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Experimental and Numerical Investigation of the Plastic Region Behaviours of AA 1100
and AA 7075 Aluminium Alloys at Different Velocities and Energy Levels

Onur GOK, Mehmet KAYRICI, Mehmet Turan DEMIRCI

Abstract: This study investigated the Johnson-Cook (J-C) plastic region model of AA-1100 and AA-7075 series aluminium alloys. The tensile, three-point bending and low-
velocity impact strengths at different velocities were investigated by keeping the equation constants and temperature constant for the J-C plastic region structural model.
Tensile tests and three-point bending tests were performed at velocities of 1, 10, 20, and 40 s, respectively. Low-velocity impact tests of AA-1100 and AA-7075 alloys were
performed at energy levels of 33,35, 66,71, 100, and 133,42 J, corresponding to velocities of 1,98(0.2 m), 2,80(0.4 m), 3,43(0.6 m) and 3,96(0.8 m) m/s, respectively. In
addition, the materials' three-point bending, and low-velocity impact responses were also numerically investigated using a finite element model and compared with the
experimental results. It is observed that the experimental and numerical results are in agreement with each other.
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1 INTRODUCTION

Aluminium and its alloys are widely used in
engineering, aerospace, transportation, defense, and
medical fields. These alloys are essential in engineering
due to their light weight, durability, and ease of
manufacturing processes. For these reasons, the
mechanical behavior of aluminum alloys is critical in
materials science. The mechanical properties of aluminum
alloys vary according to the material composition,
production method, and heat treatment of the alloy [1-3].
Many experimental methods are used to determine the
mechanical behavior of materials. These methods
determine the mechanical properties of ductile metal
materials. It is possible to classify mechanical behavior as
elastic, plastic, and fracture behavior with these tests. As a
result of these tests, it is possible to model the materials
mathematically and explain the material behavior for
elastic and plastic regions with mathematical values [4].

Many material models are used mathematically to
explain the plastic behavior of materials. Some are Zener-
Hollomon, Johnson-Cook (J-C), and Zerilli-Armstrong (Z-
A) material models. Mathematically modeling the plastic
region behavior of materials is very important for design
optimization in engineering designs before manufacturing
processes. The J-C material model, used in recent years to
make these optimizations, is one of these material models
[5-8]. The J-C material model is generally used to predict
the dynamic behavior of materials. These dynamic
behaviors are collision, interference, and plastic
deformation behaviors, and explaining these behaviors is
very important in engineering design. Determining the
mechanical behavior of a material by experimental
methods is an expensive and time-consuming process. The
necessity of experimental methods is indisputable, but the
mechanical properties determined should be used in the
design phase without going through the manufacturing
stages for the engineered product. Eliminating these
processes will enable the product to be produced in shorter
times and at very low costs. In this way, financial losses
will be minimized. However, before performing such an
optimization study, experimental and numerical results
should be compared and verified [9]. There are studies on
this model in the literature. In these studies, the strain
hardening effect was significant in AA-7075-T6 in tensile

tests at high strain rates. The J-C material model can
accurately reflect the mechanical properties of AA-7075-
T6 under different strain rates. For AA-7050-T-7451, the
proposed Modified Johnson-Cook (M-J-C) model to
describe the plastic region behavior based on strain
hardening coefficient at various strain rates gave better
results compared to Khan-Liv (K-L) model J-C model. As
a result, it was determined that the J-C material model
makes it possible to predict aluminum alloy's plastic region
stress behavior [2, 10]. In another study, Z-A and
Arhenius-type models were used to indicate the plastic
region stresses of AA-7050 alloy at high temperatures.
Both models predicted the plastic region stress behavior of
AA-7050 alloy with higher accuracy. However, it was
concluded that the combined deformation-temperature
effect is weak in predicting the plastic region stress
behavior of AA-7050 alloy [11]. High-velocity tensile
testing machines and Split Hopkinson Bar (SPHB)
machines apply high-velocity forming processes to
aluminum alloys. In another study, high-velocity tensile
testing was performed electro-magnetically, the material
was tested electro-magnetically at high strain rates, and the
results matched the results obtained by conventional test
methods. [12].

