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Abstract: Based on the investigation of mechanical response and microstructure evolution of a commercial 7003
aluminum alloy under high-speed impact, a new simple and effective method was proposed to determine the critical
strain required for the nucleation of adiabatic shear band (ASB). The deformation results of cylindrical and hat-shaped
samples show that the critical strain required for ASB nucleation corresponds to the strain at the first local minimum
after peak stress on the first derivative curve of true stress—true strain. The method of determining the critical strain
for the nucleation of ASB through the first derivative of the flow stress curve is named the first derivative method.
The proposed first derivative method is not only applicable to the 7003 aluminum alloy, but also to other metal
materials, such as commercial purity titanium, WY-100 steel, and AM80 magnesium alloy. This proves that it has

strong universality.
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1 Introduction

Armor, aerospace and vehicle are inevitably
subjected to high-speed loads, such as high-speed
collision and explosion, which often lead to
adiabatic shear failure in materials, such as
aluminum alloys [1], titanium alloys [2],
magnesium alloys [3], steel [4], and copper [5]. The
consequences of adiabatic shear failure are
extremely serious, as it occurs in a very short period
of time, making it difficult to predict [6,7]. To
prevent this kind of disaster resulting from adiabatic
shear failure, it is very necessary to accurately
determine the critical strain for the nucleation of
adiabatic shear band (ASB).

When the adiabatic shear occurs, large and

severe plastic deformation accumulates in the
ASB [8,9]. Its nucleation and propagation are the
result of competition between hardening and
softening [10,11]. Based on this, various theoretical
calculation methods have been proposed to
determine the critical condition for ASB [12—-16].
RECHT [15] constructed a criterion to predict
catastrophic shear, that is, the strain where the slope
of the true stress—true strain curve is zero. Thermal
instability is considered to be the main reason for
adiabatic shear, the critical strain of which can be
calculated by the method deduced by CULVER [12].
According to this method, the calculated critical
strain of commercially pure titanium is 1.40, which
is close to 1.15 obtained by experiment with
strain rates of 105-320s™!. In addition, BAI [10]
proposed a criterion based on the plastic deformation
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equation, the first law of thermodynamics, and
Fourier law of heat conduction, accurately
predicting the critical instability strain for simple
shear deformation. It is generally accepted that the
flow stress of most metal materials exhibits strain
rate dependence, indicating that the loading strain
rate is another factor affecting the nucleation of
ASB [14,17]. To solve this problem, a critical strain
model including strain rate term was constructed by
PAN [14]. Moreover, the critical strain for the
nucleation of ASB also depends on the heat-treated
state. For peak-aged 8090 Al-Li alloy, the ASB
occurs only when the applied strain rate is higher
than 1600 s™!, while the under-aged one requires a
higher applied strain rate (2000 s™!) [18]. Overall, it
can be reasonably inferred that the ASB occurs only
when the applied strain rate and strain are higher
than the critical value.

The above methods based on theoretical
calculation are essentially to determine the strain
corresponding to peak stress under given
deformation condition, and regard it as the critical
strain for instability or adiabatic shear. However,
the latest studies on commercial titanium by GUO
et al [19] and aluminum alloys by KIM et al [1]
have indicated that the ASB is formed after peak
stress. The detected time for ASB nucleation of
commercial titanium is ~9 us after peak stress.
Additionally, the detected critical strains are 58%
and 38% for 2139 and 7056 aluminum alloys,
respectively, and both of which are greater than the
strains corresponding to the peak stress. Although
the synchronized high-speed photography technique
can accurately determine the critical strain for ASB
nucleation, it needs to use special sample and carve
grid lines on the specimen’s gauge section, which is
not suitable for conventional compression with
cylindrical sample.

