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ARTICLE INFO ABSTRACT

Keywords: In Part I, a thermo-elastic-plastic phase-field model is established for describing the adiabatic
Adiabatic shear band shear band (ASB) in metal materials. In this Part II, the developed model is used to simulate the
Phase-field classical thick-walled cylinder (TWC) experiment to investigate the self-organizing behavior of

Thick-walled cylinder
Self-organizing behavior
Defect effect

multiple ASBs. For the first time, the formation process of self-organized ASBs in the TWC ex-
periment is reproduced by the phase-field method and the underlying physical mechanism is
analyzed in detail. The simulation results show that the number and spacing of ASBs are related
to loading rate and material properties. A higher loading rate leads to more intensive ASBs. For
typical engineering materials such as 304L stainless steel (Ss304L) and titanium alloy (Ti6Al4V),
the contribution of thermal softening to the formation of ASBs is far less than that of damage
softening. However, thermal softening is very important to induce initial ASBs. In addition, we
also find that defects, especially large ones, play a dominant role in the initiation and evolution of
ASBs, leading to complex patterns of ASBs in the TWC experiments.

1. Introduction

Thermal-assisted shear localization is one of the most important deformations and failure mechanisms of materials under impact
loading, which widely exists in high-speed impact, explosion, high-speed forming, erosion, penetration, and other high strain rate
processes [1,2]. In the past studies, more attention has been paid to the single ASBs [3,4]. However, in dynamic deformation events, it
is often found that multiple ASBs occur and interact at the same time. For example, in the typical TWC experiment, the character
spacing and mode of the shear band have the characteristics of self-organization [5-7]. As shown in Fig. 1, these self organized ASBs
have been observed in the TWC experiments for different materials with different specimen sizes, such as in Ss304L [7], Ti6Al4V [8],
tantalum [9], 7075 aluminum alloy [2], and so on. The basic and quantitative understanding of the evolution law of the position,
spacing, and width of these self-organized ASBs is of guiding significance for controlling material failure and utilizing ASBs.

Early researches and predictions of multiple ASBs were based on one-dimensional (1D) models, and different strength and failure
models were proposed to predict the spacing between ASBs [10-12]. Grady and Kipp [13] first deduced the evolution spacing of ASBs
by minimizing the energy and got the theoretical formula. Wright and Ockendon [11] and Molinari [12] used perturbation analysis
method to analyze the spacing of ASBs. Zhou et al. [14,15] systematically studied the influence factors of the spacing of ASBs by 1D
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(a) Ss304L (b) Ti6Al4V (c) Tantalum (d) 7075 aluminum alloy

Fig. 1. Distribution of self-organized ASBs in dynamic collapse TWC experiment of different materials: (a) Ss304L [7], (b) Ti6Al4V [8], (c) tantalum
[9], and (d) 7075 aluminum alloy [2].

numerical analysis and gave empirical formula. They all gave simple formulas for calculating the spacing of ASBs, which provided a
basis for the prediction of the TWC experiments and the verification of numerical models [16,7]. It is believed that these 1D models
have the abilities to predict the spacing of ASBs in the experiments to some extent. However, these 1D models cannot reproduce the
complex self-organizing behavior of ASBs in two-dimensional (2D) and three-dimensional (3D) conditions.

To study the ASBs more carefully and reproduce more realistic results of the TWC experiment, a large number of prediction
studies on ASBs have been carried out by using 2D and 3D numerical models. Areias and Belytschko [17] proposed a two-scale model
to simulate ASBs in the TWC experiment using extended finite element method (XFEM), and the simulation results were qualitatively
consistent with the experiment. Rabczuk and Samaneigo [18] simulated 3D ASBs in the TWC experiments and the ASB was treated as
a discontinuity and its width was ignored. These 2D and 3D numerical works [19,17,18] explained the discontinuity of ASBs’ spacing.
However, they still cannot well describe the physical process of multi ASBs’ formation because of lacking the physically based model
for ASBs’ evolution. In recent years, more complicated constitutive models have been adopted. The computational frameworks based
on damage mechanics were proposed [20-22], which generally required a specific criterion to decide the initiation and propagation
of the dynamics ASBs. These models are mainly based on the evolution of local damage variables, which can reflect the evolution of
the entire ASB and provide us with in-depth insights into the self-organization behavior of ASBs. However, the mesh dependence and
damage parameter determination of the damage based model to simulate the ASBs have not been well resolved.

