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The high temperature tensile properties of a micrograin Cu-9.5% Al-4% Fe alloy, which is
superplastic at 800°C, have been determined. Elongations at fracture of greater than 700%
are achieved when the nominal strain-rate is in the range 3.9 x 102 min—' fo

7.9 x 102 min~'. The nature of plastic instability in superplastic materials is considered
and it is shown that the amount of strain at the onset of plastic instability is inversely
related to the applied strain-rate and is relatively independent of the strain-rate sensitivity
exponent, m. The onset of plastic instability during a tensile test results in an increase of
local strain-rate at the point of minimum cross-section and this, together with the existence
of a triaxial stress state in the necked region, may produce errors in the m versus strain-rate
plot if m is determined by the change-rate method. The initial strain-rate for maximum
elongation is lower than the strain-rate for maximum m. This may be ascribed either to the
influence of plastic instability or the formation of cavities at the higher strain-rates.

1. Introduction

The purpose of this paper is to present and dis-
cuss the tensile properties of a micrograin
aluminium bronze which is superplastic [1, 2] at
800°C and also to present new information
regarding the necking behaviour of strain-rate
sensitive materials. The aluminium bronze (CDA
Alloy 619) which has a nominal composition of
Cu-9.59% Al-49, Fe was developed by Olin
Corporation as a high strength, oxidation
resistant material [3]. The microstructure and
microstructural changes which occur during
superplastic deformation of this alloy, the
influence of alloying content and temperature on
the superplastic properties, and the anisotropic
ductility are to be described elsewhere [4, 5].
Only a small amount of work on micrograin
superplastic copper alloys has previously been
published [6, 7] although phase transformation
superplasticity in «/f and B/’ brasses has
received considerable attention [1]. Of interest
in the present study is that micrograin super-
plasticity is observed in an alloy which is close
to a eutectoid composition although the tempera-
ture of the study is considerably higher than the
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eutectoid temperature so that the alloy is in the
two phase (« + ) field with a fine duplex
microstructure stabilised by iron-rich particles
[5]. This is in contrast to most other superplastic
eutectoid alloys where advantage is made of the
eutectoid transformation to provide a fine stable
microstructure which is superplastic at tempera-
tures just below the eutectoid temperature [1, 2].
Superplastic materials usually separate in
tension by the simple growth of a neck until
approximately 1009, reduction in area is
reached (intrinsic plastic failure) [8]. The total
plastic strain at fracture is the sum of the uni-
form strain at the commencement of plastic
instability ey, and the strain subsequent to the
onset of instability, epeck. The magnitude of each
of these strains, and so the total fracture strain is
dependent on the resistance of the material to
plastic flow. In general, for metals this resistance
may be expressed in the constitutive equation:

g = oy + k e ém ¢

where o is the flow stress, oy is a yield stress, k
is a constant, e is strain, € is strain-rate, n is the
strain-hardening exponent and m is the strain-
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rate sensitivity exponent. Under high tempera-
ture conditions where diffusion is rapid, oy is
close to zero, since at an infinitesimal “zero”
strain-rate the initial flow stress approaches zero
because only a very small finite stress is necessary
to cause a metal to flow by atomic diffusion [9].
Equation 1 then reduces to:

oc=kerem

@

In a tensile test, plastic instability occurs at the
stage when maximum load is reached at which
strain hardening effects, due to the effect of the
test on material properties, are offset by geo-
metrical softening due to the reduction of cross-
sectional area. For a non-viscous material,
where m = 0, ey is shown by Considére’s
construction [10] to be equal to #. For a linear
viscous material exhibiting no work hardening
(n = 0 and m = 1) plastic instability does not
occur [11, 12]. Campbell [13] has predicted that
for a non-linear viscous material (n = 0,
0 <m<1) that e, should increase with
decreasing strain-rate and with increasing m. In
partial corroboration of this, Wray [14] has
found experimentally that for strain-rate sensi-
tive materials the strain at which plastic insta-
bility commences can be postponed by decreasing
the strain-rate. ‘

Superplastic materials are characterised by
very low values of n [15, 16] and values of m in
the range 0.4 to 0.8 at strain-rates under condi-
tions where ductility is a maximum [1, 2, 8] so
that for these materials equation 2 can be
reduced to:

o = kem

&)