It is well known that stress response behavior
is the external manifestation of the microstructure
evolution [20], such as strain hardening caused
by dislocation multiplication, recovery and
recrystallization softening caused by dislocation
annihilation, and adiabatic shear caused by local
plastic instability. Accordingly, the method for
predicting dynamic recrystallization based on the
derivation of stress—strain curve was proposed [21],
which has been widely utilized due to its simplicity,
quickness, and accuracy. In this work, the
nucleation and propagation of ASB were

investigated with 7003 aluminum alloy. To
determine the critical strain of ASB nucleation
simply, quickly, and accurately, the first derivative
method was proposed based on the widely used
derivation method for dynamic recrystallization
prediction. The content of this method is that the
onset of ASB nucleation corresponds to a strain of
the first local minimum after peak stress on the first
derivative curve of true stress—true strain. As
expected, the critical strain required for ASB
nucleation in the 7003 aluminum alloy was
accurately predicted by the first derivative of the
true stress—true strain curve. In addition, this
method was applied to other alloys to verify its
adaptability.

2 Experimental

Commercial 7003 aluminum alloys, including
as-extruded and as-cast states, were studied in the
present study. Its chemical composition is listed in
Table 1. Extrusion was carried out on an 800t
extruder with initial temperatures of 450 and 430 °C
for billet and extrusion tool and an extrusion speed
of 1 mm/s. The extruded 7003 bars with diameter of
12mm were water quenched online and then
naturally aged to steady state at room temperature.
The as-cast ingots were solution treated at 450 °C
for 16 h, then air cooled to room temperature.

Table 1 Chemical composition of 7003 aluminum alloy
(wt.%)

Zn Mg Cu Fe Si Mn
5.87 0.70 0.06 0.14 0.05 0.13
Zr Cr Ti v Al
0.15 0.07 0.03 0.01 Bal.

Cylindrical samples with diameter of 8 mm
and height of 6 mm were cut from the natural aged
extruded bar and the solution-treated ingot. Among
them, the samples with two different directions (0°
and 90°) to the extrusion direction (ED) were cut
from the natural aging extruded bar, as shown in
Fig. 1. The sample with the axis of the cylinder
parallel to the extrusion direction is named 0°
sample, while the sample with an axis
perpendicular to the extrusion direction is named
90° sample. Hat-shaped samples were cut from the
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Extrusion direction

Hat-shaped sample 0° sample 90° sample

Load direction
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Fig. 1 Schematic diagram of samples taken from as-extruded alloy

natural aging extruded bar. Its relative position and
sample size are shown in Fig. 1.

High-speed impact tests with strain rate of
~2200 s™' were carried out at room temperature
using a split Hopkinson pressure bar (SHPB). After
impact deformation, the samples were quickly
quenched by water. A series of stopper rings with an
inner diameter of 28 mm and an outer diameter of
40 mm were utilized to obtain samples with
specified strains. The height of rings corresponds to
strains (¢) of 0.26, 0.48, and others. This method is
widely used for the investigation of ASB under
high-speed impact [1,9,22,23].

For microstructure analysis, the samples
before and after deformation were cut using a wire-
cut electrical discharge machine along the direction
parallel to the load direction and through the center
of the sample. Microstructure observations were
performed using optical microscope (OM) and
electron backscatter diffraction (EBSD). Samples
used for OM observation were ground, polished,
and final etched with an acid solution consisting
of 5mL HBF4 and 195 mL H,O. Samples for
EBSD observation were ground, mechanically
polished, and final ion polished with Leica EM
RES102, and then characterized with an EDAX
Velocity Super electron probe on a JSM 7200F
scanning electron microscope at 20 kV. Hardness
tests were conducted using a HV1000 Vickers
hardness testing machine with load of 500 g and
dwell time of 10 s.

3 Results and discussion

3.1 Method for determining critical strain of
ASB nucleation
3.1.1 Results of as-extruded 0° sample
The true stress—true strain curves of the
as-extruded 0° samples are shown in Fig. 2. Clearly,

the consistency of three repeated impact tests is
high, that is, the obtained data in this work are
reliable. Overall, the stress response behavior can
be simply divided into two stages. In stage 1, the
flow stress increases with the increase of applied
strain until the peak stress is reached at true
strain of ~0.21, meaning that the plastic
deformation in this stage is dominated by strain
hardening until completely consumed by dynamic
softening. In stage 2, the flow stress decreases
continuously, indicating that softening is the main
deformation characteristic in this stage. This
behavior has been reported before in 7xxx
aluminum alloys under high-speed impact loads [1].
Accordingly, the softening behavior detected in
stage 2 is attributed to the entanglement and
annihilation of dislocations caused by the increased
deformation temperature [24].
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Fig. 2 True stress—true strain curves of as-extruded 0°
sample at strain rate of 2200 s™!