Finite element simulations determined the surface
stresses and stress-strain states of rolled AA-5083-O alloy
sheet material at different stresses. J-C fracture criteria
were applied as a user-defined function to the ABAQUS
package program to determine the fracture initiation, and it
was concluded that the experimental and numerical results
were compatible [13]. The results obtained from SHPB
experiments at high temperatures for AA-7017 alloy were
applied to the J-C model, and it was concluded that this
model can predict the plastic region stress of the alloy
under various strains and temperatures [14, 15]. The hot
deformation behavior of AA-7055 sputtered alloy was
investigated by hot compression tests with three material
models: J-C, Field-Bakofen (F-B), and Arrhenius type.
Arrhenius material model was found to provide the best fit
by combining strain rate and temperature effects [16]. The
yield region and fracture behavior of AA-7075 T-651 alloy
was investigated quasi-statically under different stresses,
strain rates, and temperatures. The linear decrease of the
modulus of elasticity with increasing temperature was
observed, and it was seen that the J-C material model could
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accurately describe the penetration behavior and ballistic
resistance in the ballistic test results.

The best ductility and strain hardening effect was found
at 200 °C in studies carried out between 25-250 °C to
determine the hot formability of AA-7075-T6 alloy and the
microstructure-strength relationship after treatment [17, 18].
The J-C material model has been applied in mathematical
calculations with many finite element methods. However,
the prediction accuracy of the original J-C model is limited
by considering the extensive influence of temperatures,
stresses, and strain rates on the plastic region behavior of
materials. [19]. Therefore, the mathematical model has been
revised several times by considering the effect of adiabatic
temperature rise and strain rate sensitivity during material
deformation [7, 20]. In another study, the ballistic behavior
of thin shells was investigated using the J-C model in the
finite element package program ABAQUS-EXPLICIT. It
was found that the ballistic limit of AA-7075 alloy was the
highest, and the ballistic limit of AA-1100 alloy was the
lowest. It was observed that the strain hardening effect for
AA-1100 alloy was similar at quasi-static strain rates at
room temperature, and the J-C model was consistent with
experimental studies and finite element analysis [21, 22].
The study by Johnson GR et al. showed that the J-C material
model can produce results that are exceptionally compatible
with experimental results in ductile materials. As a result of
the sources researched, J-C, Z-A, Arrhenius, Voyiadjis-
Abed (V-A) Model, Preston-Tonk-Wallace (P-T-W)
Model, Khan-Huang-Liang (K-H-L) Model, Gao-Zhang
(G-Z) Model type material models are examples of
mathematical models commonly used in numerical
simulation [8, 23, 24]. In the studies, it can be generally said
that plastic material models can describe the strain-
hardening effect and experimental results in both aluminum
alloys and steels.

Regarding the studies conducted in this context, AA-
1100 and AA-7075 alloys were preferred, and the Johnson-
Cook plastic region model was investigated at different
tensile velocities. Thus, the results of tensile tests performed
at different tensile velocities of 1, 10, 20, and 40 s and low-
velocity impact tests applied within the scope of varying
energy levels were compared dynamically and numerically
with the finite element method.

2 EXPERIMENTAL AND NUMERIC ANALYSIS

To characterize the plastic region response of AA-
1100 and 7075 sheet metal alloys, uniaxial tensile, low-
velocity impact, and three-point bending tests were carried
out at room temperature conditions. The finite element
method was also used as a numerical method. The chemical
compositions of AA-1100 and AA-7075 alloys used in the
experimental studies are given in Table 1, respectively.
Macro images of aluminum and alloys prepared for the
experiments are given in Figure 1.

Tensile test specimens were prepared according to the
ASTM 8E standard, low-velocity impact test specimens
according to the ASTM D7136 standard, and three-point
bending test specimens according to the ASTM D790
standard. These specimens were cut with a precision CNC
milling machine using coolant from a sheet metal plate
parallel to the rolling direction to the dimensions shown in
Figure 1 for AA-1100 and AA-7075 alloys.

Table 1 The chemical composition of materials

AA-1100 AA-7075

Element Name wt. % Element Name wt. %
P 0,01 Si 0,07

Ca 0,05 Fe 0,12

Si 0,6 Cu 1,5

Ga 0,02 Mn 0,02

Mg 0,09 Cr 0,18

Fe 0,55 Zn 5,8

Al 98,66 Ti 0,05

The specimens were subjected to tensile tests at
velocities of 1, 10, 20, and 40 s™!, respectively, as shown in
Figure 2. The specimens were anchored to the upper and
lower jaws, and the tensile test was continued along the +y
axis, with the movement of the upper jaw at one degree of
freedom until the specimen broke.
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Figure 1 Images of test specimen

