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Strain Rate Effects on Tensile Deformation of 2024-0
and 7075-0 Aluminum Alloy Sheet

R.C. Dorward and K.R. Hasse

Coarse- and fine-grained 2024 and 7075 alloy sheets were tensile tested at strain rates ranging from 1073
to 102/s. Ultimate tensile strengths decreased up to 10”1/5 and increased at higher strain rates. Total elon-
gations at failure showed the same behavior with uniform and localized components showing similar de-
pendencies on strain rate. The initial ductility decrease at low strain rates is attributed to thermal
gradients associated with a transition from isothermal to adiabatic conditions. At strain rates above

10"/s, ductility increases as strain rate hardening effects become dominant. Although the fine-grained
materials had higher elongations than their coarse-grained counterparts, both variants responded simi-
larly to changes in strain rate. The only difference was a tendency for off-center failures in coarse-grained

specimens tested at the slower strain rates.
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1. Introduction

THE TENSILEand compressive flow stresses of aluminum al-
loys are known to be relatively independent of strain rate below
10%/s. For example, compression tests on O temper (fully an-
nealed) 2024 and 7075 alloys have shown slight increases in
flow stress above strain rates of about 0.5/s (Ref 1). Based on
these published data and the common constitutive equation

6 =0, e"e"(1 - PAT)

the strain rate sensitivity index m is estimated to be in the 0.007
to 0.010 range (o is the flow stress, £ is strain, n is the work
hardening coefficient, ¢ is strain rate, Tis temperature, and G,
and [ are constants). According to Higashi et al. (Ref 2), some
alloys appear to exhibit a decrease in tensile flow stress in the
10-2 to 10%/s range, with significant increases at strain rates
above 103/s. Other results (Ref 3) show a modest increase in
flow stress over the 10~ to 103/s range, the effect being in-
versely dependent on yield strength.

Of more interest from a formability viewpointis the depend-
ence of tensile elongation on strain rate. In principle, the uni-
form elongation should be independent of strain rate under
isothermal (or adiabatic) conditions unless n or m are strain rate
dependent. Measured elongations in a number of aluminum al-
loys increase with strain rate (Ref 2), with the greatest effect oc-
curring above about 10%/s, although Al-Mg alloy 5454 showed
significant effects in the 10! to 10%/s range (Ref 3). The latter
study attributed the increase in elongation almost entirely to de-
formation after the onset of necking, but other work indicates
that the relative contributions of uniform and localized (neck-
ing) components are somewhat uncertain (Ref 4).
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Studies on other materials, however, have shown a decrease
in elongation with increasing strain rate (Ref 5-7), whereby
plastic adiabaticity results in thermal gradients, in which strain
and strain-rate hardening compete with thermal softening.
These thermal effects appear particularly operative in the pos-
tuniform deformation regime (Ref 7-8), i.e., the stabilizing in-
fluence of rate sensitivity is mitigated by temperature gradients
in the diffuse neck region. Finally, at strain rates above about
103/s, inertial factors become significant (Ref 9-11), which
generally have a strong positive effect on ductility. Within a
certain range of “dynamic” strain rates (10! to 10%/s), a ductility
minimum may be expected (Ref 10).

Although the tensile properties of a number of aluminum al-
loys have been examined as a function of strain rate (Ref 2-4,
9), no studies have been conducted on aircraft AA2024 and
AAT075 sheet products, which are commonly formed in the an-
nealed (O temper) condition and subsequently heat treated to
the T4 and T6 tempers. We present here such data for these ma-
terials over the nominal strain rate range of 10-3 to 10%/s. Since
the alloys are supplied in relatively coarse-grained (batch an-
nealed) and fine-grained (continuously annealed) structures,
both conditions were evaluated.

2. Experimental

Tensile specimens with a 50-mm gage lengthand a 12.5-mm
width (ASTM E8) were machined in the transverse direction
from 1.6-mm-thick production sheets of the nominal composi-
tions shown in Table 1.

A Universal Instron (Instron Corporatron, Canton, MA)
testing machine was used for tests at cross head speeds of 2.5,

Tablel Nominal compositions of 2024 and 7075 alloy
sheets

Composition, wt %
Alloy Si Fe Cu Mn Mg Cr Zn Ti

2024 0.10 025 450 055 140 000 0.10 002
7075 010 025 145 010 250 020 565 0.02
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Fig.1 True stress-true strain curves for coarse-grained 2024-O
at strain rates from 8 x 10~¥s (heavy line) to 80/s (light wavy
line).
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Fig.2 Effect of strain rate on the ultimate tensile strength of
2024-0 and 7075-0 sheet.