Microstructures of the as-extruded 0° sample
before and after impact at 2200 s ! with true strains
of 0.26, 0.48, and 0.76 are shown in Fig. 3. Among
them, Figs. 3(b) and (c) are half of the sections
through the cylinder axis, and Figs. 3(e) and (f) are
the enlarged views of Regions 1 and 2 in Fig. 3(c).
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Fig. 3 Microstructures of as-extruded 0° samples before and after impact deformation at 2200 s !: (a) Undeformed state;
(b) £=0.26; (c) £=0.48; (d) £=0.76; (e, f) Magnified sections of Regions 1 and 2 in Fig. 3(c), respectively; (g) OIM map

of cross mark in center of ASB in Fig. 3(d)

Figure 3(g) shows the orientation imaging micro-
scopy (OIM) map of the marked region from the
center of ASB in Fig. 3(d). Boundaries with angles
6>12° and 2°<#<12° are represented with black
lines and red lines, respectively. Before impact
deformation, the fibrous grains are parallel to ED,
with average size of 25 um. At true strain of 0.26,
the deformed microstructure is still fibrous with
direction parallel to ED. Additionally, no ASB is
detected. As the applied true strain increases to 0.48,
an ASB with length of ~2.5mm and width of
~42 pm is observed, as shown in Fig. 3(c). It is
worth noting that the detected ASB propagates
along the direction of shear deformation, which is
approximately 45° away from the impact direction.
As a result, the fibrous grains in the shear direction

are clearly distorted and stretched into an N shape,
as shown in Fig. 3(e). Moreover, the fibrous grains
at the tip of ASB have evolved into S shape, whose
boundaries are hard to distinguish, as shown in
Fig. 3(f). According to the calculation method in
Refs. [25,26], the average shear strain in the ASB is
obtained as 4.5. When the impacted true strain
continues to increase to 0.76, an ASB with a width
of ~74 um is clearly observed throughout the
impacted sample, while the grains outside the ASB
remain fibrous. As shown in Fig. 3(g), the
microstructure in the center of ASB is composed of
equiaxed grains with average size of 477 nm, which
further confirms that adiabatic shear occurs in the
as-extruded 7003 alloy during high-speed impact
deformation.
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The ASB occurs only when a critical strain is
reached, which depends on deformation conditions,
such as temperature, strain rate, and heat treatment
state [14,15,18]. Essentially, the competition between
strain hardening and thermal softening is
considered to be the inducement for the nucleation
and propagation of ASBs [10,11]. As shown in
Fig. 3, there is no ASB at the strain of 0.26, while a
fine ASB occurs as the applied strain increases to
0.48, which indicates that the critical strain of the
as-extruded 7003 alloy is between 0.26 and 0.48.
3.1.2 First derivative method

Essentially, the competition between strain
hardening and thermal softening is considered to be
the inducement for the nucleation and propagation
of ASBs [10,11]. Internal energy dissipation is
always associated with plastic deformation. The
consumed energy is converted into heat or induces
permanent changes in microstructure, both of which
are irreversible processes [27]. Accordingly,
POLIAK and JONAS [21] proposed that when the
internal state variable satisfies Eq. (1), the internal
dissipation rate of materials reaches a steady state,
which is considered to be the critical point of
instability.

J k J k

where & is the internal dissipative variable with
thermodynamically conjugate affinity 4;, X; is a set
of generalized forces acting within system, and 7 is
the temperature. To facilitate analysis, Eq. (1) is
simplified by considering only one parameter of
hardness. In this case, the internal variable can be
related to the strain by the following equations:

(20 _
a_( P l—A (2)

P, =0; 3)

where 6 is the hardening rate, o* is the internal
stress, ¢ is the strain, Pq is the dissipation power,
and £ is the strain rate. Thereby, Eq. (1) can be
reduced to Eq. (4) when applied an external stress
a.