The specimens prepared for low-velocity impact testing
were subjected to low-velocity impact tests at energy-height
levels 0f 0,2 m (1,98 m/s, 33,35 j), 0,4 m (2,80 m/s, 66,71 j),
0,6 m (3,43 m/s, 100 j) and 0,8 m (3,96 m/s, 133,42 j). Figure
3 shows the impact testing machine used. This device
initiated the application process with a free fall movement
by bringing a 17 kg mass, called the striking mass, to a fixed
height at the desired energy level value. With this free fall
movement, the impact process was carried out in specially
prepared specimen moulds for the specimens. In the
specimens connected to the mould, it was ensured to be as
anchored as possible with screws tightened at equal torques
for the specimen surfaces. Figure 3 shows the degree of
freedom of the specimen and the striking mass. While the
striking mass made a free fall movement, all other degrees
of freedom were restricted due to the construction structure
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of the low-velocity impact test device, and the movement
was realized only in the -y direction.
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For three-point bending tests, flexure test specimens
prepared according to ASTM D790 were subjected to the
test at velocities of 1, 10, 20 and 40 s™! respectively. The test
was continued by moving the striking mass along the -y until
the specimen fell or fractured from the support points in
Figure 4.
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Figure 4 Three-point bending test device and degrees of freedom

The stages of this process are the creation of the CAD
geometry, the creation of the mathematical model, the
application of boundary conditions by the analysis model

characteristics, and finally, the analysis of the results. The
boundary conditions applied for the finite element analysis
are shown in Figure 5 for the low-velocity impact
calculation. Rotational and translational motions along all
axes of the anchored surfaces are assumed to equal zero. The
degree of freedom of the striking mass is supposed to be one.
While the three rotational motions are considered zero, the
translational motion in the drop axis is left free. This
definition is used to define the free movement of the striking
mass along the axis of fall in the mathematical model. The
striker mass was considered rigid, and the analysis was run
with an explicit solver. A total of 45840 elements were used
in the analysis. The CAD model was converted into a
mathematical model using C3D8R elements, and the
mathematical model was converted into a network structure.
For finite element analysis, 4 symmetry was used in model
definition.

The striker mass was considered rigid, and a three-point
bending analysis was run with ABAQUS EXPLICIT
SOLVER. A total of 22200 elements were used in the
analysis. The CAD model was converted into a
mathematical model using C3D8R elements, and the
mathematical model was converted into a mesh structure. It
was not used in the model definition for finite element
analysis. The boundary conditions applied for finite element
analysis are shown in Figure 5 for low-velocity impact three-
point bending calculation. Rotational and translational
motions along all axes of the anchored surfaces are assumed
to equal zero. The degree of freedom of the striking mass is
supposed to be one. While the three rotational motions are
considered zero, the translational motion in the drop axis is
left free. This definition is used to define the free movement
of the striking mass along the axis of fall in the mathematical
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Figure 5 Low velocity impact test finite element boundary condition and model
mesh structure

In the study, the finite element method did not define
displacement progression and velocity changes taken from
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experimental data. One of the biggest mistakes was defining
the experiments' process data using the finite element
method. In this case, it shows animation behavior rather than
simulation. The correct way is to define a constant velocity
for the striking mass in advance and leave the calculation to
the solver. In this study, experimental data was not defined
in the program. It is left to the solver's calculation and to stop
the striker due to the rigidity of the AA alloys.

3 RESULTS AND DISCUSSION

The tensile macrostructure images of the fracture
surface of AA-1100 and AA-7075 aluminum alloys are
shown in Figure 6. When the rupture surface
macrostructure images are examined, it can be seen that the
fracture morphology of AA-7075 alloy is more brittle
compared to the necking observed in AA-1100 alloy. The
actual stress-strain curves obtained for AA-1100 and AA-
7075 materials as a result of the tensile test at different
velocities are shown in Figure 6 as a single figure to more
clearly indicate the mechanical behavior of the materials
and the difference in mechanical behavior between the two
different aluminum alloys.

Figure 6 AA-1100 and AA-7075 alloy tensile, low velocity impact, three point
bending test macro structure images

As a result of the low-velocity impact tests, the visual
results obtained from the impact tests at heights of 0,2 m
(1,98 m/s, 33,35 j), 0,4 m (2,80 m/s, 66,71 j), 0,6 m (3,43
m/s, 100 j) and 0,8 m (3,96 m/s, 133,42 j) are given in
Figure 6 for AA-1100 alloy and AA-7075 alloy.

