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We used the split Hopkinson dynamic impact test and ABAQUS finite element
simulation to study the damage mechanism of dynamic impacts on the 7055-
T4 aluminum alloy. The results show that the energy absorption phenomenon
occurs when the dynamic impact temperature is 220°C. There is a clear pos-
itive correlation between the size of the precipitated phase and the dynamic
impact temperature. The regression effect of the 7055-T4 aluminum alloy is
most obvious when the dynamic impact temperature is 320°C. The adiabatic
temperature rise model in the dynamic impact shear zone and the damage
model considering the adiabatic temperature increase are established. More-
over, the above model has high accuracy and is verified by projectile impact

simulation.

INTRODUCTION

The 7055 aluminum alloy is a commonly used
lightweight material in aeronautical manufactur-
ing, popular for its low density, high specific
strength and specific rigidity. Yang et al.! investi-
gated ultrasonic impact treatment on the surface of
the 6082 aluminum alloy MIG welded joint. Their
results show that as adapting the impact current
and impact time were 1.0A/2 min, 1.0A/5 min, 1.5A/
2 min and 1.5A/5 min, the thicknesses of the sur-
face plastic deformation layer were 35 ym, 45 um,
40 pym and 60 um, respectively. Yang et al.® studied
dynamic mechanical properties and constitutive
equations of a 7NO1 aluminum alloy. Their results
indicate that the 7NO1 Al alloy exhibits a certain
susceptibility to strain-rate dependence and a sig-
nificant temperature susceptibility. The flow stress
increases with the decrease of deforming tempera-
ture or the increase in strain rate. The Johnson—
Cook constitutive equation for the 7TNO1 Al alloy
was obtained by fitting the quasistatic tests data
and Hopkinson bar experimental data using the
methods of variable separation and nonlinear fit-
ting. The fitting curve is consistent with the curve
obtained by experimental results. Tajally et al.?
analyzed the behavior of deformation fractures in
the 6061 aluminum alloy under impact. The results
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show that there was no obvious change in fracture
behavior under both impact loading and sub-static
tensile. The deformation band at the specimen
surface is different with different pendulum
heights. When the pendulum height reaches 141°,
“white deformation bands” appear. Considering
that the usual service environment of the 7055
aluminum alloy is 8000 m above sea level, the flow
characteristics of the boundary layer and the
dynamic impact of airflow have great influence on
its performance. In this article, the mechanism of
microstructural evolution during the dynamic
impact process is explored following the T4 heat
treatment process. This should provide guidance in
the design and performance optimization of the
7055 aluminum alloy.

METHODS
Materials

Details on the composition of the material are
given in Table I. The 7055 aluminum material was
treated by T4. T4 includes solution treatment at
540°C for 2 h, followed by submersion in water,
followed by natural aging for 336 h. The tensile
strength, yield strength and elongation of the 7055
aluminum alloy after aging were 590 MPa,
550 MPa and 7.5%, respectively.
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Table I. Chemical composition of the 7055 aluminum alloy (wt%)

Element Zn Mg Cu Zr Fe Si Cr Mn Al
True value 7.76 1.94 2.35 0.12 0.061 0.055 0.005 0.008 Allowance
Nominal value 76~84 18~23 20~26 008~025 < 0.15 0.10 < 0.04 < 0.05 Allowance

DYNAMIC IMPACT EXPERIMENT

The equipment for the dynamic impact experi-
ment is shown in Fig. 1. The sample size was ¢ 8 X
6-mm pieces of aluminum. The experiment was
carried out at four temperatures: room temperature
(approximately 20°C), 120°C, 220°C and 320°C. The
projectiles were made of copper-clad steel, and their
impact pressure was in the range of
0.25 MPa ~ 0.7 MPa

FINITE ELEMENT MODEL

This study is intended to establish an accurate
dynamic impact finite element (FE) model. Material
attribute and material damage behavior modeling is
a prerequisite for any dynamic impact simulation,
and so we propose a theoretical model of large
plastic deformation.* According to the findings of
Liguishery, plastic deformation energy during the
process of large plastic deformation can be described
by the empirical formula shown in Eq. 1.

(p(g“’ Oo, T, d) = (pm(sa,d) + gDe(O'“,T‘)
= %(1 —d)ey 1 D gy + i)

1 M
+ §Z aaszlfl : Oy
=1

where o, is an internal kinematic variable, y is the
hardening parameter, and d is the damage variable.
According to the variable principle for damage mod-
eling, damage variable d can be written as Eq. 2:
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During dynamic impact, the temperature rise in
the shear zone results in the formation of an obvious
adiabatic shear zone, and the temperature rise
model of such an adiabatic shear zone is very
critical for determining the dynamic impact dam-
age.”% Hence, the adiabatic temperature rise model
can be written as Eq. 3:

(tsw — Tswo)V* — AG%)
- (3)
kln (8‘—0)
By introducing Eq. 3 into Eq. 2, we can establish

a mathematical model of damage parameter d as
shown in Eq. 4:
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Fig. 1. Split Hopkinson press bar.
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Given that the strain during dynamic impact
satisfies the superposition theorem and the level of
internal strain directly decides the level of thermo-
dynamic force,” the relationships between the
superposition theorem and thermodynamic force
are expressed by Egs. 5-9:5°

E=6,+ & + & (5)
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where ¢ is a tensor factor, D is the plastic damage
factor, R is the heat hardening factor, X is the
inverse tensor parameter, and Y is the thermal
damage force factor.
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Fig. 2. Geometric model (a) and grid units (b).

