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This study investigates the effect of shock velocity (up) on damage evolution mechanisms in nanocrystalline iron via
molecular dynamics simulations. As u;, increases, shock wave propagation accelerates, and stress distribution transitions
from grain boundary concentration to homogeneity. This causes a transition in fracture mode from cleavage to ductile
behavior. When u;, exceeds 1.5 km-s~!, micro-spallation emerges as the dominant failure mode. During micro-spallation,
localized melting within the material impedes the propagation of the shock wave. As u;, increases, the growth rate of
the void volume fraction initially rises but then decreases. Higher u;, leads to earlier void nucleation. At lower up, the
cavitation of the model is mainly characterized by the growth and penetration of a few voids. With increasing up, the
number of voids grows, and their interactions expand the delamination damage region. The spall strength demonstrates
stage-specific dependence on up. In the classical spallation stage (C_I), temperature softening reduces spall strength. In the
plastic strengthening regime (C_II), strain hardening enhances spall strength. In the micro-spallation stage (M_III), further
increases in up cause melting during tensile and compressive phases, reducing spall strength. Finally, in the compression-
melting regime (M_1V), local temperatures exceed the melting point, diminishing plastic damage and accelerating spall

strength reduction. This study provides new insights into the dynamic response of nanocrystalline iron.
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1. Introduction

Iron, one of the most abundant metals on the Earth, has
long been recognized as a crucial structural material due to
its exceptional mechanical properties, such as high strength,
hardness, and toughness.!!'=3] These attributes have led to its
widespread application across various engineering disciplines,
including construction, machinery, and aerospace. However,
with the continuous advancement of science and technology,
iron-based materials are increasingly subjected to more de-
manding operating conditions that require them to endure ex-
treme factors, including elevated temperatures, high pressures,
and high strain rates.[*®! Furthermore, since these materi-
als inevitably experience impact loading during service, their
performance is significantly compromised under such condi-
tions, making them susceptible to damage mechanisms such as
phase transitions, spallation, and complex fragmentation. [’-10]
Therefore, it is crucial to conduct in-depth studies on the
damage evolution and dynamic response mechanisms of iron-
based materials under impact loading to better understand and
mitigate these risks.

Spallation induced by shock waves propagating in two
opposite directions is one of the most common forms of dy-
namic material damage under shock loading. The spalling
process is often accompanied by phenomena such as shock-
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induced phase transitions, shock plasticity, and dynamic frag-
mentation. With the development of various dynamic high-
pressure loading methods and measurement techniques, schol-
ars have experimentally observed these phenomena under
shock loading conditions. 1141 Tn 1956, Bancroft ef al. con-
ducted dynamite impact experiments that revealed iron un-
dergoes a phase transition at 13-GPa impact strength, which
marked the beginning of phase transition studies under im-
pact loading.!'>) Furthermore, Shockey et al. found that
the spall behavior of steel subjected to high-velocity im-
pacts is influenced by phase transition.l'®! Later, Yaakobi
et al. confirmed the transformation of ¢-Fe to &-Fe under
shock loading conditions using x-ray absorption fine struc-
ture spectroscopy (XRAFS) and femtosecond laser loading
techniques (FELT), both of which are advanced techniques
for examining atomic-level structural changes under high-
pressure environments.!!718] Additionally, Wang et al. sum-
marized possible phase transition mechanisms for the trans-
formation of body-centered cubic (BCC) to hexagonal close-
packed (HCP) in iron by measuring the lattice constants at dif-
ferent pressures.!!”]

Experimental methods face intrinsic challenges in study-
ing microscopic structural evolution, stemming from scale

5 [20-23

limitation ' With the advancement of computer technol-
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ogy, molecular dynamics has emerged as a powerful cross-
scale simulation technique, widely employed in the study of
deformation and damage mechanisms in iron-based materials.
In 2002, Kadau et al. were the first to observe the structural
transition from BCC to HCP in iron under shock compres-
sion using classical molecular dynamics simulations.!'3! Sub-
sequently, Gunkelmann ef al. enhanced the interatomic poten-
tial for iron, which enabled a more accurate representation of
its phase transition and plastic behavior. Their study demon-
strated that the shock wave structure evolves with increas-
ing shock intensity, transitioning from elastic—plastic behav-
ior to an elastic—plastic-phase transition, outlining the plas-
tic deformation mechanism, including the formation of dis-
location loops, their interaction with grain boundaries, and
the subsequent creation of spiro-dislocations.>*?>! Addition-
ally, Wang et al. developed a new modified analytical embed-
ded atom model (MAEAM) potential. Their work indicated
that nanocrystalline iron undergoes two distinct modes of
phase transition coupling under impact loading and proposed
two phase transition mechanisms: stress-assisted and strain-
induced phase transition mechanisms.!?%”1 Moreover, molec-
ular dynamics simulations have revealed phenomena such as
deformation twinning and hole nucleation during phase transi-
tions, which correspond with experimental observations. 28]

