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Introduction

High strain rate sensitivity is one of the main features of superplastic deformation which accounts for
elongation to large straing (= 1.5) (1,2,3). Strain-rate sensitivity is typically calculated as the slope

of the logo versus loge curve wherer is the steady state flow stress ans the inelastic strain-rate.

A variety of mechanical testing methods are used to evaluate strain-rate behavior including constani
strain-rate, creep and other transient type testing methods such as strain-rate change test, and lo
relaxation tests. In this paper, the use of the load relaxation experiment to obtain the stress/strain rat
behavior of an Al-Li 8090 superplastic material is investigated and compared to the strain-rate change
tests. The strain rate change tests are found to be highly influenced by prior loading conditions and only
valid for incrementally increasing tensile loads. Relaxation tests are found to be very effective for all

ranges of strain rates. These tests can also be influenced by transient effects which are primarily due t
anelasticity. Such transients can be avoided if the specimen is loaded to fully loaded (steady state
region prior to relaxation.

Theoretical Background

The majority of the testing methods used to measure strain rate sensitivity in superplastic materials rely
on a sudden change in the applied strain-rate (1,4,5). In such tests it is intended to calculate the
strain-rate sensitivity at steady state for a large range of strain-rates. Strain-rate sensitivity parameter

is defined as the slope of the log stress-log strain rate curve. Every point on the curve may represen
a different test and sometimes performed on a completely different specimen. The calculation is base«
on the assumption that changes in structure and the resulting structural parameters are negligible. Suc
parameters can be temperature, strain and a set of internal state variables, X. (such as grain siz
dislocation density. . . ) andtemperature T,

dlogo

m= dloge

T,e,X's (1)

The most widely used technique in the superplasticity community to measure strain rate sensitivity is
the strain-rate change test (1,2,4,6,7,8,9). It is used to explore the upper region of the strain-rate histor
(approximately greater than 18 s™%). The data from this test loses sensitivity at lower strain-rate
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Figure 1. Schematic representation of the load relaxation test.

regimes due to machine limitations. The constant strain-rate test is also used (10,11). The test provide
large plastic deformations which result in strain hardening, and many tests are needed to characteriz
a single material. Strain hardening may be the reason for lack of popularity of the creep test in
characterizing superplastic materials. In 1971, Lee and Hart (12) proposed that load relaxation was the
proper test for characterizing strain-rate sensitive materials. This notion was later supported by other:
(4,13,14,15). They showed that if load relaxation tests are performed under a precise control of the
environment and the test temperature, a wider range of strain-rate histories could be explored. The
derived data from these tests are highly affected by the presence of transients which reflect the
non-steady state conditions. In the following the effect of such transients during load relaxation tests to
measure strain rate sensitivity will be explained and compared to the more conventional tests of strair
rate changes.

Load Relaxation Test (LRT)

During tensile deformation beyond elastic limit, the total strain &gtis contributed by inelastic strain

rate,éij, and elastic strain rate;.

In the load relaxation test, the material is deformed to a pre-determined strain (or extension) level
and then the stroke or crossdead is held constant. During the load relaxation experiments, the tote

extension rate is forced to become zero, and what is measured is the rate of change of stress with tim
(Figure 1).

& = —Ca 3)
A, Lo
c=L (Cm * Ae> )

where C is the combined elastic complianCg, is the machine compliancky is the original specimen

gage lengthA, is the original specimen cross-sectional area, Ens the specimen elastic modulus.

The total unrecoverable plastic strain stored during the relaxation process is essentially a function of the
elastic deformation of the material, the machine stiffness and the relaxation time (16), and is no more
than 0.2% for most experiments. It can be concluded that the experimental result for such a test will then
represent one constant structure or one state of hardness (17). Some of the other factors influencing tt
final results are the machine response time, temperature stability, and data sampling rate. Anothe
crucial parameter in validating the flow stress response to changes in strain-rate is the machine respon:
time. The environmental temperature stability and isolation from vibration (which may become
substantial for hydraulic type testing machines) are among other important experimental variables. The
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flow stress of the material is directly related to the temperature of the material and must remain constan
to correctly evaluate the material response. The temperature stability is specially important towards the
latter part of the test when an accurate measure of lower strain rate regime are desired (13).

