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Damage depth is an important dynamic parameter for describing the degree of material damage and is also a key
fundamental issue in the field of impact compression technology. The present work is dedicated to the damage depth of
shock-melted metal in microspall under triangular wave loading, and an improved model of damage depth considering
the material’s compressibility and relative movement is proposed. The damage depth obtained from the proposed model
is in good agreement with the laser-driven shock loading experiment. Compared with the previous model, the proposed
model can predict the damage depth of shock-melted metal in microspall more accurately. Furthermore, two-groups of
the smoothed particle hydrodynamics (SPH) simulations are carried out to investigate the effects of peak stress and decay
length of the incident triangular wave on the damage depth, respectively. As the decay length increases, the damage depth
increases linearly. As the peak stress increases, the damage depth increases nonlinearly, and the increase in damage depth
gradually slows down. The results of the SPH simulations adequately reproduce the results of the proposed model in terms
of the damage depth. Finally, it is found that the threshold stress criterion can reflect the macroscopic characteristics of

microspall of melted metal.

Keywords: damage depth, theoretical modeling, microspall, triangular wave

PACS: 62.20.M—, 62.50.Ef, 62.20.mm

1. Introduction

When a triangular wave propagating in the material re-
flects from the free surface, the interaction of the incident rar-
efaction wave with the reflected rarefaction wave generates
tensile stress that may internally damage the material, and this
damage can range from small voids or cracks to macroscopic
fractures and the ejection of one or several spall layers. ! If the
material is shocked above its melting pressure or melted on re-
lease from a lower shock pressure, tensile stress emerges in the
melted materials and the dynamic damage process is referred
to as “microspall”.!?l Microspall has attracted great attention
from scientists and engineers over the past decades because
it has been observed in inertial confinement fusion*-¢ and
laser-driven surface micromachining.[’~!

Experimental, theoretical and computational studies of
microspall have been carried out over the past decades. An-
driot et al.!”) studied the effect of melting on spallation us-
ing Doppler laser interferometry and x-ray densitometry. Sev-
eral features of microspall were reported, including a dra-
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matic decrease in free-surface reflectivity, continuous ejection
of material and a significant increase in the number of ejecta.
Rességuier ef al.l>!%! studied the microspall of tin using the
time-resolved velocity measurements and post-shock observa-
tions of recovered targets and fragments, and they found that
the velocity interferometer system for any reflector (VISAR)
signal disappeared when the material melts, which is consis-
tent with Andriot’s discovery. Kanel ez al.l'!l investigated the
spall strength of tin and lead, and they found that melting re-
duces the spall strength of lead and tin by at least an order
of magnitude. Chen et al.'* developed an improved Asay
window technique to study the microspall of tin. An analyt-
ical method is developed to convert the measured data into
the spatial volume density distribution, and the results are in
good agreement with those obtained from x-ray radiograph.
Theoretically, Kuksin e al.l'?! established a spall model for
liquids based on a void nucleation and growth approach. The
model was applied to the estimation of liquid spall strength,
and the result agrees well with experimental data. Xiang et

*Project supported by the National Natural Science Foundation of China (Grant Nos. U1530261 and 11572054) and the Science Challenge Project, China (Grant
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al.'"3 developed a model of microspall by coupling dynamic
ductile damage and melting. The model was added to the fi-
nite element code and simulated spall experiments, and the
simulation results are in good agreement with previous ex-
periments. Computationally, molecular dynamics (MD) is an
important theoretical tool for studying microspall. Luo et
al.""¥ investigated spallation in solid and liquid copper at high
strain rates. Shao et al.['>1%) studied the failure mechanism
and spall strength of single crystal aluminum under triangular
wave loadings. Xiang er al.l'”-'8! studied the effects of shock
intensity and loading rise time on the spall behavior of lead.
Wang et al.!'”) investigated the spall behaviors of melted lead
under various triangular waves. However, most of the existing
studies are focused on the mechanism of microspall damage,
and there are few studies on the damage depth of microspall.
Damage depth, the ratio of the damage mass per unit surface
area to the density at rest condition, is an important parameter
to describe the degree of damage. On the one hand, when a tri-
angular wave reflects from the free surface of the material, the
interaction of the incident rarefaction wave with the reflected
rarefaction wave generates tensile stress that internally dam-
ages the material, where the material changes from continu-
ous material to damaged material, and it is necessary to know
the mass of damaged material. On the other hand, the dam-
age depth is closely related to the physical processes such as
secondary shock and particle-gas mixing.?*-??! Shao et al.?3)
proposed an approximate description of damage depth under
triangular wave loading when the material’s compressibility is
considered. However, under strong triangular wave loading,
the effect of the relative movement is obvious and should also
be taken into account when performing theoretical modeling
of damage depth.