.00
E—=
oo

This indicates that the internal state of material
reaches a dynamic equilibrium at the extreme value

0 4

of hardening rate, and then instability may occur as
deformation continues. For high-speed impact
deformation, thermoplastic instability induced by
adiabatic shear is one of the signs of material
instability [15]. In addition, flow stress is the
external manifestation of plastic deformation [28].
As one of the external manifestations of micro-
structure evolution, strain hardening rate (SHR) is
widely used in the research of deformation behavior
and deformation mechanisms [9,21,29,30]. Therefore,
it is feasible to determine the critical strain required
for adiabatic shear instability based on the extreme
value of SHR. The method to determine the critical
strain of ASB based on SHR curve is named the
first derivative method in this work.
3.1.3 Determination of critical strain for ASB

nucleation

To facilitate the subsequent calculation and
analysis, it is necessary to smooth the collected data
with many burrs. Accordingly, the polynomial order
required for fitting the entire flow stress curve is 11
or higher [31]. Here, one of the curves in Fig. 2 was
selected and fitted using 14th-order polynomial, as
shown in Fig. 4. Clearly, the fitted stress—strain
curve is in good agreement with the experimental
result. The relationship between SHR and true
strain was then obtained by solving the first
derivative of the fitted curve, as shown in Fig. 4.
The strain corresponding to the first local minimum
of the SHR curve after peak stress is 0.33, which is
considered the critical strain for the nucleation of
ASB based on the above analysis. To verify this
assumption, a stopper ring with a height of 4.3 mm
was designed to obtain the specified strain of 0.33.
The OM image with true strain of 0.33 at 2200 s™!
is shown in Fig. 5. As expected, an ASB with length
of ~0.45mm and width of ~22 um is observed,
indicating that the ASB has nucleated and even
slightly propagated at this moment. There is a slight
deviation in using this strain as the critical strain for
ASB nucleation, indicating a slight deviation in
determining the critical strain using the first
derivative method. This can be attributed to factors
such as manual measurements, data acquisition
from experimental equipment, and data processing.
However, for high-speed impact tests, such slight
deviation can be basically ignored. Consequently, it
can be concluded that the strain corresponding to
the first local minimum of SHR curve after peak
stress is the critical strain for the nucleation of ASB.
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Fig. 4 Original and fitted true stress—true strain and SHR
(6)—true strain curves of as-extruded 0° sample (6=do/de)

The local minimum of SHR curve represents
transformation of the plastic deformation mechanism
[9]. To reveal the inducement for the increase of
SHR after instability, the microhardness distribution
on the sections as that for microstructure
characterization in Fig. 3 is shown in Fig. 6. As
expected, the microhardness distribution of the
undeformed sample is basically uniform. As the
impacted strain increases to 0.26, the microhardness
apparently increases, with maximum and average
harnesses of HVos153.5 and HV,s5143.8,
respectively. In contrast, the microhardness on the
top is slightly higher than that on the bottom. The
reason for the uneven distribution of microhardness
is due to the fact that, under high-speed impact
load, the deformation of sample starts from the side
close to transmitter bar, causing the deformation of
this region to occur before other regions, especially
the region far from transmitter bar [29].

e A

When the impacted strain increases to 0.48, the
microhardness of the adiabatic
corresponding to Fig. 3(c) increases significantly,
which is much higher than that of the surrounding
non-shear regions. According to the research by
YANG et al [32], the significant increase in micro-
hardness during adiabatic shearing is attributed to
the rapid multiplication of dislocations, which leads
to a significant increase in dislocation density,
resulting in dislocation tangles and even dislocation
cell structure. In sharp contrast, the microhardness
far from the shear band remains almost the same.
Combined with the OM results in Fig. 3, it can be
inferred that most of plastic deformation in this
stage is concentrated in the shear region, resulting
in the strain hardening here being higher than the
thermal softening caused by adiabatic temperature
rise, so the SHR increases after plastic instability.

