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Abstract: Impact behavior of aluminum alloy 2519A was investigated at strain rates of 600—7 000 s™' and temperatures of
20-450 ‘C by a split Hopkinson pressure bar. The results show that the flow stress is dominated by temperature, and it increases
with strain rate and decreases with deformation temperature. The serrated flow curves show the dynamic recrystallization occurs. The
strain rate sensitivity exponents m determined are 0.066, 0.059 4, 0.059 0 and 0.057 3 at 20, 150, 300 and 450 ‘C, respectively.
Cowper- Symonds constitutive equation expressing the plastic flow behavior was calculated by analysis and regression of the
experimental results. The fracture characteristics under the experimental conditions were observed by optical microscopy(OM) and
scanning electron microscopy(SEM). It is determined that the tested material fails as a result of adiabatic shearing.
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1 Introduction

Aluminum alloy 2519, which has been developed
into aluminum alloy 2519A, has been used extensively in
naval structures, such as advanced amphibious assault
vehicle(AAAV) because of its high specific strength and
good corrosion resistance. An amount of work has been
carried out on the plastic flow of 2519A alloy at low
strain rates and various temperatures. LI et al[l]
determined the stress—strain curves and thermally-
activated parameter at temperatures ranging from 300 to
450 °C and strain rates from 0.01 to 10 s . LIN et al[2]
have studied the stress—strain curves at temperatures
ranging from 300 to 450 ‘C and strain rates from 0.05
to 25 s '. However, there is little information about
systematic effects of strain rate and temperature on the
plastic flow response of this alloy during dynamic impact
plastic deformation.

The split Hopkinson pressure bar(SHPB) has been
widely used to determine mechanical properties of
materials at high loading rates[3], with which impact

deformation responses of many kinds of aluminum alloys,
such as AA2024[4], AA5754 and AAS5182[5], AA5083
[6], AA6005-T6[7] and 7075[8], have been studied at
high strain rate. Positive strain rate sensitivity at high
strain rates has been interpreted by different deformation
mechanisms, such as thermal activating mechanism, the
enhanced rate of dislocation generation[9] and viscous
drag mechanism[10]. Under high strain rate loading, the
plastic deformation can be regarded an adiabatic process,
accompanied by a significant temperature rise. Severe
plastic deformation is restricted to a narrow region that is
generally referred to as adiabatic shear band(ASB)[9,11].
Furthermore, internal cracks will often occur within
ASBs and become the sites of eventual failure of
material.

This work is to investigate the dynamic behavior of
aluminum alloy 2519A by SHPB at temperatures ranging
from 20 to 450 °C, and strain rates ranging from 600 to
7 000 s™'. The stress—strain relation and the fracture
characteristics are described. A constitutive equation
expressing the plastic flow behavior is suggested by
analysis and regression of the test results.

Foundation item: Project(2005CB623706) supported by the National Basic Research Program of China
Corresponding author: ZHANG Xin-ming; Tel: +86-731-8830265; E-mail: xmzhang@mail.csu.edu.cn



2 ZHANG Xin-ming, et al/Trans. Nonferrous Met. Soc. China 18(2008)

2 Experimental

Cylindrical compression specimens of d 8 mm X6
mm and d 6 mm X4 mm were prepared from a 20 mm-
thick 2519A-T87 plate with compositions given in Table
1.

Table 1 Chemical compositions of studied alloy (mass
fraction, %)

Cu Mg Mn \% Ti
5.8 0.2 0.30 0.06 0.05
Zr Fe Si Al
0.20 0.20 0.10 Bal.

Dynamic compression at the high strain rates
ranging from 600 to 7 000 s~ and temperatures from 20
to 450 C was performed by SHPB comprising an
incident bar, a transmission bar made from 14.5 mm
diameter maraging steel, and a striker bar. During
compression, the specimens were located between the
incident and the transmitted bar. The influence of friction
was reduced by spreading a viscous lubrication cream.
When the striker bar impacted the incident bar,
rectangular stress pulse was generated and traveled along
the incident bar until it hit the specimen. Part of the
incident stress pulse was reflected from the bar/specimen
interface, and a part of it was transmitted through the
specimen. The transmitted pulse emitted from the
specimen traveled along the transmitted bar. The incident,
reflected and transmitted waveforms were measured
using the strain gauges located on each bar. Two strain
gauges were used in a half-bridge configuration to cancel
out any possible bending. The stress, strain and strain
rate of the specimen can be obtained by using the
classical Hopkinson equations [12].

