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Abstract: A novel method to measure dynamic flow stress and corresponding strain rates
obtained from Taylor tests using profiled samples with a reduced cylindrical head part was
applied to study the dynamic characteristics of similar commercial 7075 and V95T1 aluminum
alloys. The measured dynamic flow stress is verified using a classical Taylor’s approach with
uniform cylinders and compared with the literature data. Our study shows that the dynamic
flow stress of 7075 alloy, which is 786 MPa at strain rates of (4-8) x 103 s71, exceeds the value
of 624 MPa for V95T1 alloy at strain rates of (2-6) x 10% s~! by 25%. The threshold impact
velocity resulting in fracture of the 4 mm head part of the profiled samples is 116-130 m/s for
7075 alloy and only 108 m/s for V95T1 alloy. The fracture pattern is also different between the
alloys with characteristic shear-induced cracks oriented at 45° to the impact direction in the
case of V95T1 alloy and perpendicular to the breaking off head part in the case of 7075 alloy.
On the other hand, the compressive fracture strain of V95T1 alloy, which is 0.29-0.36, exceeds
that of 7075 alloy, which is 0.27-0.33, by approximately 8%. Thus, V95T1 aluminum alloy
exhibits less strength but is more ductile, while 7075 aluminum alloy exhibits more strength
but is simultaneously more brittle.

Keywords: dynamic deformation; dynamic fracture; dynamic flow stress; Taylor impact
test; 7075 and V95T1 alloys; analytical estimate

1. Introduction

Despite the significant development of theoretical models and numerical simulations
in the field of solid mechanics, conducting full-scale experiments on material deformation
will remain a relevant task for a long time. A full-scale experiment allows one to study the
mechanical response of a material under quasi-static or dynamic loading, which is essential
for industrial applications. Dynamic loading is widespread in industrial manufacturing
processes, such as high-speed machining and thermo-mechanical treatment, as well as
in operation conditions, especially in aerospace, transportation, and defense areas. The
existence of a large number of metallic materials in various structural states and the
continuous development of new materials makes relevant the development of robust, but
simple and cheap methods for experimental dynamic testing.

There are a lot of experimental techniques that can be used in combination to allow one
to study the properties of a material in a wide range of strain rates. Split Hopkinson-Kolsky
bars provide material strain rates up to 10* s~! [1-3] and allow obtaining stress—strain
curves up to the fracture strain. Experiments with the generation of plane shock waves
obtained with high-velocity plate impacts [4-7] allow interpreting measurements of the
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dynamic plasticity and spall strength of materials by recording the velocity of the back
surface of the plate using laser interferometry [8]. Such experiments make it possible to
cover strain rates from 10* to 107 s~! depending on the thicknesses of the sample and
impactor. Covering this wide range of strain rates, this method is restricted based on
imposed total deformation. One of the simplest and most accessible methods to study
the dynamic deformation of materials in the range of strain rates of 10>°~10° s~! and with
strain values of approximately or exceeding one is the Taylor anvil-on-rod test [9-13]. This
technique classically involves the impact of a uniform cylindrical sample with a rigid
barrier and subsequent analysis of the modified geometry of the impactor in order to study
the dynamic properties of the material, namely, the dynamic yield strength.

Although the Taylor test was first proposed in 1948 [14], it is still widely used for
the assessment of dynamic properties of traditional and novel materials, as well as for
material model verification and parameterization [15-18]. Further simplification of the
experimental procedure and data processing with extension of the strain rate range makes
sense. For instance, modification of the sample shape with profiling of the head part
allowed us to concentrate the impact energy and material deformation in the head part
and to reach strain rates of up to 10° s~! at restricted impact velocities of 100-150 m/s [16],
making the dynamic testing even more simple and accessible. Such experiments provide
additional data for parameterization of the dynamic plasticity and fracture models using
the machine-learning approach [16,18]. In addition, a method for direct measurement of
average values of the dynamic flow stress and strain rate using only the change in length
of the impacted sample was proposed and verified in [19] for the case of profiled samples
with a reduced cylindrical head part. Here, we apply this novel method together with the
classical one proposed in [14] to study the dynamic flow stress and fracture characteristics
of two similar high-strength aluminum alloys: (i) 7075 alloy according to the US and EU
classification that is produced in China and (ii) V95T1 alloy produced in Russia that is a
domestic analogue of the first one.

