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With considering the scattering effect of grain boundary and the grain orientation, the molecular dynamics is used
for the first time to comparatively investigate microjetting generated by monocrystalline tin surface and polycrystalline
tin surface under plane impact loading in this work. The research results show that when the impact velocity is low, the
scattering effect of grain boundary and different grain orientations in a polycrystalline tin will cause the sample to melt
inhomogeneously, leading the shock wave front to attenuate, meanwhile, the inhomogeneous melting can result in jet
deviating. Comparing with monocrystalline tin, the jet head velocity, jet velocity coefficient, and jet mass coefficient of
polycrystalline tin at low impact velocity are all low. Moreover, as the impact velocity increases, this influence decreases
and the microjetting results of polycrystalline tin and monocrystalline tin tend to be consistent with each other.

Keywords: molecular dynamics, shock wave, microjetting, monocrystalline tin, polycrystalline tin

PACS: 47.11.Mn, 47.40.Nm, 31.15.xv, 34.20.Cf

1. Introduction

When the compression shock wave is reflected from the
free surface of a material, the surface of the material can be
broken due to the complex interaction between the shock wave
and surface defects.!!! The microscopic jet can be ejected from
the surface, forming micron-sized particle fragments, which
is called the microjetting.!?! The microjetting occurs in front
of the free surface of the impacted material, and it has been
studied by the investigators of impact compression circle for
decades. The microjetting can not only interfere with the diag-
nostics used to characterize the dynamics of materials (such as
measuring the free surface velocity of materials), but also be-
come a source of inhibiting applications such as in inertial con-
finement fusion.?! Particularly, the microscopic jet produced
by impacting metal materials is a substance that melts at a high
speed and the research on this substance has broad application
prospects in weapon design and equipment defense. There-
fore, as an extremely important subject of current engineering
application research, the investigation of microjetting has vital
practical significance.

Previous experiments and theories focused mainly on the
jet mass, the jet head velocity, the jet morphology, the molten
state of the ejected substance, and other important factors. 471
The Los Alamos Laboratory used high-speed photography
to find the differences between the jet volume and distribu-
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tion of the microjetting material under the loading of unsup-
ported shock waves and those under the loading of supported
shock waves, and also measured the pressure ranges where
the jet mass coefficient increased rapidly under the two load-
ing methods. 3191 de Rességuier et al. studied the microjetting
characteristics of tin, aluminum, copper, and gold under laser
shock loading and their results showed that the jet head ve-
locity under laser shock loading is about 2—4 times the free

(1] Chu et al. adopted the high-energy x-ray

surface velocity.
imaging technology to diagnose the microwire experiment of
tin metal loaded by laser shock, and obtained the original im-
age of the dynamic fragmentation of tin, and corrected its area
density, bulk density and mass-velocity distribution.['? Inves-
tigating the explosion and impact of tin with surface rough-
ness of 10 in—250 in (1 in=2.54 cm), Vogan et al. discovered
that the jet mass changes significantly with the groove mor-
phology and cannot be estimated by the defect mass alone. 3]
Holtkamp et al. found that the surface fracture is caused by
the continuous growth and connection of a large number of
micro-holes after melting through adopting the proton photog-
raphy to study the material morphology of the microjetting. !4
Although lots of research results have been obtained in ex-
periment, the experimental results can only give images at a
few specific moments, rather than the picture of the entire pro-
cess. So, experiments are difficult to quantify the influences

