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A detailed study of the kinetics of discontinuous precipitation (DP) and type I discontinuous
coarsening (DCI) in Zn–4 at % Ag alloy is reported here for the first time. DCI succeeds DP
during prolonged isothermal ageing. Both DP and DCI are characterized by a predominantly
lamellar morphology of the precipitate phase, statistically constant interlamellar spacing
and steady state reaction front (RF) velocity at a given temperature. The interlamellar
spacing increases with temperature. The RF velocity shows a C-curve behavior for DP, but
increases monotonically for DCI, as a function of temperature. DCI is distinguished from DP
by a 3–5 times larger interlamellar spacing and 1–2 orders of magnitude lower RF velocity
than those of DP under comparable conditions. DCI may be initiated from an interface
between two DP colonies, a former DP-RF, or the free surface intersecting a DP colony.
Kinetic analysis of DP using the models of Turnbull, Cahn, Hillert, and Petermann and
Hornbogen, and of DCI using the modified Petermann and Hornbogen model (by Fournelle)
have yielded grain boundary diffusivity data in the temperature range 353–573 K.
Subsequent Arrhenius analysis shows that the activation energy of the DP and DCI
processes lies between 50–66 kJ mol−1 . The latter is comparable with the activation energy
of grain-boundary self-diffusion of Zn and is nearly half that of tracer impurity diffusion
(volume/bulk) of Ag in Zn. Hence, it is concluded that DP and DCI are grain-boundary
C 1999 Kluwer Academic Publishers
diffusion-controlled processes in the present alloy. °

1. Introduction
Formation of a two-phase aggregate comprising a
solute-depleted matrix (α) and precipitate phase (β)
behind a migrating boundary advancing into a supersaturated solid solution (αo ) is termed discontinuous
precipitation (DP) [1–4]. In the event of a large interfacial energy of the α/β interfaces and/or substantial
residual solute supersaturation (1x) remaining in α following DP, a secondary reaction called discontinuous
coarsening (DC) may replace the primary precipitation
products with a similar two-phase aggregate having a
distinctly coarser distribution/morphology [1, 4–6]. DC
has also been reported to succeed eutectic [7], eutectoid [8] and similar moving boundary reactions (MBRs)
during prolonged isothermal ageing [1]. Several theories have been proposed for the growth kinetics of
DP [1–4, 9–15] and DC [4–8, 17]. In general, these
models presume grain-boundary diffusion through the
migrating boundary, called the reaction front (RF), to
be the predominant mechanism of solute transport in
DP/DC. Regarding the driving force for RF migration
in DP, both chemical as well as interfacial free energy
changes are known to have significant influences on
the transformation kinetics [9–15]. On the other hand,
an earlier model by Livingston and Cahn [8] assumes
that the driving force for DC is derived solely from the
C 1999 Kluwer Academic Publishers
0022–2461 °

difference in interfacial free energies between the primary and secondary reaction products. However, it is
known that solute content in the α-phase is unlikely to
reach the equilibrium solvus immediately following DP
[12, 16]. Accordingly, Fournelle [17] has extended an
earlier growth kinetic model on DP by Petermann and
Hornbogen [10] to DC, incorporating the supplementary contribution of the chemical driving force due to
the 1x left in α following DP. This modified Petermann
and Hornbogen model [17] is reported to yield a better estimate of the DC growth kinetics and Arrhenius
parameters of boundary diffusivity in a number of systems like Fe–Ni–Ti [17], Al–Zn [6, 18], Ni–In [19, 20],
Ni–Sn [21], Cu–Cd [22], and Fe–Zn [23].
DC in Zn–4 at % Ag alloy has recently been reported
for the first time by Manna et al. [24]. However, the DC
reaction reported in this study results from isothermal
ageing at a higher or lower temperature than that for
the preceding DP reaction, and hence is termed type II
DC. The present paper presents a detailed study of the
kinetics of DP as well as DCI (i.e. DP and DC at the
same temperature) reactions in the same alloy for the
first time. In addition, the Arrhenius parameters of diffusion of Ag in Zn–Ag have also been estimated using
the relevant growth kinetic models for DP [9–12] and
DC [17], and compared with the Arrhenius parameters
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for grain-boundary self-diffusion of Zn [25] and volume diffusion of Ag in Zn [26] with the objective of
determining the solute transport mode in DP/DC in the
present alloy.