The phase-field method is a very effective method to study the complex coupled fracture and failure problems [23-29], including
shear failure of materials [30-32]. In Part I, a thermo-elastic-plastic phase-field model was established to simulate the ASBs. The
damage parameters of the phase-field model were calibrated through experimental data, in contrast to the micro-physical me-
chanism-based damage model [33-37]. In this Part II, we use the developed phase-field model to study self-organized ASBs in the
TWC experiment. To the best of our knowledge, the phase-field method has not been used to modeling the TWC experiment. The
effects of double softening, loading rate, defect, mesh, and initial perturbation on the formation of self-organized ASBs are in-
vestigated.

The paper is organized as follows: the problem description and numerical model are presented in Section 2. The simulation results
of the TWC experiment and verification are given in Section 3, including the comparisons with the theoretical formulas and ex-
perimental results. The physical mechanism of ASBs’ evolution, such as damage softening, thermal softening and defect effect, is
studied in Section 4. The concluding remarks are given in Section 5.

2. Problem statement

In part I, we developed a thermo-elastic-plastic phase-field model. In this section, we will briefly review the governing equations
of the phase-field model and apply them to the numerical study of the TWC experiment.

2.1. Governing equations

The governing equations of the thermo-elastic-plastic phase-field model are as follows.
Momentum balance equation

dive + pb = pii in QX [0, t] (¢))

Evolution equation of phase-field variable d [38,32]

(0= D@+ ho— Q0w = P@-FaD) o d<t

0, otherwise (@)

nd =

Energy balance equation (i.e., evolution equation of temperature field) [39,40]
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The isotropic hardening J, flow model of von Mises yield surface is adopted. The Johnson-cook (JC) model is used to describe the
yield of materials

g 6—-6,\"
9=@A+BM)f1+cnE|l1-|—2
gy = ( p )( néo 6, — 6, @
The initial condition of the field variables:
u(-,0) =uy, u(-,0)=vy, 06(,0) =06y, d(0)=d, %)

where p is the mass density, b is the volume force vector, Q is the domain of solution, ¢; is the total solution time. y € (0, 1] is the
fraction of plastic work converted to thermal energy. It is usually considered as a constant and independent the material. In this
paper, we assume that y = 0.9 [30,39,41]. 5 is the viscosity parameter. [, is the characteristic width of the ASB. g is the material
parameter that characterizes the evolution of phase-field. w, is a damage parameter, which determines the energy of damage in-
itiation. c is the specific heat, y is the body heat source per unit volume, and J is the internal heat flux which is assumed to be
proportional to the temperature gradient: J = —k-V6. Here k is the thermal conductivity. o is the yield stress of undamaged material,
A, B, C, N and m are the material parameters in the JC model, 6,, is the melting temperature and 6, is the reference temperature, 0.0
°C here. &, is a reference strain rate and is taken as &, = 1.0 s™L. uy, vy, 6, and d, are the initial displacement, velocity, temperature and
phase field, respectively.

2.2. Numerical model

Compression of thick-walled cylinders is a classical problem of adiabatic shear bands. In this section, we consider a thick-walled
cylinder (304L stainless steel (Ss304L) or titanium alloy (Ti6Al4V)), with an outer diameter of 41.0 mm and an inner diameter of
23.0 mm. The cylinder is sandwiched between two copper (Cu) cylinders (exterior driver tube and interior stopper tube), as shown in
Fig. 2(a). The exterior copper cylinder’s diameter is 45.0 mm and interior copper cylinder’s diameter is 20.0 mm, respectively.
Initially, there is a gap of 0.1 mm between the three cylinders. Under loading, they can contact each other and also allow separation.
In order to prevent the interior copper cylinder from being collapsed to severe distortion, we placed an analytical rigid surface with a
diameter of 0.1 times the inner diameter of the interior copper cylinder in the middle of the model (i.e., Dygg = 2.0 mm). During the
initiation and evolution of the ASBs, the symmetry of the system will be destroyed. Therefore, we use the full model instead of the 1/2
or 1/4 model.