of these factors, which makes the effective information very
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limited. Therefore, it is essential to use the numerical simula-
tion. At present, the hydrodynamics simulation and molecu-
lar dynamics (MD) simulation are predominant.[%”! Roland ez
al. used the smoothed particle hydrodynamics (SPH) to study
the size distribution of fragments in copper samples loaded by
laser shock, and at the same time quantified the effect of dis-
tance between particles and smooth length on the results. ]
Dyachkov et al. compared the results of the SPH simulation
with the experimental results, showing that the size of the sur-
face defects has a greater influence on the jet head velocity. 6]
Soulard et al. investigated the surface failure characteristics of
metallic copper under triangular wave loading by MD simu-
lation, mainly analyzing the surface characteristics of impact
melting and unloading melting, and calculated the curves re-
quired for thermodynamic analysis such as shock Hugoniot
line and shock melting line.l'”) Their results indicated that
unloading melting make the material strength very small and
negligible. Durand and Soulard discovered that the micro-
jetting is stretched and decomposed to form particles of var-
ious sizes through MD simulation method.!"® They also sim-
ulated the static and dynamic fragmentation of the metallic
tin liquid film formed in the later stage of the microjetting,
which demonstrates that a thin layer of liquid metal produces
more pores and smaller aggregates than a thick layer of liquid
metal.[19] Combining the above brief review, we can see that
the numerical simulation plays an indispensable role in study-
ing the microjetting.

In summary, it is not difficult to find that both exper-
imental investigations and numerical simulations have done
quite sufficient and in-depth work on the microjetting research.
Unfortunately, due to an ultra-fast process of the substance
ejected from the defect under impact loading, it is hard to cap-
ture more available information through the current diagnos-
tic methods experimentally. On the other hand, experimen-
tal design is difficult and easily interfered by many factors,
which leads to difference in the accuracy of the results and a
lack of systematic cognition and understanding of the micro-
jetting. These barriers bring certain difficulties and challenges
to the explaining of the related mechanism of the microjetting.
With the further improvement of performance of computers,
thereby greatly promoting the position of computational sim-
ulation in scientific research, the numerical simulation meth-
ods are urgently needed in the research of microjetting field.
However, metal samples used in previous microjetting stud-
ies of numerical simulations are almost all monocrystalline,
while most metals existing in nature are polycrystalline, and
metal samples used in the experiments are almost all poly-
crystalline. The results of the numerical simulations should be
regressed to the experiments and cannot be separated from the
experimental results. Therefore, it is necessary to explore the
microjetting phenomenon of impact loading monocrystalline

metal and impact loading polycrystalline metal via numerical
simulations.

Compared with monocrystalline metals, polycrystalline
metals have complex grain orientations and a large number
of grain boundaries among grains. In the early days, Meyers
found that different grain orientations cause shock waves’ ve-
locities to be anisotropic, resulting in the increase of the width
of the shock wave front.[*’l Subsequently, Barber established
a theoretical model to estimate the widths of the shock wave

1211 Kadau et al.'*2! com-

front of different metal materials.
pared the MD simulation results of impact loading monocrys-
talline iron with those of impact loading polycrystalline iron
and revealed that the polycrystalline structure forms nuclei
faster at the grain boundary than the monocrystalline structure.
They claimed that the speed of the shock wave is affected by
effects such as changes in grain orientation and grain bound-
ary scattering, and that the width of the shock wave front in-
creases with time, but the final shock Hugoniot function of
monocrystalline and polycrystalline is convergent with the in-
crease of particle speed.*”] Obviously, previous research re-
sults indicate that polycrystalline with the complex grain ori-
entation and grain boundary scattering has a significant effect
on the shock wave propagation process. However, shock wave
is a key prerequisite factor for microjetting, with the numer-
ical simulation methods applied to shock wave research, cor-
responding microjetting mechanisms need to be revealed on
an atomic scale. In particular, the mechanism of the micro-
jetting phenomenon of polycrystalline material with defects
under impact loading needs to be further clarified. Therefore,
this paper adopts the mainstream MD simulation method and
selects tin commonly used in experiment to conduct a compar-
ative study of the microjetting phenomenon of polycrystalline
tin and that of monocrystalline tin under impact loading for the
first time. In this paper, while considering the complex grain
orientation and grain boundary scattering effects, the results
of the jet head velocity, jet morphology, jet mass coefficient
of monocrystalline tin and polycrystalline tin under the same
impact loading are analyzed and discussed. This work will
provide corresponding reference and new perspective for un-
derstanding the microjetting phenomenon and illustrating mi-
crojetting mechanism.