Successive workers have demonstrated that
the extreme ductility achieved during super-
plastic flow is a result of the retarding influence of
relatively high values of m on the growth of
necks, {8, 17-20]. However, Wray [14] has shown
experimentally that in such semi-viscous mater-
ials the magnitude of eneck may not necessarily be
controlled by the steady growth of one neck
until point separation but rather may be
governed by a second stage of instability whereby
one neck, amongst a series of necks developing
simultaneously, becomes increasingly active at
the expense of the activity of the other necks.
This increased activity of one neck then leads to
intrinsic plastic failure. Morrison [20] has
shown that the tendency for several necks to
develop along the gauge length of strain-rate
sensitivity materials is a function of specimen

geometry. Multiple necking was found to occur in
specimens of round cross-section when the
diameter to gauge length ratio was less than 0.1,
1t has not been shown whether the second stage
of plastic instability leading to intrinsic plastic
failure occurs under circumstances where only
one neck forms in the gauge length. However,
since it is difficult to envisage how the presence of
adjacent necks can affect the growth of a neck
which is responsible for failure, it seems likely
that the two stage instability behaviour may
occur independently of the total number of necks
present.

The importance of these features of unstable
flow in strain-rate sensitive materials is empha-
sised in the present study.

2. Experimental

Alloy 619, of the composition shown in table I
was supplied as 1 mm thick cold rolled sheet and

TABLE | Chemical composition of Alioy 819

Aluminium 9.5%

Iron 4.0%

Zinc 0.8 % max.
Lead 0.01 % max.
Total other impurities 0.01 9 max.
Copper Balance

8 mm thick hot rolled plate. Flat specimens of
12.7 mm gauge length, 9.5 mm gauge width and
1 mm thickness and round cross-section speci-
mens of 16.1 mm gauge length and 4.5 mm
diameter were machined from sheet and plate
materials respectively with the tensile axes paral-
lel to the rolling direction.

Tensile testing was carried out in air at elevated
temperatures at nominal strain-rates in the range
4 x 1073 min™!, to 4 min—%, on Instron testing
machines fitted with vertical split tube furnaces.
Temperatures along the gauge length of flat
specimens were maintained within +4 2°C of the
test temperature during each test. For round
cross-section specimens a temperature differ-
ential of up to 10°C could arise along the gauge
length during each test. After inserting the
specimen the furnace was brought up to the
testing temperature in about 20 min. and held at
that temperature for 30 min before setting the
cross-head in motion. The strain-rate sensitivity
() was determined by a change-rate procedure
due to Backofen [8] and also by determining the
tangential slope of log stress versus log strain-rate
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curves. At the completion of tensile tests elonga-
tion measurements were made on the total
specimen length since the demarcation between
shoulder regions and gauge length became
indistinct after straining. Considerable strain
occurred outside the gauge length and so strain
values are over-estimated. Internal stresses
developed during tensile deformation at 800°C
were determined by a modified relaxation tech-
nique suggested by Lloyd and Embury [21].
Each internal stress determination was accom-
plished within approximately 30 sec of stopping
the cross-head motion of the Instron testing
machine and was calculated on the basis of the
final cross-section area.

3. Results and Discussion
3.1 Sheet Material

The effect of temperature on peak values of m as
determined by the change rate methodisrecorded
in table I from which it is clear that 800° C is the

TABLE Il Effect of temperatures on peak values of m
and elongation at fracture at a nominal
strain-rate of 3.9 X 10~2 min~'.

Temperature, °C Peak m Elongation, %
600 0.38 32
700 0.40 75
750 0.48 150
775 0.52 325
800 0.64 > 770
825 0.56 290
900 0.20 40

optimum temperature for superplasticity. At all
temperatures, the strain-rate for peak m was
approximately 3 x 10~2min—!. This contrasts
with most other alloy systems in which super-
plasticity has been found since peak m usually
occurs at increasing strain-rates as the tempera-
ture is increased [2]. In the present case it is of
relevance that the distribution of phases within
the microstructure varies with temperature — the
proportion of o phase to 5 phase decreasing with
increasing temperature [22]. At 800°C these
phases are present in equal amounts. The strong
dependence of fracture elongation on m, noted by
other workers [1, 2] is confirmed in table II.
Maximum elongation for a nominal strain-rate
of 3.9 % 10~2 min.~* occurred at 800°C and was
greater than 7709, (the limit of cross-head
travel). A similar effect of substantially increased
ductility at a corresponding strain-rate at 800°C
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Figure 1 Typical engineering stress-strain curves for a
range of strain-rates 800°C (sheet material).

has been noted by Tyler and Goodwin [24] in
alloys of similar composition but containing
5% Ni. However, the authors did not associate
their observation with superplasticity.