Stress/MPa

Stress/MPa

Fig. 3. Rheologic stresses at different temperatures and strain rates. (a) Rheologic stresses at 20°C; (b) rheologic stresses
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Damage evolution follows a given rule—normally
the complementary dissipated potential energy
principle. Evolution equations are established based
on this principle as shown in Eqs. 10-14:

g =G, (%) (10)
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Fig. 4. Microstructure of adiabatic shear at different temperatures. (a) Microstructure of adiabatic shear under 20°C; (b) microstructure of
adiabatic shear under 120°C; (c) microstructure of adiabatic shear under 220°C; (d) microstructure of adiabatic shear under 320°C.
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where 7y is the plastic multiplier, ¢ is the shear
damage heat transfer factor, and Fy is the shear
damage thermodynamic force of the material. A
complete reverse Euler integral transformation of
the evolution equations shown in Egs. 10-14,%1!
and subsequent simplification, yields models shown
in Egs. 15 and 16.
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Considering the characteristics of the centrosym-
metric model,'? the structural element, mesh ele-
ment and boundary condition model of dynamic

impact are established as shown in Fig. 2. The
boundary condition of the target plate is that it is
completely fixed.

RESULTS AND DISCUSSION
Rheologic Stress Relations

Figure 3 shows the rheologic stress relationship
under different temperatures and impact pressures.
The alloy behaves as expected under all tempera-
ture and impact conditions. Under all dynamic
impact temperatures, after dynamic shock, there is
an obvious positive correlation between the mate-
rial's flow stress and strain rate.’® When the
temperature is > 220°C, the material displays a
thermal softening effect.!*'® Figure 4 also shows
that under the same conditions, all the dynamic
impact test specimens display an obvious adiabatic
shear zone at 20°C, 120°C and 320°C, and the width
of this adiabatic dynamic zone is strongly positively
correlated with the dynamic impact temperature.

Figure 5 describes the stress—strain cloud of the
7055 aluminum alloy at different dynamic impact
response times under different impact velocities
when the dynamic impact temperature is 20°C. As
the dynamic impact velocity increases, the dynamic
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Fig. 5. Deformation cloud diagram of different impact speeds. (a)
10 m/s, 0.5 s; (b) 10 m/s, 1 s; (c) 10 m/s, 1.5 s; (d) 30 m/s, 0.5 s; (e)
30 m/s, 1's; (f) 30 m/s, 1.5's; (g) 50 m/s, 0.5 s; (h) 50 m/s, 1 s; (i)
50 m/s, 1.5 s.

impact response time needed for the bullet to
penetrate the target decreases. When the projectile
penetration velocity is 10 m/s, the dynamic response
time for the bullet to penetrate the target is 1.5 s.

Zhang, Wang, Luo, Long, and Wei

When the projectile penetration velocity is 30 m/s
and 50 m/s, the dynamic response time required for
the bullet to penetrate the target is 1 s in both cases.
When the projectile penetration velocity is 50 m/s,
the bullet has completely penetrated the target by
the dynamic response time of 1.5 s. This is not the
case for bullets traveling 30 m/s. The alloy displays
obvious strain rate stiffening during dynamic
impact at 20°C. As the bullet velocity increases,
the dynamic impact strain rate also increases.
Hence, as the yield strength increases, so does the
heat produced from the bullet penetrating the
target.'® However, when the dynamic impact veloc-
ity is too high, most of the heat produced from the
impact is converted, causing a transient regression
in the material near the projectile trajectory.

Figure 6 describes the rheologic stress cloud of
the 7055 aluminum alloy at different projectile
penetration response times under high-tempera-
ture dynamic impact. Under constant dynamic
impact response times at 220°C, the dynamic
impact rheologic stress is the largest at approxi-
mately 1.643 x 10°. The dynamic impact rheologic
stress was smallest at 320°C. At 120°C, the
dynamic impact rheologic stress is slightly lower
than that at temperatures < 120°C, but far higher
than that at 320°C—about 1.4 times as high.
Under a constant dynamic impact temperature,
the dynamic impact rheologic stress decreases
with impact response time. As the dynamic impact
ambient temperature increases, the 7055 alu-
minum alloy is softened to some extent.!” As the
strain rate increases, strain rate stiffening obvi-
ously prevails. When the dynamic impact temper-
ature is 220°C, strain rate stiffening is coupled
with thermal softening, and the material reaches
its maximum yield strength, which is far higher
than its yield strength under 120°C or 320°C.
When the dynamic impact temperature is 320°C,
heat conversion from the dynamic impact is
coupled with strain rate stiffening, and the tem-
perature of the alloy near the loading port
becomes largely different from the aging stiffening
temperature, causing a level of regression.

