coefficient of Cu in the con-
cerned phases are not available in the literature, AG,
may be calculated using the ideal solution model [2]
as follows

AG,= —RT{X2In(X2/X%)
+(1 = X)In[(1 - X2)/(1 - X1} (6)

Values of X; and X} in the above expressions are
readily obtained from the relevant equilibrium phase
diagram [27].

AG, is obtained from the following expression [22]

AGy = (2yV)/A (7)

where v is the interfacial energy per unit area of the
o/PB boundary, and V, denotes the molar volume of
the o, phase. Since y for the Zn—Cu system is not
available in the literature, and the grain boundary
specific energy of pure Zn is 340 mJm~2 at 573K
[28], it may be reasonable to assume that
vy=280mIm~2 at 573K with dy/dT =
— 0.1 mJm 2K ! for the Zn-2.5 at % Cu alloy (con-
sidering a decrease in y due to alloying). The V, value
for o in"the present alloy has been calculated to be
8.93 x 1075 m®>mol ~*. Thus, the overall change in AG
may be calculated through Equation 5, obtaining AG,
and AG, contributions from Equations 6 and 7, re-
spectively. Fig. 8 illustrates the calculation of AG from
the respective contributions of AG. and AG, at the
concerned isothermal T. Table I summarizes the ne-
cessary thermodynamic data and the calculated values
of the free energy changes at the concerned T, as per
Equations 6 and 7, respectively. The values of



k and s8D,, as per the models of Turnbull [20], Aaron-
son and Liu [21] and Petermann and Hornbogen
[14], obtained from the respective Equations 2, 3 and
4, are listed out in Table II.

3.4. Determination of Arrhenius parameters
for boundary diffusivity

The temperature dependence of sdD,, is typically ex-

pressed through an Arrhenius type of equation as

follows

3Dy, = (s8Dy)o exp( — Qy/RT) t)

where (s0Dy), is the preexponential constant. Fig. 9
records the Arrhenius plot of sdD, derived using the
different models on DP [14, 20, 217]. The values of
(s6Dy)o and Qy, have been determined from the inter-
cept and slope of the straight lines fitted to the s6Dy,
data, respectively (Fig. 9).

Unlike the analytical models [ 14, 20-25] discussed
so far, Sundquist [29] has proposed the following

20
D-&o-oﬂ}-é:;,_c

=20 e AG
5
E AG,
O
<1

_60 -

~100 i | |

350 450 550 650
T (K)

Figure 8 Temperature, T, dependence of the overall Gibbs free
energy change, AG, with its chemical, AG, and interfacial, QG, ,
contributions for DP in the present alloy.

equation for the interfacial diffusion controlled
growth of lamellar cells

v/(AT)* ~ exp( — Q,/RT) ©)

where AT = (Tsy — T). This equation allows direct
determination of @, as functions of vand AT from the
slope of the plots of v/(AT)? against the reciprocal of
T (Fig. 9). _

Table IIT summarizes the Arrhenius parameters ob-
tained in the present study using different analytical
models [14, 20, 21, 297, and compares them with the
relevant data reported in the literature. Q,, determined
using the models by Turnbull [20] and Aaronson and
Liu [21] are close to each other, whereds the same
using the Petermann and Hornbogen model [14] is
relatively higher. However, @, obtained from the
Sundquist model [29] lies in between the above
values. In general, these values are comparable to the
Q,, for grain boundary self diffusion in Zn [30], and
are nearly 0.5-0.7 of that for tracer impurity diffusion
of Cu®# in Zn [31]. It may be noted that the activation
energy for volume-bulk diffusion of Cu in Zn-rich
Zn—Cu alloy is not available in the literature.
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Figure 9 Arrhenius plots of s6Dy, by Turnbull [20], Aaronson and

Liu (A-L) [21] and Petermann and Hornbogen (P-H) [14] models,

and the similar plot of v/(AT)? by Sundquist [29] model.

TABLE II The dimensionless thermodynamic parameter, k (cf. Equation 1), and grain boundary chemical diffusivity, s8D,, data obtained

by different models

T Turnbull [20] Aaronson and Liu [21] Petermann and Hornbogen [14]
(K) k s0Dy k 58Dy, k 58Dy,
(m3 S—I) (ms S—l) (m3 S—l)

383 1.17 1.5x 10722 0.211 28x10723 5.04 6.6 x 1022
403 1.24 31x10722 0.212 53x10723 6.47 1.6x10°2!
423 1.32 9.8 x 10722 0214 1.6x 10722 8.19 6.1 x 107 2!
443 1.41 38x1072 0.216 58x 10722 10.61 2.8x1072°
463 1.52 7.4x 107! 0.218 1.1x1072! 13.20 6.4x1072°
503 1.81 22x1072° 0.222 2.7x 10721 23.30 28x 1071
523 2.02 51x1072° 0.225 5.6x10°2! 3230 8.1x107"°
553 2.55 57x1072° 0.230 5.1x107% 64.46 14x107'8
583 3.38 92x10°2° 0.234 64x10~21 151222 41x10718
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TABLE IIT Comparison of the activation energy values for grain boundary chemical diffusion obtained in this study using different models,

with relevant data from the literature

Alloy Grain boundary chemical diffusion Boundary self Tracer diffusion

T2[20] A-L2[21] P-H[14]  S$*[29] diffusion of Zn [30] of Cu®* in Zn [31]
Zn-25Cu® 70.5 64.6 85.8 774 124.0 + 1.2 (parallel to
Zn-1.8 Al°. 20.8 20.4 21.6 212 c-axis) and 125.7 + 1.3
Zn-2.0 Al° 25.6 25.6 26.0 21.8 61.1 (perpendicular to c-axis) in
Zn-2.0 Ag? 58.5 50.3 78.2 57.2 the range T = 611-688 K
Zn-4.0 Ag® 54.3 48.4 69.0 59.2

®This study. *Unpublished data. Data from [7]. °Data from [6].

*T, Turnbull; A-L, Aaronson and Liu; P-H, Petermann and Hornbogen; S, Sundquist.

4. Conclusions

The Zn-2.5 at % Cu alloy undergoes DP at all tem-
peratures within the range 383-583 K. Matrix
continuous precipitation accompanies DP at
T > 423 K. The precipitate phase maintains a lamel-
lar morphology and a statistically constant inter-
lamellar spacing under the isothermal growth condi-
tions. The interlamellar spacing increases with an in-
crease in isothermal temperature. The RF velocity of
the DP colonies shows a typical “C-curve” behaviour.
The highest velocity, vg.., which occurs at
Ty man) = 523 K, is nearly two orders of magnitude
higher than that obtained at the lowest temperature
studied (383 K). The upper limit of DP, Tpp = 643 K,
is marginally lower than the solvus temperature,
Tsv = 668 K. The activation energy values for grain
boundary diffusion of Cu in the present Zn—Cu alloy,
determined through the modeis of Turnbull, Aaron-
son and Liu, Petermann and Hornbogen and Sun-
dquist, vary from 65 to 86 kJmol~'. These values
compared well with the same for grain boundary diffu-
sion of Ag or Al in other Zn-base systems, and are
significantly lower than that for the tracer (volume)
diffusion of Cu in Zn. Therefore, solute transport in
DP in the Zn—Cu system seems to occur through the
boundaries, and not through the volume—matrix.
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