2. Experimental procedure
The Zn–4 at % Ag alloy was prepared from high purity metals by vacuum-induction melting and casting
(in situ) in an alumina crucible. The 8 mm diameter
cylindrical cast ingot was homogenized at 683 K for
two weeks under vacuum and quenched in water. Several discs of 5 mm thickness were cut from the ingot,
solution annealed at 683 K for 14 h and quenched in
water at room temperature. For DP and DCI studies,
the solution-annealed samples were held isothermally
in the temperature (T ) range 353–573 K for different
lengths of time (t) either in an oil bath (±0.5 K) or in a
muffle furnace (±1 K) (with samples in evacuated glass
capsules). DCI follows DP at the same temperature beyond a certain time. Samples for metallographic studies
were prepared by mechanical polishing, and etching
with a solution of 1 ml HNO3 and 1 ml CH3 COOH
in 98 ml of distilled water. While an optical microscope (OM) was utilized to determine the growth rate
of the DP and DCI colonies and the repeat distance of
the β phase, a detailed microstructural investigation by
scanning electron microscopy (SEM) was carried out
to study the growth morphology and mechanism of DP
and DCI under different conditions. The average of the
maximum normal distance between the original position of the boundary and its leading edge measured from
30–50 different colonies was calculated to represent the
average maximum colony width (w̄). It may be noted
that the probable error in determining the true colony
width (w) due to the difference in orientation of the
DP and DCI colonies with respect to the plane of observation was corrected by multiplying w̄ by π/4 [27].
A similar correction was also applied to determine the
true interlamellar spacing in a DP (λDP ) or DCI (λDCI )
colony by multiplying the average of the 20–30 independent measurements of such spacings obtained from
the same microstructure.
In order to determine the average Ag concentration
in α following DP and DCI, the lattice parameter of α at
different temperatures was estimated by X-ray diffraction (XRD) analysis through peak-shift measurement
of the (1 1 2̄ 0)α reflection, using CuKα (0.154 nm)
radiation with a Ni filter and, adopting the necessary
corrections for the systematic instrumental error. The
lattice parameter was subsequently converted to the corresponding solute content using the appropriate lattice
parameter–composition data reported in the literature
[28].

3. Results and discussion
3.1. Mechanism of DP and DCI
Fig. 1 shows an SEM micrograph revealing the lamellar morphology of the β-phase interspaced within the α
matrix in a DP colony formed at 433 K after 2 h. The
constancy of λDP within a DP colony during the isother774

Figure 1 A typical DP colony formed at 433 K after 2 h. The arrowheads illustrate a possible mechanism of maintaining constancy of λDP
(at a given T ) by branching of the β-lamellae.

mal growth is ensured either by branching (Fig. 1) or
by repeated nucleation of β on the migrating RF [2].
Careful study of the precipitate nucleation stage reveals
that DP may be initiated either from one or from both
sides of the same grain boundary separating two adjacent αo grains. However, all the grain boundaries are not
equally potent in initiating DP, which may be attributed
to the ability or otherwise of the boundary concerned
to undergo thermally activated migration at the relevant
temperature [29]. At a given temperature, the volume
fraction of the DP colonies in the microstructure increases with an increase in time. However, DP is not
the sole decomposition route for αo . At a higher temperature (say, at T > 393 K), the migrating RFs fail to consume the entire volume of all the αo grains. As a result,
solute supersaturation in these untransformed αo grains
above 393 K is relieved both by DP as well as concurrent continuous precipitation of Widmanstatten β, especially beyond a certain time (Fig. 2). In this regard,
it is relevant to point out that precipitation in this alloy occurs entirely by the continuous/matrix mode in
the range TDP < T < TSV , where TDP is the highest temperature above which DP ceases and TSV is the solvus
temperature of the present alloy. From earlier studies,

Figure 2 Formation of Widmannstätten β in the αo -matrix by continuous/matrix precipitation as a parallel mode of decomposition of αo along
with DP at T = 433 K, t = 4 h.
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(a)

(b)
Figure 3 (a) Growth of a DCI colony from the interfaces between two
adjacent DP colonies at T = 433 K, t = 50 h (Note that the β-lamellae
in the DCI and DP colonies are aligned parallel to each other); and
(b) Growth of a DCI colony in opposite directions (shown by arrowheads) from the same site of initiation, i.e. the interface between two DP
colonies at T = 433 K, t = 60 h. (Note that: (i) the extent of growth
in the upper DCI colony is more than that in Fig. 3a, (ii) the orientation
relation between the β-lamellae in the DCI and DP colonies across the
RF are opposite (perpendicular in the upper and parallel in the bottom
colony), and (iii) the common site of initiation for both the DCI colonies
has a greater than usual boundary width (see text.)