2. MD simulation
2.1. Theoretical background

The calculation principle of MD is to first construct a par-
ticle system with a large number of molecules or atoms. The
motion law of atom and motion law of molecule in the system
follow the Newton’s second law of motion, namely,

F(t) =ma; (1), (D
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where force F' can be derived from the position r by the po-
tential energy E, and the velocity v and the position r can be
obtained by the first and second integral of the acceleration a
with respect to time ¢ as follows:

ences among the experimental results due to surface tension
and other reasons, which requires further analysis.

In this paper, the MD simulations are performed with
a large-scale atomic/molecular massively parallel simulator
(LAMMPS). 8] In the polycrystalline model, it is necessary

Oyi JE
mi% =F=- R (2)  to build a sufficiently large model due to the existence of crys-
(3 rt
9, tal grains, while the expansion of the model system in MD in-
PA = v(1). () creases the amount of calculation exponentially. The EAM po-

The MD calculation is to solve the Newtonian equation of mo-
tion through the interaction potential, atomic coordinates and

23241 The initial structure is first constructed, that

time step.!
is, the initial coordinates of each atom in the entire system are
arranged, and the force of each atom is determined by the in-
teraction potential. According to the formula, the acceleration
of each atom can be derived. The initial coordinates, initial ve-
locity and acceleration of the atom at time zero are obtained by
assigning the initial velocity of each atom at a certain temper-
ature. By setting the time step At, the position and velocity of
each atom can be obtained after time Az. Through the contin-
uous cycle of the above process, after reaching the target time
t, all atomic positions and velocities in each interval of Az can
be obtained.?32] Moreover, the information about the basic
properties of the material, the positions of dislocation, phase
transformation, twin crystal, efc. can be obtained through sta-
tistical mechanics and structural analysis methods.!?®! There-
fore, compared with other simulation methods, MD simula-
tion can provide some unique advantages. For example, it
can directly simulate the formation, evolution and fragmen-
tation process of microjetting based on the interaction poten-
tial between atoms, without inputting other physical models
or parameters such as surface tension or viscosity. Owing
to the unique ability of MD simulation to directly simulate
dynamic fragments, which greatly meets the experimental re-

[25.27] This is also

search needs for precise physical cognition.
the primary reason for choosing MD simulation in this article.
What needs to be pointed out is that special attention should

be paid when comparing MD results with experimental data,

tential function in the calculation efficiency and the pertinence
of tin properties is significantly higher than the MEAM and
2NN MEAM potential function considering the influence of

e.[29-311 Therefore, the MD simulation study of

the bond angl
the monocrystalline tin and polycrystalline tin with sinusoidal
defects loaded on the plate is used by EAM potential function
developed by Sapozhnikov.[3?! This potential function is often
used in the study of microjetting phenomena due to its close
relationship with the experiment and the impact fusion line. In
fact, EAM is originally proposed by Daw and Baskes. 33! The
basic idea of EAM is that each atom in the system is assumed
to be embedded in the electron cloud background generated by
all other neighboring atoms. The interaction potential function
between atoms is divided mainly into two parts: the first part
is the interaction between atoms, and the second part is the
embedding energy of the atom embedded in the electron cloud
background. The EAM potential function is often used in nu-
merical simulations related to various metal materials, and its

expression is as follows:

E = %Zm(rij)_ZF(Pi)> “
i#] i
where the first term on the right-hand side of the above formula
is the interaction energy of the interaction between atoms, and
the second term is the embedding energy of atoms embedded
in the background electron cloud. The embedding energy can
be expressed as a functional of charge density, and the relevant
parameters in the two EMA potentials of tin are all listed in Ta-
ble 1. This article will not repeat them here in detail, readers

because the small size of the sample in MD may cause differ-  may refer to the relevant literature.33!
Table 1. Parameters of two EAM potentials for tin interaction potential.
E©M) V) A n z Fmnax (A) Fin (A) p©
Set 1 1.8475 1.401 0.724 7.618 5.599 1.0 6
Set 2 1.8475 1.401 0.724 7618 5.599 1.0 6
E a D n u
Set 1 0.30625 3.314 2.41
Set 2 0.32190 3.072 0.145 2.72 -1.87

