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Low-stress creep behaviour of microduplex Zn-22% Al alloy was studied using spring
specimen geometry. The average phase size in the specimens investigated was 0.87, 1.48 and
1.98 pm. Experiments were conducted in the temperature range 393-473 K at stresses below
about 1.0 MN m~2. The present study has established that the stress exponent of the creep
rate is unity and, therefore, a viscous creep process dominates the flow in Region |
superplasticity. The activation energy corresponds to that for boundary diffusion. However, the
phase-size exponent was found to be —2 instead of —3, as predicted by the Coble creep
theory. Further, the measured creep rates are three to four orders of magnitude slower than
those predicted by the Coble theory. Transmission electron microscopy revealed precipitation,
along o/a grain interfaces, whose inhibiting action on plastic flow should at least be partly
responsible for the lower values of measured creep rates. There also exist two other interfaces,
namely o/ and B/B, whose comprehensive role in diffusion creep is not yet fully understood.
Therefore, it seems illogical to describe the creep behaviour of Zn-22% Al by the classical
Coble theory, originally developed for single-phase polycrystals.

1. Introduction

Superplastic materials usually exhibit a sigmoidal re-
lationship between stress, ¢, and strain rate, &, with
three distinct regions, designated I, IT and I11, at low,
intermediate and high strain rates, respectively
(Fig. 1). Regions I and III are characterized by a low
strain-rate sensitivity (m~ 0.25), whereas in Region II,
m attains a higher value of 0.5 or more. Region II,
where the material exhibits superplasticity, has been
widely studied and the flow characteristics are well
understood. At higher strain rates a transition occurs
from Region II to Region Il and the change in the
behaviour is documented reasonably well. On the
other hand, at lower strain rates, in Region I, the
behaviour is not so clear, even though this has been
the subject of numerous investigations [1].

From the point of view of Region I behaviour,
Zn—A] alloys, among the superplastic alloys, have
been examined somewhat more widely. In these alloys
two separate trends have been reported in the literat-
ure. Early experiments on Zn-22% Al by Vaidya et al.
{2] have shown that the value of stress exponent of
strain rate, n, in Region I, was low (about 1) and these
authors suggested diffusion creep to be the flow mech-
anism. This trend has been subsequently confirmed by
Mukherjee and co-workers [3, 4]. Recent experiments
by Mishra and Murty [5] also showed the existence
of Region 1 with strain-rate sensitivity (m = 1/n)
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approaching unity. In contrast, Langdon and co-
workers [6-11], Grivas [12], Vale et al. [13], Livesey
and Ridley [14] and recently Chaudhury and
Mohamed [15] have reported, on the basis of their
studies on Zn-22% Al and Pb-62% Sn alloys, a
higher value of about 3—4 in Region L

To resolve this discrepancy in the observed flow
behaviour at low strain rates, detailed investigations
have been undertaken by us on the Zn-22% Al alloy
by employing an experimental technique capable of
higher sensitivity. Close-coiled spring specimens, sim-
ilar to those used for diffusion creep studies, have been
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Figure 1 The relationship between stress and strain rate for super-
plastic materials (schematic). Of interest in the present investigation
is the cross-hatched Region L

1585



employed to record the Region I strain rates accur-
ately. As emphasized earlier [16, 17] these specimens
have several advantages when compared to conven-
tional creep specimens. Because of their higher sens-
itivity, tests need not be continued, even to record low
strain rates, for longer durations like in the conven-
tional creep tests. Hence structural changes occurring
during the testing period can be avoided. Further,
because the specimens are self-loaded, testing one
specimen will be equal to conducting a number of
conventional creep tests as each coil of the specimen is
subjected to a different stress depending on the num-
ber of coils below it.