Dynamic testing at elevated temperatures was
conducted in a radiant-heating furnace. The incident and
reflected wave signals were recorded at the experimental
temperatures and compared with those at ambient
temperature. There was no apparent distortion due to any
increase in temperature at the bar ends. The
microstructure was examined for three specimens tested
at each set of conditions using OM and SEM. Specimens
were polished conventionally and etched with Kellor
etchant composed of 95 mL H,0, 2.5 mL HNO;, 1.5 mL
HCI, and 1.0 mL HF.

3. Results and discussion

3.1 Stress—strain behavior

True stress—strain curves of aluminum alloy
2519A at 150, 300 and 450 °C under strain rates of 630,
4300 and 5 800 s are shown in Fig.1. At each strain

rate, the alloy exhibits an elastic stage in the initial stage
of deformation and then yields, coming into a plastic
stage. The flow curves demonstrate a wavy response,
which can be associated with dynamic recrystallization
(DRX). With the impact plastic deformation, dynamic
recovery caused by cross-sliding of screw dislocations
and climbing of edge dislocations is limited, and
subgrain boundaries are not clearly formed. Therefore,
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the density of dislocations still keeps high, which results
in the rapid increment of stored energy. As soon as the
stored energy in deformed metal reaches a critical value,
dynamic recrystallization occurs. Furthermore, changes
in strain rate have a significant effect on slope of flow
curves: at the strain rate of 630 s ', the slope in the
plastic region is positive but considerably small at
temperatures considered. Work hardening caused by
mutual intersection of the pinned dislocations resulted
from increased dislocations density is beyond DRX-
softening. When the impacts occur at strain rate of 4 300
s' and three temperatures, a nearly horizontal line is
obtained, suggesting that the stress reaches a peak
followed by a steady state deformation, in which
increment, annihilation and rearrangement of dis-
locations caused by interaction of them reach a dynamic
balance. At strain rate of 5 800 s ', the stress reaches a
peak followed by a decrease with increasing the strain at
three temperatures. This result can be attributed to the
adiabatic shearing thermal-plastic instability.

3.2 Influence of strain rate and temperature

As can be seen in Fig.l, the strain rate and
temperature have marked influence on the flow stress.
Fig.2 shows a plot of yield stress versus strain-rate for all
the temperatures considered. It is clear that the
relationship between the true stress and the strain rate at
the given temperatures is represented by a single straight
line, the slope of which gives the value m about the rate
sensitivity of the flow stress. This type of stress—strain
rate relationship has been reported for many aluminum
alloys[4—8]. Fig.2 shows that aluminum alloy 2519A
exhibits a mild increase in stress with strain rates at the
temperatures considered. The strain rate sensitivity
exponents m determined for the yield stress are 0.066,
0.059 4, 0.059 0 and 0.057 3, respectively, and the stress
is proportional to the logarithm of the strain rate. This is
generally due to the role of thermal activation in control
of deformation mechanisms[13—14]. In addition, at
450°C, the flow stress is found to be relatively less
sensitive to the strain rate, which suggests that thermal
softening plays a major role in the strain-rate effect for
higher temperature regions.

For all the specimens, the stress decreases markedly
with increase of temperature; particularly, from 300 C
to 450 °C, the stress decreases sharply. Since aluminum
alloy 2519A is strengthened by the precipitates that form
supersaturated solid solution during the decomposition of
o(Al), the strength of material results from lattice strain
interactions between the precipitates and the dislocations.
During high-temperature loading, coarsening and
dissolution of the precipitates coexist in the
thermally-activated process. Increasing the deforma-
tion temperature accelerates precipitates dissolution and
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Fig.2 Influence of strain rate on yield stress as function of
temperature
dislocation  annihilation. =~ These  physical and
metallurgical reactions result in the reduction of flow
stress and strength. Although high rate deformation leads
to an enhancement of strength due to the increase of
work hardening and dislocation density, it is obvious that
the deformation resistance of aluminum alloy 2519A is
dominated by temperature effect.