Parts made from the high-strength aluminum alloys (7075 and V95T1) are known to
be comparable in strength to some types of steel, while being resistant to corrosion. The
combination of mechanical and chemical properties of the material allows it to be used
in various civilian and military areas, such as mechanical engineering, aircraft construc-
tion [20], rocket science, etc. In addition to aircraft and rocketry, these alloys are used to
make bushings, frames and hubs for bicycles, car suspension arms, and chain rings, and,
recently, there is a tendency to manufacture connecting rod mechanisms for car engines. In
spite of the long history of the alloys, such diverse applications make relevant the study
of mechanical properties under various conditions and for various initial microstructural
states, which is supported by a large number of recent papers. Specifically, the plasticity at
increased temperatures [21-23] and various previous heat treatments [24], the properties
of additively manufactured samples [25], and the ballistic performance of 7075 aluminum
alloy [26,27] are being actively studied. The study of plastic deformation and fracture under
dynamic loading is of particular interest. One of the significant drawbacks of the alloys
is the tendency for microsegregation [28] (uneven distribution of alloying and impurity
elements in the alloy after its solidification), which can lead to its embrittlement in a local
area of the sample, affecting its dynamic properties and limiting plastic deformation.

This work has three objectives: (i) to collect experimental data for further parameteri-
zation of the dynamic plasticity and fracture models using a machine-learning approach
similar to that described in [16,18]; (ii) to apply the novel method of direct processing of the
experimental data [19] and compare the obtained dynamic flow stress with the literature
data; and (iii) to compare dynamic properties of two similar high-strength aluminum
alloys (7075 and V95T1). These three points explain the novelty of the present study. The
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structure of paper is as follows. Section 2 describes the experimental methods and the
processing of experimental results to calculate the dynamic flow stress. Section 3 presents
the experimental results, including the shapes and lengths of deformed samples, as well as
fractography of fracture surfaces. Section 4 discusses the obtained values of dynamic flow
stress, strain rate, and fracture strain values in comparison with the literature data, while
Section 5 concludes our study.

2. Materials and Methods
2.1. Materials, Samples, and High-Pressure Gas Gun

In the present paper, we compare dynamic response of a commercial aluminum alloy
of grade 7075 produced in China and its Russian analog of grade V95T1. The chemical
compositions of both alloys with zinc, magnesium, and copper as the main alloying ele-
ments are close as shown in Table 1. This table shows elemental composition according
to both specification data and measurements for particular tested samples. The measure-
ments are performed at five local points using a Jeol 6590LA scanning electron microscope
(JEOL Ltd., Tokyo and Akishima, Japan) equipped with an energy dispersive spectrome-
ter. Large scatter of the measured element concentrations correlate with the known issue
of microsegregation for this type of aluminum alloy [28]. All measured average values
of concentrations are within the ranges defined by the specifications except that for Si,
which reveals an exceptionally non-uniform distribution. Non-uniform distribution of Si in
aluminum alloys leads to their embrittlement.

Table 1. Chemical composition of 7075 and V95T1 alloys.

Al17075 VI5T1
Element o e cre i

Specification Measured Specification Measured
Al, % 87.1-91.4 89.4+2 86.3-91 91.0+ 25
Zn, % 5.1-6.1 55425 5-7 4942
Mg, % 2.1-29 23+05 1.8-2.8 1.8+£04
Cu, % 1.2-2.0 1.7£12 1.4-2 15+£12
Si, % 0.4 1.1+1.6 0.5 09+1.0

In both cases, the as-received material was supplied in the form of rods that were
8 mm in diameter. We conducted experimental studies on the dynamic impact of aluminum
alloy samples with a rigid anvil made of stainless steel. Samples with the following shapes
were cut from the 8 mm diameter as-received rods: (i) a classical uniform 8 mm cylinder,
40 mm in length, and (ii) a profiled cylinder with the same total length, but with a reduced
(machined) head part with a diameter of 4 mm and a length of 10 mm as shown in Figure 1.
A total of 12 samples of each type were prepared using a manual feed lathe; most of the
samples were subjected to dynamic tests at different impact velocities, while some were
used for preliminary tests and control purposes. Profiling the head of the cylinder was
proposed in [16,18] and allowed increasing the strain and strain rate in the head part due
to the impact energy concentration here [16] and reaching the fracture threshold [18]. In
addition, an analytical estimation of the dynamic flow stress was proposed in [19] for the
samples with the reduced cylindrical head part.