2. Experimental procedure

The experimental alloy contained 20.9 wt % Al and
the other eclements as follows: (p.p.m.) 4000 Cu,
280 Fe, 100 Pb, 26 Mg, 20 Ni, 20 Cd and 10 Mn.
Strips of 2.5mm x 2.5 mm x 300 mm cut from the
rolled sheet were wire drawn to a final diameter of
1.0 mm. Wires were then wound on a stainless steel
mandrel and subjected to solution treatment, while on
the mandrel, in an argon atmosphere at 633 K for 17 h
before quenching in water. Subsequently, these man-
drels, along with spring specimens, were annealed at
528 K for 1/3, 6 and 40 h to vary the phase size. Spring
specimens were then unscrewed from the mandrel.
Spring radius was maintained at 7.4 mm and the
number of coils varied up to 10.

Scanning electron micrographs of the polished and
etched surfaces were used to measure the intercept
phase size, L. More than 300 intercepts were con-
sidered in each case. Mean linear-intercept phase-size
values were then converted to phase diameter, d,
using the expression [18] d = 1.776 L. Treatments
employed and the resulting phase sizes (referring to
phase diameter) are given in Table I. The correspond-
ing scanning electron micrographs are shown in Fig. 2.

Each spring specimen was allowed to creep under
its own weight by suspending it from the top of a
specially designed split furnace. The furnace was pro-
vided with a glass window to enable measurement of
deflection of each coil. Coil deflections were mon-
itored as a function of time with the help of a vertical
cathetometer, located outside the furnace, focused on
to the specimen with an accuracy of 4+ 10 uym. The
furnace temperature was monitored through a mer-
cury thermometer placed in close proximity to the
specimen. The temperature variation was maintained

TABLE I Thermal treatments developed to vary phase size in
Zn-22% Al alloy

Serial no. Treatment® Average phase size,
d (pm)
1 633 K/t7 h (Ar), 0.87
WQ +523K/1/3h
2 633 K/17 h (Ar), 1.48
WQ + 523 K/6 h
3 633 K/17 h (Ar), 1.98

WQ + 523 K/40 h

* Ar, argon atmosphere; WQ, water quenched.
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Figure 2 Scanning electron micrographs of Zn-22% Al alloy aged

at 523 K for (a) 1/3 h, (b) 6 h and (c) 40 h.

within + 1.5 K using a proportional temperature con-
troller.

Phase-size measurement carried out before and
after the test revealed no detectable phase growth
during the course of testing. After creep testing, in each
case, spring dimensions and the weight of each coil
were determined. Coil deflection rates and the load
acting upon each coil were converted to creep rates, &,
and stresses, o, respectively, using the expressions
given elsewhere [16, 17].



Foils for transmission electron microscopy were
prepared by grinding the wire specimens (from which
the spring specimens for creep tests were made) along
their length so that flat specimens of width about
1.0 mm were obtained. These were lacquered along the
edges to prevent excessive edge attack during
polishing and immersed in an agitated bath of 20%
perchloric acid and 80% methanol at 253K at a
potential of 17 V. After perforation occurred, the wire
was removed and a scalpel used to cut off specimens
from the edges of the perforation. Some preferential
attack of the aluminium-rich phase could not be
prevented. The thin foils were examined in a Philips
430 T electron microscope equipped with an EDAX
analyser.

3. Results and discussion

Low-stress creep experiments were conducted on spe-
cimens with phase size 0.87, 1.48 and 1.98 um over the
range of temperature 393—473 K and stresses up to
about 1.0 MN m ™2 The experimental conditions em-
ployed are given in Table II.

Prior to the onset of steady-state creep, there exists
in all cases a transient stage during which deflection
rate decreases with time. Deflection versus time curves
shown in Fig. 3 clearly indicate this feature. It is also
evident from Fig. 3 that the transient strain (deflection
is proportional to strain) increases with increasing
stress. Steady-state creep rates derived from the slopes
of deflection versus time curves in the steady-state
region only are considered in the analysis presented
here. Using spring specimen geometry it was possible
to record accurately creep rates as low as 107 %s7 1,

TABLE IT Experimental conditions employed

Test d Test Test Maximum applied
no. (um) temperature, duration stress, o
T (K) (h) (MNm~?)