TDP = 621 K [24] and TSV = 638 K [28]. It may be
pointed out that the very technique of determining TDP
ensures that TDP is independent of the occurrence or
otherwise of continuous precipitation.
In the course of isothermal precipitation for an extended period of t (when 70–90% of the αo grains
have undergone DP), DCI replaces the primary reaction products of DP with a coarser distribution of
the β lamellae. Fig. 3a shows the initiation of DCI
from the boundary between two former DP colonies. A
DCI colony gradually consumes the entire DP colony
with a slower kinetics than that of the primary reaction. Fig. 3b shows the extent of growth of a DCI
colony in the same sample after resuming the ageing
for an additional time of 10 h at the same temperature. It may be noted that the extent of growth (w 0 )
for a longer time (Fig. 3b) is obviously greater than
that for a shorter time (Fig. 3a). Fig. 3b further shows
that another smaller DCI colony has been initiated and
grown from the same interface with an opposite growth
direction and a distinctly smaller w0 under identical

Figure 4 Initiation of an isolated DCI colony at the intersection between
a former DP colony with the free (external) surface (indicated by an
arrow-head).

ageing conditions. This difference may be attributed to
the structural dependence of the mobility of a given RF
in a typical MBR like DCI or DP [2, 29]. It is interesting to note that the common initiation site for the two
DCI colonies in Fig. 3b (i. e. the interface between two
former DP colonies) is characterized by a relatively
greater than usual boundary width (i.e. 0.5 nm). The
α/αo segments at the rear end of a DP colony are likely
to be coherent/semi-coherent with the αo /α grain trailing behind the original grain boundary (OGB) having a
relatively poor mobility. Thus, it is difficult to conceive
the initiation of two MBRs (i.e. DP followed by DCI)
from the same interface either simultaneously or otherwise. However, the event shown in Fig. 3b seems to
be similar to an earlier reported mechanism of DP initiation from a similar α/αo segment by converting the
latter into a precipitate–matrix-type incoherent phase
boundary due to precipitation of a solute-rich film on
that segment [29].
In addition to grain/phase boundaries, a DCI reaction has also been observed to be initiated from the free
surfaces intersecting a DP colony (Fig. 4) or from the
DP–RFs. Incidentally, Fournelle [5] has also reported
initiation of DCI from the DP–RFs in the Al–Zn alloys. However, Livingston and Cahn [8] have earlier
predicted that DCI initiated at the junction of the two
DP colonies would maintain a strict orientation relationship between the products of the primary and secondary colonies such that the colony having the lamellae parallel to the DC–RF would grow at the expense
of that aligned perpendicular to the latter. However,
the β-lamellae in the DCI colony are oriented parallel
to those in the DP colony being consumed in Fig. 3a,
but perpendicular to those in the primary colony ahead
in Fig. 3b, respectively. Thus, Fig. 3a and b demonstrate that the Livingston and Cahn [8] orientation relationship between the primary and secondary reaction
products is not mandatory in the present alloy. Possibly, the physical orientation relationship predicted by
Livingston and Cahn [8] is applicable only when the
precipitate and matrix phases maintain a strict crystallographic habit relationship between them for nucleation
and cooperative growth. However, such an investigation
is beyond the scope of the present work.
775
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T A B L E I Kinetic data on DP and DCI in Zn–4 at % Ag alloy
T
(K)

vDP
(m s−1 )

λDP
(µm)

vDCI
(m s−1 )

λDCI
(µm)

λDCI /λDP

353
373
393
413
433
453
513
573

4.5 × 10−10
1.3 × 10−9
2.7 × 10−9
5.3 × 10−9
8.6 × 10−9
1.2 × 10−8
2.3 × 10−8
1.4 × 10−8

0.44
0.45
0.45
0.49
0.50
0.55
0.82
1.73

3.9 × 10−12
8.3 × 10−12
1.5 × 10−11
5.2 × 10−11
7.2 × 10−11
1.5 × 10−10
—
—

1.90
1.94
1.78
1.98
1.71
2.51
—
—

4.3
4.3
4.0
4.0
3.4
4.6
—
—

Figure 5 Variation of the RF migration velocity during DP (vDP ) and
DP
DCI (vDCI ) as a function of isothermal ageing temperature (T ). Tv(max)
=
513 K corresponds to vmax (see text).