The external boundary of exterior copper is subjected to the boundary pressure which decays exponentially with time, i.e.,

p) = p0~eXp[—t£)
¥ 6)

as shown in Fig. 2(b). The peak pressure p, is 1.0 GPa and the duration #; is 50 ps. The impulse acting on the exterior boundary is
i -
I= ./0. 7Dt p(t)dt = D, tpytr (1 — e71) @

where D, is the diameter of the exterior boundary, f. is the thickness of the cylinder.

The material parameters of the Ss304L, Ti6Al4V, and Cu are listed in Table 1. Other parameters such as heat conduction para-
meters and damage parameters are shown in Table 2. Both structural and unstructured meshes are used. A detailed discussion of the
simulation results and mesh sensitivity under different mesh types and densities can be found in Section 3.5. We find that numerical
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Fig. 2. The schematic diagram of the numerical model. (a) Configuration of the sandwich structure, and (b) curve of boundary pressure versus time.
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Table 1
The material parameters of JC model for metals [22,42,43].
fo [kg/m3] E [GPa] v A [GPa] B [GPa] C N m 6m [°C]
Ss304L 7900.0 210.0 0.29 0.1 1.072 0.05 0.34 1.0 1083.0
Ti6Al4V 4430.0 110.0 0.33 0.862 0.331 0.012 0.34 0.8 1630.0
Cu 8920.0 120.0 0.2 0.09 0.292 0.025 0.31 1.09 1063.0

Table 2
The other material parameters for metals [22,42,43].
k [W/m°C] ¢ [J/kg°C] ag [1076/°C] 8cs [N/mm] wo [J/mm?’]
Ss304L 16.2 500.0 17.3 2.0 0.15
Ti6Al4V 6.6 670.0 9.0 1.0 0.14
Cu 147.0 380.0 16.7 1.2 0.105

perturbations are sufficient to induce asymmetric deformations of structures without the artificial introduction of other perturbations
to break the symmetry. The effects of initial perturbations and defects on the evolution of ASBs will be discussed in detail later. The
characteristic length scale parameter I, = 0.1 mm and the mesh size h =1[,/2. The viscous parameter 7 is taken as
5.0 X 1078 kN-s/mm?.

3. Numerical results and verifications
3.1. Evolution of ASBs

The distributions of phase-field (i.e., shear bands) at different times for t; = 50 us (loading rate 1/t; = 2 X 10*s71) are shown in
Fig. 3. Note that the loading rate here is a reflection of the overall loading speed, which is different from the local strain rate of the
material point. As the stress wave generated by external loading transfers to the interior, the initial damage occurs in the inner
cylinder. With the evolution of damage, the damage localization gradually appears and ASBs are formed. The final ASBs show spiral
trajectories and a periodic distribution. There are 18 “main” ASBs (longer than 2/3 of the maximum possible length) at the final stage,
as shown in Fig. 3(c). The spacing between them at the inner cylinder was 4.01 mm.

The detailed process is as follows: in the beginning, the stress evolves uniformly. With the accumulation of disturbances, small
asymmetric waves are gradually generated (Fig. 3(a)). Then, the disturbance is rapidly amplified and a large number of small local
deformation bands, namely adiabatic shear bands, are formed (Fig. 3(b)). As time goes on, there is competition between adjacent
shear bands. Only some of them can form larger ASBs and eventually form nearly uniformly distributed ASBs. Until several or dozens
of large ASBs extend to the exterior boundary, the structure completely collapses (Fig. 3(c)). The angle between the ASBs and the
loading direction (radial direction) is 0° when the ASB is initiated. When it extends to the exterior boundary of the specimen, the
angle between them is about 45° (Fig. 3(c)). The above is also called the self-organized behavior of ASBs. By observing the density of
ASBs at different stages, it can be found that the number of ASBs in the initial stage is much larger than the number of large ASBs in
the final stage. This is consistent with the previous experimental and numerical results [5,8,22].