In order to study the damage depth of shock-melted metal
in microspall under triangular wave loading, an improved
model of damage depth of shock-melted metal is proposed,
taking into account not only the effect of the material’s com-
pressibility, but also the effect of the relative movement. Then,
the microspall is investigated in the laser-driven shock loading
experiment, and the proposed model is compared with the ex-
periment and the model considering only the effect of the ma-

(23] Finally, the effects of peak stress

terial’s compressibility.
and decay length of the incident triangular wave on the dam-
age depth are investigated by SPH simulations. Besides, the
applicability of the threshold stress criterion for melted metal
at high strain rates is analyzed in microspall.

This paper is organized as follows. In Section 2, an im-
proved model of damage depth of shock-melted metal in mi-
crospall is proposed. Then in Section 3, the proposed model
is validated by the laser-driven shock loading experiment. In

Section 4, the SPH simulations are carried out to investigate

the effects of peak stress and decay length of the incident tri-
angular wave on the damage depth. Finally, the conclusions
are drawn in Section 5.

2. Proposed model

Under strong triangular wave loading, the material has
already melted, and the effect of the material’s compressibil-
ity is obvious. On the other hand, the effect of the relative
movement is obvious in the time from the front of the incident
triangular wave reaching the free surface of the material to
the completion of last spallation. Therefore, using the thresh-
old stress criterion and rules of propagation of simple wave, a
model of damage depth of shock-melted metal in microspall is
proposed considering the material’s compressibility and rela-
tive movement.

When the incident triangular wave I of peak stress oy, and
decay length &, reflects from the free surface, the stress distri-
bution near the free surface can be obtained on the assumption
that the intensity of the reflected triangular wave R remains
constant, as shown in Fig. 1. The stresses of the incident trian-
gular wave [ and reflected triangular wave R inside the material
at a distance d from the free surface are [(h), —2d) / (hy)] Om
and —oy,, respectively, where the parameter d represents the
distance from the front of reflected triangular wave R to the
free surface. Therefore, the stress inside the material at a dis-
tance d for the free surface is (2d/h) ) 0. Based on the thresh-
old stress criterion, i.e., dynamic spallation occurs when the
tensile stress reaches spall strength o, after the first spalla-
tion, the thickness of spall layer d; is given by

o5 h
dy=—2. 1)
Om 2
o-I[l
I E
d 1
[ 1
hy P -
i - .
! "R
_o'm:/ ’

Fig. 1. Stress distribution near the free surface under triangular wave loading.
The symbol / represents the incident triangular wave, the symbol R represents
the reflected triangular wave, the quantities 6y, and ; denote the peak stress
and decay length of the incident triangular wave, respectively, and the quan-
tity d represents the distance from the front of reflected triangular wave R to
the free surface at the current moment.

For the remaining incident triangular wave inside the ma-
terial, the peak stress is oy — Os and the decay length is
hy —2d;. If the peak stress of the incident triangular wave is
high enough, the second spallation occurs, and the thickness of

the spall layer remains constant. After the last spallation, the
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number of spall layer n and the failure depth of the material /4
are

n = INT <Gm) , @)
O,

am
Om 2

3)

When the material is shocked above its melting pressure or
melted on release from a lower shock pressure, the spall
strength of melted material can be negligible compared with
the peak stress, and the failure depth of the material 44 can be
simplified as

hg = —=. “)

However, the failure depth A4 is independent of the material
mass. Figure 2 gives a schematic diagram for solving the dam-
age depth &g, which is defined as the ratio of the damage mass
per unit surface area to the density at the rest condition. The
main idea of solving the damage depth A is to know the fail-
ure depth hy after the last spallation, and to solve the damage
depth &g at the moment when the front of the incident trian-
gle wave reaches the free surface of the material, taking into
account the effects of material’s compressibility and relative
movement. Therefore, damage material, the substance to the
right of the blue dotted line at time #,, is the substance to the
right of the red dotted line at time #;. According to the propa-
gation laws of simple wave, the expression of the damage mass
mg and damage depth hg induced by the ideal triangular wave
in microspall can be derived as

1
ms = E(Pi‘i‘Pm) (ha +hi), )
po 2 Po

where the (1/2) (p; + pm) reflects the effect of material’s com-
pressibility, the &; reflects the effect of relative movement, and
hi, pm and p; are given by

— Um h

"~ 8¢+ 2um A
. co + Sum
~co+(s—1)um

pm va

2coUm

”i:{”<4co+um>[co+<s—1>um]}”°' @

According to Egs. (4), (6) and (7), if the material parame-

ters (po, ¢, §), the peak velocity up (or peak stress oy =
—po (co+ sum) uym ) and decay length i, of the incident trian-
gular wave are known, the damage depth of the melted mate-
rial g can be obtained under triangular wave loadings. The

material parameters of tin are presented in Table 1.