SP-1 0.87 393 8.5 0.86

SP-2 0.87 413 4.8 0.62

SP-3 0.87 433 5.0 0.49

SP-4 0.87 453 2.0 0.49

SP-5 1.48 413 8.0 0.62

SP-6 148 433 8.0 0.98

SP-7 1.48 453 6.0 0.62

SP-8 148 473 30 0.49

SP-9 1.98 433 9.0 1.11

SP-10 1.98 450 8.0 0.98

SP-11 1.98 473 6.0 0.87
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Figure 3 Typical deflection—time curves for Zn-22% Al of phase
size 1.98 pm obtained at 433 K.

which are more than an order of magnitude lower
than the lowest reported values of around 107 8s™?
except in the case of Vale er al. [13]; Table III.
Strain rate is linearly proportional to stress in all
cases. For tests where the stress range extended be-
yond about 0.8 MNm™2, a deviation from linearity
was observed at higher stresses. One such case is
shown in Fig. 4. Beyond 0.8 MNm™2, creep rate
increases steeply with increase in stress, thus indic-
ating a transition from one mechanism to another.
This aspect will be commented upon further in a later

3

TABLE III Strain rate range studied and test conditions employed by various investigators

Strain rate, Grain size, Test Reference

&(s™hH d, (um) temp. (K)

20x1078-13x107! 1.19-4.62 448--523 Vaidya et al. [2]
1.0x1077-1.5x 1072 1.3-3.7 450-525 Arieli et al. [3]
32x1078-3.0x 1072 2.1-75 403--503 ‘Mohamed and Langdon [7]
1.8%x1079-1.0x 1074 1.2-5.1 413-458 Vale et al. [13]
60x1077-8.0x1072 2.8-4.1 423-523 Livesey and Ridley [14]
20x1078-6.0x 1072 2.1-44 413-503 Mishra and Murty [5]
58x1078-3.5% 1072 2.5 430-500 Chaudhury and Mohamed [15]
1.0x107°-1.0x 1077 0.87-1.98 393-473 Present work

1687



30
Sp - 10
20
FIll)
i
(®]
w0 b
°
0 1 1
0 05 1.0
g (MNm?)

Figure 4 A typical strain rate versus stress plot for Zn—-22% Al of
phase size 1.98 um at 450 K.

section. The linear portion of the creep rate versus

stress plot when extrapolated to zero strain rate nearly .

passes through the origin in all cases, indicating the
absence of a threshold stress. This observation is
contradictory to the behaviour reported recently by
Chaudhury and Mohamed [15]. In a detailed study of
the effect of impurities on the superplastic flow in
Zn-22% Al alloy, Chaudhury and Mohamed [15]
observed that the deformation characteristics are gov-
erned by the purity of the alloy. Significant threshold
stress has been observed with two grades of the alloy
containing 180 and 100 p.p.m. total impurities while
the high-purity one with 6 p.p.m. impurity content
showed no evidence of the threshold stress. Contrary
to these observations, no evidence of threshold stress
has been found in the present case despite the experi-
mental material being a commercial alloy with a
relatively large impurity content.

3.1. Strain-rate dependence on stress

Log & versus log o plots in all cases have yielded a
stress exponent of unity at stresses below about 0.8
MNm 2. At stresses above the transition stress, the
slope increases and approaches a value close to 2
(Fig. 5). A stress exponent of nearly 2 at stresses above
about 0.8 MNm ™2 indicates Region II superplastic
flow. Further, the value of the transition stress is in
good agreement with the earlier reports on Zn—-22%
Al [2-4]. Because our main interest is to re-examine
the Region I, creep data below the transition stress are
analysed in detail in the following sections.

3.2. Strain-rate dependence on phase size
Strain rate per unit stress, dé¢/do, obtained at temper-
atures 413, 433, 453 and 473 K, is plotted against
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Figure 5 A typical log-log plot of strain rate versus stress for
Zn-22% Al of phase size 1.98 ym at 433 K.

phase size on a log-log scale in Fig, 6. Although data
are limited, these reveal an inverse square-phase size
dependence of creep rate at these test temperatures.

