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The tensile flow behaviour in the range 275 to 550° C of an ultra-fine-grained superplastic
Al-Ca-Zn alloy is reported. Under certain conditions of temperature and strain rate, super-
plastic ductility could be established. Fracture surfaces of tensile specimens tested in the
above temperature range were examined by scanning electron microscopy and a correlation
could be obtained between the ductility, as revealed by the tension tests, and the fracture
behaviour. The fractographic studies also suggested a transition in the deformation process
from grain deformation (mainly slip) at the lower temperatures to grain-boundary deformation
(predominantly grain-boundary sliding) in the vicinity of 425°C.

1. Introduction

Moore and Morris [1] have reported structural super-
plasticity in an Al-Ca-Zn alloy and have also demon-
strated its commercial potential by forming com-
ponents of complex shapes and details. The above
alloy had an ultra-fine grain size and medium strength
and belongs to the group of superplastic alloys in
which grain refinement is achieved through static
recrystallization. Maximum elongation of about
900% under optimal conditions of temperature and
strain rate has been achieved [2]. The room-
temperature forming limit diagram and strain distri-
bution under punch stretching of this alloy were
reported earlier [3]. That study also considered the
tensile flow behaviour from room temperature to
200°C.

In this paper, tensile flow behaviour at temperatures
in the range 275 to 550° C and different strain rates are
reported. Fractography, in terms of scanning electron
microscopy (SEM), was resorted to, in an attempt to
understand the deformation mechanisms that led to
fracture.

2. Experimental procedure

Sheets, 1 mm thick, of this alloy were supplied by the
Alcan Research Laboratories, Canada. The compo-
sition (wt %) was Ca 4.87, Zn 4.64, Fe 0.13, Si 0.09,
Mg 0.01 and Al balance. (This composition, selected
by Alcan Canada, represents an optimal compromise
among good material properties, ease of production
and high corrosion resistance.)

In order to obtain a microstructure similar to that
present during superplastic flow, the as-received
material was held at 540°C for 30min and air
cooled [2].

Tensile specimens with their longitudinal axis
parallel to the rolling direction, and gauge dimensions
I6mm x 4mm x 1 mm, were pulled to fracture on an
Instron machine at constant cross-head speeds in the
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temperature range 275 to 550°C. The strain-rate
sensitivity index, m, was determined as a function of
temperature using a method that involves a change in
cross-head speed [4]. The change in strain rate was by
a factor of four as the cross-head speed was increased
from 0.5 to 2.0mmmin~'. (A small increase in strain
rate does not alter the microstructure significantly
when there is no change in the operating mechanism,
and the assumption that m is independent of strain
rate in the range employed is likely to be more realistic.)
The general constitutive equation, ¢ = K*g"é”, where
o is the applied true stress, ¢ is the true strain, ¢ is the
true strain rate, s is the strain-hardening coefficient
and K* is a material constant, was used to analyse the
plastic flow behaviour in tension. Above 425°C, the
simplified equation, ¢ = K&” was used (with K a con-
stant), as it is known that in the absence of significant
grain growth during deformation, strain hardening is
absent in the region of optimal superplastic flow [4].
The variations in n and K* with temperature were
evaluated using the least squares method.

The fracture surfaces of tensile specimens tested at
different temperature-strain rate combinations were
carefully sectioned, cleaned ultrasonically in acetone
solution and examined under the scanning electron
microscope (SEM).

3. Results and discussion

3.1. Grain size

An etchant made from 45ml HNO,, 40ml HF and
45ml H,0, was used to reveal the microstructure.
The two-dimensional grain size of the second phase
(CaZnAly)was 1.0 + 0.5 ym. The matrix grains could
not be fully revealed. The isolated parent phase grains
that were visible were slightly larger in size (2 to 3 um)
than the second-phase particles. Fig. 1 shows a typical
microstructure of the heat-treated Al-Ca-Zn alloy.
The volume fraction of the second phase was approxi-
mately 20% [5].
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Figure | Microstructure of the Al-Ca-Zn alloy (after solution treat-
ment at 540° C for 30 min and air cooling to room temperature).