Table 1. Material parameters of tin.

Po o s y Go Yo
(g/em®)  (km/s) (GPa)  (GPa)
7.287 2.59 1.49 2.27 21.0 0.16
Y; max B G;;/ GO Gi[/ GO Tm()
(GPa) (GPa™") & (K)
0.30 130 0.1 0.088 0.0011 565

tl | | | pm(gnx)
[ |
Pi ! |
| |
.
|
[
hi h(l l
h | |
|
t 1 1]

Fig. 2. Schematic diagram for solving the damage depth. ¢, is the moment
when the incident triangular wave reaches the free surface, #, is the moment
when the last spallation ends, the blue dotted line is the position of matrix at
time 7, the red dotted line is the position of blue dotted line at time 7;, the
green dotted line is the beginning position of incident triangular wave and the
black dotted line is the end position of incident triangular wave at time #;. p;
is the density at the red dotted line at time #1, the quantities py, Om and iy,
denote the peak density, peak stress and decay length of the incident trian-
gular wave at time #1, respectively, hq is the failure depth, A; is the relative
movement between time #; and 7,.

3. Laser-driven experiment validation

After completing the theoretical model of the damage
depth, the laser-driven experiments of microspall are per-
formed. The damage depth obtained from the proposed model
is compared with the experimental result and also compared

with the model proposed by Shao ef al.!*’!

3.1. Experimental setup

The experiments are performed on the SGII-U laser facil-
ity. Figure 3 shows the experimental setup of microspall.[>*]
Two of eight driven laser beams work at 0.351 um wavelength
and with 3 ns duration, and focus onto the target at 45° an-
gle. The beams are smoothed by the continuous phase plates
(CPP), and the irradiated spots are quasi circular of about
2 mm diameter on the target.

The samples are tin foil with a thickness of 500 pm and a
roughness of 400 nm after surface polishing. Two experiments
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are performed on the tin sample with the same expected energy
of the driving laser. The shot 1 is the microspall experiment,
and the shot 2 adds a LiF window on the tin surface under the
same conditions, which is used to measure the interface ve-
locity history with photonic Doppler velocimetry (PDV) and
obtain the profile of the incident triangular wave in the sam-
ple. The actual energy measured by the energy meter in shot 1
and shot 2 are 1282 J and 1272 J, respectively.

Chu filter
Au micro-wire hi
-~ high energy x-ray
'— fragmentation radiography
picosecond beam A .
imaging plate
Au|microqwire
— ]
Tin step wedge

CH substrate

Fig. 3. The experimental setup of microspall.

3.2. Experimental results and analysis

Figure 4(a) shows the historical curve of the interface ve-
locity between the tin sample and LiF in shot 2 based on PDV

1.6
(a)
experiment
1.2F \ , )
\ — — SPH simulation
w
S~
E 0.8
)
0.4r
0
1 1 1
0 100 200 300 400
t (ns)
—40
(b)
_30 -
£
B —20F
b
—_10k
0
1 1 1
260 330 400 470 540
z (um)

Fig. 4. (a) The historical curves of the interface velocity between the tin sam-
ple and LiF in shot 2 based on PDV measurement and SPH simulation. (b)
Stress profile of the incident triangular wave from SPH simulation in shot 1
and shot 2.

measurement. Since the incident shock wave is a triangular
wave, the interface velocity continues to decay. The self-
developed 2D SPH code!?>%%! is used to determine the peak
stress and decay length of the incident triangular wave. There-
fore, the stress profile of the incident triangular wave in shot 1
and shot 2 can be determined, as shown in Fig. 4(b), where the
peak stress is —36 GPa and the decay length is 198 um. The
historical curve of the interface velocity in SPH simulation is
also shown in Fig. 4(a). Based on the initial maximum and
early decreasing slope of the interface velocity, which deter-
mine the peak stress and unloading rate of the incident trian-
gular wave, it can be seen that the SPH simulation is almost
consistent with the experimental result.

Table 2. The damage depth obtained from the microspall experiment and
models.

The model considering The proposed model considering

Microspall . . o
. only the material’s  both the material’s compressibility
experiment compressibility (3] and relative movement
(relative error) (relative error)
142.9 pm 125.9 pm (0.119) 137.7 pum (0.036)
g/cm? g/cm?