Since the studying object of this article is tin material, it
is necessary to give a briefing of itin material. At present, the
experimental research of microjetting focuses mainly on iron,
aluminum, copper, lead, tin, etc. The low melting point char-

acteristics of tin, lead, and other metals have become the first
option for microjetting study. The metal studied in this pa-
per is tin, which is a very widely used material in experiment.
Tin is an interesting metal because it has a stable room tem-
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perature solid phase (Bphase) of body-centered tetragon (BCT).
When tin is impacted, it will form a denser BCT phase. If
the impact is strong enough, it can also go directly into the
liquid phase. When Psg > 19.5 GPa, the gamma phase will
unload and melt. When 33 GPa > Psg > 19.5 GPa, it will be
in the solid-liquid coexisting phase under unloading. The high
strain rate of shock loading is likely to result in the unloading
and melting of the metal, in order to more easily and more in
depth explore the factors that affect the results of the microjet-
ting, monocrystalline tin and polycrystalline tin are obviously
a reliable option.

2.2. Model description

The initial structure of the monocrystalline tin and poly-
crystalline tin models are shown in Fig. 1. For the conve-
nience of description, we denote “I” as monocrystalline tin
sample composed of 1 crystal grain, and “II” and “III” as poly-
crystalline tin samples composed of 36 crystal grains and 144
crystal grains, respectively. Hereafter we will directly use I,
II, and III to represent the three tin samples unless otherwise
stated. There is a sinusoidal defect at the right end of the
model where the amplitude is ip = 7 nm (the distance from
the top of the defect to the valley bottom is 2y = 14 nm), and
the wavelength A = 50 nm. The model structure is the BCC
crystal structure, in which the lattice constant is 3.7 A. The
x, y, and z axes are along the [100], [010], and [001] crys-
tal directions, respectively. The sizes in three-dimensional di-
rections are Ly = 389.5 nm, L, = 50.0 nm, and L; = 5.3 nm
for each of monocrystalline tin and polycrystalline tin. Since
the size of monocrystalline tin model and polycrystalline tin
model are the same, they both contain about 4 million atoms.
In order to obtain stable structure at room temperature, the ini-
tial structure of monocrystalline tin and polycrystalline tin are
first heated in the system to 300 K for a period of relaxation,
and then cooled it to 10 K for a period of relaxation. The pro-
cess is carried out under zero pressure in constant temperature
isobaric ensemble under three-dimensional periodic boundary
condition. The calculated time step is 1 fs and the impact load-
ing of the plate is obtained by the piston method, where a 3-nm
unforced block is fixed as a rigid piston, and an initial velocity
in the x direction is used.

shock —> ‘ ”‘ » bl

e
lgg}%* i st

: ;x.o!.

Fig. 1. Initial model of monocrystalline tin and polycrystalline tin. where
“I” represents monocrystalline tin composed of 1 crystal grain, “II” and “III”
denote polycrystalline tins composed of 36 crystal grains and 144 crystal
grains, respectively.

3. Results and discussion

3.1. Comparison of jet head velocity between monocrys-

talline tin and polycrystalline tin

Solid lines, triangles and circles of Fig. 2(a) represent
I, II, and III, respectively, showing the evolution of the jet
head velocity with time under four different impact veloci-
ties. Figure 2(b) shows the changes of jet head velocity of
three tin samples with pressure of near free surface. Accord-
ing to Fig. 2(a), it is not difficult to find that the changing
trends of the jet head velocity of three tin samples are con-
When the
shock wave reaches the bottom of the defect, the jet head ve-

sistent under different impact loading intensities.