3.2. Tensile flow behaviour in the range 275
to 550°C

The tensile properties of the alloy in the range 25 to
200° C were presented earlier [3]. Table I presents the
tensile properties of the alloy in the range 275 to
550°C. In this range, yield-point elongation was not
present. Nor was there a clear UTS, unlike in the lower
temperature regime. The yield strength decreased with
increasing temperature but was directly related to the
strain rate (conventional behaviour). The fracture
strain, e;, increased with increasing temperature and
decreasing strain rate (at a given temperature). Up to
425°C, m was determined by a strain-rate jump test.
Beyond this temperature, however, jerky flow was
present and an accurate determination of the steady
state stresses at the two strain rates was not possible.
Therefore, beyond 425° C, m was evaluated at a con-
stant strain of 30% from the slope of the log true
stress—log true strain rate plots in the strain rate range
of 107 to 107 %sec™'. At 550° C, the value of m was
0.35, which is in agreement with earlier results [1].
However, at 500° C the log true stress—log true strain
rate plot was not linear and a mean line had to be
drawn to obtain an m value of 0.23. This value is not
realistic in view of the higher m value obtained at
425° Citself. So, for further analysis a value of 0.32 for
m was taken from a smooth curve connecting the

results pertaining to the other temperatures, i.e. the
value was obtained by the method of interpolation.

True stress-true strain plots for different tempera-
tures and strain rates are presented in Figs 2a to c. The
arrow indicates the onset of “‘steady state” behaviour
[6]. At the intermediate temperatures of 275 and
350°C strain hardening was absent. But beyond
425° C, however, marked strain hardening was seen.
Similar “apparent strain hardening” is reported in the
literature for other superplastic alloys and this has
been attributed primarily to dynamic grain growth [7].
A microstructural study confirmed that in the present
case also, the apparent strain hardening was caused by
dynamic grain growth. A grain size of 2 to 3 um before
deformation had increased approximately to 4 to 6 um
after superplastic deformation. The microstructures
showed two types of seccond-phase particles, which
appeared dark or bright. Padmanabhan ez al. [§] have
established, using energy-dispersive analysis, that
these corresponded to zinc-rich and calcium-rich
particles, respectively. The CaZnAl; second-phase
particles also experienced considerable grain growth
from 1 4 0.5um to approximately 3 + 0.5um.
Qingling ez al. [9] have reported a similar trend and
have further noted that the average coarsening rate in
the superplastic regime of the CaZnAl; intermetallic
particles decreased with increasing volume fraction of
the eutectic intermetallics. (Although a certain volume
fraction of the intermetallic particles is essential for
grain-size refinement and stability, coarse and colum-
nar particles promote cavitation and impair super-
plasticity and hence their formation needs to be sup-
pressed [9].)

For the superplastic 7475 Al alloy, Ghosh [7] has
reported that for a given strain rate the hardening
decreased significantly at higher temperatures. In the
present study, however, two trends were found, i.e. for
the lowest strain rate employed (1.0 x 107*sec™"), as
the temperature increased, hardening decreased. But,
at higher strain rates (5.0 x 10 *sec™ and 1.0 x
10~%sec™ ') as the temperature increased hardening
also increased. Secondly, Ghosh [7] has observed that
at a given temperature, as the strain rate increased the
hardening was more, instead of being less, which

TABLE I Al-Ca-Zn alloy — Mechanical properties in the range 275 to 550°C

Serial Temperature Initial strain Yield Fracture m

number () rate (sec™') stress strain, e; (experimental)
(MPa) (%)