Fig. 4 shows the temperature distribution of the whole field at several typical times for the loading duration t; = 50 us (loading
rate 1/t; = 2 x 10*s71). It can be seen that the evolution of temperature is consistent with that of ASBs, and some high temperature
self-organized band structures will be formed. In the early stage of the initiation and evolution of the ASBs, there will be some

Phase field
1.00

(a)t=30 us (b)t=40 us (c)t=50 us

Fig. 3. The distribution of phase-field (i.e., shear bands) at different time for the loading duration t; = 50 us (loading rate 1/t; = 2 x 10*s~1) with a
time increment of At = 2.0 X 10~*us. (a) t = 30 us, (b) t = 40 us, and (c) t = 50 ps.
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TEMP
(Avg: 75%)

(a)1=30 us (b)1=40 us (c) =50 us

Fig. 4. The distribution of temperature field at different time for the loading duration t; = 50 ps with a time increment of At = 2.0 X 10~ ys. (a)

t = 30us, (b) t = 40 us, and (c) t = 50 us. In the figure, discontinuous “hot spots” are formed in the early stage of the formation and evolution of the
ASBs.

discontinuous “hot spots” (Fig. 4(a) and (b)), which are generally considered as the precursor of the rapid evolution of the ASBs. In
other words, thermal softening plays an important role in the initiation of self-organized ASBs. This kind of discontinuous “hot spots”
is also discussed in Part I. In addition, the final temperature distribution (Fig. 4(c)) is consistent with that of the final ASBs (Fig. 3(c)).
That is, the temperature rise mainly occurs inside the ASBs, which is consistent with previous experimental observations [44] and
simulation results [39,41].

3.2. Comparisons with theoretical solutions

As we pointed out earlier, the theoretical formula of shear band spacing deduced by Grady and Kipp [13], Wright and Ockendon
[11] and Molinari [12] can be used for prediction and numerical verification. The formulas they derived are as follows

9kC 1/4
Log = 2| —
" (y‘%ﬂfo) ®
3. \1/4
Lyo =27 m_kc
7ty ©)
Ly 27[( mike(1 — aby)? )““
X1+ m)ya’n (10)

where y is the strain rate, 7, is the flow stress, a is the thermal softening coefficient and m is the linear strain-rate sensitivity
coefficient.

In Fig. 5, the spacings of ASBs at different strain rates are simulated and compared with the theoretical solutions. It can be found
that the numerical results are in good agreement with the theoretical formulas. In most cases, Ly (0r Lyo) <Lpum < Lgk. In the final

107 5

10" 5

—— Lk(Grady and Kipp's solution)
10" — Lyo(Wright and Ockendon's solution)
—— L\/(Molinari's solution)

Spacing between ASBs (mm)

A This paper(Final stage (outer ring of specimen))
A This paper(Final stage (inner ring of specimen))
B This paper(Initial stage (inner ring of specimen))

T T T
10 10° 10* 10°
Strain rate (s™)

Fig. 5. The spacing between ASBs at different strain rates. Comparisons between simulation results and three theoretical solutions derived from
Grady and Kipp [13], Wright and Ockendon [11] and Molinari [12].
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Ti6Al4V

Fig. 6. Comparisons between simulation results (left) and two typical adiabatic shear bands in the experiment (right) with two different materials
(Ss304L and Ti6Al4V) [8,22].

stage of numerical simulation, the numerical solutions of the spacings between ASBs are closer to Lgg. Conversely, in the initial stage,
the simulated ASBs’ spacing is closer to Ly or Ly. This is because Wright and Ockendon’s [11] and Molinari’s [12] formulas based on
perturbation analysis can be regarded as the lower bound of ASBs’ spacing, which is usually more suitable for describing the initial
stage of shear band initiation. While Grady and Kipp’s [13] formula based on energy minimization is more suitable for describing the
later stage. Previous experiments and numerical analysis also confirmed this point [14,45].