The samples were launched using an air gas gun with a maximum pressure excess
of 10 bar above atmospheric in a high-pressure chamber. Impact velocities were up to
175 m/s. The installation for dynamic testing consists of a shock tube and a high-pressure
chamber, see Figure 2a. A polypropylene tube with an internal diameter of 12 mm, in
which the projectile was accelerated, was placed inside the shock tube. The metal case
of the shock tube was used as a protection shield, as well as for reducing the pressure
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ahead of the accelerated sample. For this purpose, air was evacuated from the working
section of the shock tube to a pressure of 0.01 bar using a vacuum pump, which reduced
the frontal air resistance of the projectile and increased the impact velocity. The velocity
was measured using the time-of-flight method. The transition cuff, Figure 2c, connected the
pumping chamber and the polypropylene tube, which had different diameters, directing
compressed air into the polypropylene tube and preventing leakage into the working
section of the shock tube. The plastic transition cuff was manufactured using a 3D printer,
and the printing technology is FDM (Fused Deposition Modeling). To prevent bending
of the polypropylene tube and to ensure normal impact of the samples with the anvil, a
centering system is placed inside the shock tube consisting of steel rods interconnected by
plastic rings manufactured using a 3D printer, see Figure 2b,d.

40 mm

High pressure
(a) chamber

Transition
cuff

Figure 2. Experimental setup: (a) Schematic representation of the shock tube design; (b) Centering
system, which serves to ensure normal impact; (c) Transition cuff, directing the pressure from the
pumping chamber into the polypropylene tube; (d) Centering ring, which is the main element of the
centering system.
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2.2. Estimation of Dynamic Flow Stress with Profiled Impactors

Here, we consider a simple method previously proposed in [19] for estimating the
dynamic flow stress, the stopping time, and the average strain rate in the case of profiled
impactors with a reduced cylindrical head part. This method was verified in [19] against
3D numerical simulations using an example of cold rolled copper. It was shown that the
estimates are valid under conditions of deformation of only the profiled part of the cylinder,
while the non-profile part should not experience deformation. This requirement is well
fulfilled in the present experiments with high strength aluminum alloys. Specifically, the
main part of the profiled cylinders is not deformed, but the profiled part is destroyed
at high impact velocities. The method is explained here for the sake of completeness of
the presentation.

The estimated characteristics are easy to obtain, as the initial Ly and final Ly¢ lengths
of the reduced head part as well as the total mass m of the sample and the impact velocity vy
are known. An approximation of uniform deformation and uniform stresses in the reduced
head part is introduced in [19] to get analytical expressions. If there is no deformation of
the main part, then the kinetic energy of the impactor is completely spent on the plastic
deformation of the head part or on the processes of crack formation and subsequent fracture.
Here, we consider collision modes without fracture.

We assume that the constant axial stress equal to the dynamic flow stress Y acts in the
head part during the impactor deceleration and that the radial stress is zero due to the lateral
unloading. An incremental shortening dLj, of the head part with the current length L, leads
to an increase in axial deformation by dLy, / Ly,. The work of axial stress on this deformation
is equal to Y(dLy, / Ly) Vi, where V}, is the volume of the head part, which remains constant
during the plastic deformation. The total work during the impactor stopping should be
equal to the initial kinetic energy, which leads to the following expression for the dynamic

yield stress [19]:
-1
Y = mod [2Vh ln< Lho )} (1)
Li¢

Using similar considerations, the following expression can be obtained for intermediate
velocities v:
m(v5 — )

2YW, @

Ly = Lyoexp [—

Combining Equation (2) with the momentum conservation in the incremental form, the
following is obtained:
mdv = =Y (W, /Ly,)dt (3)

where V},/ L, is an estimate for the current cross-sectional area of the head part valid for
incompressible plastic flow. Making the corresponding integration, the following estimate
for the stopping time was derived in [19]:

2

mo
te = fi 0 4
£= \/ hO\/w ( 2yv>e“ K @)

where erfi(-) denotes the imaginary error function. If the total engineering strain of the

sample head par is equal to ef = 1 — Ly ¢/ Ly, the average strain rate can be calculated
as follows:
¢ =¢¢/tr = (1 — Lng/ Lno) / t¢ (5)

Thus, Equation (1) estimates the dynamic flow stress, while Equations (4) and (5)
estimate the corresponding strain rate. The simultaneous analytical estimation of the flow
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stress and strain rate using only the length of deformed sample is a unique feature of the
profiled samples with the cylindrical reduced head part.