25, 250, and 500 mm/min (initial strain rates of 8.33 x 104,
8.33 x 1073, 8.33 x 102, an 1.67 x 10~Y/s). Digital data acqui-
sition was achieved using Instron DSA Series IX software (In-
stron Corporation Canton, MA). Displacements and
elongations were obtained from an extensometer attached to
the specimens. “Machine” elongations were also checked
against manual measurements on the broken specimens. MTS
Systems Corporation (Eden Prairie, MN) servohydraulic ma-
chines were used for the higher strain rate tests. Ataram speed
of 6850 mm/min (2.25/s), a standard ??? (MTS) load cell and
hydraulic grips were used, with light oscillograph recordings of
analog load-displacement outputs. Tests at the highest strain
rate (85/s) utilized special low-mass grips and a slack drawbar
to minimize harmonic effects. The data were captured with a
Nicolette digital storage scope (company). Displacements
were obtained with internal linear variable differential trans-
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Fig.3 Effect of strain rate on the total tensile elongation of
2024-0 and 7075-0 sheet.

formers (LVDTs) on the MTS machines, but elongations were
measured manually on the broken specimens. For another
measure of ductility, reductions of area were determined 12.5
mm from the fractures. Similarly R values (ratio of thickness to
width strains) were measured at this location. All tests were
conducted in still air at ambient temperature (21 to 24 °C).

3. Results

True stress-true strain curves covering the complete range
of strain rates are shownin Fig. 1. There appeared to be little ef-
fect of strain rate on the stress-strain behavior in the low stress
region. Ultimate stresses and elongations at maximum load and
at failure, however, did depend on strain rate. Figure 2 shows
that the ultimate strength decreased up to about 0.1/s and then
increased at higher strain rates, with no apparent influence of
grain structure in either alloy. Yield strengths (0.2% proof
stress) showed the reverse trend, increasing 15 to 20% up to
0.2/s. We were unable to make accurate assessments of yield
strength at the higher strain rates because of noise in the data
acquisition systems. As would be expected from the similarity
of the stress-strain curves, work hardening rates were not sig-
nificantly affected by strain rate over the 10-3 to 10-1/s range.
For 2024, average n values were 0.207 (fine grain) and 0.204
(coarse grain); the corresponding values for 7075 were 0.176
and 0.164.

The effect of strain rate on total elongation is shown in Fig.
3. As with ultimate strength, elongation decreased up to about
0.2/s and then increased fairly dramatically. Note that these
ductility variations are not related to differences in data re-
trieval systems. Elongations at the two highest strain rates were
measured manually, and values at the low strain rates were
checked identically. Elongations in fine-grained 2024 alloy
were consistently higher than those in the coarse-grained mate-
rials, which was expected (Ref 12). The fine-grained version of
7075 was also more ductile at the higher strain rates. On a nor-
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Fig. 4 Normalized elongation vs. strain rate for 2024-0 and
7075-0 sheet.
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Fig.5 Effect of strain rate on the uniform and local (postuni-
form) elongation of 2024-0 sheet.

malized basis, both alloys showed essentially identical behav-
ior within experimental error (Fig. 4).

Total elongations were divided into their uniform (displace-
ment at maximum load) and localized components (by differ-
ence) and plotted against strain rate as shown in Fig. 5 and 6.
Both ductility indicators showed similar behavior, with local-
ized elongation appearing somewhat more dependent at high
strain rates. Figure 7 shows that uniform area reduction, as
measured 12.5 mm from the fractures, had the same behavior as
uniform elongation based on displacement at maximum load,
even though the absolute values were somewhat lower. Al-
though difficult to quantify on a flat tensile specimen, it was
visually obvious that reductions of area at the fracture face
were also significantly greater in specimens tested at the higher
strain rates. Elongation and reduction of area measurements,
therefore, support the contention that both uniform and local-
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Fig. 6 Effect of strain rate on the uniform and local (postuni-
form) elongation of 7075-0 sheet.
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Fig. 7 Effect of strain rate on the uniform reduction of area of
2024-0 and 7075-0 sheet.

ized deformation are enhanced at strain rates in the 10-! to 10%/s
range.