It should be pointed out that the strain rate varies with the radius of the cylinder. However, at the same radius, the strain rate is
the same at different moments. Therefore, the influence of strain rate on the spacing of shear bands can also be investigated through
the distribution of shear bands at different radii of the same model.

3.3. Comparisons with experimental results

By adjusting the loading rate, we have successfully captured the distribution of ASBs for two different materials (Ss304L and
Ti6Al4V) in the experiment, as shown in Fig. 6. The material parameters of the two materials are shown in Tables 1 and 2. For
Ss304L, t; = 70 us, p, = 0.714 GPa, and At = 2.0 x 10~* us; for Ti6Al4V, t; = 80 s, p, = 0.625 GPa and At = 2.0 X 10~* us. The si-
mulation results of the final failure configuration and the number and direction of the ASBs agree well with the experimental results
[8,22].

Besides, the “jigsaw” displacement is observed in both numerical simulation and experiment, which is very typical in all ex-
periments. One explanation for this displacement pattern is that the negative pressure of the shock wave causes the cylinder to move
backwards. However, the boundary pressure in this paper has always been positive, which shows that the displacement pattern is
mainly caused by the inconsistency of motion between the two sides of ASB due to shear localization. Moreover, the continuous
description of discontinuities in the phase-field method makes the whole ASB in the calculated homogeneous material very smooth,
which is consistent with the experimental observation.
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(a) Initial configuration

Phase field
1.00
0.90
0.00

(c) Statistical distribution of ASBs’ length
35
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Fig. 7. The distribution of shear bands and their statistical values under different initial perturbations. (a) initial configuration (the perturbations
are enlarged to show more clearly), (b) ASBs’ distribution, and (c) the statistical distribution of the length of the ASBs.

3.4. Initial perturbation analysis

As we mentioned earlier, numerical perturbations break the symmetry and induce ASBs. We have previously studied the effects of
very small perturbations (numerical perturbations) and very large perturbations (defects) on the evolution of ASBs. To further study
the effects of the initial perturbation, we introduce a slight artificial perturbation in the model, which is stronger than the numerical
perturbation, but much weaker than the defect, and has a certain regularity.

We give the initial perturbation of the following form:

R (6) = Rl% + Ay-cos(n-0) 11

where R, and Ry, (6) are the inner cylinder’s radius of the sample before and after the initial perturbation, respectively. n is the wave
number on the perimeter. In the present study, we consider the case of n = 50, 100, and 200. A, is the amplitude of the initial
perturbation. Its value is determined by the manufacturing tolerances of the sample and the microstructure and micro-defects inside
the material. In the present study, we set A = 0.01 mm. 6 € [0, 27) is the angle of the point on the perimeter in polar coordinates.
The initial configurations at different wave number n are given in Fig. 7(a). It should be pointed out that we still use the whole model
in the simulation, and the schematic diagram here gives half of it. The time increments of all the simulations in this section are set as
At = 2.0 X 10~* ys.

The final distributions of the shear bands at different wave numbers n are shown in Fig. 7(b). With d = 0.9 as the dividing line, the
phase-field distribution is plotted as a black and white cloud for further statistical analysis. In all cases, the distribution of the shear
bands looks very similar. For quantitative comparison, we sketched the shear bands in the simulation and plotted the length dis-
tribution of all shear bands along the perimeter, as shown in Fig. 7(c). It can be seen that for n = 200, 100 and 50, the number of the
large adiabatic shear bands (longer than 20 mm) is 12, 13 and 12, respectively.

Further comparisons were made using the empirical cumulative distribution function (ECDF) [7,22]. ECDF does not follow the
specific parameter form of the probability function, but instead generates a non-parametric density estimate to fit the raw data. The
step function assigns only a probability of 1/n to each of the observations in the specimen. The ECDF of the ASBs’ length distribution
under three wave numbers is shown in Fig. 8. Considering the probability characteristics of shear band formation, the comparison of
ECDF shows that the three results at different wave numbers are actually similar. From these simulations, as long as the perturbation
amplitude is small, the mode will not have a significant effect on the ASBs’ distribution. On the other hand, for a sufficiently large
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Fig. 8. The ECDF of ASBs’ length for different wave number n (corresponding to Fig. 7).

disturbance (such as a defect), the situation becomes similar to the case of a strongly fabricated core of the ASB, and the ASB
dominates the region near the defect, as discussed in Section 4.3 in detail.