locities of three tin samples increase significantly. However,
it can be found that the jet head velocity presents a plateau
at about 8 ps, when impact strength is 0.6 km/s. This is be-
cause when the impact velocity is low, the jet head velocity
increases relatively slowly. As shown in Fig. 2(a), the time for
the jet head velocity of monocrystalline tin and polycrystalline
tin to reach their peaks is almost the same under the same im-
pact strength. When impact strength is 0.6 km/s, 0.9 km/s,
1.2 km/s, and 1.5 km/s, the corresponding time to reach peak
of jet head velocity is 7.5 ps, 8.5 ps, 9.0 ps, 12.5 ps, respec-
tively. What should be pointed out is that different impact
pressures need different times to reach the peak of the jet head
velocity, whether it is monocrystalline tin or polycrystalline
tin. This result also indicates that the time for the jet head
velocity to reach the peak decreases with the increase of im-
pact intensity, and when the jet head velocity reaches the peak,
there appears the attenuation to a certain extent. varying de-
grees of attenuation. Specifically, when the impact strength is
0.6 km/s, 0.9 km/s, 1.2 km/s, and 1.5 km/s, the correspond-
ing attenuation is 0.39, 0.30, 0.16, and 0.15, respectively. It
can be clearly seen that when impact strength is 1.2 km/s
and 1.5 km/s, the drop range of jet head velocity is relatively
limited. However, when the impact strength is 0.6 km/s and
0.9 km/s, the jet head velocity drops significantly, which is
due to the surface tension effect. In fact, previous studies
also claim that surface tension on a nanometer scale can sig-
nificantly reduce the jet head velocity under the low impact
strength.!1%341 In addition, Wu ez al. further explained that the
partial kinetic energy is converted into surface energy in the
jetting process, but partial kinetic energy is converted into sur-
face energy which accounts for a small fraction under the high
impact strength. Especially under the low impact strength, sur-
face energy can hinder the jetting.!’>! Therefore, this effect
that cannot be neglected results in a significant decrease of the
jet head velocity. Figure 2(b) shows the relation between jet
head velocity and near free surface pressure. Here, we make
a comparison of microjetting between monocrystalline tin and
polycrystalline tin under plane impact loading. When the im-
pact pressure is low, the jet head velocity of monocrystalline
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tin is higher than polycrystalline tin’s, but after the impact
strength increases, the two jet head velocities are almost the
same as the impact pressure increases.

6
(a)
—~
Ei
2 AL | PO A AN AASANAAILS
>
e
s,
2 L
52 :
o) Rt f L A JAVAVAYAYA
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Fig. 2. (a) Evolutions of jet head velocity with time under four different
impact velocities and (b) variations of jet head velocity with pressure near
free surface, for I (solid line), II (triangle), III (circles).

In order to discuss the above phenomena, we use the
method of analyzing the shock wave profile, particle tracking
and crystal structure. The above MD simulation studies have
shown that the jet head velocity depends mainly on the instan-
taneous impact pressure close to the defect surface. Even if
the impact shape varies greatly due to the difference in load-
ing method, the resulting jet head velocities will be consis-
tent as long as the impact pressures reaching at the defect are
the same. 33391 Therefore, it needs to take only two different
impact pressures to compare the impact pressure profiles ap-
proaching to the near free surface. As shown in Fig. 3(a), it can
be clearly seen that the shock wave of shock loading polycrys-
talline tin begins to attenuate at 350 nm, and the shock wave
pressure of shock loading monocrystalline tin near the free sur-
face is significantly stronger than that of polycrystalline tin.
The previous MD researches indicate that the shock wave at-
tenuation phenomenon is mainly due to the anisotropy of the
grains in the polycrystalline and the grain boundary scattering,
but this effect will gradually decrease as the impact strength

increases. Later, deduced from the experimental results of

coarse-grained materials is also a consistent understanding. 137!