1 275 1.0 x 10°° 67.0 61.0 0.125

2 50 x 1073 70.2 66.0

3 1.0 x 1072 72.0 57.0

4 350 1.0 x 1077 22.1 84.0 0.225

5 1.0 x 1072 40.2 71.0

6 425 1.0 x 107} 15.2 150.0 0.275

7 5.0 x 107° 17.7 122.0

8 1.0 x 1072 25.7 91.0

9 500 1.0 x 1073 11.8 255.0 0.320*

10 50 x 1073 15.8 200.0

11 1.0 x 1072 213 178.0

12 550 1.0 x 1073 10.9 306.0 0.350

13 50 x 1073 14.7 272.0

14 1.0 x 1072 18.4 2440

*Determined by interpolation, see Section 3.2.
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Figure 2 True stress—true strain plots of the Al-Ca-Zn alloy in the temperature range 275 to 550°C at an initial strain rate of (a)
1.0 x 1073sec™!, (b) 5.0 x 1073 sec™!, and (c) 1.0 x 10 2sec™!'. Temperature (°C): (v) 275, (O) 350, (O) 425, (a) 500, (x) 550.
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should have been the case if grain growth alone were
responsible for the hardening (because less time is
available for grain growth at the higher strain rates).
In the present study, at higher strain rates the stress
levels were clearly higher (due to the highly strain-rate
sensitive flow) but the rate of hardening was not signi-
ficantly affected except for the solitary temperature—
strain rate combination of 550°C and 1.0 x 107°
sec”!, where hardening was found to be the least.
Thirdly, Ghosh has cited microstructural evidence for
the rate of dislocation accumulation in the grain
interior being rapid enough to initiate dynamic recrys-
tallization at the higher strain rates (or for a coarser
initial grain size) and also a noticeable grain elon-
gation (which could mean dislocation creep). In the
present study, there was no evidence for either grain
elongation or for dynamic recrystallization in the
optimal range of superplastic flow.

Based on his observations concerning the 7475 Al
alloy, Ghosh has argued that the evolution of the
dislocation structure could also be contributing signi-
ficantly to “apparent strain hardening” (apart from
dynamic grain growth). Similar conclusions were
reached by Ramirez et al. [10] in case of the Al-Ca-Zn
alloy. However, based on our observations in the
Al-Ca-Zn alloy reported here, taken together with
those of Ghosh, the following alternative view to
explain “apparent strain hardening” is proposed. In
our view, the presently seen “apparent strain harden-
ing” is essentially due to dynamic grain growth which
increases with temperature. With increasing grain size,
the grain-boundary area decreases and so resistance to
deformation increases (in the superplastic range
¢ oc d*, where d is the grain size and a a positive
constant). However, with increasing temperature the
rates of grain-boundary deformation processes also
increase, e.g. grain-boundary diffusivity. This will
decrease the flow resistance of the material. Therefore,
depending on which of the two effects (due to an
increase in temperature) is dominating, strain harden-
ing or softening could take place. This picture is able
to account for both the opposing trends seen in the
present study, whereas in the proposal of Ghosh both
dynamic grain growth and recrystallization triggered
by dislocation accumulation are necessary to under-
stand the results. Nevertheless, it is noted that when
the strain rate is very high, dislocation accumulation
can lead to dynamic recrystallization. In the absence
of experimental evidence, it has been felt unnecessary
to invoke this additional process. (Please also see
Section 3.3 for the effect of cavitation on apparent
strain hardening.)

Fig. 3 shows some of the Al-Ca-Zn alloy specimens
tested at elevated temperatures. The maximum elong-
ation obtained was 306% at 550° C and strain-rate of
1.0 x 107%sec!. This value is low when compared
with a published value of around 600% (5] and an
unpublished figure of about 900% [2] for maximum
ductility in this alloy. This low value could be traced
to the specimen geometry (16 mm x 4mm X 1mm),
as adequate material was not available for flow from
the (long and short) transverse directions. (It may be
noted in passing that when attempting to evaluate m

4582

Figure 3 A photograph of some tested specimens of the Al-Ca-Zn
alloy. Test conditions of temperature (° C), strain rate (10~%sec™")
for specimens (1) 350, 5.0; (2) 350, 10.0; (3) 425, 1.0; (4) 425, 5.0; (5)
425, 10.0; (6) 500, 1.0; (7) 500, 5.0; (8) 500, 10.0; (9) 550, 5.0; (10)
550, 1.0; (11) 550, 10.0; (12) 550, strain rate change test (maximum
elongation of = 400%); (13) untested specimen.

at 550°C by the strain rate change test (although
unsuccessfully, using specimen 12 in Fig. 3), the
highest elongation of 400% was obtained. This sug-
gests that the maximum elongation at 550°C can be
increased by adopting slightly different strain rates
from the ones used in this study.)