Figure 7 describes the damage mode of the bullet
hole at room temperature (20°C) and at 320°C. At
320°C, the stress damage area of the bullet opening
is far larger than that under 20°C, but at 20°C,
tearing damage appears at the bullet opening. By
comparison with the stress—strain cloud of the
damage on the back of the bullet opening, when
the dynamic impact temperature is 20°C, an X-
shaped tear appears at the bullet opening. No
visible crack is observed at the bullet opening at
320°C.
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Fig. 6. Simulation results of different temperatures at the same speed. (a) Stress nephogram of 0.5 s under 120°C; (b) stress nephogram of
1.5 s under 120°C; (c) stress nephogram of 0.5 s under 220°C; (d) stress nephogram of 1.5 s under 220°C; (e) stress nephogram of 0.5 s under

320°C; (f) stress nephogram of 1.5 s under 320°C.

NANOSCALE PRECIPITATE

Figure 8 describes the nano-scale precipitated
phase of the 7055 aluminum alloy after dynamic
impact under different dynamic impact conditions.
When the strain rate is 2000 s~!, as the dynamic
impact temperature rises, the 0" precipitates

gradually become less dense and larger in size. At
320°C, the ¢ precipitates become about 2.5 times as
thick as they were at 120°C. When the strain rate is
4000 s~ !, the precipitates after dynamic impact are
mostly composed of both 6" precipitates and 0
particles.’® As the dynamic impact temperature
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Fig. 7. Damage mode of the bullet hole at room temperature (20°C) and high temperature (320°C). (a) Front damages of the cutout at 20°C; (b)
back damages of the cutout at 20°C; (c) front damages of the cutout at 320°C; (d) back damages of the cutout at 320°C.

rises, the density of the 0 particles gradually
increases to the point where they are denser than
the 0’ precipitates at 320°C. When the strain rate is
6000 s~ !, the precipitates in the test specimens at
220°C and 320°C were all steady-phase 0 particles.
At 320°C, the precipitates are all approximately
twice as large as they were at 220°C. At 120°C, they
were composed of both 0" precipitates and ¢’ parti-
cles, though the 0 particles were smaller than they
were under 220°C. When the dynamic impact
temperature is < 120°C, the large plastic deforma-
tion can be regarded as a cold rolling process. A lot
of the kinetic energy of the alloy is converted into
thermal energy and accumulates within the mate-
rial for a short time when the strain rate is > 6000
s~ 1. High-velocity impacts will expose the material
to great pressure and induce in it an adiabatic
temperature rise, speeding up the dispersion of the
dislocated atoms within the material.?® It follows
that the precipitates will transform into 0" steady
particles. As the dynamic impact temperature rises
beyond 220°C, incomplete dynamic recovery, accom-
panied by dynamic recrystallization, will take place
inside the alloy. However, as the dynamic impact is
too short to achieve complete d¥namic recovery,
there are still many dislocations.?"%2

(D

(2)

3

CONCLUSION

Under the same conditions, all the dynamic
impact test specimens display an obvious
adiabatic shear zone at 20°C, 120°C and
320°C, and the width of this adiabatic dynamic
zone is obviously positively correlated to the
dynamic impact temperature; the test speci-
mens do not show any obvious adiabatic shear
zone except a level of the rheologic zone >
320°C.

When the dynamic impact temperature is
20°C, an X-shaped tear appears at the bullet
opening; when the dynamic impact tempera-
ture is 320°C, no visible crack is observed at
the bullet opening.

When the strain rate is 6000 s, the precip-
itates in the test specimens treated under the
dynamic impact temperatures of 220°C and
320°C are all steady-phase 0 particles, and the
precipitates treated under the dynamic impact
temperature of 320°C are all about twice as
large as they were under 220°C, but those
treated under the dynamic impact tempera-
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Fig. 8. Effects of strain rate on TEM BF images along [001]a. (a)
120°C, 2000 s~ '; (b) 220°C, 2000 s~'; (c) 320°C, 2000 s~ '; (d)
120°C, 4000 s~'; (e) 220°C, 4000 s~'; (f) 8320°C, 4000 s~ 'I; (g)
120°C, 6000 s~'; (h) 220°C, 6000 s~'; (i) 320°C, 6000 s .

ture of 120°C are still composed of both 6
precipitates and 0" particles, though the 0

particles are smaller than they were under
220°C.
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