3.3. Temperature dependence of strain rate

Logarithm of temperature-compensated creep rate per
unit stress, 7 dé/do, is plotted against réciprocal of
test temperature, 1/7, in Fig. 7. The plots have yielded
activation energies of 61.7, 61.6 and 62.9 kI mol ! for
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Figure 6 Double logarithmic plot of strain rate per unit stress
versus phase size at (A) 413, (A) 433, (O) 453 and (@) 473 K for
Zn-22% Al in the phase-size range 0.87-1.98 um.
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Figure 7 Logarithm of temperature-compensated strain rate per
unit stress plotted against reciprocal of absolute test temperature for
Zn-22% Al in the phase-size range 0.87-1.98 um. (@) 0.87 um,
Q=61.7kImol™!; (A) 148 pm, Q@ = 61.6 kI mol™%; (O} 1.98 um,
Q =629 kJmol™ ..

the three phase sizes considered. The average of these
measurements, 62 kJmol™!, matches well with the
activation energy for grain-boundary self diffusion,
0y, in zinc [19] (59.9 kI mol ') as compared to that
for aluminium (85.3 kJmol™1), estimated by taking
Qg = 0.6 Oy, where Qy is the lattice self-diffusion ac-
tivation energy [20]. It should be noted that no such
comparison is possible with interphase diffusion due
to lack of data.

In the case of 0.87 um phase size, Fig. 7 indicates a
change in activation energy at temperatures above
433 K. The limited data do not permit estimation of
reliable activation energy. However, joining the two
data points yields an activation energy of
113.2 kI mol™*, which matches fairly well with that
reported [21] for lattice self diffusion in pure zinc
(91.3 kJmol™1).

3.4. Experimental flow relationship

A flow relationship is derived by fitting the experi-
mental data to the semi-empirical equation, applied
extensively in experimental investigations of super-
plasticity [1, 22], namely

7 = A(DoGb/kT)(b/d)"(x/GY'exp(— Q/RT) (1)

where A is a dimensionless constant, 7 the shear strain
rate, ¢ the shear stress, G the shear modulus, b the
Burgers vector, d the average phase size, R the gas
constant and k7 has the usual meaning. D, and Q are
the frequency factor and activation energy associated
with the appropriate diffusion coefficient. p and n are
normalized grain size and stress exponents, re-
spectively.
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Figure 8 Normalized shear strain rate versus normalized shear
stress plot for Zn-22% Al over a phase size range 0.87-1.98 um and
in the temperature interval 393-473 K. 4, T (QO) 0.87 pm, 393 K;
(x)0.87 um, 413 K; (O) 0.87 um, 433 K; (A) 1.48 um, 433 K; (O)
148 pm, 453 K; (™) 148 um, 473 K; (M) 1.48 um, 413 K; (O)
1.98 um. 433 K; (V) 1.98 um, 450 K; (®) 1.98 pm, 473 K.

The analysis presented in the preceeding sections
has resulted in p = 2 and @ = 62 kJmol~!. To deter-
mine 4 and n, creep data obtained in the present study
are presented in Fig. 8 as normalized creep rate
[(7kT/DyGb)(b/d)?, where Dy is boundary diffusivity]
versus normalized stress (z/G). Shear modulus at a
given temperature is estimated using the expression
[8] Gaoy = 4797 x 10* — 26.62 T, where G and T are
expressed in MNm ™2 and Kelvin, respectively. The
frequency factor Dy, and b are assumed to be
107*m?s~! and 2.7 x 107 1% m, respectively. A least-
squares fit to the data points shown in Fig. 8 yields a
slope of 1 for Region I. Measured creep rates in
Region I superplasticity can thus be represented by
the relationship

Do G b [B\? [1\'° — 62000
o -6 0g . e
7=8x10 kT <d> <G> exP( RT )
@)