Tensile tests of flat specimens at 800°C
produced nominal stress-strain curves; some of
which are recorded for a range of initial strain-
rates in fig. 1. At initial strain-rates of 3.9 x 10-2
min— and 7.9 x 102 min—! maximum ¢longa-
tions of 7709%, without fracture (the limit of
cross-head travel) were obtained. A minimum
elongation at fracture of 2809, occurred when
the lowest initial strain-rate of 3.9 % 10-2 min~!
was employed, while at the maximum initial
strain-rate of 3.9 min— an elongation at fracture
of 3809 was recorded.

The elongation at the onset of plastic insta-
bility, as determined by the point of maximum
load in the tensile test, was found to make a
relatively small contribution to the total elonga-
tion at most strain-rates but was also found to
increase with decreasing strain-rate (fig. 2) as
predicted by Campbell [13] and Wray [14]. It
should be noted that the strain at the onset of
necking may not necessarily follow the same
dependence on strain-rate as the point of
maximum load which defines the onset of plastic
instability. Wray [14] has shown that necks
begin to grow from well before the strain when
maximum load is reached in strain-rate sensitive
In-Pb alloys while Keeler [23] only found
obvious necking at strains approximately three
times that for maximum load in cold rolled Zr
tested at 200 to 300°C.

The magnitude of maximum engineering stress
showed a marked variation with strain-rate over
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Figure 2 Elongation at the onset of plastic instability as a
function of the initial strain-rate.

an intermediate range of strain-rate indicating a
high strain-rate sensitivity of the flow stress in
this region. This effect is recorded as a plot of
log stress versus log strain-rate in fig. 3. An offset
proof stress proved difficult to measure so
maximum engineering stress was chosen for the
flow siress parameter.

Values of m (defined by equation 3 as the slope
of a logo — logé plot) were determined from
fig. 3 and are plotted in fig. 4 as a function of
strain-rate. Values of k& determined from
intersections of lines drawn tangential to the
curve in fig. 3 at the approximate strain-rate with
the vertical log ¢ = O line, are also plotted in
fig. 4 together with values of m determined by the
change rate method. There is a considerable
difference between the values of m determined by
the two methods and the strain-rates at which
peak values of m occur. The peak value of m
determined from the loge — logé slope was 0.64
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Figure 3 Maximum engineering stress as a function of the
initial strain-rate.
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Figure 4 The effect of strain-rate on the strain-rate sensi-
tivity exponent as determined by two different methods
and the effect of strain rate on the coefficient K.

while the corresponding value for the change rate
method was 0.5. Similarly peak values of m
determined from the logo — loge slope were
recorded at a strain-rate which was an order of
magnitude greater than for the corresponding
peak determined by the change rate method. It
has been suggested previously that erroneous
values of m determined by change-rate tests may
result from microstructural coarsening [23]. In
the present case, little grain growth occurred
during testing and it is most likely that the
disparity between the m — ¢ curves determined
by the two methods arises because the results of
change-rate tests are influenced by the necking
behaviour of the tensile specimen. Values of m
at each change of cross-head speed were associ-
ated with the average ““true” strain-rate, between
the two speeds, computed on the basis of uniform
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Figure 5 The variation of local strain-rate of the point of
minimum cross-section with elongation (initial strain-rate
3.9 X 10~ min~").
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elongation. That is, it was assumed that the
radius of curvature of the neck was so large that
the influence of necking on local strain-rates
could be considered negligible. This assumption
is examined in fig. 5 in which local strain-rates
at the point of minimum cross-section have been
estimated for several strains at an initial strain-
rate of 3.9 x 102 min—L. The calculated points
in fig. 5 result from minimum cross-sectional
areas measured on several specimens from
interrupted tensile tests. Since true strain is
given by:

e=In(l + ¢ @)

and since zero gauge length engineering strain is
defined by:

L, Q)

where Ly, L, A, and A are the initial and final
gauge length, and initial and final cross-sectional
areas respectively; then the zero gauge length
true strain-rate is
Ao
. din 1
“ = T4

Zero gauge length strain-rates, €,, were calculated
from the slope of a plot of ¢, versus time. The
sharp increase in local strain-rate just after the
onset of necking, suggested by fig. 5 implies that
the local strain-rates developed in a change-rate
test may be significantly greater than estimated
by assuming uniform elongation. This may be
particularly so when it is considered that all rate
changes were made at less than 100 9 elongation.
The lack of uniformity of flow along the gauge
length of necking superplastic tensile specimens
suggests, contrary to recent suggestions [25, 26],
that there is little to gain from substituting
“constant true strain-rate” (on the basis of
uniform elongation) tensile tests for the more
common constant cross-head speed tests in the
testing of superplastic materials.