Owing to the attenuation of the front-end shock wave, the jet

head velocity is related only to the shock wave intensity close
to the defect surface. In Fig. 3(b), the shock wave pressure
of the shock loading polycrystalline tin is almost consistent
with that of the shock loading monocrystalline tin, and there
is no obvious attenuation in the two pressures. It is not diffi-
cult to explain why the jet head velocity of polycrystalline tin
is lower than that of monocrystalline tin at low impact veloc-
ity. With the increase of impact velocity, the velocities of the
shock waves near the free surface are similar, so that the jet
head velocity of monocrystalline tin is consistent with that of
polycrystalline tin.

a
20k (a)
15}
]
[a W}
o
5 10}
7 —1
8 — I
5-
& — I
o} o

300 315 330 345 360 375
Position (nm)

35
(b)

30F
251
201

151
—I
10 —T1I
—III
5 - L
0 L 1 1 1 1 1
300 315 330 345 360 375
Position (nm)

Pressure (GPa)

Fig. 3. Impact pressure profile under impact velocities of (a) 0.6 km/s and
(b) 0.9 km/s for I, 11, and III.

3.2. Comparison of jet morphology between monocrys-
talline tin and polycrystalline tin

Figure 4(a) shows the atomic diagram of initial structure
of monocrystalline tin and polycrystalline tin composed of
36 grains at 70 ps, which is obtained by the particle tracking
method. Since the jet head velocity of the polycrystalline tin
composed of 36 grains and that of polycrystalline tin com-
posed of 144 grains are the same when the shock velocity
is 0.6 km/s, we need to pay attention only to the difference
between the microjetting results of monocrystalline tin and
polycrystalline tin composed of 36 grains. For the conve-
nience of description, the polycrystalline tin mentioned later
in this section is composed of 36 grains. Figures 4(c) and 4(d)
are the source positions of the jet in Figs. 4(a) and 4(b) in
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the initial structure, respectively. Figures 4(a) and 4(c) show
the atomic diagram of initial structure of monocrystalline tin,
and figures 4(b) and 4(d) display the atomic diagram of initial
structure of polycrystalline tin. The color division of Fig. 4(a)
is to take 10 nm downward from the top of the jet as the red
part, the range below the red part and above the free surface as
the green part, and the range below the green part and above
the block part is taken as the blue part. The red part and the
green part are above the free surface, and their sum is regarded
as the jet mass. It can be seen from Fig. 4(a) that the jet formed
by the defect part is stratified, and the red part closest to the
defect is ejected first, followed by the green part, and finally
the blue part. But it should be noted that the atoms of red part
and green part are close mainly to the defect, while the atoms
of blue part are more on both sides. This is because the atoms
on both sides are close to the surface, which distribution is
similar to the scenario of the free surface. The aforementioned
results about plane impact loading monocrystalline tin and
polycrystalline tin are almost the same. As shown in Figs. 4(c)
and 4(d), the injection source part of the polycrystalline tin is
not so uniformly symmetrical as that of the monocrystalline tin
along the central axis of the defect, and the number of its blue
atoms formed on both sides of polycrystalline tin is obviously
more than that of the monocrystalline tin. In addition, under
an impact loading of 0.6 km/s, we also find that not only the jet
velocity of polycrystalline tin is lower than that of monocrys-
talline tin, but also the jet formed by polycrystalline tin is not
symmetrical along the central axis. In fact, when the shock
wave reaches the bottom of the defect, it will have a complex
interaction with the grain boundaries. Hence, we infer that the
existence of different grain boundaries and grain orientations

is one of important reasons for the phenomenon. Li et al’s

(a) ' (b)

(c) (d)

Fig. 4. Comparison of jet and jet source between monocrystalline tin and
polycrystalline tin, with the same color representing the same atom, and
white dotted line denoting the position of polycrystalline grain boundary:
(a) jet of monocrystalline tin at 70 ps and impact velocity 0.6 km/s; (b) jet
of polycrystalline tin at 70 ps and impact velocity 0.6 km/s; (c) jet source
position of monocrystalline tin at O ps and impact velocity 0.6 km/s; (d) jet
source position of polycrystalline tin at O ps and impact velocity of 0.6 km/s.

study deems that the atoms near the defect absorb energy to
eject along the symmetrical direction of the central axis after
the shock wave reaches the defect.[?®! Therefore, obviously,
the atoms on the left side of the center axis in Fig. 4(d) absorb
more energy, and the jet is ejected along the right side of the
center axis, which is the main reason for the jet deflection.