A stress exponent of unity and a strong phase-size
dependence indicate relevance and dominance of a
diffusion creep process in Region I. However, the
experimental creep relationship given above does not
match either of the two well-understood diffusion
creep processes, namely Nabarro [23]-Herring [24]
(N-H) and Coble [25]. Although the measured ac-
tivation energy suggests Coble creep as the domi-
nating flow process, phase-size dependence (exponent
of — 2) does not match the theoretical value (expo-
nent of — 3) for Coble creep. On the other hand,
although phase-size dependence matches the N-H
creep prediction, activation energies do not agree. The
dimensionless constant has a very low value (8 x 107°)
and does not match either that of the Coble (143.2) or
N-H (40) creep process.
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TABLE IV Experimental relationships obtained for Zn—22% Al in Region I

Reference

Relationship

Vaidya et al. [2]

Misro and Mukherjee [4]

Arieli et al. [3]

Langdon and co-workers [7, 8]

Vale et al. [13]

Chaudhury and Mohamed {15]

Present work

Don < > 2.5 ( T >°'87 ( 74 500>
=0.17 — expl ————
G RT

b T 64500

d
10 DyGb (b T 95 900

= - — ex
! kT \d) \G PLU7 gy

y—170

s ot D008 (B[ _ 119000

== wr \a) \G

. L, DoGh (B\*B( 1\ 89000

¥=37x10 - — exp| ————
kT d G RT

§=94x10% ———

DyGb [ B\ 2% [1— 15\ 2° 76000
b of _ 76000
kr \d G P\ T RT

DGb [ b\*° 1.0 62
7=8x1076 22 - s exp _ 62000
kT \d G RT

3.5. Comparison of the observed flow
behaviour with that reported
by earlier investigators

Yavari and Langdon [ 1] have analysed various sets of
experimental observations pertaining to Region I
superplasticity in Zn-22% Al Experimental rclations
compiled by Yavari and Langdon [1] and that re-
ported by Chaudhury and Mohamed [15] are repro-
duced in Table IV. For the sake of comparison, the
relationship obtained in the present study is included.
It is evident from Table IV that though the present
relationship bears some similarities to those reported
earlier, it does not agree fully with any one of the
earlier ones. Earlier observations (Table I1V) can be
classified into two types; one predicting a higher stress
exponent (2.5-3.8), and the other predicting a stress
exponent of unity (~1). In the three investigations
that yielded n = 1, the phase-size exponent ranged
from — 2to — 3 and the activation energy lay in the
range 64.5-95.9 kImol~* [2-4]. In the three sets of
experiments revealing higher value of n (2.5-3.8),
phase-size exponent and activation energy, respect-
ively, varied from 2.4-2.8 and 76-119 kJmol~!. The
dimensionless constant differed by several orders of
magnitude.

There were arguments in the literature against both
the types of behaviour. The data points leading to
higher stress exponents were attributed to concurrent
phase growth. On the other hand, the data giving rise
to a stress exponent of unity were considered to be
influenced by transient effects. In the present study
these two effects have been duly eliminated. Fig. 3, for
instance, reveals the clear onset of steady state after a
transient stage. Moreover, as mentioned -earlier,
phase-size stability was ensured by carrying out meas-
urements before and after the test.

Using the relationships given in Table IV, creep
rates are calculated for a typical set of experimental
conditions: d = 1.98 pm, T = 473 K and t/G = 1077,
Calculated creep rates are given in Table V which may
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TABLE V Creep rates derived from various phenomenological
equations given in Table IV for selected conditions of 1/G = 1075,
T=473K and d = 1.98 pm

Reference Y

s

Vaidya et al. [2] 1.5x107¢
Misro and Mukherjee [4] 47%x1073
Arieli et al. [3] 6.7x1076
Langdon and co-workers [7, 8] 1.3x1077
Vale et al. [13] 3.7% 1077
Chaudhury and Mohamed [15]