3.3 Deformation constitutive equation

Computer simulations have been used extensively
to predict the responses of complex structures at high
strain rates. To ensure the reliability of the simulation
results, it is necessary to determine the material’s
constitutive equation that contains specific material
constants and parameters obtained experimentally. Many
material constitutive models including “single-factor”
and “multi-factor” have been proposed previously to
describe the rate-dependent behaviors of metals[15]. The
“multi-factor” material constitutive model includes strain,
strain rate and temperature variables, however, it is quite
difficult to establish. The “single-factor” material
constitutive model includes one of these variables. The
Cowper-Symonds overstress power law model, as shown
in Eqn.(1), is often used for most structure materials
[16]:

.N\1/q
Y, £
S =1+ = 1
2142 m
where Yy is the dynamic yield stress; Y is the static

yield stress that is equal to 420 MPa for aluminum alloy
2519A; ¢ is the strain rate; B and g are material
parameters.

Eqn.(1) can be used to predict the high strain rate
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deformation behavior of this alloy. Experimental data are
used to determine the coefficients and exponents. The
determined values of two specific material parameters
for Al alloy 2519A are B=147 394.015 41 and ¢=
3.203 71. By putting the two material parameters into the
Eqn.(1), the concrete Eqn.(2) is obtained, and Fig.3
shows the comparison of the measured curve tested at
20 C:
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Fig.3 Comparison of simulated curve with measured curve at
20 C

3.4 Observations of fracture characteristics

In addition to plastic flow, damage and fracture are
important to material dynamic characterization.
Fractographic examination of the impacted material
reveals that adiabatic shearing is the main fracture
mechanism at strain rate of 5 800 and 7 000 s '. The
specimen fails along planes inclined at approximate 45°
to impact direction (i.e. along the plane of maximum
shear stress). Fig.4 demonstrates the fracture features and
orientation of ASB.

Loading direction

Adiabatic
shearing band

Crack

Loading direction

Fig.4 Schematic representation of fracture features and
orientation of ASB

Due to the short duration of high intensity stresses
generated by transient stress waves, the heat generated
by plastic work in the localized regions can be hardly
transferred and the process becomes nearly adiabatic.
The temperature rise gives local softening, while the
surrounding material continues to be hardened. When
being further loaded, if the thermal softening overcomes
the strain and strain rate hardening, the deformation takes
place in bands of intense plastic shear, which form ASB.
Fig.5(a) shows the optical micrograph of the arc-type
ASB for a specimen deformed at 300 ‘C and 5 800 s ™.
An adiabatic temperature rise within the localized shear
band impels the rotation dynamic recrystallization
(RDR)[17] which occurs in the ASB in Fig.5(b), where a
number of fine equiaxed recrystallized grains are
distributed.

For the ductile metals, the damage and fracture
process involves a number of metallurgical events such
as nucleation, growth and coalescence of microvoids.
During high strain rate impact, due to the large strain in
ASBs, the microvoids develop easily in these regions and
grow under high mean stresses rapidly. Microvoid’s
coalescence is controlled by the localized plastic flow

Fig.5 Adiabatic shear band in specimen impacted at 300 ‘C and 5 800 s (a) Optical micrograph showing arc-type ASB; (b) Fine

equiaxed recrystallized grains
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around them, which is shown in Fig.6(a). Such
coalescence of microvoids results in a progressive
reduction of the strength when the damage reaches a
critical stage where the void coalescence forms a
cracking and fracture can happen. From Fig.6(b), it can
be seen that cracks are extended along the ASBs.

4 Conclusions

1) Aluminum alloy 2519A-T87 plate is impacted at
temperatures of 150, 300 and 450 “C. When the impacts
occur at the strain rate of 630 s, an increasing strain
causes an increase of the flow stress. At strain rate of
4300 s, the stress reaches its peak followed by a steady
state deformation. At strain rate of 5 800 s ', the stress
reaches its peak followed by a decrease with an
increasing strain due to the adiabatic shearing
thermal-plastic instability.

2) The strain rate sensitivity exponents m
determined are 0.066, 0.059 4, 0.059 0 and 0.057 3 at
temperatures of 20, 150, 300 and 450 C, respectively.
By means of the experimentally determined material
parameters, the Cowper-Symonds overstress power law
constitutive equation of aluminum alloy 2519A satisfies

. 1/3.20371
. j

Y, =420/ 1+ (—
147394.01541
3) Fractographic analysis shows that ASB plays a
key role in the dynamic failure process of 2519A alloy.
Inhibiting the formation and propagation of ASB is an
effective approach to improve the dynamic performances
of 2519A.
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