In fig. 6 true stress is plotted against zero
gauge length true strain for the same set of
interrupted tests used in fig. 5. The dashed line
of fig. 6 is the computed stress which should arise
in simple uniaxial tension assuming that
equation 3 is a suitable constitutive equation and
using ¢, data from fig. 5, m data (loge — logé
slope) and k data from fig. 4. The increasing
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Figure 6 Apparent true stress—true strain curve using

data from the same specimens as fig. 5. The dashed line

indicates the stress which should arise assuming
o= kém,

difference with increasing strain between the full
and dashed curves of fig. 6 could arise from either
strain hardening or the influence of a triaxial
stress state. Previous workers [16, 27] found
little or no strain-hardening to occur during
superplastic deformation of the alloys although
Watts and Stowell [25] found flow stress to
increase with strain in the Al-Cu eutectic and
ascribed this to strain enhanced grain growth. In
the present case transmission electron microscopy
has indicated that a stable dislocation sub-
structure which could cause some strain-
hardening is produced at this strain-rate and only
a small amount of grain growth occurs [5]. It is
likely that the apparent rise in flow stress is
partially due to strain-induced hardening and
also partially due to the development of a triaxial
stress state in the specimens following necking.
The Bridgeman correction [28] for obtaining
a uniaxial stress equivalent to the triaxial stress
state in necked cylinders has been found to be
inadequate under high temperature conditions
where the flow stress is affected by strain-rate
[29]. No suitable correction has been formulated
for round specimens under these conditions let
alone for flat specimens where the stress field is
more complex. The triaxial stress state as well as
strain-induced hardening could cause erroneous
values of m to be obtained in change-rate tests.
However, results related to the anisotropy of
superplastic flow [4, 5] indicate that the change
rate method may still be very sensitive to the
effect of small changes in metallurgical variables
on peak values of m provided that rate changes
are performed in the same sequence and at
equivalent strains in each testing sequence. It is
also evident that in most discussions of m a
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TABLE Il| Effect of strain-rate and elongation on internal and applied stresses.

Strain rate Elongation, % aapp(MN/m?) oi(MN/m?) ay/oapp

4.2 X 107! min.~! 100 6.48 0.42 0.065
200 6.0 0.58 0.097

4.2 min.7? 100 15.3 0.73 0.048
200 15.8 0.70 0.044

comparative rather than absolute value is R AN LA

required so that these problems are largely w0l AN

eliminated. A more satisfactory method for ;e N

determining m, over a range of strain-rates on o0 / \\

only one specimen, may be the stress relaxation
test [30] where the total strain need only be of
the order of 1 to 29/ thus substantially reducing
the effects of strain-hardening and necking. This
method would, however, usually require special
instrumentation for high speed load measure-
ment.

The magnitudes of internal stresses were
determined by the stress relaxation technique
[21] at 100 and 2009 elongation for initial
strain-rates of 4.2 x 10! min.~! and 4.2 min. .
Results presented in table III indicate that at
both strain-rates the internal stress, oy, is only a
small proportion of the applied stress so that the
effective stress is the major component of the
flow stress. The internal stress is smaller at the
lower strain-rate than at the faster strain-rate
but is a greater proportion of the applied stress,
gapp, at the lower rate. Increase of op with
elongation at the lower strain-rate may indicate
that strain hardening is not balanced by recovery
effects at strain-rates close to where m (as
indicated by the loge — loge slope) is a
maximum. The constancy of the internal stress
at the faster strain-rate of 4.2 min.~? indicates
that a steady state situation of strain-hardening
balanced by recovery, is reached prior to 1009
elongation at this strain-rate. These results are
compatible with observations of a stacking fault
substance in the « phase after deformation at
strain-rates of about 10-! min—! and also the
formation of distocation tangles and cells at the
fast rate [5].