Grade 1 (180 p.p.m. impurities) 1.86x 1078

Grade 3 (6 p.p.m. impurities) 9.36x 1077
Equation 2 of present work 50x1078
Present experimental value 47x1078

be compared with the present observed values for the
conditions chosen. It is seen from Table V that the
creep rates differ by nearly three orders of magnitude.
The present study confirms a stress exponent of unity
and thereby disagrees with the earlier investigations
reporting a stress exponent of 2.5-3.8. However, the
calculated creep rate as per the flow relationship
reported by Chaudhury and Mohamed [15] matches
well the creep rate derived from the present study. On
the other hand, creep rates reported by other investig-
ators (with n~1.0) are two to three orders of magni-
tude faster than those observed in the present study.
Besides higher creep rates, there are discrepancies with
respect to phase-size exponent and activation energy.
It is difficult to explain these discrepancies in the
absence of complete information pertaining
to experimentation and the material of the earlier
workers but the higher sensitivity of the present test
technique is worth reiterating in this context.

3.6. Comparison of measured creep rates
with the predictions of classical
Coble diffusion creep theory

Measured creep rates are compared in Table VI with



TABLE VI A comparison between measured and theoretical creep rates

Test no. d T Measured dé¢/do Calculated Measured/{calculated) o,
(1Lm) (K) (1079 m?(MN) " 1s™ 1) Coble creep rate, d¢/do
(d/do), (x 104
(107 m2(MN) " 1s7Y)
SP-1 0.87 393 10.2 44 23
SP-2 0.87 413 26.7 10.8 2.5
SP-3 0.87 433 53.1 24.7 2.2
SP-4 0.87 453 202.5 52.0 39
SP-5 1.48 413 8.4 2.2 3.8
SP-6 1.48 433 15.7 5.0 32
SP-7 1.48 453 29.7 10.6 2.8
SP-8 1.48 473 74.3 20.9 3.6
SP-9 1.98 433 114 2.1 55
SP-10 1.98 450 159 44 3.6
SP-11 1.98 473 45.0 8.7 5.2

those predicted by the Coble theory, namely

dé 150 wQ 04
sl 5 _ =B
do ~ n &kT OBeXp< RT) )

where w is the effective grain-boundary width, Q the
atomic volume and Qg the activation energy for
boundary diffusion. A marked discrepancy is seen
between the theory and the experiment. Measured
creep rates are more than three orders of magnitude
slower than those predicted by the Coble theory. The
observed discrepancy between theory and experiment
cannot be explained on the basis of a threshold stress
[26] because the experiments revealed the absence of
threshold stress.

The Coble creep process describes the flow arising
out of transport of matter in a single-phase micro-
structure, and the procedure to extend the theory to a
microduplex alloy is not clear. For a microduplex
alloy such as Zn-22% Al, one can assume a constant
strain model [27] wherein each phase deforms at the
same strain rate as the overall strain rate, i.e. &, = &3
= &,.p, where a is the aluminium-rich phase and 8,
the zinc-rich phase. If the flow of each phase were to
follow the Coble creep equation, the predicted creep
behaviour does not match that experimentally. ob-
served. Consider a set of experimental conditions:
phase size of 1.98 pum, test temperatures of 473 K and a
strain rate of 1078 s 1. The stress required to impose a
strain rate of 1078 s7! in each phase is found to
be 0,=36x10"*MNm > and op=4x10"*
MNm ™2 This yields an overall calculated stress of
Cuep = 3.8 % 107* MNm ™2 which is obtained using
the expression

Cg.p = XyOy T XpOp

where x, and xp are volume fractions of « and f
phases, respectively. This is much lower than the stress
of 0.22 MNm 2 obtained experimentally. Therefore,
a straight-forward distribution of stresses amongst the
two phases does not explain the observed results.