Serrated flow was present at 500 and 550° C (in Figs
2a to c the zig-zag stress pattern is shown, but for
clarity only a mean curve is drawn), similar to what
was seen by Padmanabhan et al. [2]. Lloyd and Moore
[5] have attributed the presence of serrated flow in a
superplastic aluminium alloy to the presence of sub-
stitutional impurities like copper and magnesium. In
commercial aluminium, Al-2 wt % Ge and Al-4 wt %
Ge alloys serrated flow has also been reported. In
commercial aluminium, iron and silicon atoms are
considered to be responsible for serrated flow [11]. As
the present alloy also contains appreciable amounts of
iron (0.13 wt %) and silicon (0.09 wt %) and 0.01 wt %
magnesium, one or more of these substitutional
impurities could have been responsible for the serrated
flow.

In Figs 2a to c it is also noted that at 500 and 550° C
significant post-uniform elongation was present. An
engineering strain of over 25% (up to a maximum of
35%) was present from the point of localized necking
until failure. This is understandable in view of the
large values of m under these conditions [4, 12].

Table II presents the calculated values of the strain-
hardening coefficient, n, and the strength coefficient,
K*, for various experimental conditions based on a
least squares analysis and the constitutive equation,
o = K*¢"é". The experimental values of the true
stress, o, true strain, g, true strain rate, &, and m were
used in the calculations. It is seen that at 275 and
350° C the values of both n and K* lie in the physically
meaningful range and also suggest a decreasing »



TABLE II Calculated values of #» and K* from the equation ¢ = K*&"°¢” using the least squares method

Serial Temperature m Initial strain n K*
number 0 (experimental) rate (sec™}) (MPasec™)
1 275 0.125 1.0 x 1073 0.031 144.9
2 5.0 x 1073 0.014 163.9
3 1.0 x 1072 0.034 142.5
4 350 0.025 1.0 x 1073 0.081 164.1
5 1.0 x 1072 0.046 182.9
6 425 0.275 1.0 x 1073 0.230 204.3
7 5.0 x 1073 0.223 205.3
8 1.0 x 1072 0.170 147.6
9 500 0.320* Lo x 1073 0.530 328.7
10 50 x 107? 0.437 2183
11 1.0 x 1072 0.431 224.6
12 550 0.350 1.0 x 10~} 0.435 230.1
13 5.0 x 1077 0.393 231.6
14 1.0 x 1072 0.371 215.9

*Determined by interpolation, see Section 3.2.

value with increasing temperature, which is in accor-
dance with earlier results [3]. These results are note-
worthy in view of the fact that both n and K* were free
to vary independently. In this analysis, beyond 425° C,
n increased significantly and K* also showed some
increase. (Thus, the “apparent strain hardening” is
also reflected in the numerical computations.) How-
ever, as # is low in the regime of optimal superplastic
deformation (when grain coarsening is accounted for),
the computations were repeated for the temperature
range 425 to 550° C using the least squares procedure
and a constitutive equation ¢ = K", which best
describes superplastic flow [3, 4]. The results of this
computation are shown in Table III and the values of
K obtained are again physically realistic.

3.3. Fracture behaviour in the range 275 to
550° C: uniaxial tension

Fig. 4 shows the fracture surface of a specimen tested
at 275°C and a strain rate of 1.0 x 10 3sec™!. Large
cavities interlinked by tear ligaments are prominent. A
number of globular grains are seen inside the cavities
and along the cavity walls. Wavy markings are fre-
quently seen on the cavity surfaces. These could have
resulted from wavy slip (or serpentine glide) occurring
on a series of favourably oriented planes [13]. These
are instances of the void surfaces being produced by
the deformation traces associated with localized
strain.