As a result of the three-point bending test three-point
bending visual results for the AA-1100 and AA-7075
alloys are shown in Figure 6. The maximum force obtained
for AA-1100 alloy was 1 180 N for 1 s, 1 200 N for 10 s~
!, 1240 N for 20 s, and 1 310 N for 40 s™! according to the
bending test velocities. The maximum force obtained for

AA-7075 alloys was 6 170 N for 1 s-1, 6 250 N for 10 57!,
6 310 N for 20 s”', and 6 400 N for 40 s™! according to
bending test velocities, as seen in the graphs in Figure 7.
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Figure 7 True stress-strain curve of AA-1100 and AA-7075 alloys

To determine the constants A, B, and n, the general J-
C equation in equation 1 is reduced to equation 2.

c=(A+Be)x (1+Clne)x (1+T™) (1)

oc=A+Be" 2

After this process, the coefficient A, representing the
yield point in equation 2, can be subtracted from the plastic
stress values. Then, the natural logarithm of both sides is
changed from a parabolic function to a linear function, and
equation 3 is obtained.

In(c—A)=InB+nlne 3)
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The coefficients A, B, and n were found, as shown in
Figure 8, by regression analysis of this equation and the
plastic region graph obtained at 1 s”! tensile velocity. Then,
to determine the C constant, the A, B, and n coefficients
obtained in the equation were substituted, and the C
constant was obtained by taking the natural logarithm of
both sides to obtain Equations 4 and 5.

c=(A+Be")(1+Clne") “)

[
A+Bem

—1=Clne*

)

In this way, the C coefficient is calculated with the data
obtained from tensile tests at 10, 20, and 40 s™', and the
slope of the line by regression method gives us the C
constant. The graph of the C constant is shown in Figure 8.
The process steps applied for AA-1100 material were used
for AA-7075, and the coefficients A, B, and n and C
constant were obtained by regression method as shown in
Figure 8. As a result of the tensile tests and calculation of
J-C plastic deformation region constants, the material
mechanical properties obtained for AA-1100 and AA-7075
aluminum alloys are given in Table 2.

Table 2 Calculated J-C plastic region material constants
Constant AA-1100 AA-7075

E 5250 71700

0,33 0,33

106 460

222 571

0,2 0,42

0,02 0,003

Qs |T|>|<

As a result of the low-velocity impact tests, the low-
velocity impact test for AA-7075 alloy and the numerical
results calculated for this alloy are given as a cross-
sectional view in Figure 9. Although it is a dynamic test,
it is observed that the plastic region deformations after the
impact are experimentally and numerically compatible
with each other. Still, the amount of compliance decreases
slightly as the impact energy levels increase. Unlike the
AA-1100 alloy, it is observed that the AA-7075 alloy does
not give as close results as the AA-1100 alloy in the first
place, as seen by looking at the experimental and numerical
analysis results in visual findings.

As a result of the finite element model calculated as a
continuation of the experimental studies, impact test
calculations were made at heights of 0,2 m (1,98 m/s, 33,35
7), 0.4 m (2,80 m/s, 66,71 j), 0,6 m (3,43 m/s, 100 j) and 0,8
m (3,96 m/s, 133,42 j). The visual results obtained for the
J-C plastic region AA7075 alloy calculated as a result of
tensile tests at different velocities, the cross-sectional front
view, and the low-velocity impact test results with
isometric cross-sectional structural model constants are
given comparatively for AA-1100 and AA-7075 alloys
Figure 9.
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Although it is a dynamic test, it is observed that the
plastic region deformations after the impact are
experimentally and numerically consistent with each other.
Still, the amount of agreement decreases slightly as the
impact energy levels increase. The force-time, force-
displacement, and energy-time plots for all energy levels
are given in Figure 10, respectively. The maximum force
values for different energy levels in the force-time curves
for AA-1100 alloy were found as 0,2 m- 8 480 N, 0,4 m-
11 150N, 0,6 m— 14 380 N, and 16 550 N for 0,8 m energy
level. When the force-displacement curves are analysed,
the displacement value corresponding to 0,2 m- 8 480 N is
0,0062 m, the displacement value corresponding to 0,4 m
— 11 150 N is 0,0094 m, the displacement value
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corresponding to 0,6 m — 14 380 N is 0,013 m and the
displacement value corresponding to 0,8 m — 16 550 N is
0,01496 m.