-

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

S N W ke O

120

90

60 -

matrix

Area density (mg/cm?)

200 400 600 800
@ (um)

Fig. 5. (a) Areal density and volume density of the x-ray radiography im-

age in shot 1. The red box is selected to count the volume density. (b) The

areal density distribution along the shock direction. The symbol A indicates

the position of matrix, and the symbol B indicates the start position of the

statistics.

1000

Figure 5(a) shows the areal density and volume density
of the x-ray radiography image in shot 1, which are inferred
from the step wedged. The central region along the impact di-
rection is selected to count the volume density, as shown in the
red box in the figure, and the width of the statistical region is
60 pm. Figure 5(b) shows the areal density distribution along
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the impact direction. At the position of matrix, the areal den-
sity is 104.1 mg/cm?, therefore, the damage depth A = m; / Do
can be obtained as 142.9 pm. Table 2 shows the damage depth
obtained from the microspall experiment, the model consid-
ering only the material’s compressibility[** and the proposed
model considering both the material’s compressibility and rel-
ative movement. Since the effect of the relative movement
is not considered, the damage depth of the model consider-
ing only the material’s compressibility>*! is 125.9 um with a
relative error of 0.119. Compared with the model consider-
ing only the material’s compressibility, >3] the damage depth
of the proposed model considering both the material’s com-
pressibility and relative movement increases to 137.7 pm with
a relative error of 0.036. It can be seen that the accuracy of
the proposed model is improved as the effect of the relative
movement is taken into account.

4. The effects of peak stress and decay length on
the damage depth

According to the proposed model, it can be seen that, in
addition to the material parameters, the peak stress and de-
cay length of the incident triangular wave determine the dam-
age depth. In this section, two-groups of SPH simulations are
carried out to investigate the effects of peak stress and decay
length on the damage depth, respectively, and the results of
the SPH simulation are compared with the proposed model. In
addition, the applicability of the threshold stress criterion for
melted metals at high strain rates is analyzed in microspall.

4.1. Model and method

The microspall simulations of tin are carried out using
a self-developed 2D SPH code.[>2% In the SPH method,
the material is discretized into a series of particles with
independent information. Due to its Lagrangian nature,
SPH has the advantage of simulating free-surface flows with
large deformations./?”! The pressure is modeled by the Mie—

Griineisen equation of state, [28] a5 follows:

1
p= <127n> PH T YPe, ¥
ain+an*+asn®, (n>0),
p— 9
P {a1n7 (TI<O)’ ( )

where the 1 = p/po — 1 is the compression ratio, ¥ is the
Griineisen constant, and the parameters a;, ap, and a3 are
given by

ay = pocgv

ar = poci[1+2(s—1)],

a3 = poc? 2(s—1)+2(s—1)2}. (10)

The Steinberg—Guinan constitutive model!! is used, and the
shear modulus strength G and yield strength Y are given as
follows:
G p G
G=Gy |1+ L~ ——L(T-300 11
o{+60n1,3 o >] (an
/ /

Y, Y.
_ pyn A A
Y = Yo (1 + Be?) [1+Y0nl/3 (T 300)],(12)

where the subscript “0” denotes the reference state (7' =
300K, p=0Pa, e=0 s_l), €’ is equivalent plastic strain,
B and n are working hardening parameters, and T is the tem-
perature.

The melting temperature is modeled using the Linder-
mann’s melting law(>°]

v\ 23
T = To (V) €Xp [2‘,}2 (VmO _Vm):| ) (13)

m0

where Tpyo and Vo are melting temperature and specific vol-
ume at reference state (p =0Pa, € =0 s7h.

The threshold stress criterion is adopted, i.e., the tin spalls
when the stress within the material is larger than ¢ > Oy, =
1.2 GPa. After tin melts, its spall strength is set to 0.1 GPa.!!!]
The material parameters of tin are presented in Table 1.