At present, the critical strain of ASB is
generally determined through theoretical calculation
[10,12,14,16]. According to the assumption that
ASB nucleates at the strain corresponding to the
maximum stress, CULVER [12] proposed a critical
strain criterion based on the constructed constitutive
model of ==Kjy". The critical shear strain y. for ASB
nucleation can be calculated using the following
equation:

shear region

npC
yo=Er (5)

(9

where # is strain hardening exponent, o is thermal
softening rate, and p and C, are density and specific
heat capacity, respectively. The true strain ¢ can be

Fig. 5 (a) OM image of as-extruded 0° sample with true strain of 0.33 at 2200 s™'; (b, c) Magnified sections of regions

in Figs. 5(a) and (b), respectively
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Fig. 6 Contour plots of microhardness distribution of as-extruded 0° sample before and after impact at 2200 s '

(a) £=0; (b) £=0.26; (c) £=0.48

calculated with shear strain y by the following
equation [12]:

e=InAl1+y+y2/2 (6)

For the as-extruded 7003 alloy, the strain
hardening exponent »n and thermal softening rate o
calculated from its true stress—true strain curve are
0.289 and 0.807 MPa/K, respectively. Additionally,
its density and specific heat capacity are
2.7x10° kg/m* and 875 J/(kg'K). Thereby, the
critical strain for the nucleation of ASB is obtained
as 0.39. It is worth noting that the critical strain
obtained by theoretical calculation is clearly higher
than that (0.33) calculated by the first derivative
method. This deviation is mainly caused by two
aspects. Firstly, the theoretical calculation criterion
is proposed based on the assumption that plastic
instability occurs at peak stress. Secondly, some
conditions, such as strain rate, are ignored in order
to simplify the derivation. For the first derivative
method, the true stress—true strain curve, which can
macroscopically characterize the microstructure
evolution, is directly used to derive the critical
strain for the nucleation of ASB. This is considered
to be the main reason for its high accuracy.

3.2 Applicability of method in 7003 alloy
3.2.1 As-extruded 90° sample

Figures 7 and 8 illustrate the true stress—true
strain curves and the corresponding deformed
microstructure of the as-extruded 90° sample under
strain rate of 2250 s™'. As shown in Fig. 7, the flow
stress increases with increasing applied strain until
it reaches peak stress at true strain of approximately

500
S 400
E [
H 300 %
o 200 — 2250 <
E —— Fitted curve 1

ook ™ Strain hardening 00

rate
L L L -150
0 0.1 0.2 0.3 0.4
True strain

Fig. 7 Curves of original and fitted true stress—true strain
and SHR(#)—true strain of as-extruded 90° sample

0.25. Beyond this point, the stress decreases as the
strain continues to increase. Before compression,
the microstructure of the 90° sample consists of
equiaxed grains with an average size of 40 pum, as
shown in Fig. 8(a). Figure 8(b) reveals that even
after deforming the sample to a strain of 0.16, the
grains remain equiaxed, with little significant
deformation observed even at the sample’s edge
(upper right corner in Fig. 8(b)). However, the ASB
with a width of ~38 um becomes evident in the
sample subjected to a strain of 0.4 (Fig. 8(c)). This
indicates that, similar to the 0° sample, the 90°
sample also exhibits a notable adiabatic shear
phenomenon during high-speed impact.

To estimate the critical strain for ASB
nucleation, a 14th-order polynomial was employed
to fit the true stress—true strain curve. The fitted
curves of true stress—true strain and SHR—true
strain for the as-extruded 90° sample are displayed
in Fig. 7. The critical strain for ASB nucleation,
determined using the first derivative method, is
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determined to be 0.28. In order to reach a sample
with strain of 0.28, a stopper ring with height of
4.5mm was designed and implemented in the
high-speed impact test. Figure 8(d) exhibits the
microstructure at true strain of 0.28 and strain rate
of 2250 s™!. The ASB with length of ~0.18 mm and
width of ~4 um is observed in the upper right
corner of the sample, indicating that the ASB has
just nucleated at strain of 0.28. The predicted

425
0 s': (a) Undeformed state; (b) £=0.16; (c) £&=0.40; (d) £=0.28
500 50
400 + 10
<
=
= 300 1-50 =
2 a
£ 2
o 200 1-100 S
s 215057
100 |~ Fitted curve 1-150
—a— Strain .
hardenlngl rate. -200

result obtained from the first derivative method is
fairly consistent with the experimental result,
demonstrating the reliability of this approach.
3.2.2 As-cast 7003 alloy

