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Stress-strain curves of superplastic alloys

A. JUHASZ, P. TASNADI, N. Q. CHINH, I. KOVACS
Institute for General Physics, Eétvos University, Budapest, Hungary

Force—elongation and stress—strain curves have been analysed for superplastically deformed
alloys tested in uniaxial tension under constant cross-head velocity conditions. By considering
instability criteria the curves can be divided into three characteristic stages. In the course of
the first two stages the samples are work hardened while during the third stage no work hard-
ening takes place, although 85 to 90% of the total deformation occurs at this stage. However,
sometimes at the end of stage Ill a weak strain hardening appears again due to grain growth.
From the analysis of stage lll the strain-rate sensitivity can be determined in good agreement

with other methods.

1. Introduction
Superplasticity is a well-known phenomenon inves-
tigated most often by tensile testing. The experimental
and theoretical aspects of superplastic flow are well
documented and there are excellent reviews of the
subject [1-3]. Superplastic metals are generally capable
of high tensile elongation so that failure occurs after a
few hundred (or thousands) per cent tensile strain. The
tensile strain, ¢, of a material can be given by the
expression
¢ = L;é(a,T,ocl,ocz,...)dt )

where ¢ is the time interval investigated and & is the
strain rate which depends on the stress, the tempera-
ture and some structural parameters o, o, ... ;.
These structural parameters may be, for example, the
grain size, the grain aspect ratio, the grain-size distri-
bution, etc. The general form of the é(o, T, «) function
is not known, but in the case of superplastic materials
a generally accepted assumption is that in a wide range
of the conditions of deformation the structure of the
material is stable, so macroscopic necking and micro-
scopic changes do not take place. Theories of tensile
deformation predict a correlation between the mag-
nitude of strain-rate sensitivity, m, and the total
elongation of the samples [4, 5]. However, more rigor-
ous examinations show that even if the deformation
can be regarded as superplastic, structural changes
occur and a suitable magnitude of strain-rate sensi-
tivity is only a necessary but not a sufficient parameter
in predicting the optimum superplastic ductility.

According to Langdon [6] the local strain may vary
along the gauge length even in the superplastic region.
For example, the deformation of a Zn-22Al alloy was
uniform up to about 150% and thereafter were slight
perturbations on the local strain along the gauge
length. This test proved that in the superplastic region
the deformation was quasistable with diffuse neck
formation [6].

Another experimental result is that in some cases
strain hardening occurs up to some strain level [7].
During this early part of the deformation the flow
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stress is significantly dependent on strain. The strain at
which saturation in flow stress is attained depends on
the strain rate and temperature. The strain hardening
may occur, for example, as a consequence of grain
coarsening.

Because the evolution of the stable microstructure,
which is necessary for quasistable superplastic flow, is
strongly dependent on the details of the deformation,
the rigorous consideration of these details is very
important in the evaluation of the results of the
measurements. To characterize the deformation, true
stress~true strain or engineering stress—engineering
strain curves are generally used. In a recent paper,
Baudelet and Suery [8] have given a detailed analysis
of various types of tensile deformation modes. They
also discuss the conditions of superplasticity at con-
stant strain rate and at constant true stress. However,
the tensile deformation of superplastic materials is
usually performed at constant cross-head velocity.
In this paper we deal with this deformation mode in
the case of Al-Zn-Mg, Al-Zn—-Mg-Fe-Zr and, as a
reference material, of eutectic Pb-Sn alloys. The
analysis of the deformation will be based on the
force—clongation and true stress—true strain curves. In
a previous paper it was demonstrated that Al-Zn-Mg
alloys close in composition to that produced commer-
cially can be made to exhibit superplasticity by the
addition of zirconium as a grain-refining element [9].

Assuming that the volume of the samples is constant
and introducing stability criteria other than the classi-
cal one, it is shown in this paper that the stress-strain
curves of the superplastic materials can be described in
a unique way.

2. Experimental details

Superplastic Al-Zn-Mg alloys and eutectic Pb—Sn
alloy were investigated by tensile testing at constant
cross-head velocity in an air furnace attached to an
Instron machine. The tensile specimens were spark
machined from sheets 2 mm thick with a gauge length
of 6.5mm (Fig. 1). The chemical composition of the
alloys investigated and the experimental conditions
are given in Table 1.
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Figure 1 The tensile specimen.

Fig. 2 shows the force—elongation curves of an
AlMgZnZrFe alloy deformed at different cross-head
velocities at 500°C. True stresses and strains were
determined with the assumptions that the volume of
the sample is constant and the elongation is uniform
in the course of the test. The true stress—true strain
curves belonging to the force—elongation curves in
Fig. 2 are shown in Fig. 3. These results show that
although the samples were generally elongated to a
great extent, really superplastic deformation took
place only in the case of 0.2 and 0.5mmmin~' cross-
head velocities at which the total elongation reaches
450%.