3.2. RF migration rate
The slope of the straight lines fitted to the data for the
isothermal variation of w as a function of time represents the RF migration rate, either during DP (vDP ) or
DCI (vDCI ), as the case may be. Table I presents the vDP
and vDCI values at different temperatures. The variation
of vDP as a function of temperature exhibits a “C-curve”
DP
= 513 K (Fig. 5).
behavior with vDP(max) at T = Tv(max)
DP
It may be noted that Tv(max) = 0.81 TSV in the present
alloy, which is in fair agreement with an earlier prediction that the maximum growth rate in DP occurs at
(0.89 ± 0.04)TSV [30]. Interestingly, vDP in the present
alloy is always higher than that for another Zn–Ag alloy
with lower (2 at % Ag) solute content at all comparable temperatures [31]. Thus, the chemical driving force
has a significant influence on vDP under comparable
conditions of growth.
On the other hand, vDCI exhibits a monotonic increase
with an increase in temperature (Fig. 5). In contrast to
the nature of the variation of vDP with temperature, the
absence of inversion of vDCI with an increase in temperature in Fig. 5 (in the temperature range studied)
may possibly arise due to the presence of a substantial
776

1x and its supplementary (instead of decreasing) contribution to the chemical and overall driving force for
DCI at higher temperatures of growth. It may be noted
that determination of vDCI at temperatures higher than
those reported in Fig. 5 has not been feasible, mainly
due to the fact that precipitation/coarsening by the continuous/matrix mode seems to prevail over that by the
discontinuous mode at a higher temperature. However,
vDCI has always been lower by orders of magnitude than
vDP under the comparable conditions. This observation
is consistent with the relevant data reported for other
alloy systems [20–23]. In general, the slower growth
rate in DCI may be attributed to the relatively smaller
driving force for DCI than that for DP at a given temperature [17].

3.3. The interlamellar spacing
Both in DP as well as DCI, the β phase maintains a statistically constant distance of separation under steadystate growth conditions. Fig. 6 shows the variation
of λDP and λDCI as a function of temperature for the
present alloy. λDP increases monotonically as the temperature increases. However, a similar systematic variation of λDCI with temperature has not been recorded.
Shaarbaf and Fournelle [18] have reported a similar
non-systematic variation of λDCI with temperature in an
Al–29.5 at % Zn alloy. However, a proper explanation
for the non-systematic variation of λDCI in the present
alloy is not possible at this stage.
Table I summarizes the experimentally determined
kinetic data on DP and DCI. It may be noted that the
coarsening ratio (λDP /λDCI ) varies between 3 and 5 for
the present alloy in the temperature range studied. This
ratio has been reported to vary from as low as 1.8 for
DC in a Ni–8.5 at % Sn alloy [21] to as high as 20 for
the lamellar Ni–In eutectoid alloy [8]. Nevertheless, the
values recorded in Table I compare well with the similar
data of λDC /λDP = 4–8, reported earlier for an Al–29
at % Zn alloy [6].

Figure 6 Variation of interlamellar spacing in DP (λDP ) and DCI (λDCI )
versus isothermal ageing temperature (T ).
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T A B L E I I Thermodynamic data for calculation of the driving force for DP (1G DP ) as a function of T for Zn–4 at % Ag alloy
T
(K)

xαe
(at %)

xβe
(at %)

353
373
393
413
433
453
513
573

0.30
0.45
0.65
0.85
1.05
1.25
2.00
2.85

12.6
12.6
12.6
12.6
12.6
12.6
12.5
12.4

γ

Ä

xαm
(at %)

−1G β
(J mol−1 )

−1G m
α
(J mol−1 )

−1G oα
(J mol−1 )

−1G m
α+β
(J mol−1 )

−1G cDP
(J mol−1 )

γ
(mJ m−2 )

1G DP
(J mol−1 )

−1G DP
(J mol−1 )

2.7949
2.9413
3.0763
3.1338
3.1531
3.1516
3.2297
3.2727

1.16
0.98
1.31
1.49
1.70
1.80
2.38
3.00

3177.9
3257.3
3336.7
3416.1
3495.5
3574.9
3813.1
4051.3

279.1
258.9
357.4
423.2
498.9
548.4
792.7
1078.4

806.5
869.6
933.1
988.2
1038.7
1086.5
1233.7
1376.2

998.8
1038.2
1067.3
1099.4
1131.2
1164.9
1276.2
1394.7

192.3
168.6
134.2
111.2
92.5
78.4
42.5
18.5

292
290
288
286
284
282
276
270

12.1
11.7
11.6
10.6
10.3
9.3
6.1
2.8

180.2
156.9
122.5
100.6
82.2
69.6
36.4
15.7

3.5. Analyses of DP (primary reaction)
growth kinetics
Since the analytical treatment of the growth kinetics of
eutectoid decomposition by Zener [32], a number of
mathematical models have been proposed to analyze
the kinetics of MBRs like DP and DC [7–15, 17]. In
general, the models for DP correlate the intrinsic grain
boundary diffusivity (Db ) with vDP and λDP as follows
sδ Db = kvDP λ2DP