3.5. Mesh sensitivity analysis

Keeping other parameters unchanged (including I, = 0.1 mm), different mesh densities and mesh types were adopted to in-
vestigate the mesh sensitivity of the ASBs’ distribution. Three kinds of mesh densities (represented by the feature size of the mesh) are
used, and structural and unstructured meshes are adopted for each mesh density. Table 3 shows six different mesh densities, mesh
types and corresponding number of elements, and the time increments used in the simulations.

The final distribution of shear bands for different mesh densities and mesh types is given in Fig. 9 (t = t; = 60 us). It can be seen
that under six conditions, the distribution of the final ASBs appears to be similar, but not exactly the same. Because different meshes
will produce different numerical perturbations, it will affect the initiation of the shear band and thus affects the final distribution of
the ASBs.

For quantitative comparison, we consider the statistical results of the number and length of ASBs to characterize the simulation
results. Similarly, according to the statistical method mentioned in Section 3.4, the ECDF of the length distribution of the ASBs under
different meshes is obtained (Fig. 10). The statistical results show that the distribution of ASBs under different mesh densities and
mesh types is consistent. Table 4 lists the total number of shear bands and the number of large shear bands (length L greater than 0.67
times the maximum length L,,,) calculated under six different conditions. It also shows that both the total number of ASBs and the
number of large ASBs are consistent for different meshes. This further illustrates the consistency of the simulation results for different
meshes.

The measurement of the shear band’s width is very important and difficult in simulating the shear band problems. Shear band
widths ranging from a few microns to a few hundred microns were observed in different TWC experiments. As the model proposed
here introduced an intrinsic parameter /. characterizing the width of the shear band, the damage evolution in the width direction of
the shear band could be simulated. The distribution of local shear bands for the results of the simulations under different meshes is
given in Fig. 11. From the perspective of a local area of the model, the distribution of shear bands is random, and the distribution
under different meshes is quite different. This does not contradict the mesh insensitivity of the entire ASBs’ distribution discussed
earlier. In fact, it is random in the local perspective but consistent in the overall perspective.

In Part I, we discussed the determination method of shear band width in detail based on the local deformation of the shear band.
Here, we have also marked the width values of some typical shear bands in Fig. 11. The determination of the width of the shear band
in the figure is determined by the degree of mesh distortion inside and outside the band. The mesh inside the shear band is severely
distorted, creating a clearer boundary inside and outside the shear band. We found that the models under different meshes have
different widths of shear bands at various locations. But most of their widths are around 200-300 pum, about twice as much as [..

Table 3
Six different mesh densities, mesh types and corresponding number of elements, and the time increments used in the simulations.
No. #1 #2 #3 #4 #5 #6
Mesh type Structured mesh Unstructured mesh
Mesh size (mm) 0.05 0.04 0.03 0.05 0.04 0.03
Number of elements 498,644 777,988 1,387,090 625,458 984,659 1,455,154
Times increment At (us) 2.0 x 1074 1.6 x 1074 12 x 1074 2.0 x 1074 1.6 x 1074 12 x 1074
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Fig. 10. The ECDF of ASBs’ length for different mesh types and densities (corresponding to Fig. 9).

Table 4
Number of ASBs calculated under different meshes (statistical values).
No. #1 #2 #3 #4 #5 #6
Total number of ASBs 65 64 70 63 64 68
Number of large ASBs (L > %Lmax) 12 11 13 12 13 14

4. Physical mechanism of ASBs’ evolution
4.1. Role of thermal softening and damage softening

The final ASBs, the corresponding Mises stress, and the temperature distribution of Ss304L for t; = 50 us are shown in Fig. 12(a)
and (b). The increase of temperature mainly occurs at the shear band, which is why it is called an “adiabatic” shear band. In
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temperature distribution (unit: °C), and (c) the Mises stress, thermal softening factor and damage softening factor of an element in the ASB versus
time.
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Fig. 13. The final ASBs of Ti6Al4V for t; = 50 s with a time increment of At = 2.0 x 10~* us. (a) Stress distribution (unit: MPa), (b) temperature
distribution (unit: °C), and (c) the Mises stress, thermal softening factor and damage softening factor of an element in the ASB versus time.

particular, the rate of deformation localization and heat generation is very fast. In such a short period of time, the heat is too late to
spread out, so the “adiabatic” effect is produced.