In the following section the typical superplastic
stress—strain curves will be analysed. Such curves are
shown in Fig. 4 for AIMgZnZr, AIMgZnZrFe and for
eutectic Pb—Sn alloys.

3. Results and discussion

3.1. Stages of superplastic deformation
According to the experimental results, the force—
elongation and stress—strain curves of the samples
deformed superplastically can be characterized sche-
matically by the curves shown in Figs 5 and 6.

These curves can be divided into three stages

separated by different stability criteria. Let us denote
the onset of the three stages of the force elongation
curves by l,, /; and /,. The same positions on the
stress—strain curves are denoted by & = 0, ¢, and &,,
respectively. In the region of

L <1< )
or
0<e<g 3)

the force is increasing monotonically, the deformation
is stable and the elongation is uniform. The upper
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Figure 2 Force—elongation curves of AIMgZnZrFe samples deformed
at different cross-head velocities. 7 = 500°C, (x) sample 8, (®)
sample 7, (A) sample 6, (+) sample 4.

where P is the applied force. In the region of uniform
strain the true stress is given by

g = — (5)

where ¢ is the cross-section of the sample. Considering
that the volume of the sample is constant, that is

dig/) = 0 (6)

therefore
d¢ _ _d
qg /

By using this formula, the Considére criterion can be
written in the form:

= — de )

limit (/,, sl).o_f stage I'can be dete.rn}ined by the well- dP do dg do ¢
known stability criterion of Considére: T - ata T 14~ 1°
dp q (do
— =0 4 = =l ——=—0a]=20 8
i 4 l ( b 5) > @®
TABLE 1
Number of Chemical composition Experimental conditions
samples o
Cross-head Temperature (° C)
velocity
(mmmin~")
1 Pb-Sn eutectic 0.5 148
2 Al-4.8Zn-1Mg-0.5Zr 0.5 500
3 Al-4.8Zn-1Mg-0.5Zr-0.15Fe 0.2 454
4 as above 0.2 500
5 as above 0.2 525
6 as above 0.5 500
7 as above 2.0 500
8 as above 3.0 500

3680



Figure 3 True stress—true strain curves of AlMgZnZrFe
samples. T = 500°C, (x) sample 8, (®) sample 7, (A)
sample 6, (+) sample 4.
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From this we obtain

do

- = 9
%> ®
i.e. the limit of stage I can be determined from the
equation

(5) -e@=-a o

According to this, a tangent can be drawn to the true’

stress—true strain curve at the point (o,, &) with the
method shown in Fig. 6. If this construction fits the
curves measured then it proves that the deformation is
uniform and stable.

By the use of the expression, ¢ = In (/])) and equa-
tions 5 and 6, the true stress can be written in the form

L e, (12)
9o

where g, is the initial cross-section. From this it can be
seen that the true stress increases monotonically in the
neighbourhood of &,.

For strains ¢ > g, the stability criterion (Equation
9) is not satisfied. In the case of normal (not superplas-
tic) material this means that necking takes place and
the sample fractures quickly. In the case of superplas-
tic deformation, g, is much less than the maximum
strain and macroscopic necks do not develop for
strains ¢ > ¢;. This means that the deformation still
can be regarded as uniform in stage II. In this region
g < & < &, and the equation

do
R =0 (13)

is used as a stability criterion.

g =

5t o (Nmm?)
104
ST TSI
St o T T e T T .2
—~ N e N
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: E=In(4/4,)
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Figure 4 Stress—strain curves of samples 1 to 5.

To point out the existence of stage II on the force—
elongation diagram one must express do/de with dP/d/

do  d [P, 1/ .dp .

Considering de/d/ = 1/, Equation 14 can be written

in the form
do e (. dP
d—g—ﬂla”’) (15

By using this equation the stability criterion (Equation
13) can be given by the relationship
dp P
>

T 7 (16)

The end of the validity of this relationship can be
obtained graphically by drawing a tangent to the
force—elongation curve at such a point (/,, P,) where
the tangent is parallel to the segment (O, P,) (;, O).
As it can be seen from Equation 15 the equivalent
point on the stress—strain curve belongs just to its
maximum.

Stage III begins at ¢ = &,. According to the experi-
ments, the majority of the deformation takes place in
this stage, so the flow should be stable in this region
too. For this stage we consider the equation

<‘;—Z>é =0 a7

as a stability criterion. This means that the flow stress
is independent from the strain in this stage and it
depends only on the strain rate and the structural
parameters of the sample. According to Fig. 6 stage

—_—

o) Ly I

Figure 5 Schematic force—elongation curve illustrating the stages of
superplastic deformation.
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Figure 6 Schematic stress—strain curve illustrating the stages of
superplastic deformation.

III is a large region after the maximum of the ¢ =
o (¢) function.

The decrease of ¢ with increasing ¢ contradicts
seemingly the stability criterion (Equation 17). How-
ever, taking into account the fact that in the course of
the deformation the strain rate is decreasing monoton-
ically, the paradox can be resolved.