In order to further explore the influence of the crystal
structure on the jet, we specially compare the jets at impact
velocities of 0.45 km/s, 0.6 km/s, 0.9 km/s, 1.2 km/s, 1.5 km/s
and analyze the crystal structure by ACNA analysis method,
and the results are shown in Fig. 5. The results show that the
jet of monocrystalline tin is always on the central axis, while
the jet head of polycrystalline tin deviates from the central axis
when the impact velocity is 0.45 km/s and 0.6 km/s. For poly-
crystalline tin, the deviation scale corresponding to the impact
velocity of 0.6 km/s is less than that of 0.45 km/s as indicated
in Figs. 5(b) and 5(d). Figures 5(f)-5(h), show that when the
impact velocity is 0.9 km/s, only the middle part deviates from
the central axis, the front end of the jet is still on the central
axis. But when the impact velocity is 1.2 km/s and 1.5 km/s,
jets are on the central axis. According to Fig. 5 obtained by
crystal structural analysis, it can be seen that the deviated di-
rection of the jet is close to the parts with more main crystal
structure. This is because the melting area is beneficial to the
jetting process, and this non-uniform melting causes the jet to
be deflected. The atoms in the molten parts possess liquid flu-
idity, so they are easier to break through the strength of the ma-
terial and eject. For the polycrystalline tin under the impact ve-
locity of 0.9 km/s, the ACNA analysis'3®! shows that the crys-
tal melting degree increases as the impact pressure increases,
and the surface that melts first is the main part that forms the
front of the jet. When the impact velocity is 0.9 km/s, the
main part of the polycrystalline tin still has a crystal structure,
which results in the front end of the jet still on the central axis
and the middle end deviates from the central axis. Therefore,
we can draw a conclusion that comparing with the middle end
of the jet, the pressure required for the front end of the jet to
be symmetrical with respect to the central axis is small on a
nanometer scale. Moreover, the jet produced by the polycrys-
talline tin at the impact velocity of 1.2 km/s and that at the
impact velocity of 1.5 km/s have almost no deflection, which
further indicates that the jet deviation is caused mainly by the
non-uniform melting of the loaded sample with the different
grain orientations and grain boundaries. As a result, once the
surface is melted completely, the jet will no longer deviate.
When the shock wave velocity increases, the jet is easier to
eject symmetrically along the central axis. The comparative
results of microjetting generated by monocrystalline tin and
polycrystalline tin under plane impact loading show that the
non-uniform melting of the sample also has a significant effect
on the jet direction. Furthermore, we suspect that the compli-
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cated scattering effect of grain boundaries and the different
grain orientations are physical mechanism that is responsible
for this phenomenon.

solid phase

Fig. 5. Jets of monocrystalline tin and polycrystalline tin at different impact
velocities, obtained from ACNA analysis, with black dotted line referring
to symmetrical auxiliary line: (a) jet of monocrystalline tin at 100 ps and
impacted velocity 0.45 km/s; (b) jet of polycrystalline tin at 100 ps and
impacted velocity 0.45 km/s; (c) jet of monocrystalline tin at 70 ps and im-
pacted velocity 0.6 km/s; (d) jet of polycrystalline tin at 70 ps and impacted
velocity 0.6 km/s; (e) jet of monocrystalline tin at 50 ps and impacted ve-
locity 0.9 km/s; (f) jet of polycrystalline tin at 50 ps and impacted velocity
of 0.9 km/s; (g) jet of polycrystalline tin at 42 ps and impacted velocity
1.2 km/s; (h) jet of polycrystalline tin at 39 ps and impacted velocity of
1.5 km/s.
3.3. Comparison of jet mass coefficient and jet velocity
coefficient between monocrystalline tin and polycrys-