(1)

where s is the segregation factor [33], δ represents the
grain boundary width and k is a function related to
the solute partitioning between the α and β phases following DP. The function k assumes different expressions for different models. Kinetic analyses of DP in the
present study have been confined to utilizing the more
commonly applied models of Turnbull [9], Petermann
and Hornbogen [10], Hillert [11] and Cahn [12].
The parameter k in Equation 1 in Turnbull’s model
[9] for DP is denoted as follows
Figure 7 Metastable solvus curve for the Zn–Ag system indicating the
average solute concentration (xαm ) in the Zn–rich α phase following DP at
a given T . The equilibrium solvus line [28] is shown here for comparison.

3.4. Average composition of the α phase
Cahn [12] predicted that the average solute content of
the α-lamellae does not reach the equilibrium value
(xαe ) and follows a parabolic solute distribution profile
(in α) between the β-lamellae immediately following
DP. In other words, α is in metastable equilibrium with
β following DP [16] and, may attain true equilibrium
either by continuous/matrix precipitation or by DC in
the course of continued ageing, provided long-range
solute transport is permissible. The metastable composition of α following DP in this study (xαm ) (determined
from XRD analysis) and xαe values are presented in
Table II. Fig. 7 presents the equilibrium and metastable
solvus curves for the Zn–Ag system to illustrate the
extent of 1x remaining in the α phase following DP
at a given temperature. It may be pointed out that the
numerical difference between xαm and xαe is very small
(Fig. 7). Hence, 1x following DCI, if at all present,
may have negligible influence in the computation of
the chemical driving force for DCI (1G cDCI ) assuming the composition in α following DCI corresponds
to xαe .

k = x αo

±¡

xαo − xαm

¢

(2)

where xαo is the initial composition of the alloy. The
parameter k in the Petermann and Hornbogen model
[10] is expressed as follows
k = RT /(−81 G DP )

(3)

where R is the gas constant and 1G DP represents the
overall change in Gibbs free energy in DP. Assuming
negligible contribution of change in strain-free energy,
1G DP may be written as follows
γ

1G DP = 1G cDP + 1G DP

(4)

γ

where 1G cDP and 1G DP express the chemical and interfacial components of 1G DP , respectively. Now, the
free energy (chemical) of formation of a solid solution,
e.g. that of the α phase (1G cα ), may be calculated by
the regular solution model [34] as follows:
1G cα = RT [xα ln xα + (1–xα ) ln(1–xα )]
+ÄRT xα (1–xα )

(5)

where xα is the solute content in the β phase and Ä is
a coefficient characteristic of the particular system at a
given temperature [34]. It may be pointed out that xα
777
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may assume the values of xαo , xαm , or xαe , as and when the
α phase exists in the form of a supersaturated, solutedepleted (metastable) phase or a solute-depleted (equilibrium) phase, respectively. The required value of Ä for
this study is not available in the literature. Chaung et al.
[19] have indirectly estimated the value of Ä through
the following analytical expression
£
¡
¢ ¡
¢¤
(1G β /RT ) − xβe ln xαe + 1 − xβe ln 1 − xαe
Ä=
¡ ¢2
xαe + xβe − 2xαe xβe
(6)
where xβe represents the equilibrium solute content in
the β phase and 1G β refers to the Gibbs free energy
of formation of the β phase. The estimated value of Ä
at the corresponding temperature may be determined
through Equation 6 subject to the availability of 1G β
as a function of temperature. 1G β in the required composition and temperature range is not available in the literature. Hultgren et al. [35] have reported the enthalpy
(1Hβ ) and entropy (1Sβ ) changes for the formation
of the β phase for a limited range of composition only
at T = 873 K. Extrapolating the values of 1Hβ and
1Sβ to xβe = 0.126 (Fig. 8) and assuming them to be
temperature-independent, 1G β may now be calculated
for the required range of temperature. Furthermore, the
values of Ä, and consequently, 1G α may be estimated
as a function of temperature through Equations 6 and 5,
respectively (Table II).
Analytically, 1G cDP may now be calculated as follows
1G cDP