Elongation at fracture for a number of initial
strain-rates is shown in fig. 7. Included in this
plot are two points resulting from tests not taken
to fracture. Maximum elongation occurs at an
intermediate strain-rate range which is somewhat
lower than the strain-rate at which m(loge —
logé slope, fig. 4) is a maximum. This is more
clearly shown in fig. 8 where elongation is
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Figure 7 Elongation at fracture for a number of initial
strain-rates.
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Figure 8 The same data as fig. 7 replotted as a function of
m.
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replotted as a function of m. Three reasons may
be advanced to explain this behaviour:
(i) The strain-rate along the gauge length of the
necked specimen varies with both distance from
the root of the neck and elongation so that the
shape of the neck and subsequent ejongation at
fracture does not depend simply on a particular
value of m associated with the initial strain-rate.
(ii) The onset of the second stage of necking,
which Wray [14] found to lead to intrinsic
plastic failure, may not be solely dependent on m
but is likely to depend significantly on other
variables such as strain-rate, strain hardening
and the amount of cavitation taking place.
(iii) Cavitation occurs at interfaces between
phases in Alloy 619 at strain-rates greater than
7.9 x 1072 min—! and the amount of cavitation
increases with increasing strain and strain-rate
[5]. Ductility is limited by the growth and inter-
linkage of cavities to give premature failure at
strain-rates greater than 10~' min.~! while at
lower strain-rates, where cavitation does not
occur, final fracture is by intrinsic plastic failure.
Of interest is the observation, recorded in
fig. 8, of an elongation at fracture for an initial
strain-rate of 3.9 min—! which is greater than for
the very much lower initial strain-rate of
3.9 x 1073 min—1, although similar values of m
hold for both strain-rates and although a large
amount of cavitation occurs at the fast rate. Of
importance here may be an increased rate of
strain-hardening which must offset the effect of
cavitation, reduce the rate of necking and delay
fracture.

3.2 Plate Material

Comparison of figs. 9 and 7 shows that maximum
ductility for the plate material occurred in the
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Figure 10 The variation of m with strain-rate as determined
by change-rate tests on both sheet and piate material.

same strain-rate range as for sheet Alloy 619, and
similar values of fracture elongation are obtained.
This suggests that the overestimate of elongation
in the flat specimens (see experimental section) is
within tolerable limits although round speci-
mens would normally be expected to yield
highest elongations.

Values of m for both plate material and sheet
material obtained by change-rate tests are
compared in fig. 10. The small differences in
these curves probably arise from differences in
specimen geometry and stress state during
necking. Initial flow stresses for plate material
were similar to those for sheet material as may be
seen by comparison of the results recorded in
table IV with fig. 3.

TABLE IV Variation of maximum engineering stress
with strain-rate for plate Alloy 619

Initial strain-rate Maximum engineering stress

min. ! MN/m?
e TR 5%
eool- 4 1.8 x 102 2.0
] 18x107 52
= 1.8 14.5

o
8

3
<
1

ELONGATION (%) ——

8
4

. Al-BRONZE A
PLATE
800°C

g
8
T
!

N SR NER| S S B SR W
10" [

3ol
& 7

INITIAL STRAIN RATE  {min'") ———

Figure 9 The effect of initial strain-rate on the elongation
of plate material.
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These similarities in mechanical behaviour
between sheet and round specimens suggests that
there is little difference in the nature of super-
plastic flow of the two forms of Alloy 619. This
is expected since both forms have a similar
microstructure at 800°C [5]; the point is made
because it may be of practical relevance.

One important point in considering the
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phenomenological explanation of superplasticity
in terms of the strain-rate sensitivity exponent is
the position of the strain-rate at the onset of
necking upon the m — ¢ curve (e.g. fig. 10). As
shown in fig. 5 the local strain-rate at the point of
minimum cross-section increases substantially at
the onset of plastic instability. If the initial strain-
rate is less than that for maximum m then the
strain-rate sensitivity will progressively increase
and the rate of neck growth will be substantially
diminished as compared to a situation on the
opposite side of the maximum. Here, even for an
identical strain-rate sensitivity, ductility could be
lower due to the progressive decrease in strain-
rate sensitivity as instability proceeds.

4. Conclusions

1. Alloy 619 can be rendered superplastic at
800°C. Fracture elongations of greater than
7009, may be achieved when the initial applied
strain-rate is in the range 3.9 x 102 min! to
7.9 x 102 min~!. For initial strain-rates either
faster or slower than this range the ductility
progressively decreases.

2. The tensile strain at the onset of plastic
instability in strain-rate sensitive materials is
relatively independent of m and is inversely
related to the applied strain-rate.

3. In a constant cross-head speed tensile test, at
strain-rates where m is high, the local strain-rate
at the point of minimum cross-section may in-
crease by about a factor of two after the onset of
plastic instability and then steadily decrease to
marginally greater than the initial strain-rate
after about 200 % elongation.

4. Differences may occur between values of m
determined . by the change-rate method and
values of m determined from the slope of a log
stress versus log strain-rate plot. These differences
are chiefly due to uncertainties in both true
strain-rate and the stress state which arise as
a result of plastic instability occurring during
change-rate testing.

5. The initial strain-rate for maximum elongation
of Alloy 619 is lower than the strain-rate for
maximum m determined from the slope of a
logo ~ logé plot. This may be because peak
elongation is associated with a strain-rate
sensitivity exponent corresponding to a strain-
rate slightly less than that for maximum m.
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