Figs 4b and ¢ show the fracture surfaces of speci-
mens tested at 350° C at strain rates of 1.0 x 10~*and

1.0 x 107%sec™'. The fracture surface is confined to
the diagonal band (running from bottom left to top
right) in Fig. 4b and is flanked on either side by the
side walls of the specimen. The side walls are seen to
be rumpled heavily, which implies significant grain-
boundary sliding. In Fig. 4¢ the central horizontal
portion represents the fracture surface and here the
rumpling of the side walls is somewhat less (i.e. sliding
becomes less important at the higher strain rate).
Fractographs at higher magnifications (not shown
here) revealed the alignment of a large number of
cavities along the fracture surface and normal to the
tensile axis, which were interlinked by thin tear
ligaments.

Figs 4d and e show two interesting fractographs
of specimens pulled to failure at 425° C at strain rates
of 1.0 x 107* and 1.0 x 107 %sec™', respectively.
Sudden failure appears to have taken place through
extensive slip across the specimen thickness. At the
higher strain rate, catastrophic shear by rapidly
propagating intersecting shear instability bands from
opposite sides has apparently prevented the occur-
rence of cavity-interlinked failure. The fracture sur-
face has accordingly taken a sharp, wedge-like and an
entirely featureless appearance (even at a high magni-
fication of x 1200). The following speculation on this
aspect seems reasonable.

From 25 to 350°C, transcrystalline, dimple-type
failure was evident. At test temperatures above 425°C
(i.e. at 500 and 550°C), where superplastic ductility
is seen, grain-boundary deformation processes, in

TABLE III Calculated values of K from the equation ¢ = K" using the least squares method

Serial Temperature m Initial strain K
number (9] (experimental) rate (sec™!) (MPasec™)
1 425 0.275 1.0 x 103 222.9
2 5.0 x 1073 162.5
3 1.0 x 1072 119.1
4 500 0.32% 1.0 x 1073 237.2
5 50 x 1073 148.8
6 1.0 x 1072 172.5
7 550 0.35 1.0 x 1073 212.8
8 5.0 x 1073 156.6
9 1.0 x 1072 156.0

*Determined by interpolation, see Section 3.2.
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particular grain-boundary sliding, become dominant
and influence the deformation up to failure.
Therefore, the specimen cross-section decreases con-
siderably without failure, and features such as large
cavities are tolerated because of the enhanced strain-
rate sensitivity (m value) of the material at these tem-
peratures, which imparts high necking resistance to
inter-cavity ligaments [4]. In the vicinity of 425° C, the
deformation mechanism appears to undergo a tran-
sition from grain-deformation control at the lower
temperatures to grain-boundary deformation processes
(chiefly sliding) at the higher temperatures. In this
transition range, the m value, although high, is still
only about 0.27. Therefore, when a critical reduction
in cross-section takes place, the deformation does not
shift quickly elsewhere, in spite of an increase in the
local strain rate. That is, the formation of diffuse
necks (characteristic of superplastic flow) is not yet
obvious. Under these conditions the material fails by
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Figure 4 Some typical fractographs of specimens of the Al-Ca-Zn
alloy tested in the non-superplastic regime. Temperature (°C) and
strain rate (sec™!) were: (a) 275, 1073; (b) 350, 1073; (¢) 350, 107°2;
(d) 425, 107%; (e) 425, 1072,

catastrophic shear, being unable to support the load
any further. Consistent with this'idea, the maximum
elongation at 425° C was only 150% and this can only
be termed as extended plasticity.

Figs 5a and b show fractographs corresponding to
specimens pulled to failure at 500° C at strain rates of
1.0 x 1073 and 1.0 x 10 ?sec™', respectively. The
former picture shows large deep cavities along with
numerous clusters/clumps of grains. Cavity interlink-
age is through transcrystalline as well as inter-cavity
ligaments. In the latter figure, pronounced rumpling
of the side walls is seen which indicates the dominant
role of grain-boundary sliding in deformation at this
temperature [4].