Phase transitions and plasticity under impact loading tend
to nucleate near defects, prompting researchers to investigate
the influence of initial internal structures and surface/interface
defects of iron-based materials on microstructural evolution.
Sheng et al. investigated the effect of vacancy concentration
on plasticity and phase transition processes in single-crystal
iron. They found the vacancy and vacancy-induced dislo-
cation loops promoted the nucleation and growth of phase
transitions. 3! Furthermore, Huang et al. analyzed the shock
response behavior of single-crystal iron containing edge-type
dislocations and observed a shift in the active dislocation slip
mechanism from {110}(111) to {112}(111).5*! Zhang et al.
investigated the effects of grain boundaries on two mecha-
nisms of phase deformation nucleation, revealing that asym-
metric grain boundaries are more susceptible to migration un-

32331 Wu et al. investigated the impact

der impact loading.!
orientation effect of single-crystal iron containing cylindrical
holes and found that dislocation rings appeared near the holes
when impacted along the [110] and [111] grain directions,
while no dislocations were observed when impacted along
the [001] grain direction.’*! Additionally, Li et al. found that
both stress-assisted and strain-induced phase transition mech-
anisms occurred during hole collapse.!*>! Concurrent studies
have demonstrated that the presence of holes significantly re-
duces the pressure threshold for phase transition, thereby fa-
cilitating the generation of new phases and promoting their

formation. [3¢!

Significant progress has been made in the field of impact
response of iron-based materials. However, most current stud-
ies primarily focus on elucidating the phase transformations
and plasticity mechanisms of iron under spall damage condi-
tions, with most investigations concentrating on single-crystal
iron. Further investigations are required to fully understand
the spall damage behavior of nanocrystalline iron under dy-
namic impact loading conditions. This study investigates the
dynamic impact response of nanocrystalline iron over a wide
range of impact velocities (#p) using nonequilibrium molec-
ular dynamics simulations (NEMD). The emphasis is on the
effect of impact velocity (up) on spall damage evolution and
spall strength. The structure of the paper is as follows: Sec-
tion 2 details the methodologies used in atomic modeling, sim-
ulations, and analysis; Section 3 presents the results and dis-
cussion; and Section 4 concludes the study.

2. Methodologies

The open-source software, large-scale atomic/molecular
parallel simulator (LAMMPS), was employed for the simu-
lations in this study.®’! The interactions between iron atoms
are modeled using the modified version of the Ackland poten-
tial, which has been demonstrated to accurately describe phase
transitions and twinning mechanisms in iron crystal.3%3]
This potential has played a key role in advancing research,
particularly in the understanding of high-pressure phase tran-
sition mechanisms and the governing principles of phase

deformation. [24-29-40-41]

Shock loading direction
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) !

]
650
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Fig. 1. Atomic computational model of nanocrystalline iron after equi-
libration: (a) model I, (b) model II, and (c) model III.

The initial atomistic systems have dimensions of 15 nm
(X), 65 nm (Y), and 15 nm (Z). For comparative purposes, the
Voronoi method was employed to partition the computational
domain into 10, 20, and 30 Tyson polygonal grains. Subse-
quently, three isotropic polycrystalline iron models were gen-
erated by introducing randomly oriented BCC units into each
grain, as illustrated in Fig. 1. Furthermore, a rigid piston, with
a length of 20 A, is placed at the left extremity of all mod-
els to generate impact loading. Seven simulations were con-
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ducted, with velocities of u, = 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, and
3.0 km-s~!, respectively.

The kinetic evolution of all the samples consisted of three
stages: relaxation and shock and unloading, with a time step
of 1 fs for each phase. In the relaxation stage, the energy min-
imization was initially accomplished through the implemen-
tation of the conjugate gradient (CG) method. Subsequently,
the model underwent a reduction from 700 K to 10 K at 0 bar
(1 bar = 10° Pa) via high-temperature annealing under the nor-
mal systematic synthesis (NVT) condition. This process was
undertaken to eliminate the effects of noise and to establish a
stable initial system. The impact stage is executed under the
micro-regular system category (NVE). The X and Z bound-
aries are periodic, and the boundary along the loading orien-
tation (Y) is kept free. The velocity of the “piston” is con-
trolled to generate shock waves with different velocities in the
y-direction, thereby realizing the shock loading. The loading
duration is 10 ps. During the unloading stage, the piston ve-
locity was terminated, and the model’s damage and destruction
behavior was monitored for a process of 20 ps.