—60
(a) — 500 um
— 400 pm 3
—45+ *
—— 300 um
200 pm
~ —30f ’ £
¥ —— 100 Y
& pm >
~ 0
b —15}F |
0 -
15 " 1 " 1 " 1 " 1 "
—120 40 200 360 520 680
@ (pm)
—80
(b)  —— —70 GPa
—— —60 GP
—60} &
—— —50 GPa
—40 GPa
< —40f
oy — —30 GPa
&)
5 —20f
ol I
300 um
r
1 1 1 1

20
100 200 300 400 500 600
2 (um)
Fig. 6. The profiles of the incident triangular wave in SPH simulations: (a)

different decay lengths at a peak stress of —50 GPa; (b) different peak stresses
at a decay length of 300 um.
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In the simulation, the width of the sample is 100 pm, the
initial inter-particle distance is 0.25 pum, and the smoothing
length is 0.375 um. Different triangular waves can be obtained
by changing the length of sample, the length of flyer and the
velocity of flyer. In the following discussion, the time is set to
0 ns when the front of the incident triangular wave reaches the
free surface of sample. Two-groups of SPH simulations are
conducted to investigate the effects of peak stress and decay
length on the damage depth, respectively, and the profiles of
the incident triangular waves are shown in Fig. 6. Figure 6(a)
shows the profiles of the incident triangular waves when the
peak stress is —50 GPa and the decay length is ranged from
100 pum to 500 pum, Figure 6(b) shows the profiles of the inci-
dent triangular waves when the decay length is 300 pm and the
peak stress is ranged from —30 GPa to —70 GPa. The above
peak stresses indicate that the tin has melted under the given
loading conditions. 3!

4.2. SPH simulation results and analysis

Figure 7 gives the result of microspall at 300 ns when
the peak stress is —50 GPa and the decay length is 300 pm.
The black dotted line indicates the position of the matrix,
so the material to the right of the black dotted line is the
damage material in microspall, and the damage mass mg and
damage depth i = (mg)/((1-1y) - po) can be obtained, where
Iy = 100 pm is the width of the sample.

600

spalled
450 . not spalled

300

y (um)

150
0

—150 — .

0 350 700
x (pm)

Fig. 7. Microspall at 300 ns in SPH simulations when the peak stress is

—50 GPa, and the decay length is 300 um. The black dotted line indicates

the position of the matrix.

1050 1400

Figure 8 shows the results of the damage depth of the SPH
simulations and the proposed model. As shown in Fig. 8(a),
with the increase of decay length £, the damage depth A in-
creases linearly, and the results of the SPH simulations agree
well with those of the model with a maximum error of 0.029.
As shown in Fig. 8(b), with the increase of peak stress oy, the
damage depth kg increases nonlinearly, the increase in damage
depth gradually slows down with an increase in peak stress oy,
and the results of the SPH simulations agree well with those
of the model with a maximum error of 0.033.

In contrast to the free-surface velocity associated with
the first spallation, the damage depth is related to the spal-
lation inside the material. Since the threshold stress criterion
is adopted in the current SPH simulations, and the damage

depths obtained from the SPH simulation are in good agree-
ment with the results of the proposed model, it can be judged
that the threshold stress criterion can satisfy the requirements
of microspall of melted metal.

500
(a)
L V¥ SPH simulations
100k — proposed model
~ 300F
g
=
&
200
100
0 " 1 " 1 " 1 " 1 "
0 120 240 360 480 600
hy (um)
256
(b) V¥ SPH simulations
I — proposed model
242 -
—~ 228
g v
=2
< v
214
v
200 -
186 " 1 " 1 " 1 " 1 " 1

—20 —30 —40 —50 —60 —70 —80
om (GPa)

Fig. 8. The damage depth vs. (a) decay length /; and (b) peak stress Op,.

5. Conclusion

In this paper, an improved model of damage depth of
shock-melted metal in microspall under triangular wave load-
ing is proposed considering the material’s compressibility and
relative movement. Then, the microspall is investigated in the
laser-driven shock loading experiment, and the damage depth
obtained from the proposed model is compared with the ex-
perimental result. Finally, two-groups of SPH simulations are
performed to investigate the effects of peak stress and decay
length of the incident triangular wave on the damage depth.
The details are as follows:

(D) Using the threshold stress criterion and rules of prop-
agation of simple wave, a model of damage depth of shock-
melted metal considering both the material’s compressibility
and relative movement is proposed. When the physical param-
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eters of the material, peak velocity (or peak stress) and decay
length of the triangular wave are known, the damage depth of
the melted metal can be obtained under triangular wave load-
ing. The proposed model is validated by the laser-driven ex-
periment. Compared with the previous model, the proposed
model can predict the damage depth of shock-melted metal in
microspall more accurately.

(IT) As the decay length increases, the damage depth in-
creases linearly. As the peak stress increases, the damage
depth increases nonlinearly, and the increase in damage depth
gradually slows down. The results of the SPH simulation agree
well with those of the proposed model.

(IIT) Combining the damage depth results of the SPH sim-
ulations and the proposed model, it is found that the threshold
stress criterion can reflect the macroscopic characteristics of
microspall of melted metal.
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