Figs 5c and d display the fracture surfaces of speci-
mens tested to failure at 550°C at strain rates of
1.0 x 107 and 1.0 x 107%sec™!, respectively. In
Fig. 5c¢ the fracture surface has thinned down to
wedge-like sharpness with large cavities on either side.
(This corresponded to the maximum ductility of 306%
obtained in this study for this alloy.) In Fig. 5d (a
higher strain rate), cavities are seen to be smaller and
the tear ridges thicker, which is understandable in
view of the lower ductility (compared with the
previous case).

Table 1V gives a quantitative correlation between
the fracture behaviour and the ductility of the alloy in
terms of the average cavity size (in the fracture face)
and the fracture strain. Cavity size increased with an



Figure 5 Fractographs of specimens of the Al-Ca~Zn alloy tested in the superplastic regime. Temperature (° C) and strain rate (sec™!) were:

(a) 500, 10~%; (b) 500, 102; (c) 550, 10~%; (d) 550, 10~2.

increase in temperature; a greater increase was associ-
ated with a lower strain rate. (Both are reasonable as
the value of m and hence the ductility increased with
increasing temperature or decreasing strain rate).
However, it was obvious that even at a fixed tempera-
ture the cavity size changed with strain rate, indicating
its critical dependence on the elongation at fracture.
This observation perhaps suggests that cavity growth
is plasticity dominated.

The extensive cavitation seen is considered to con-
tribute in two ways to the “apparent strain harden-
ing” discussed earlier (Section 3.2): (a) the presence of
a large volume fraction of cavities invalidates the
assumption of volume constancy in the calculation for
determining the true stress, and (b) as the temperature
increases, the m value also increases and this increases
the internal necking resistance of the inter-cavity liga-
ments. Then, not only the tendency for tearing is
reduced but also the flow stress level prior to failure is
increased.

4. Conclusions

1. In the temperature range 200 to 550° C, the frac-
ture strain of the superplastic Al-Ca-Zn alloy
increased with temperature, the increase being steep
above 400° C. Superplastic ductility could be seen at
and above 500° C. The strain-rate sensitivity index, m,
increased to a maximum value of 0.35 at 550° C.

2. Above 400° C, serrated flow was seen. Also, an
appreciable post-uniform elongation (25% to 35%)
was obtained due to the high value of the strain-rate
sensitivity index at these temperatures.

3. In the true stress~true strain plots, marked strain
hardening was apparent above 400° C. This “apparent
hardening” under superplastic conditions was traced
(using microstructural and fractographic results) to
dynamic grain growth and extensive cavitation (which
invalidated the assumption of volume constancy).

4. An analysis based on the method of least squares
to determine the variation of the strain-hardening
coeflicient, n, and the strength coefficient, K*, with

TABLE IV Average cavity size for different temperature-strain rate combinations. Temperature range 275 to 550°C

Temperature Average cavity Fracture Average cavity Fracture
0 size (um) (initial strain, e; size (um) (initial strain, e;
strain rate (%) strain rate (%)
1.0 x 107 sec™") 1.0 x 107 %sec™!)
275 10.8 61.0 8.9 57.0
350 12.6 84.0 10.1 71.0
425 * 150.0 * 91.0
500 17.8 255.0 12.3 178.0
550 65.9 306.0 14.6 244.0

*Catastrophic slip failure; no cavities present.
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temperature yielded fairly reasonable estimates for the
temperature range 275 to 550°C.

5. SEM fractography resulted in a meaningful
quantitative correlation between the average cavity
size and the fracture strain in the range 275 to 550° C.
The cavity size increased with temperature; at a given
temperature, it was smaller for a higher strain rate.
These results could be understood in terms of the
changes in the value of m with temperature and strain
rate and the fact that cavity growth is plasticity
dominated.

6. Fractography revealed a transition in the domi-
nant deformation mechanism from grain-deformation
processes (mainly slip) to grain-boundary deforma-
tion processes (mainly grain-boundary sliding) in the
vicinity of 425°C.
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