To verify the adaptability of the first derivative
method, high-speed impact tests at 2150 s™' were
carried out with the as-cast 7003 alloy in solution-
treated state. The true stress—true strain curve and
the corresponding deformed microstructure of the
as-cast 7003 alloy are shown in Figs.9 and 10,
respectively. As shown in Fig. 9, the flow stress
reaches its peak stress at true strain of ~0.3 and then
decreases with increasing strain. Clearly, the
undeformed grains of as-cast 7003 alloy are equi-
axed with average size of ~153 um. As the strain
increases to 0.76, the ASB with width of ~56 um
penetrates the entire sample, which indicates
that the ASB has been propagated sufficiently in the

0 0.1 02 03 04 05 06 0.7 0.8
True strain
Fig. 9 Curves of original and fitted true stress—true strain
and SHR(6)—true strain of as-cast 7003 alloy

as-cast 7003 alloy. The curves of fitted true stress—
true strain and SHR—true strain are shown in Fig. 9.
The critical strain for the nucleation of ASB
calculated by the first derivative method is 0.43,
which corresponds to a stopper ring with height of
3.9 mm. The OM image with true strain of 0.43 at
2150 s7! is shown in Fig. 10(b). As expected, a fine
ASB with length of ~0.3 mm and width of ~25 pm
is detected on the top right corner, illustrating that
the ASB has just been nucleated at the true strain of
0.43. Therefore, the first derivative method
proposed here can also be utilized to predict the
critical strain of ASB for the as-cast 7003 alloy.
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Fig. 10 OM images of as-cast 7003 alloy at 2150 s':
(a) Undeformed state; (b) e=0.43; (c) e=0.76

The critical strain for the nucleation of ASB in
as-extruded samples is determined to be smaller
compared to the as-cast samples at basically the
same strain rate. For the as-extruded samples, the
ASB nucleation critical strain of the 90° sample is
less than that of the 0° sample, which has also been
observed in other study [30]. As reported, this
difference is attributed to the anisotropy, resulting
from texture, grain morphology, grain size,
precipitates, and other factors [33,34]. As is well
known, there is fiber texture in materials formed by
extrusion, which leads to anisotropy of as-extruded
samples. The plastic strain anisotropy of materials
can be quantified by the strain ratio, » [35], which

provides information about the uniformity of plastic
deformation in a material. A higher  value indicates
more uniform plastic deformation. For isotropic
materials, multiple slip occurs inside the material
during plastic deformation, with r close to 1, which
promotes uniform deformation of the sample and
resists the nucleation of shear bands [33]. For
materials with strong texture, the Schmidt factors in
different directions are different, which leads to low
r values. A low r value indicates that the sample
exhibits non-uniform plastic deformation under
high-speed impact loads, promoting the occurrence
of shear localization [34].

3.2.3 Hat-shaped samples of as-extruded 7003 alloy

In addition to cylindrical samples, hat-shaped
samples are also commonly used to investigate the
initiation and evolution of ASBs [8]. In this study,
high-speed impact tests were conducted at strain
rate of 2150 s™! using hat-shaped samples made of
the as-extruded 7003 alloy. The true stress—true
strain curve and the corresponding deformed
microstructure are presented in Figs. 11 and 12,
respectively. As shown in Fig. 11, similar to the
cylindrical sample, the true stress of the hat-shaped
sample gradually increases until it reaches its peak
value at true strain of ~0.06, after which it
decreases during the impact process. At true strain
of 0.14, a well-developed ASB with width of
~20 um running through the sample can be clearly
observed (Fig. 12(a)).

To estimate the critical strain for ASB
nucleation, the first derivative method was applied.
In order to obtain a smooth curve, the original true
stress—true strain curve was fitted. Then, the first
derivative of the fitted curve was calculated to
obtain the SHR curve. Figure 11 depicts the curves