2.3. Estimation of Dynamic Flow Stress with Classical Uniform Cylinders

To estimate the dynamic tensile strength of classical uniform cylindrical impactors, we
use the equation proposed by Taylor [14].

y— Pt (Lo—X)
2-In(Lo/X) (Lo — L)’

(6)

where p is the density of examined material, L is the initial total length of impactor, L¢
is the final length after dynamic deformation, and X is length of the undeformed part
of the sample after impact. For metals, two approaches can be used to determine the
undeformed length X. The first one is to grind and polish each sample perpendicular to
the plane of impact, etch it, and determine the boundary of the deformed region by the
change in material microstructure. The second one is to apply micrometric measurements
of diameter in a number of points along the impact direction to detect the change in the
profile of the deformed sample. The second method is less accurate. However, due to its
simplicity and the speed of calculating geometric parameters, it was used by us to calculate
the undeformed length X.

3. Experimental Results

This section presents the experimental results on the dynamic deformation of samples
made of aluminum alloys of Al 7075 and V95T1 grades. A comparison of deformation and
fracture characteristics of these two similar alloys is performed. The results of scanning
electron microscopy (SEM) of fracture surfaces are presented.

3.1. Deformation and Fracture Characteristics

Figures 3 and 4 show photographs of all dynamically tested classical cylindrical
impactors that were 8 mm in diameter and 40 mm in length and profiled ones with a
4 mm in diameter head part, respectively. Both figures compare the cases of Al 7075 and
VI95T1 aluminum alloys in panels (a) and (b), respectively. Table Al in Appendix A collects
the measured geometric parameters of all deformed samples impacted without fracture,
including the final lengths and diameters of impact edge.

Let us consider the classical cylinders in Figure 3 at first. For both alloys, as the impact
velocity increases, the impact edge diameter monotonically increases, and the sample
length decreases. At the same time, before reaching an impact velocity of approximately
120 m/s, the change in the sample diameter visually seems small. The key differences
between the alloys are observed at high impact velocities of about 175 m/s. In the case of
7075 alloy, the process of nucleation of shear cracks up to 1 mm long is observed on the
impact surface of the sample, but their number is small. When examining the V95T1 alloy,
the formation of a large number of shear cracks up to several millimeters long is observed
along the impact surface of the metal, and the onset of the process of material deformation
was noted along the cavities that appeared. The formed cracks near the impact surface in
V95T1 alloy are shown in Figure 5a. It can be concluded that the V95T1 alloy, at comparable
impact velocities, is prone to a greater growth and number of defects leading to material
failure than in the case of the 7075 alloy.

In the case of the profiled cylinders shown in Figure 4, the examined impact velocities
are lower than in the case of 8 mm impactors since the head part of the sample is prone
to fracture already at an impact velocity of about 110-120 m/s. It can be noted that, in
the case of V95T1 alloy, the failure of the impactor head part is registered already at an
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impact velocity of 108 m/s. However, in the case of the 7075 alloy, the failure is observed at
velocities of about 116 m/s. This observation correlates with the analysis of 8 mm cylinders,
indicating a lower fracture threshold of V95T1 alloy. It should be mentioned that, similar to
the case of brass [18], the fracture of the considered aluminum alloys is random in nature.
Figure 4a shows two samples impacted at 116.3 m/s. One is fractured, while another
one remains unbroken. However, a large crack is noted along the entire diameter of the
profiled part at the transition point into the main cylinder. Besides, the sample impacted at
123.5 m/s was not fractured. At impact velocities above 140 m/s, significant fragmentation
of the head part of the impactors is observed in the case of both alloys.

175 m/s

161.3 m/s

Figure 3. Photographs of classic cylindrical samples after dynamic testing: (a) Al7075 alloy;
(b) V95T1 alloy.

'vllllll|!’| !

Figure 4. Photographs of profiled samples with a reduced head part after dynamic testing: (a) Al7075
alloy; (b) V95T1 alloy.
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Figure 5. Photographs of the deformed impactors and their fractured parts: (a) Impact surface of
classic 8 mm cylinder of V95T1 alloy, and the impact velocity is 175 m/s; (b) Broken-off head part of
profiled 4 mm cylinder of 7075 alloy, and the impact velocity is 116.3 m/s; (c) Fracture surface of the
profiled 4 mm impactor made of V95T1 alloy, and the impact velocity is 140 m/s.