=

1G m
α+β

−

1G oα

(7)

o
where 1G m
α+β and 1G α refer to the free energy changes
associated with the phase-mixture of α and β (following DP) and the standard free energy of formation for
the αo phase (xo = 0.04), respectively. 1G m
α+β may be

Figure 9 Schematic diagram illustrating the principle of determination
of the available chemical driving force for DP (1G cDP ) and DCI (1G cDCI )
from the chemical free-energy change (1G c ) versus composition (xAg )
diagram for the Zn–Ag system.

calculated from the respective values of 1G α and 1G β
using the lever rule through the following expression
1G m
α+β =

¢±¡ e
¢¤
xβ − xαm 1G m
xβe − xαo
α
£¡ o
¢±¡
¢¤
+ xα − xαm
xβe − xαm 1G β
£¡

1G cDP may now be computed using the values of
o
1G m
α+β (through Equation 8) and 1G α (through Equation 5) at a given temperature. Fig. 9 schematically illustrates this procedure at a given temperature. Assuming
a uniform stacking of β lamellae in the α matrix within
γ
the DP colony, 1G DP may be expressed as follows [36]
γ

1G DP = 2 Vm γ /λDP

Figure 8 Determination of the free energy of formation of the β phase
(1G β ) at the required composition of xβe = 0.126 by suitable extrapolation of the changes in enthalpy (1Hβ ) and entropy (1Sβ ) data reported
by Hultgren et al. [35] for T = 873 K.

778

(8)

(9)

where Vm and γ represent the molar volume and specific energy of the α/β interfaces, respectively. Since γ
for the Zn–Ag system is not available in the literature and the grain-boundary specific energy of pure
Zn is 340 mJ m−2 at 573 K [37], it may be reasonable to assume that γ = 270 mJ m−2 at 573 K with
dγ /dT = −0.1 mJ m−2 K−1 for the Zn–4 at % Ag alloy. Vm for the (α + β) aggregate in the present alloy has been calculated (by the rule of mixtures) to
be 9.10 × 10−6 m3 mol−1 . Thus, 1G DP may be calculated at a given temperature through Equation 4, inγ
corporating the contributions of 1G cDP and 1G DP as
per Equations 7 and 9, respectively. Table II summarizes the relevant thermodynamic data for calculating
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T A B L E I I I Calculated values of the parameter k and grain boundary chemical diffusivity triple product (sδ Db ) from the models for DP by Turnbull
[9], Petermann and Hornbogen [10], Hillert [11] and Cahn [12], respectively
k

sδ Db (m3 s−1 )
[11]

T
(K )

[9]

[10]

[11]

[12]

[9]

[10]

353
373
393
413
433
453
513
573

1.41
1.32
1.49
1.59
1.74
1.82
2.47
4.00

2.03
2.47
3.33
4.26
5.46
6.75
14.62
37.86

0.21
0.35
0.26
0.25
0.23
0.27
0.30
0.49

0.26
0.46
0.32
0.32
0.28
0.32
0.34
0.54

1.2 × 10−22
3.5 × 10−22
8.2 × 10−22
2.0 × 10−21
3.7 × 10−21
6.8 × 10−21
3.8 × 10−20
1.6 × 10−19

1.8 × 10−22
6.5 × 10−22
1.8 × 10−21
5.4 × 10−21
1.2 × 10−20
2.5 × 10−20
2.3 × 10−19
1.6 × 10−18

1.8 × 10−23
9.2 × 10−23
1.4 × 10−22
3.2 × 10−22
5.0 × 10−22
1.0 × 10−21
4.7 × 10−21
2.0 × 10−20

[12]
2.3 × 10−23
1.2 × 10−22
1.8 × 10−22
4.0 × 10−22
6.0 × 10−22
1.2 × 10−21
5.3 × 10−21
2.2 × 10−20

The value of k in Equation 1 after Cahn’s theory for DP
[12] assumes the form
k = 1/C

(12)

where C is the Cahn parameter related to the fraction
of solute supersaturation consumed in DP, and is given
by
¢±¡ o
¢
¡
(2/C 1/2 ) tanh(C 1/2 /2) = xαo − xαm
xα − xαe (13)
The calculated values of k for the different models for
DP are presented in Table III.
From the experimentally determined values of vDP ,
λDP and xαm , sδ Db may be calculated as a function of
temperature through the four models expressed by the
general Equation 1 after incorporating the respective
value of k. Table III summarizes the sδ Db values calculated using these models in the range T = 353–573 K.
Figure 10 Variation of the overall driving force for DP and DCI along
with their constituent components in terms of the respective Gibbs freeenergy changes as a function of the isothermal ageing temperature (T ).