talline tin

Figure 6 shows the calculated curves of the jet velocity
coefficient versus impact velocity, and curves of jet mass coef-
ficient versus impact velocity of monocrystalline tin and poly-
crystalline tin. The jet mass of many materials was deemed
to be exactly equal to the mass of the prefabricated defects in
the initial structure according to a lot of experiments, so the
jet mass coefficient has been widely used in the microjetting
experiment research. %1039 The jet mass coefficient is defined
as the ratio of jet mass to defect mass, namely,
M;
fm = Maer’ ©)
where M; is the jet mass of the part beyond the free surface,
and Mger is the defect mass in the initial configuration. The

jet velocity coefficient is defined as the ratio of the jet head

velocity to the free surface velocity, namely, %!
umax
Ry=—1—, (6)
Uss
where u7** is the jet head velocity, and ug; is the free surface
velocity.

1.6
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U, (km/s)
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0.6 0.8 1.2 1.5
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Fig. 6. (a) Curves of jet velocity coefficient versus impact velocity and (b)
curves of jet mass coefficient versus impact velocity for I, II, and III.

As shown in Fig. 6(a), the jet velocity coefficient of
monocrystalline tin at low impact velocity is significantly
larger than that of polycrystalline tin (whether it is composed
of 36 grains or 144 grains). It is mainly due to the influence of
the grain orientations and grain boundary scattering of poly-
crystalline tin at low impact velocity on the jet head velocity,
which results in a decrease in the jet velocity coefficient of
the polycrystalline tin at low impact velocity. As shown in
Fig. 6(b), it is not difficult to find that the jet mass coefficient
increases and tends to be stable with the increase of the im-
pact velocity. The jet mass coefficient of monocrystalline tin
is significantly larger than that of polycrystalline tin under the
impact velocity of 0.45 km/s, but with the increase of the im-
pact velocity, the gap of the jet mass coefficient gradually nar-
rows. When the impact velocity is beyond 0.9 km/s, the value
of the jet mass coefficient begins to tend to be the same. Ac-
cording to formula (5), whether monocrystalline tin or poly-
crystalline tin, as long as the mass of the prefabricated defects
of the monocrystalline tin is the same as that of the polycrys-
talline tin, finally their jet mass coefficients will trend to be
the same with the increase of impact velocity, specifically, the
two values will be close to 1. This is because the influence
of grain orientation and grain boundary scattering effect can
be ignored under high-intensity impact, and almost all of the
prefabricated defects can be ejected. The above results also
illustrate from the side that the influence of grain boundary
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scattering effect and grain orientations at low impact cannot
be ignored.

4. Conclusions

This paper mainly uses the MD simulation method of
the EAM interaction potential to study the microjetting phe-
nomenon in the monocrystalline tin and polycrystalline tin un-
der the plane impact loading, with initial sinusoidal defects of
tin sample taken into consideration. The features of micro-
jetting in monocrystalline tin and polycrystalline under plane
impact loading are investigated from aspects of jet head ve-
locity, jet morphology, jet mass coefficient, and jet velocity
coefficient. Comparing with monocrystalline tin, defects such
as the grain orientation and grain boundaries of the polycrys-
talline tin under low velocity more easily cause the polycrys-
talline surface to melt non-uniformly and the shock wave front
to attenuate. The non-uniform melting leads the jet to devi-
ate, but the surface of polycrystalline tin melts completely and
the jet no longer deviates when the impact velocity reaches
1.2 km/s. The jet head velocity, jet velocity coefficient and jet
mass coefficient of polycrystalline tin at low impact velocity
are all lower than those of monocrystalline tin, but these results
of the two samples are almost the same when the impact veloc-
ity is greater than or equal to 0.9 km/s. The research results in
this article can provide some help to explain the microjetting
mechanism of polycrystalline tin, and provide corresponding
guidance for the research and development of weapon engi-
neering. The present research in this article is relatively sim-
ple, and surely there exist certain shortcomings. In the fu-
ture, we will focus on particle fragmentation, gas—solid—-liquid
coupling, efc. in the microjetting process, thereby presenting
more effective information for the research of microjetting.
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