Chen [28] has developed a theory of diffusion creep
in two-phase binary alloys. In the absence of long-
range connectivity of either phase, he has shown that
diffusion creep is controlled by the fastest diffusing
species along its fastest path and is necessarily accom-
panied by migration of the phase boundaries. In

developing this theory the contribution of short-
circuit diffusion along interfaces to the total strain has
been assumed to be negligible. This assumption clear-
ly needs to be altered if this theory has to be extended
to the present case where the activation energy sug-
gests a boundary or interface diffusion-controlled
mechanism for deformation. The interface-controlled
Coble creep mechanism proposed by Schneibel and
Hazzledine [29] to explain the inhibition of Coble
creep in Sn—Pb alloys is not directly applicable here,
because it predicts a stress exponent of 2 as against
unity observed in the present study. According to this
mechanism, Coble creep is rate-limited not by the
difusion of vacancies but by the rate of emission and
absorption at the curved dislocations in the grain
boundaries which are the ultimate sources and sinks of
vacancies. However, the model does not consider
explicitly the nature and role of interfaces in a micro-
duplex alloy. At the present time it seems difficult to
quantify the role of such interfaces for reasons out-
lined below.

In a microduplex alloy of the type presently invest-
igated, there are three types of interface: interphase
o/p and intergrain a/a and B/B. Quantitative metallo-
graphic examination has revealed the volume fraction
of the three types of interface, namely o/o, o/p and f/p,
expressed in per cent, to be nearly 20%, 60% and
20%, respectively. The majority of the interfaces are of
the o/ type which are not considered in the flow
equation. The action of these boundaries as sinks and
sources for vacancies is not fully understood. Further,
phase connectivity, which can play an important role

'in deformation, has been ignored in the theory under-

lying the Coble equation. Experimental evidence in
terms of grain-boundary sliding, an accommodation
process during diffusion creep, is available in literature
[10, 30, 317 which reveals that the three types of
interface in microduplex superplastic alloys show very
significant differences in the sliding behaviour. In
Zn-22% Al tested in Region I, large sliding offsets
have been observed [10] on PB/B intercrystalline
boundaries as well as «/p interphase boundaries. On
the other hand, the offsets were reported to be min-
imum on o/« boundaries. This emphasizes the need to
take into account the nature of the three types of
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interface while extending the classical Coble theory to
microduplex alloys.

Murthy [32] confirmed the presence of Region I in
Zn—Al eutectoid alloy in the absence of concurrent
phase growth. It was concluded that the phase size
alone as a microstructural variable is inadequate for
structure—property correlations in Regions I and 1L
Murthy conjectured that the structure of the phase
boundary between the zinc- and aluminium-rich
phases, in terms of the degree of smoothness and the
interfacial dislocation density, might affect the sliding
process. The initially straight phase boundaries, char-
acteristic of annealed microstructure, were found
through optical metallography to become more
curved with increasing amount of prestrain. In view of
these findings, electron microscopy of the interfaces
was undertaken in the present investigation.

A specimen subjected to the prior thermal treat-
ment of soaking at 633 K for 17 h in an argon atmo-
sphere followed by water quenching and subsequent
ageing at 523 K for 6 h was examined under an elec-
tron microscope to analyse carefully the interphase
structure. It is important to point out that scanning
and optical metallography entirely fail to reveal the
complexity of structure in an apparently simple micro-
duplex alloy. Following Murthy’s suggestion [ 32] that
interphase dislocation structure may play a role in
sliding, a careful examination was carried out under a
variety of two-beam conditions at high magnifications
( > 100000) to detect any evidence of low-energy
dislocation configurations at these boundaries. None
were detected, and an example of the essentially highly
disordered, dislocation-free nature of the boundaries
is shown in Fig. 9 for a portion of an o/f boundary.

The surprise, however, is in regard to the observa-
tion of precipitates at interfaces. Fig. 10 reveals pre-
cipitates along the boundary between aluminium-rich
grains. A distinct precipitate-free zone appears adja-
cent to the grain-boundary precipitates, indicating
precipitation to have occurred during ageing at 523 K.
X-ray spectra of the precipitate, the precipitate-free

0. 1um
|

Figure 9 A high-magnification transmission electron micrograph of
the interface between the aluminium-rich and the zinc-rich grain
which is seen to be free of dislocation activity.
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Figure 10 Transmission electron micrograph revealing precipitates
along the boundary between aluminium-rich grains after ageing at
523 K. A distinct precipitate-free zone appears adjacent to the
grain-boundary precipitate.