γ

1G DP . Fig. 10 shows the variation of 1G DP , 1G DP
and 1G cDP as a function of temperature. Finally, the
estimated value of 1G DP may enable determination of
the parameter k in Equation 3 and subsequently, sδ Db
as per the Petermann and Hornbogen model on DP [10]
through Equation 1.
According to the Hillert model on DP [11], the value
of the parameter k in Equation 1 is given by the following expression
¡
¢
k = λαDP xαo − xα /[12 λDP (xα − xα/β )]

(10)

where λαDP refers to the width of the α lamellae, xα
denotes the variable composition of the α phase as a
function of the lateral distance between the β lamellae,
and xα/β = xα at the α/β interface. Avoiding Hillert’s
proposed method of calculating xα and xα/β analytically
for the lack of the relevant data in the present case and
assuming xα/β = xαe and xα = xαm , the modified value of
k may be found as follows
¡
¢±£
¡
¢¤
k = λαDP xαo − xαm 12 λDP xαm − xαe

(11)

3.6. Analysis of DCI (secondary reaction)
growth kinetics
DCI involves substitution of the fine lamellar products
of DP with a similar two-phase agregate having a distinctly coarser distribution during extended isothermal
ageing at a given temperature. The Livingston and Cahn
model [8] assumes that the driving force for the secondary reaction is derived solely from the reduction in
interfacial area/energy as 1x = (xαm − xαe ) = 0 following DP. However, XRD analysis in the present investigation has shown that the solute content in the α phase
following DP is xαm (>xαe ), which subsequently reaches
xαe after DCI (cf. Fig. 7). Therefore, the overall driving
force for DCI (1G DCI ) may be given by [17]
¡
¢ ¡
γ
γ ¢
1G DCI = 1G eα+β − 1G m
α+β + 1G DCI − 1G DP
¡
γ
γ ¢
(14)
= 1G cDCI + 1G DCI − 1G DP
where 1G eα+β is the modified form of 1G m
α+β in Equation 8 (obtained by substituting xαm with xαe ) and, simγ
γ
ilarly, 1G DCI (analogous to 1G DP ) is calculated by
replacing λDP with λDCI in Equation 9, respectively.
Table IV presents the summary of the relevant thermodynamic data necessary for the derivation of 1G DCI .
The magnitude of 1G DCI with its constituent components in the range of temperature studied has been
shown in Fig. 10.
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T A B L E I V Gibbs free energy change and sδ Db (using Equation 15) values for DCI in Zn– 4 at % Ag alloy
γ

T
(K)

−1G eα
(J mol−1 )

−1G eα+β
(J mol−1 )

−1G cDCI
(J mol−1 )

1G DCI
(J mol−1 )

−1G DCI
(J mol−1 )

sδ Db
(m3 s−1 )

353
373
393
413
433
453

84.0
130.0
192.7
258.5
327.2
398.9

1014.7
1043.7
1074.1
1105.0
1136.4
1168.4

15.9
5.5
6.8
5.6
5.2
3.5

2.8
2.7
2.9
2.6
3.0
2.0

25.2
14.5
15.5
13.6
12.5
10.8

8.0 × 10−22
8.3 × 10−22
1.2 × 10−21
6.4 × 10−21
7.5 × 10−21
4.0 × 10−20

Fournelle [17] has modified the analytical model for
DP by Petermann and Hornbogen [10] to extend the
scope of its application to DCI in the following way.
sδ Db = RT vDCI λ2DCI /(−81G DCI )

(15)

The experimental data for λDCI and vDCI required for the
determination of sδ Db through Equation 15 are listed
in Table I. Finally, Table IV presents the sδ Db values
determined from Equation 15.

3.7. Determination of Arrhenius parameters
of boundary chemical diffusivity
The temperature dependence of sδ Db is typically expressed through an Arrhenius type of equation as follows
sδ Db = (sδ Db )o exp(−Q b /RT )

(16)

where (sδ Db )o is the pre-exponential constant and Q b
is the activation energy of boundary chemical diffusion.
Fig. 11 shows the Arrhenius plot of sδ Db derived using the different models on DP [9–12] and DCI [17]. A
satisfactory straight-line fit to the respective set of data
obtained by regression analysis allows determination
of the Arrhenius parameter from each of the straight
lines in Fig. 11. Table V summarizes the Arrhenius parameters obtained in the present study under different
conditions and compares them with the relevant data reported in the literature. The values of Q b determined by
the models of Turnbull [9], Cahn [12] and Hillert [11]
are quite close to each other. Similarly, Q b obtained
through the Petermann and Hornbogen model on DP

Figure 11 Arrhenius plot of grain-boundary chemical-diffusivity triple
product (sδ Db ) derived from various analytical models. Key: Turnbull
[9], (T); Petermann–Hornbogen [10], (P–H); Hillert [11], (H); Cahn [12],
(C); Petermann–Hornbogen, modified by Fournelle [17], (P–H)m .