The key difference between the alloys is the mode of fracture. In the case of V95T1
alloy, a classic phenomenon of brittle fracture of the material is observed along the direction
of maximum shear stress. Similar cracks are also formed in the case of the 8 mm impactor of
the same grade as discussed above. A characteristic feature is that the angle of propagation
of the shear crack is approximately 45° relative to the impact direction; thus, the crack path
coincides with the maximum shear stress direction. Even with an increase in the impact
velocity and the formation of a large number of fragments, the base of the profiled part
does not fracture, see Figure 5c. We encountered a similar type of fracture in the case of
brass samples [18]. The fracture of profiled samples of 7075 alloy is significantly different.
As can be seen from the photographs, there is a tendency for the profiled part to completely
break away from the main cylinder, while the destroyed surface, see Figure 5b, externally
resembles the appearance of rods that were destroyed by stretching them on a tensile
testing machine. The fracture surface is completely covered with small pores, while there is
no evidence of sliding of the broken head part on the sample surface, in contrast to the case
of the V95T1 alloy. We have previously observed the initiation of this type of fracture in
microstructural studies of profiled impactors made of hard cold rolled copper, in which
the formation of a massive crack was observed at the transition point of the profiled part
of the cylinder to the main part [16]. Such significant differences in the fracture processes
prompted us to conduct a study of the fracture surfaces using SEM in Section 3.2.

Figure 6 shows the comparison of the geometric parameters of the dynamically de-
formed samples made of the studied alloys. The graphs show only the plastically deformed
samples, including those with the small cracks; the fragmented samples are not shown.
We present the geometric parameters in the normalized form, such as the ratio of the final
length to the initial one and, similarly, the ratio of the final diameter of the impact edge to
the initial one. This representation is meaningful because our previous molecular dynamics
(MD) simulations [29] showed that these normalized parameters are substantially insensi-
tive to size, which allows us to mitigate small fluctuations in the shape of the initial samples.
Regarding high impact velocities of 8 mm classical cylinders as shown in Figure 6a,b, VO5T1
alloy shows larger plastic deformation compared with 7075 alloy. This tendency is not so
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obvious for the profiled 4 mm samples in Figure 6¢,d because the fracture of V95T1 samples
occurs earlier than that for 7075 samples as discussed above. Remarkably, similar trends of
the final length depending on the impact velocity described by second-order polynomi-
als for classical cylinders and third-order polynomials for profiled cylinders are reported
in [29] for both MD data for nano-sized samples and experimental data for millimeter-sized
samples in the case of copper.

‘Classic 8 mm specimen ‘

® A17075 ® AL7075
a [ ]
@) @ AIBOSTI (b) ¢ AIBOYSTI
1.00 13—
E = x
8,0.98 — 3 =3 k3
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e Q
2 &=
% 0.96 k2 s #-i*
= 2
= k- “E’ 1.1 — =
2 5] *
= 0.94 — 5 *
X B
E < 1.0
£ 092 £
g z
0.90 | | T \ 0.9 T | \ \
40 80 120 160 200 40 80 120 160 200
Velocity, m/s Velocity, m/s
Profiled 4 mm specimen |
® A17075 ® AL7075
© @ AIBOSTI (d) & AIB9STI
1.00 13 -
=
- gl . K 3
g 0.98 §-
S 0.8 —
= g _
g I* 412 .
2 &=
€ 0.96 = 1 it
= |5
&0 1.1 -
E 0.94 _§ *
5" ' s e
= N
£ t F 10 4:1
£092 3 £
“ z
0.90 | | \ ] 0.9 I T T \
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Figure 6. Experimental results: (a) Normalized length for classical 8 mm cylinders; (b) Normal-
ized diameter for classical 8 mm cylinders; (c) Normalized length for profiled 4 mm cylinders;
(d) Normalized diameter for profiled 4 mm cylinders. Normalization is performed with respect to
the initial values before dynamic deformation. A comparison of data for 7075 alloy and V95T1 alloy
is presented.

3.2. SEM Microscopy of Fracture Surfaces

The fracture surfaces of 4 mm profiled impactors were selected for SEM. The images
are obtained using a Jeol 6590LA scanning electron microscope (JEOL Ltd., Tokyo and
Akishima, Japan) at the accelerating voltage of 20 kV. SEM images of the fractured surfaces
of samples made of V95T1 and 7075 alloys are shown in Figure 7 and Figure 8, respectively.
In the case of the V95T1 alloy, a sliding surface of the specimen is observed, occupying
about one-third of the fracture surface area, see Figure 7a. The remaining surface of the
specimen apparently did not experience significant sliding during the fracture process.
Small pores and material build-ups that form during the separation of the cylinder head
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part in the fracture process are visible; their microstructures are more similar to a wear
surface [30]. In the case of the 7075 alloy specimen, the characteristic surface of a material
that has experienced tensile loads is observed [30-33]. Characteristic stretched areas of
the material with sharp boundaries containing a large number of micrometer-sized pores
are observed. Figure 8d shows the fracture surface at low magnification of the scanning
electron microscope. One can observe that the material rupture was uneven, as evidenced
by multiple “steps” dividing the fracture surface of the material along the height. In

addition, a large number of surface cracks are also observed on the fracture surface.