Strain-Rate Change Test (SRCT)

The strain-rate change test is typically conducted by deforming a material in uniaxial tension at a low
strain-rate until steady state is reached and then increasing (or decreasing) the strain-rate instantly to
new level. The new strain-rate is then applied until the new steady state region is reached and the
process is repeated, Figure 3. Each successive strain-rate is maintained until transient effects ar
diminished, or the steady state is reached. This can take up to 1% strain or greater at high temperature
This means that a large amount of inelastic strain is stored during the total run. This is alarming since
the main reason that the test is usually utilized is to find strain-rate effects at relatively constant strains
(constant structure-hardness). Hence, the interpretation of the strain-rate change test results is typicall
based on the assumption that the strain hardening effects are negligible. At best one may assume th
the plastic strain stored during the test process does not affect the results. Also, the correct determinatio
of the time duration for the transient region is very important in the analysis of the SRCT data. The

theoretical analysis of this effect requires proper modeling and is beyond the scope of this paper. Hence
in the analysis of the resultant data the increase in the contribution of the transient (anelasticity) effects
must be considered. The test may be run in a decremental mode as well, but earlier studies have show
that the results may not be very reliable (4).

Experimental Procedure and Material

The tests were performed using a screw driven load frame equipped with a standard interchangeabl
load cell with an accuracy of-0.1% and a three-zone clamshell type resistance furnace with a
sensitivity of =0.5°. The temperatures used were 400°C, 450°C, and 516°C. Strain-rates d05*

s 5x10°%s 1 5%x 102s 't and 5% 10 ! s ! were applied. The sampling rate used here
progresses from a high speed data acquisition of 40 Hz to 10 Hz and finally to 1 Hz so that enough date
can be recorded for each decade of strain-rate. The external environmental temperature was stabilize
by using a test chamber which enclosed the load frame and the accompanying components an
maintained a uniform environmental temperature throughout the test.

The material used in this study was an 8090 Al-Li alloy of nominal composition Al-2.39 Li-1.21
Cu-0.64 Mg-0.12 (in wt%). Test samples were cut out in a dog bone shape from rolled sheets of the
material along the rolling direction. The dimensions of the sample were: gage len@th93 mm,
width = 2.83 mm, and thickness 2.46 mm. Extreme caution was employed during machining to avoid
introducing surface defects. Details of microstructural analysis and microtexture evolution of these
specimens have been reported earlier (18,19,20,21).

Results and Discussion

In the following, strain-rate change test and load relaxation data for Al-Li 8090 at three temperatures
(516°C, 450°C, and 400°C) are presented covering superplastic and non-superplastic behaviors. Usin
equations (3) and (4) and the load versus time data from load relaxation, the log stress-log strain rate
curves were calculated and plotted in Figure 3. These curves covered over six decades of strain-rate
The relaxation data at various temperatures clearly identified region-Il of superplastic deformation at a
strain rate of 10% sec *.
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Figure 2. SRCT with incremental strain-rates.

Figure 2 represents the strain-rate change test data for three temperature levels and four applie
strain-rates covering three decades of strain rates. The superposition of Figures 2 and 3 provided us wit
the Figure 4. It was clear that the stress relaxation results (belawi8 * sec *) could be viewed as
the lower strain-rate region of an overall test. Together with the strain-rate change test, they provided
a master curve for the familiar S-shape log stress versus log strain-rate data which is usually observe
in superplastic materials. The low strain-rate region of the state curve represented a different behavio
is identified as the region 0 of log — log & (13).

Loading Transients and Steady State

The result of the load relaxation experiments (as well as other strain rate change tests) are affected b
transients due to the initial loading or reloading. The experimental results show the existence of
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Figure 3. State curves for Al-Li 8090 from LRT.
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Figure 4. Composite test results for both the strain rate change test (SRCT) and the load relaxation test.

transient strain rate which is associated with the state of strain of the specimen beyond the homogeneot

elastic strain (22,23). That component of strain becomes zero when the state of strain is at equilibriun

with the applied stress. The total inelastic strain rate of a specimen can be considered to be the sum c

the anelastic strain rate;, the strain rate due to grain boundary slidiéfl, and the contribution from

the matrix plastic deformatiosy;,
e =& + el + o (5)

wheree§ is the anelastic strain ratéﬁJb is the grain boundary sliding, ang; is the contribution from

the matrix plastic deformation. The main characteristics of the anelastic component are that it obeys &
constitutive law that is essentially linear, and that is recoverable (23). Anelastic strain is linearly
proportional to an internal stress (anelastic stragsj24). For the present study the simple power law
introduced by Hart (24) can be used for the inelastic strain rate

sﬁ = L(oy — P«Sifj) ®)

wherep is defined as the anelastic modulus or the relaxation constantaigithe applied stress. A

more complicated form of equation 6 can also be presented and used (25). The grain boundary sliding
portion also satisfies a highly non-Newtonian viscous flow law (17). This behavior was deduced to arise
from a combined effect of an intrinsic Newtonian sliding friction for the grain boundary and the grain
matrix plastic flow at grain corners that is required for compatibility (13).