[10] and modified Petermann and Hornbogen model on
DCI [17] compare well with each other, even though
these values are relatively high compared to those derived by the other three models [9, 11, 12]. It has earlier
been pointed out [36] that the sδ Db values obtained by
the Petermann and Hornbogen model on DP [10] are
usually a few orders of magnitude higher than those
obtained by the Cahn model [12]. However, the values
of Q b are comparable to the activation energy for grain-

T A B L E V Arrhenius parameters of grain-boundary chemical diffusion determined through kinetic analysis of DP and DCI

Process

Model

DP
DP
DP

Turnbull [9]
Petermann–Hornbogen [10]
Petermann–Hornbogen
(obtained from [24])
Hillert [11]
Cahn [12]
Modified
Petermann–Hornbogen [17]
Grain boundary
self-diffusion in Zn [25]
Tracer impurity diffusion
of Ag110 in Zn [26]

DP
DP
DCI
–
–
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(sδ Db )o
(m3 s−1 )

Qb
(kJ mol−1 )

Q b /Q v

1.3 × 10−14
2.3 × 10−12
6.0 × 10−11

54.3
68.2
65.8

0.49
0.61
0.59

7.2 × 10−16
6.0 × 10−16
2.8 × 10−12

50.5
49.1
66.2

0.45
0.44
0.59

1.9 × 10−14

61.1

0.55

D0 =
3.9 × 10−5
m2 s−1

Qv =
112.0

1.00
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boundary self-diffusion in Zn [25], and nearly 50% of
that for tracer diffusion (volume/matrix) of Ag110 in Zn
(Q v ) [26].
It is relevant to point out that a certain amount of
uncertainity in the Q b values reported in Table V cannot be ruled out due to (a) the error (experimental) in
determining vDP , vDCI , λDP and λDCI , (b) the error in
estimating the overall driving force due to the necessary approximations, and (c) the inherent assumptions
on which the analytical models used are based. However, the limit of cumulative uncertainity in Q b in the
present study would not exceed ±10%, even by the
most conservative estimate.

4. Summary and conclusions
1. αo in Zn–4 at % Ag alloy decomposes predominantly
by DP at T < 393 K, and both by DP as well as continuous/matrix precipitation at T ≥ 393 K during isothermal ageing in the range T = 353–573 K. Furthermore,
DCI (secondary reaction) succeeds DP (primary reaction) in the course of continued isothermal ageing in
the range 353–453 K.
2. DCI may be initiated from one of the following
sites: junction of two DP colonies, edges of a DP colony
(i.e. DP–RF), or intersection of a DP colony with the
free (external) surface.
3. In DCI in Zn–4 at % Ag alloy, the precipitate lamellae do not maintain a rigid orientation-relationship, as
predicted by Livingston and Cahn [8] between the precipitate phases in the parent (primary) and product (secondary) colonies.
4. The residual solute supersaturation remaining in α
following DP provides an additional driving force for
DCI.
5. Both λDP and λDCI increase with an increase in
temperature, though the change of λDCI with temperature is not as systematic as that of λDP with temperature.
6. vDP as a function of temperature displays a typical “C” curve variation with the maximum at 513 K.
However, the same function for DCI increases monotonically in the temperature range studied.
7. DCI is characterized by λDCI > λDP (by 3–5 times),
and vDCI < vDP (by 1–2 orders of magnitude) under
comparable ageing conditions.
8. The activation energy values determined from the
kinetic analyses of the DP and DCI reactions compare
well with that for the boundary self-diffusion of Zn,
and are about half that for the tracer volume diffusion
of Ag in Zn. Thus, the DP and DCI reactions in the
present alloy seem to be boundary diffusion-controlled
processes.
9. The modified Petermann and Hornbogen model,
proposed by Fournelle, seems more appropriate for kinetic analysis of DCI in the present alloy than that proposed by Livingston and Cahn [8].
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