SEIN, 20KV,

Figure 7. SEM fractograms of the fracture surface on the head part of V95T1 alloy with an impact
velocity of 108 m/s: (a) Fracture surface with the white ellipse highlighting the fragment of material
on which sliding occurred during fracture; (b) Enlarged photograph of the surface of the material
that did not experience sliding during fracture. The studied areas are shown by the white circles in
the photographs of the fractured head part of the impactor.

Figure 8. SEM fractograms of the fractured head part of 7075 alloy with an impact velocity of
116.3 m/s: (a—c) Photographs of the spongy structure of the fracture surface at different magnifications;
(d) Photograph of the fractured head part at low magnification with a large number of cracks observed
on the surface.

4. Discussion

In this section, we discuss the results of the dynamic flow stress assessment for classical
and profiled cylinders. Each individual experiment with the 4 mm profiled cylinder can be
used to calculate the dynamic flow stress and strain rate using Equations (1), (4), and (5). On
the other hand, each individual result can depend on the local fluctuations in microstructure
and mechanical properties of the material, as well as the imperfections of particular tests.
Therefore, statistically based estimation is more valid for averaged representation of material
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properties [16,18]. To do this, here, we adopt a statistical Bayesian approach to calculate the
dynamic flow stress.

The strain rate varies by 2-3 times in the considered interval of impact velocities, and
the dynamic flow stress can be assumed to be a constant in such relatively narrow range of
strain rates. For a given flow stress Y, one can estimate the final length of the head part
using Equation (2) at v = 0 and knowing all other parameters of the sample. Performing
such calculations for all experimental points, we obtained the model-estimated lengths and
the sum of squares of their deviations from the experimentally measured ones, which is an
inverse measure of the likelihood of this value of Y. Randomly seeding Y multiple times
in the range from 0 to 1500 MPa, we choose the optimal flow stress as that provides the
minimum value of the sum of squares of deviations. In the case of 7075 alloy, this procedure
gives an optimal value of Y = 786 MPa, which ensures a close fit of the final lengths of the
head part for most of the samples as shown in Figure 9a. This value also corresponds to
particular estimates of the dynamic flow stress based on individual experiments as shown
in Figure 9c. Interestingly, there are two out-of-dependence individual points with higher
flow stresses of about 1100 MPa in Figure 9c. A probable reason is a local increase in
strength due to fluctuations of material microstructure. Another probable explanation is
a technical issue of the overestimation of strength because of bending of the head part in
these experiments, see Figure 4a. On the other hand, previous MD simulations [29] showed
that bending of the head part can take place even in the context of perfect sample shape
and ideally normal impact due to material anisotropy or heterogeneity. Therefore, in the
experiments, this bending can also be provoked by a local heterogeneity, namely, the areas
of higher strength.

In the case of V95T1 alloy, we have fewer experiments with non-fractured 4 mm
profiled samples showing substantial scatter. Specifically, the sample impacted at 87 m/s
reveals much lower flow stress (Figure 9d) and much severe deformation (Figure 4b) than
expected. Therefore, the optimization was performed for all four experimental points
giving a low value of Y = 450 MPa and only for the first three experiments giving a more
reasonable value of Y = 624 MPa as shown in Figure 9d,f. On the one hand, the deviating
point can result from local microstructure fluctuation. On the other hand, it can reveal
strain softening as a precursor of fracture.

In Figure 9ef, the impact velocity is recalculated into the strain rate using
Equations (4) and (5) for the profiled samples. One can conclude that the experiments
with the profiled 4 mm samples correspond to a range of strain rates of (4-8) x 10% s~! for
7075 alloy and the close range of (2-6) x 10% s~! for V95T1 alloy. Although individual
estimates show some tendency for strain rate softening at high velocities close to the frac-
ture threshold, we do not have enough statistically based information to be sure about this
softening and can suppose a constant dynamic flow stress in this range of strain rates as
the simplest hypothesis.