From the previous theoretical model, we know that the softening of materials is mainly caused by two mechanisms: thermal
softening and damage softening. To quantitatively evaluate the effect of these two softening mechanisms, we present the variations of
ot
shear band with time (Fig. 12(c)). Two phenomena are observed. (i) Thermal softening occurs prior to the damage softening. (ii)
More importantly, damage softening contributes much more to the collapse of thick-walled cylinders and the evolution of ASBs than
thermal softening. This indicates that thermal softening is not the dominant factor for the evolution of shear localization for the
Ss304L cylinder.

Similar results were obtained for the material of Ti6Al4V. Att; = 50 us, the final ASBs, stress and temperature distribution, as well
as the stress, damage softening, and thermal softening of Ti6Al4V as a function of time are shown in Fig. 13. Although the legend
shows a maximum temperature rise of 189.89 °C, the temperature rise in the main ASBs is about 90 °C. For Ti6Al4V, damage
softening also dominates the evolution of the shear band. The contribution of damage softening is much greater than the contribution
of thermal softening (Fig. 13(c)).

Besides, some differences were observed in the evolution of ASBs between Ti6Al4V and Ss304L. Under the same loading con-
ditions, the temperature rise in the ASB is higher. The contribution of thermal softening in Ti6Al4V is slightly higher than that of
Ss304L. Once the damage of Ti6Al4V starts to evolve, it quickly evolves to 1.0, and the temperature rise mainly occurs within this
short time. This is related to the material constitutive and damage evolution parameters (w, and g ) of Ti6Al4V, as discussed in detail
in Part L.

Although the proportion of thermal softening in the above two materials is small, it does not mean that thermal softening is not
important in the initiation and evolution of the ASBs. In fact, for both materials, the thermal softening factor is greater than the
damage softening factor in the early stages of ASBs initiation. In other words, thermal softening plays a dominant role in the early
evolution of the ASBs. Due to thermal softening, a large number of initial ASBs are induced and eventually evolved into self-organized
ASBs.

softening factor (1 — d)?), thermal softening factor (1 — ( )m), and the corresponding Mises stress of an element in the adiabatic

4.2. Loading rate effect

In the subsequent analysis, we study the effect of different loading rates on the formation of adiabatic shear bands by changing t;
and keeping impulse constant. The final phase-field distributions (corresponding to ASBs) at different loading rates (corresponding to
different impact duration t) are shown in Fig. 14. It can be found that the number and spacing of ASBs are sensitive to the loading
rate. The faster the loading rate is, the higher the corresponding strain rate is, and the denser the ASBs are generated to release
enough energy. It should be pointed out that the increase of the loading rate corresponds to the increase of peak pressure and strain
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Phase field

(a) loading rate = 2x10*s™ (b) loading rate =1.67x10*s™ (c) loading rate =1.43x10*s™!

Fig. 14. The distribution of the final ASBs under different loading rate 1/t;. (a) 2.00 x 10*s7!, (b) 1.67 x 10*s~! and (c) 1.43 x 10*s~!. The time
increments of the simulations here are set as At = 2.0 X 10™* ys.

rate. Therefore, the influence of the loading rate can also be considered as the influence of peak pressure and strain rate.

At the same time, we also note that the number of adiabatic shear bands does not increase significantly when the loading rate is
increased to a certain extent (Fig. 14a) and and Fig. 14(b), where the loading rate 1/t = 2 x 10*s™ and 1.67 x 10*s71). It is
consistent with Grady’s theory on the competition between kinetic energy and strain energy [46].