zone and the grain interior are presented in
Figs 11-13. It is evident that the precipitate has the
highest zinc content and the precipitate-free zone the
least, besides a strong aluminium peak indicating the
grains to be rich in aluminium. A mottled contrast is
seen within the aluminium-rich grain (Fig. 10) sugges-
ting that these grains have decomposed to form very
fine precipitates. The grain-boundary precipitates are
seen to grow along the boundary. The zinc-rich grains
(Fig. 14) contain a fine distribution of precipitates as
well, whose nature has not been analysed. The TEM
study thus reveals that the microstructure is complex,
with precipitates along phase boundaries as well as
within the phases. The presence of precipitates on o/o
boundaries explains the earlier observation [10] that
sliding offsets were smallest on these boundaries.
The influence of precipitate-denuded zone on diffu-
sional creep is not yet understood. On the other hand,
it is well established that the presence of particles

02 04 06 08 10
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Figure 11 X-ray spectrum of the precipitate at the Al-Al grain
boundary.



o
AL 1 Zn

Figure 12 X-ray spectrum of the precipitate free zone adjacent to
the precipitate at the Al-Al grain boundary.
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Figure 13 X-ray spectrum of grain interior (aluminium-rich grain).

within the matrix [33] as well as at the grain/phase
boundaries [34-36] can inhibit diffusional creep con-
siderably. Decreased creep rates as compared to Coble
predictions can, therefore be partly attributed to the
presence of particles at o/a grain boundaries and
within o and B phases. (However, no threshold stress
has been observed in the present study, as predicted by
the various models [37].)

4. Conclusions

Low-stress creep behaviour of microduplex Zn—22%
Al superplastic alloy was studied in the phase-size
range 0.87-1.98 pm, temperature interval 393-473 K
and stresses extending up to 1.0 MN m ™ 2. The follow-
ing conclusions emerge.

1. Steady-state creep rate varies linearly with ap-
plied stress at stresses below the transition stress, sug-
gesting a viscous creep mechanism. Extrapolation of

Vo

Figure 14 Transmission electron micrograph revealing fine dis-
tribution of precipitates in the zinc-rich grains.

strain rate versus stress plot to zero strain rate re-
vealed negligible threshold stress.

2. At stresses above the transition stress, a stress
exponent of nearly 2 characteristic of Region II super-
plasticity has been observed.

3. Measured creep rates in Region I superplasticity
can be represented by the flow relationship

. —6Do,Gb{b\?[ T\° 62000

e Y () o2

4, The creep activation energy of 62 kJmol !
matches well that for boundary self diffusion in zinc.

5. The temperature and stress dependence of creep
rate points to the occurrence of Coble creep. However,
the measured phase-size exponent (— 2) deviates
from the Coble-creep predicted value of — 3. Further, -
Coble-theory predicted rates are three to four orders
of magnitude faster than those measured experi-
mentally.

6. Transmission electron microscopy revealed dis-
crete  precipitation (accompanied by precipitate
denuded zone) along o/a grain boundaries. Fine pre-
cipitates were also seen within the o and p phases. The
lower values of the measured creep rates as compared
to the Coble-theoretical rates can be partly under-
stood in terms of the inhibiting action of these pre-
cipitates on the diffusional flow. Although the compre-
hensive role played by the three different types of
interface, namely o/a, o/ and B/P in diffusion creep is
not fully understood, the present observation that the
o/B interfaces were essentially highly disordered
boundaries is noteworthy from the view point that this
feature is unlikely to contribute to reduced creep rates.

7. There is a strong indication that microstructural
features discussed in the foregoing can be responsible
for discrepancies between the experimentally observed
creep behaviour and Coble theory predictions, origin-
ally developed for single-phase materials. However, a
quantitative analysis of the influence of the micro-
structural parameters in a microduplex alloy calls for
another major effort due to the complexities indicated.
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