The effect of the anelastic component is prominent only during abrupt changes of the applied stress
This occurs principally upon initial loading and reloading or load reversals. The specimen was loaded
at a temperature of 516°C and an applied strain-rate &f B3 s~ for 20% followed by an abrupt
change of strain-rate to % 10 % s ! until failure (Figure 5). The resulting stress strain curve was
compared with constant strain-rate tests data at strain ratexof® “ s *and 5x 10 3s % It was
observed that with decremental SRCT the abrupt decrease in strain-rate caused the flow stress t
decrease sharply, and approximately 10% strain was needed for the flow stress to climb back to the
steady state level. Hence, the decremental SRCT requires a strain proportional to the change in the stre
and the final strain rate for each change in strain-rate to reach steady state flow stress (in this case
strain of 10%). If it is intended to isolate the combined effect of the grain boundary sliding and matrix
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Figure 5. SRCT with decremental strain-rates.

deformation, it is necessary to eliminate the transients due to anelasticity. This can be performed by
initiating the test in the fully loaded region (steady state) or subtract the anelastic strain rate from the
calculated strain rate.

The steady state can now be defined as the condition for which for a given applied strain rate, the
rate of change of the anelastic strain becomes negligible compared to the inelastic strain rate.

& _ o o3
E =0, OI'H =0 (7)

If we assume a power law relationship for the combined effect of the plastic strain rate and the grain
boundary sliding and if the load relaxation is initiated from the non-steady state condition, the stress
history will follow a transient path as shown in Figure 6. A log stress-log strain rate plot may be shifted

2.0 -

15

<

[aW)

g

’5 1.0 -

o0

Q

—
05 | e /O transient
’ = -8= w/ transient
0.0 , : —

-6 4 2 0

Log (€), (s)
Figure 6. The logr — log ¢ for Al-Li 8090 at 371°C.
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Figure 7. Schematic diagram for strain-rate change test strain rate data for a power law type material.

to the right or the higher strain rate regime according to equation 5 if the anelastic strain rate is not zero.
The relaxation curve would finally join the main curve at a lower strain rate and at steady state. The
transition from elasticity to steady state is usually very gradual and follows a nonlinear behavior (a to
b or A to B in Figure 7). The region in which this transition occurs is defined as the transient region.

Reloading or a change in the strain rate from the steady state (points B, or b in Figure 7) will result
in a new transient region to the new steady state (D, or d). The new steady state is related to the
condition thate, = 0. During this transition, the apparent inelastic strain rate will be lower than the
steady state streseX). The time (or strain) required to reach such a condition is of course dependent
on the difference from the steady state stress and the initial strgs®, the stress before the jump

©)

Using this equation, the anelastic modulus,can be calculated to be 550 MPa for the superplastic
temperature (516°C). The time required to reach such a condition is of course dependent on the fina
strain rateAt = Ae/e. Very short times are necessary in the transition to high strain rates and much
longer times are needed in the transition to lower strain rates. This increased time may not change th
nature of the anelasticity but will contribute to more plastic deformation due to matrix and grain
boundary sliding. This reduces the effectiveness of the strain rate tests in the case of transitions to th
lower strain rates. One primary factor behind such tests for superplastic materials is the dominance o
grain boundary sliding at a specific strain rate and temperature. Below and above superplastic strair
rates the contribution from grain boundary sliding will reduce and other matrix dominated phenomena
(work hardening, increase in grain size) may become activated.

Conclusion

The effect of transients during load relaxation tests have been investigated for superplastic Al-Li 8090.
The load relaxation test provided strain rate sensitivity for a large range of strain-rates with negligible
plastic strain. The strain-rate change test provided high strain-rate data, but the low strain-rate portior
of the method may be affected by transients and strain hardening. Load relaxation test was a ver)
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effective technique to measure strain-rate sensitivity for strain-rates lower than approximatéy 8

s 1, as the strain-rate change test was used for strain-rates above this value. It is also shown that if th
load relaxation tests is initiated at steady state condition (free of transients) the result of the load
relaxation test can provide the low strain rate regime of the stress/strain rate curve commonly obtainec
using creep tests.
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