Figure 10 compares the statistically based estimates of the flow stress obtained for
4 mm profiled samples with the individual estimates for 8 mm classical samples calculated
using Equation (6). This comparison shows that the previously obtained estimates of
Y =786 MPa for 7075 alloy and Y = 624 MPa for V95T1 alloy correlates well with the main
part of the individual 8 mm data points. At the same time, the lower estimate of 450 MPa
for V95T1 alloy definitely underestimates the flow stress; therefore, we disregard this value.
Interestingly, some of individual estimates show higher flow stress exceeding 1000 MPa,
which correlates with the results for profiled samples. However, the classical ones are not
prone to bending, see Figure 3. This finding supports our previous conclusion about the
local microstructural heterogeneities of both alloys.
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Figure 9. Dynamic flow stress of aluminum alloys calculated using the experimental results for 4 mm
profiled cylinders: (a) Fitting of the yield stress to the dependencies of the final normalized length of
the head part on the impact velocity for 7075 alloy; (b) The same for V95T1 alloy; (c) Estimates of the
flow stress from individual experiments as compared with the optimized level plotted versus impact
velocity for 7075 alloy; (d) The same for V95T1 alloy; (e) The same plot versus strain rate velocity for
7075 alloy; (f) The same for V95T1 alloy.

The fitted curves in Figure 9 for the final length of the head part of the 4 mm profiled
samples were recalculated in the engineering strain e = 1 — Ly¢/ Ly,g and used for determi-
nation of the fracture strain as shown in Figure 11. In the case of 7075 alloy, the samples
impacted at 116.3 m/s and 131.5 m/s were fractured, while another sample impacted at
116.3 m/s and that impacted it 123.5 m/s remained intact, see Figure 4. Therefore, the
dynamic fracture strain of 7075 aluminum alloy at 8 x 103 s~! can be estimated to be in
the range 0.27-0.33, while the specific value depends on the local microstructure. In the
case of V95T1 alloy, all samples with impact velocities above 108 m/s were fractured, but
an uncertainty arises from possible softening before fracture. As a result, the dynamic
fracture strain of V95T1 aluminum alloy at 6 x 10% s~! can be estimated to be in the range
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of 0.29-0.36. Interestingly, although the threshold velocity of fracture is definitely lower for
V95T1 alloy, the fracture strain is close or even slightly higher than that for 7075 alloy. This
feature results from lower dynamic flow stress and, correspondingly, more severe defor-
mation of V95T1 samples at the same impact velocity. Thus, we can conclude that V95T1
aluminum alloy is less strong but more ductile, while 7075 aluminum alloy is stronger but,
simultaneously, more brittle. This conclusion is in line with the fracture pattern shown in
Figures 4 and 5. The stress concentrators near the transition between the reduced head part
and the main part provokes breaking off of the head part in the brittle 7075 alloy. In the
ductile V95T1 alloy, the fracture goes along the shear direction, and the stress concentrators
are not so dangerous. All estimated parameters of both alloys are collected in Table 2.
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Figure 10. Dynamic flow stress of aluminum alloys calculated using the experimental results for
8 mm classical uniform cylinders made of the following: (a) 7075 alloy; (b) V95T1 alloy. Estimates of
the flow stress from individual experiments are plotted versus impact velocity in comparison with
the optimization results for 4 mm profiled cylinders (horizontal lines).
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Figure 11. Estimation of fracture strain for the following: (a) 7075 alloy; (b) V95T1 alloy. Experimental
engineering strains are plotted versus the impact velocity together with their fittings in approximation
of constant flow stress. Velocities of the experimentally fractured samples (vertical lines) and the
corresponding strain levels (horizontal lines) are noted by red dashed lines, while an intermediate
intact 7075 sample is noted by solid greed lines.

Table 2. Measured dynamic mechanical properties of 7075 and V95T1 alloys.

Parameter Al7075 VI95T1
Strain rate range, s! (4-8) x 103 (2-6) x 10%
Dynamic flow stress, MPa 786 624
Dynamic fracture strain 0.27-0.33 0.29-0.36
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Let us compare our results with the literature data. Feng et al. [34] reported an
ultimate compressive strength of about 670 MPa, an average flow stress of about 570 MPa,
and a fracture strain of about 0.45 for AA7075-T4 aluminum alloy compressed at room
temperature with a low strain rate of 0.1 s~!. A tensile strength of about 600 MPa and a
much lower fracture strain of about 0.1 was reported by Leng et al. [35] for solution heat-
treated and aged 7075 aluminum alloy at quasi-static tension with a strain rate of 0.001 s~ 1.
For 7075 aluminum alloy subjected to T651 solution heat treatment, Wang et al. [36] reported
a quasi-static flow stress at 0.001 s~! of about 530 MPa. The same authors performed
impact experiments with 2 mm samples and a flyer plate at impact velocities ranging from
155 to 340 m/s, which corresponds to the strain rate by an order of 10° s~!. They found a
Hugoniot elastic limit of about 650 MPa, which can be recalculated into a dynamic yield
strength of about 540 MPa. Due to restricted strain values at plane shock loading, this
value corresponds to an initial stage of compressive deformation without substantial work
hardening. Peng et al. [37] reported a tensile fracture strain of about 0.13 and an ultimate
tensile strength in the range of 580—650 MPa depending on aging time for commercial
7075 alloy after solution heat treatment and following aging; split Hopkinson pressure
bar was used with a tensile strain rate of about 2.4 x 10 s~1. All these data are quite
consistent with our results for the dynamic compression of 7075 aluminum alloy reported
in Table 2 considering the difference in strain rate, deformation level, and deformation
mode (tension/compression). In addition, the literature data on substantial variation in
mechanical properties depending on preliminary thermo-mechanical treatment explains
the measured differences in properties between 7075 and V95T1 alloys based on possible
variations in the thermo-mechanical treatment rather than in the chemical composition.