Fractures in the fine-grained materials generally occurred
within 5 mm of the specimen center. However, at the slow
strain rates, failures in the coarse-grained sheets were located
on average 10 to 15 mm from the specimen center (Fig. 8). At
strain rates above 10~1/s there were no significant differences in
failure position between the coarse and fine-grained materials.

Within experimental detection limits based on specimen
width and thickness measurements, there was little effect of
strain rate on thickness-to-width strain ratios (R values). The
only material that appeared to mirror the elongation behavior
was the coarse-grained 7075 sheet (Fig. 9). Interestingly, the
coarse-grained 7075 material also had consistently higher R
values than its fine-grained counterpart, whereas 2024 showed
the opposite response: the coarse-grained variant had consis-
tently lower R values (and lower total elongations).
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Fig.8 Average failure position (distance from center) vs.
strain rate for both alloys.

4. Discussion

A number of experimental findings warrant further attention
and examination.

Tensile stress-strain curves in the yield-to-ultimate range
were relatively unaffected by strain rates of 1073 to 10%/s. This
implies little effect of strain rate on work hardening rate (n val-
ues).

Ultimate strengths decreased slightly in the 10-3 to 10-/s
range and then increased moderately above 10-V/s. Yield
strengths increased somewhat in the 10-2to 10~Y/s range. Ulti-
mate strengths correlated with elongation as discussed below.

Total elongation to failure decreased up to 10-Y/s, and on a
normalized basis all materials behaved in the same manner.
Both uniform and localized elongation decreased slightly in the
1073 to 10~/ range. Reduced elongation in this range is prob-
ably related to the transition from isothermal to adiabatic con-
ditions, i.e., the development of thermal gradients. According
to theoretical calculations and experimental measurements,
adiabatic conditions (minimum ductility) for tests in air should
be achieved at strain rates of 10~2 to 10-Us (Ref 5, 13). Al-
though claims have been made that postuniform elongation
should be affected most by such thermal gradients (Ref 8), re-
ductions in both uniform and local elongations have been ob-
served (Ref §, 6).

At strain rates above 10-/s, total elongation increased rap-
idly; and again, both uniform and localized ductility were af-
fected, although the latter appeared more dependent. Increased
elongation in the 10~! to 10%/s range cannot be ascribed to iner-
tia because such effects do not become apparent until strain
rates exceed about 103/s (Ref 10, 11). Instead, it seems more
likely that strain rate sensitivity plays an important role; i.e., the
negative effects of thermal gradients are more than offset by an
increase in m. And, as noted by Ghosh (Ref 14), postuniform
deformation should be affected most. The modest rise in uni-
form elongation (and reduction of area) in this strain rate range
suggests an increase in work hardening rate (n). Although such
an effect was not apparent in the slope of the stress-strain

Journal of Materials Engineering and Performance

R VALUE
1.0
081
O
O Qe
0.61 o o 8¢ 0 ¢
Od
o O
O]
] © @
0.4t
O 2024
O 7078
0.2 | I N N i L regnn 1 Lo Ll 1 1L L1l iy L1l 1 g1l
L0001 .001 .01 A 1 10 100

STRAIN RATE (1/sec)

Fig.9 R values of coarse-grained (closed symbols, solid lines)
and fine-grained (open symbols, dashed line) O temper sheet.

curves, the translation of the load-deflection curves is not
strictly accurate because of the thermal and deformation gradi-
ents (Ref 6).

At low strain rates, tensile specimens from coarse-grained
materials failed off-center. Ferron (Ref 6) has shown that under
near-isothermal conditions, failures in type 304 stainless steel
tend to occur randomly over the specimen length, but show a
preferential location near the center when the test conditions fa-
vor higher temperatures in this region. Presumably, the larger
grains are effective initiators of inhomogeneous strain, which
eventually develop into “active” necks. As the strain rate in-
creases, larger temperature gradients lead to an earlier promo-
tion of such defects located near the center. The fine-grained
materials, on the other hand, neck “normally” in the slightly re-
duced cross section at the specimen center.

5. Summary

The deformation of 2024-0O and 7075-O tensile specimens
is a complex process involving the competing effects of a num-
ber of physical phenomena: strain and strain rate hardening,
and strain-rate dependent thermal gradients and softening. De-
creasing ductility with increasing strain rate in the low strain
rate regime is attributed to a transition from isothermal to adi-
abatic conditions. At higher strain rates, strain rate hardening
effects dominate, and ductility increases.
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