500
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2 1= &
g 300 ;b
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hardening rate ] 71500
0 0.1 0.2 03
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Fig. 11 Curves of original and fitted true stress—true
strain and SHR(#)—true strain of hat-shaped sample of
as-extruded 7003 alloy
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Fig. 12 OM images of hat-shaped samples of as-extruded 7003 alloy at 2150s™': (a) &=0.14; (b) &=0.12;
(c, d, e) Enlarged images of Regions 1, 2 and 3 in Figs. 12(a) and (b), respectively

of the fitted true stress—true strain and SHR. The
minimum value of the SHR curve occurs at a strain
of 0.12, indicating that the critical strain for ASB
nucleation is determined to be 0.12. To obtain a
sample with strain of 0.12, a stopper ring with
height of 5.3 mm was designed and utilized in
the high-speed impact test. The microstructure
corresponding to true strain of 0.12 at strain rate of
2150 s7! is displayed in Fig. 12(b). An ASB with
length of ~0.16 mm is observed. The maximum
relative displacement of deformed grains within the
ASB in the shear direction is approximately 88 pm
(Fig. 12(e)). Outside of the ASB, the deformed
grains undergo torsion without relative displacement
in the shear direction (Fig. 12(d)). In the case of
pure shear samples, these observations indicate that
the ASB has just nucleated and is developing along
the shear direction. These findings are well
consistent with the estimation results of the first
derivative method, suggesting the applicability of
this method to hat-shaped samples as well.

3.3 Applicability of method to other metal
materials

To further explore the adaptability of the first
derivative method, it is extended to calculate the
critical strain of ASB for other mental materials. In
this paper, these investigations on adiabatic shear
band nucleation using high-speed cameras [36—38]
or interrupted impact test methods [1,29,39,40]

were selected to verify the proposed method. The
critical strains of ASB nucleation obtained by
high-speed photography technology are 0.63 for
the commercial purity titanium at 13000 s™! [36],
0.40 for the WY-100 steel at 1600 s™! [37], and 0.67
for the 603 armor steel at 14000s' [38]. The
critical strain of ASB nucleation determined by
microstructure analysis is in the range of 0.20—0.25
for the AM80 magnesium alloy at 5000 s™' [39],
0.28 for the high-strength armor steel at impact
momentum of 16.3 kg-m/s [40], 0.38 for the 7056
aluminum alloy at impact momentum of 16 kg-m/s
[1], and 0.47 for the AA2017-T451 at 5340 s™' [29].

Here, the first derivative method was used to
determine the critical strain of ASB nucleation in
these materials. To obtain the SHR curves, the
coordinates of each point before and after peak
stress were extracted. Subsequently, the smooth
stress—strain curve and the relationship curve
between SHR and true strain were obtained using
the methods of polynomial fitting and derivation,
respectively, as depicted in Fig. 13. In this way, the
strains corresponding to the first local minimum
of the SHR curve after peak stress were obtained,
as shown in Table 2. Remarkably, the strains
calculated by the first derivative method are extremely
consistent with the critical strain for the nucleation of
ASB obtained by experiments. This consistency
indicates that the first derivative method is also
applicable to other metallic materials.
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Fig. 13 SHR(0)—strain curves of other metal materials

Table 2 Critical strain for nucleation of ASB in other metal materials

Critical strain

Material Experiment condition
Experiment First derivative method
Commercially pure titanium [36] 13000 s™! 0.63 0.627
WY-100 steel [37] 1600 s™! 0.40 0.400
AMS80 magnesium alloy [39] 5000 s! 0.2-0.25 0.227
High-strength armor steel [40] 16.3 kg'm's! 0.28 0.285
7056 aluminum alloy [1] 16 kg'm-s™! 0.38 0.368
603 armor steel [38] 14000 57! 0.67 0.542
AA2017-T451 [29] 5340 57! 0.47 0.402

4 Conclusions

(1) At strain rate of about 2200 s, the critical
strains for ASB nucleation determined by the first
derivative method are 0.33 for the as-extruded 0°
sample, 0.28 for the as-extruded 90° sample, 0.43
for the as-cast 7003 alloy, and 0.12 for the
hat-shaped sample of the as-extruded 7003 alloy.
The experimental results are quite consistent
with the predicted results of the first derivative
method.

(2) The critical strain for ASB nucleation in
as-cast samples is greater than that in as-extruded
samples. This disparity can be attributed to the
presence of strong texture in the as-extruded
samples, which leads to anisotropy in the plastic
deformation behavior.

(3) The first derivative method for predicting
the critical strain of ASB nucleation under
high-speed impact is highly adaptable. In addition
to the 7003 aluminum alloy, the method is also
suitable for other metal materials.
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