5. Conclusions

A novel method to measure dynamic flow stress and corresponding strain rate in
Taylor tests using profiled samples with a reduced cylindrical head part was applied to
study dynamic characteristics of similar commercial 7075 and V95T1 aluminum alloys. The
measured dynamic flow stress is verified using a classical Taylor’s approach with uniform
cylinders and compared with the literature data. Our study shows that the dynamic flow
stress of 7075 alloy, which is 786 MPa at strain rates of (4-8) x 103 s~!, exceeds that of
624 MPa for V95T1 alloy at the strain rates of (2-6) X 10% 571 by 25%. The threshold
impact velocity resulting in fracture of the 4 mm head part of the profiled samples is
116-130 m/s for 7075 alloy and only 108 m/s for V95T1 alloy. The fracture pattern is also
different between the alloys with characteristic shear-induced cracks oriented at 45° to the
impact direction in the case of V95T1 alloy and perpendicular to the breaking off head
part in the case of 7075 alloy. On the other hand, the compressive fracture strain of VO5T1
alloy, which is 0.29-0.36, exceeds that of 7075 alloy, which is 0.27-0.33, by approximately
8%. Thus, we can conclude that V95T1 aluminum alloy is less strong but more ductile,
while 7075 aluminum alloy is stronger but, simultaneously, more brittle. Given the close
chemical composition of both alloys, see Table 1, we assume that the difference in dynamic
properties is related to different thermo-mechanical treatments during production.
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Appendix A

Table A1 collects the experimentally measured lengths of the dynamically deformed
samples and diameters of the impact edge for all tested samples except those revealing
fractures. The average values and error ranges are determined using six measurements for
each parameter.

Table A1. Measured geometric parameters of the impacted samples without fracture.

Impact Velocity (m/s) Length (mm) Diameter (mm)
Al 7075
Classical 8 mm specimens
70 39.68 + 0.07 8.18 - 0.05
71 39.43 + 0.09 8.22 +0.02
78 39.49 + 0.05 8.28 4+ 0.02
101 39.38 + 0.08 8.48 4+ 0.02
106.4 37.29 + 0.06 8.54 + 0.04
128.2 38.92 + 0.07 8.95 £+ 0.04
128.2 39.09 + 0.15 8.93 + 0.04
133 38.83 + 0.06 9.03 £+ 0.05
147 39.15+0.1 9.23 +0.02
161.3 38.9 +0.22 9.56 + 0.04
175 38.01 +0.13 9.54 4+ 0.02
Profiled 4 mm specimens
76.3 38.18 + 0.02 4.28 +0.03
84 38.25 + 0.04 4.3 £0.02
94.3 37.83 + 0.02 4.56 + 0.04
97 38.07 + 0.08 4.7 £0.04
102 37.26 +0.12 4.68 + 0.03
102 38.32 +0.14 4.61 +0.06
116.3 37.06 + 0.09 5.18 +0.03
123.5 36.29 + 0.12 5.13 4+ 0.04
Al V95T1
Classical 8 mm specimen
65 39.91 + 0.09 8.16 = 0.06
77.5 39.19 + 0.04 8.17 + 0.04
82 39.57 + 0.02 8.16 = 0.02
122 39.18 - 0.04 8.64 + 0.05
131 37.89 + 0.05 8.86 &+ 0.05
139 38.13 + 0.11 9.03 + 0.04
141 38.8 + 0.03 8.96 £+ 0.02
172 38.08 + 0.05 9.77 + 0.06
175 36.35 + 0.03 9.94 £+ 0.07
Profiled 4 mm specimen
43.8 39.53 + 0.02 417 +0.02
51.8 38.97 + 0.02 3.93 +0.08
68 38.88 + 0.09 4.39 + 0.04
87 37.17 £ 0.16 4.51 + 0.02
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