0,2 m
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Figure 9 AA-1100, AA-7075 alloy experimental and FEM low velocity impact
and three point bending test image

The force-time, force-displacement, and energy-time
graphs for all energy levels are shown in Figure 10,
respectively. When the force-time curves obtained for AA-
7075 alloy are examined, the maximum force values for
different energy levels are determined as 0,2m- 17 110 N,
0,4 m-23 350 N, 0,6 m- 27 130 N and 31 700 N for 0,8 m
energy level, respectively. In the force-displacement
curves, the displacement value corresponding to 0,2m —
17 110 N was 0,0033 m, 0,4 m- 23 350 N was 0,0049 m,
0,6 m-27 130 N was 0,00671 m and 0,8 m- 31 700 N was
0,0081 m. 0,2 m striker height is the minimum height at
which visible damage occurs.
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Figure 10 AA-1100, AA-7075 alloy experimental and FEM low velocity impact;
force-time, force-displacement and energy-time curves

Macro images of AA-1100 and AA-7075 alloys after
three-point bending tests are shown in Figure 12. In the

finite element model created for three-point bending tests,
model calculations were made for 1 s-1, and finite element
images are given in Figure 11 for AA-1100 and AA-7075
alloys. Three-point bending and low-velocity impact tests
performed with the J-C plastic region structural model
constants calculated as a result of tensile tests at different
velocities were examined experimentally and numerically
in a comparative manner. Three-point bending tests are
given for AA-1100 and AA-7075 alloys— Figure 11.
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Y1234

AATOTS

i3
X 110

Figure 11 FEM three-point bending test results of specimen

The force-extension graphs obtained after the bending
test of aluminum alloys are shown in Figure 12 for elastic
and plastic regions. For the J-C model, speeds of 1 s-1, 10
s-1, 20 s-1, and 40 s-1 were selected to determine the
flexural behavior under dynamic velocity. The maximum
force obtained for AA-1100 alloy was 1 180 N for 1 s7!,
1200 N for 10 s, 1 240 N for 20 s™, and 1 310 N for 40 s~
according to the bending test velocities. For A-7075 alloy,
the maximum force was 6 170 N for 1 s™!, 6 250 N for 10
s1, 6 310 N for 20 s™!, and 6 400 N for 40 s! according to
the bending test velocities. The force strain graphs obtained
for aluminum alloys are compared with the experimental
data, and the comparative graphs with the numerical data
calculated for 1 s! are given in Figure 12. When the three-
point bending test results given in Figure 12 for aluminum
alloys are examined, the elastic region shows complete
agreement in the graph. In contrast, the deal in the plastic
region is very close to the experimental data. This
agreement is because the velocity used in the three-point
bending test is low, and the alloys' coarsening exponent is
found correctly.
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Figure 12 Three-point bending test experimental results of specimen

4 CONCLUSIONS

In this study, where the tensile and low-velocity
impact behaviors of AA-1100 and AA-7075 aluminum
alloys at different velocities and energy levels were
investigated experimentally and numerically, the following
results were obtained;

- The modulus of elasticity for A-1100 alloy varies
between 67 000 MPa-71 000 MPa in the literature. Unlike
the literature, the modulus of elasticity of AA-1100 alloy
was determined as 5 200 MPa.

- J-C constants for AA-1100 and AA-7075 alloys after
tensile tests were found to be different from the literature.

- Although the C constant, the strain sensitivity for
AA-1100 alloy, was found to be 0,001 in the literature, the
regression coefficients were calculated as 0,99 in the
experimental results obtained, and the C constant was
found to be 0,02.

- In the tensile tests performed at different velocities,
the tensile strength change, which is the maximum strength
value of AA-1100 alloy changing against the tensile
velocity, has entered a more pronounced change than AA-
7075 alloy.

- According to the results of the low-velocity impact
test with the calculated J-C model constants. However,
dynamic behavior modeling for AA-1100 alloy is very
close to the numerical calculation and experiment. Rather
than the values obtained in the graphs, the graphical
characteristics show very close behavior to each other. For
the plastic region behavior of the alloy, the experimental
and numerical results were close to each other. However,
the agreement of AA-7075 alloy with numerical results
was lower in AA-1100 alloy.

- The J-C material model was correctly defined for the
global bending regions given visually by three-point
bending tests and showed high similarity with the
numerical results. For low-velocity impact tests, which are
dynamic tests, when global bending and local bending
were examined together in this study, both local and global
bending deformations for AA-1100 alloy were highly
compatible with numerical calculation. In contrast, global
bending deformation in AA-7075 alloy was very
compatible with numerical calculation, but local bending

in strain hardening region was less compatible than AA-
1100 alloy.

- It is concluded that J-C plastic material model
constants better describe the dynamic behavior of
unalloyed pure ductile metals and give more accurate
convergence than alloyed materials.
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