Assuming that in stage III there is no strain harden-
ing, the connection between the stress and the strain
rate can be given by the equation

g = Cé&"

(18)

where C is a proportionality factor depending on the
temperature and the structural parameters of the sam-
ple. In a first approximation the strain-rate sensitivity,
m, can be regarded as constant, because the order of
magnitude of £ does not change in stage III. By using
Relation 18 the ratio of any two stresses, g; and g; is

a; ( g >’"
; &

In the case of constant cross-head velocity the strain
rate is

(19)

ln P
4,.
3 .
21 e
1_
tn (/1)
1 -05 0

Figure 7 The InP-In (I,/I) relationship in stage III of superplastic
deformation. (@) Sample 1, ( x ) sample 4, (+) sample 3, (O) sample
5.
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Figure 8 The InP-In (/,/I) relationship for the AlZnMgZrFe alloy
at different cross-head velocities. ( x ) Sample 4, (O) sample 7, (a)
sample 8.

=7 (20)

With the constancy of the volume Relationship 19 can
be expressed with the force and elongation in the form

ﬁ_ ljm+l
B\

Using P,, [, as P, [, and dropping the index i we can

O3y

write:
l m+1
P =P (;) (22)
or by taking the logarithm of this equation:
InP = P, + (m+ 1)1nl2 (23)

/

Plotting InP asa function of In (/,//) a straight line
should be obtained in stage III. Fig. 7 shows that
Equation 23 is valid at every temperature for all
the alloys investigated. The strain-rate sensitivities
obtained from the slopes of the InP-In (4,//) curves
agree well with that determined by the strain-rate
change method at the strain ¢ ~ 0.5. The relatively
high values of the obtained strain-rate sensitivities,
m = 0.45, together with some other results published
in a previous paper [9] prove that the deformation of
the samples investigated is superplastic. In the case of
higher cross-head velocities Equation 23 could not be
fitted to the force—elongation curves. According to
Fig. 8, for Al-Zn-Mg-Zr—Fe samples tested at 500° C
with different cross-head velocities, Equation 23 fits
well to the experimental data only in the case of
v = 0.2mmmin~". Fig. 9 shows the true stress—true
strain curve of a sample deformed superplastically at
500°C with 0.2mmmin~' cross-head velocity. The
continuous line represents Equation 19. Initially, the
experimental points lie along this curve, but at the end
of the deformation the measured ¢ values are sig-
nificantly greater than the values calculated. This
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Figure 9 Theoretical (—) (Equation 19) and experimental (O)
stress—strain curve in stage III of sample 4.

deviation is probably due to the decrease of the strain-
rate sensitivity with the increasing deformation. In this
last period of the deformation the true stress again
increases slightly, that is

da
— >0 24
% 24

It is worth determining this condition by the use of
Equation 18. Taking its logarithm after differentiation
by & we obtain

1 do dm  m
By using Equation 20 we obtain dé = — éde,
therefore Equation 25 can be written in the form
1 do . dm
cde = mEgmg o™ (26)

According to this, Equation 24 can be satisfied if

—m — Iné

m
dnz " @7
As In é < 0, this condition can be fulfilled only if
dm/dIné is positive. This means that at the end of the
deformation the strain rate becomes so small that the
corresponding m value decreases with decreasing
strain rate. Characterizing the deformation on the
basis of the well-known maximum curve of m — Iné,
it can be seen that the deformation discussed above
takes place at very low strain rates which are due to
the first increasing part of this curve [9)]. Similar results
were obtained by Miiller and Rassmann [10] for a
ternary eutectic PbSnCd alloy.

This hardening effect can be explained by grain
coarsening. A series of pictures in Fig. 10 shows that
during the superplastic deformation, continuous grain
coarsening takes place.

4. Conclusions

The superplastic tensile deformation process at con-
stant cross-head velocities of some AlZnMg and the
eutectic Ps—Sn alloys can be divided into three stages
characterized by different stability criterions. The first
stage terminates at the maximum force. In the course
of stage II the force decreases monotonically but the
flow stress increases. Stage II terminates at the maxi-
mum stress.

The strain rate decreases continuously during
deformation. In the first two stages there is a signifi-
cant work hardening. After reaching the peak stress at
about ¢ = 50%, in stage III a deformation structure
develops in the samples which remains stable up to
about strains of 250 to 300%. In this stage the flow
stress depends only on the strain rate. Because it is
decreasing continuously, the flow stress decreases
monotonically as well. The strain-rate sensitivity
determined from the data of stage I1 is in good agree-
ment with the results obtained by other methods.

At the end of stage III work hardening may appear
again as a consequence of grain coarsening.

Figure 10 Change of grain structure during superplastic deform-
ation of sample 2. The pictures were taken at strains ¢ = 0.7 (a)
g = 1.12(b)and ¢ = 1.67 (c).
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