For different loading rates, we calculated the distribution of ECDF (Fig. 15). When the loading rate is high, the number of ASBs is
more (the number of points on each line in Fig. 15), and the spacing of the ASBs is smaller. In addition, at a higher loading rate
1/t > 1.67 x 10*s71), the ASBs’ distribution tends to be consistent with the length, that is, the proportion of ASBs in each length
interval is consistent. On the contrary, at a lower loading rate (1/t; = 1.43 x 10*s™1), the lengths of the ASBs are mainly distributed in
a shorter length interval. That is, most of the ASBs are shorter under this condition.

4.3. Defect effect

Defects play an essential role in the initiation and evolution of ASBs, especially large ones. Adiabatic shear bands are often
induced from defects. Therefore, we studied the effect of different defects on the formation of ASBs. Here, the formation of ASBs with
1, 2, 4 and 8 large defects is simulated. The location of the initial defects in each case is shown in Fig. 16(a). The size of each defect is
50 um X 50 um, which is achieved by deleting an element in the model. The time increments of all the simulations in this section are
set as At = 2.0 X 10~* ps. The other model parameters are the same as the previous ones.

The simulation results for different number of defects are shown in Fig. 16(b-e). The region of d>0.95 is removed to visualize the
dominant ASBs. The results show that defects can induce larger ASBs. The area near the shear band will be shielded, forming a
shielding zone without the shear bands. The area far from the defect is not affected. That is, in the case of large defects, defects will
dominate the initiation and evolution of ASBs, and the main shear bands are extended from the defects. When the number of large
defects is small, for example, 1 or 2 (as shown in Fig. 16(b) and (c)), there are still more ASBs with free initiation and propagation in
the region far from the defects. When the number of defects is large, such as 4 or 8 (as shown in Fig. 16(d) and (e), defects should also

1.0

0.8 4
0.6
23
[
Q
m
0.4 4
—=— loading rate=2.00-10 *s™!
024 —— loading rate=1.67-10 ™!
loading rate=1.43-10 ™!
0.0 T T T T T T T T

0 5 10 15 20 25 30 35 40 45
Length of ASBs (mm)

Fig. 15. The ECDF of ASBs length for different loading rate 1/t; (2.00 X 10*s71, 1.67 x 10*s7, and 1.43 x 10*s~!, corresponding to Fig. 14). The
number of points on each line in the figure is the corresponding. number of ASBs.
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(a) Defect position for each case Defect position

0 0 0 O

(b) One defect (c) Two defects (d) Four defects (e) Eight defects

Fig. 16. Distribution of ASBs simulated under different initial imperfections when t; = 60 us. (a) the defect position for each case, (b) simulated
results for one defect, (c) simulated results for two defects, (d) simulated results for four defects, and (e) simulated results for eight defects. The
region of d > 0.95 is removed to visualize the dominant ASBs.

be evenly distributed to shield larger areas), a more complex pattern of ASBs will be formed. The larger the number of large defects,
the smaller the number of free-germinating ASBs.

The results here are useful in practice. We can fabricate defects of appropriate location and size to induce the desired ASBs. For
example, in the aspect of penetration, the induced ASBs are very beneficial to the self-sharpening of penetrators.

5. Conclusions

In this paper, the complex dynamics of spontaneous adiabatic shear band evolution during the collapse of thick-walled cylinders is
studied by a thermo-elastic-plastic phase-field model. The self-organizing behavior of ASBs has been investigated in detail. The
distribution and spacing of ASBs are well described and quantitatively agreed with the theoretical formulas and experimental results.

It is found that the number and spacing of the ASBs are strongly correlated with the loading rate and material properties. A high
loading rate will result in more ASBs and smaller spacing among ASBs. The results also show that damage softening contributes much
more to the collapse of thick-walled cylinders and the propagation of ASBs than thermal softening for the given materials (Ss304L and
Ti6A14V). But thermal softening is very important in inducing the initial ASBs.

In addition, defects, especially large ones, play a dominant role in the initiation and evolution of ASBs, leading to complex
patterns of ASBs. Initial perturbation analysis and mesh sensitivity analysis show that small perturbations, mesh densities, and mesh
types do not affect the overall distribution of ASBs.
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