The simulation results are visualized using the software
OVITO.!*?I' Additionally, faceted element analysis is em-
ployed to examine the kinetic and thermodynamic properties
of the model. This process involves slicing the model along
the y-axis into smaller blocks and averaging physical quan-
tities, such as atomic density, stress, and temperature, within
each block. This systematic approach facilitates the investi-

gation of the model’s dynamic behavior and thermodynamic

3. Results and discussion
3.1. Free surface velocity histories and damage process

Spallation is a characteristic form of damage that occurs
under conditions of impact loading. The evolution of the free
surface velocity (FSV) is a key indicator of the spall dam-
age behavior. Temporal profiles of the FSV for each of the
three models, under varying impact velocities (i), are shown
in Figs. 2(a)-2(c). A direct correlation exists between the
impact velocities of the piston and the time required for the
shock wave to propagate to the free surface. As the impact
velocity (up) increases, the time for the shock wave to reach
the free surface decreases, the peak FSV increases, and the
model reaches the Hugoniot elastic limit more rapidly. This
trend can be attributed to the higher impact energy resulting
from increased piston velocities. Notably, when the impact
velocity (up) increases to 0.75 km-s—!, the FSV exhibits a no-
ticeable rebound after reaching its peak. This rebound occurs
because as the impact velocity of the piston rises, the rate of
fracture surface formation also increases. Consequently, the
reflected waves from the free surface are more likely to in-
duce compressive waves at the fracture surface. In the case
of u, = 3.0 km-s~1, the magnitude of the FSV rebound di-
minishes, which is attributed to localized melting within the
model, hindering shock wave propagation. Importantly, the
trend in FSV variation with impact velocities remains consis-
tent across all three models, suggesting that grain size has a
negligible effect on the evolution of spall damage in nanocrys-
talline iron. This observation aligns with findings from spall

properties. damage studies on other metallic materials. 43!
— 0.5 km-s~} —0.5 km-s~Y —0.5 kms~l _
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Fig. 2. Temporal profiles of free surface velocity at different shock velocities (up). (a) model I, (b) model I, (c) model III.

To investigate the damage process of the three models
at different impact velocities, snapshots of the model evolu-
tion were extracted at time intervals of 10 ps, 15 ps, 20 ps,

creases, the compressive stress in the model increases grad-
ually following the impact compression phase. During the

relaxation and stretching phases, with impact velocities rang-

25 ps, and 30 ps. Atomic stress in the ¥-direction (pressure.yy) ing from 0.5 km-s~! to 1.0 km-s~!, the tensile stress distribu-

was used to color the atoms, where tensile stress is indicated . . . . .
. . . tion exhibits a noticeable concentration along the grain bound-
by positive values and compressive stress by negative values. i hich ) ) |

This approach enabled the visualization of stress distribution aries, which becomes more pronounced at lower impact veloc-

throughout the spallation evolution. ities. However, when the impact velocity exceeds 1.5 km-s~',

Based on the stress distributions presented in Figs. 3—  the tensile stress shifts from a concentration along the grain

5, it can be observed that as the impact velocity (#,) in-  boundaries to a more uniform and random distribution.
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Fig. 3. Snapshots of shock-induced evolution of model I: (a) u, = 0.5 km-s ™', (b) up = 0.75 km- s1, (¢) up = 1 km-s™!, (d) up = 1.5 km-s~",
(&) up=2km:s™, (D up =2.5kms!, (g) up =3 km-s~.
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Fig. 4. Snapshots of shock-induced evolution of model II: (a) u, = 0.5 km-s~!, (b) up = 0.75 km- s~ 1, (¢) up = L km-s~1, (d) up = 1.5 km-s~!,
@) up=2km-s~!, () up =2.5km-s~!, (g) up =3 km- s 1.

Pressure_y, (GPa)

Fig. 5. Snapshots of shock-induced evolution of model I1I: (a) up, = 0.5 km-s~!, (b) up = 0.75 km- s71 () up =1 km-s~!, (d) up=1.5 km-s~!,
() up=2km-s™!, (D up =2.5kms!, (g) up =3 km- s~ .
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At lower impact velocities (), spall fracture in polycrys-
tals predominantly occurs along crystal boundaries. This phe-
nomenon arises from the concentration of tensile stresses at
grain boundaries during the relaxation and tensile phases of
the impact event. This is because, at lower impact velocities
(up), the models have not yet formed spall surfaces, leading
As the im-
pact velocity (up) exceeds 1.5 km-s~!, the fracture mode of

to a rebound phenomenon at the free surface.

nanocrystalline iron transitions from along-crystal fracture to
irregular fracture. Moreover, with further increases in impact
velocity (up), melted crystals are observed to detach from the
matrix during the spall process, as shown in panels (e) and
(f) of Figs. 3-5. Additionally, A significant roughening of the
free surface of the model is also observed. This change can
be attributed to particle ejection triggered by the high-speed
impact. Similar phenomena have been reported in studies of
other metallic materials, indicating that metals may undergo

micro-spall damage under high-velocity impact.[#4!

3.2. Characteristics of cavitation under different shock ve-
locities

The spallation mechanism is fundamentally governed by
cavitation dynamics, which evolves through three distinct
stages: (i) heterogeneous void nucleation, (ii) strain-rate de-
pendent growth, and (iii) stress-driven coalescence. To estab-
lish the functional relationship between impact velocity (up)
and void volume fraction, the constructed surface mesh (CSM)

algorithm was employed, which incorporates the Voronoi tes-
sellation for spatial discretization. A Gaussian-type probe with
radius r, = 1.2a (~ 3.4 A) enabled time-resolved characteri-
zation performed at Ar = 1 ps intervals, ensuring temporal res-
olution below the nucleation incubation period.

Figure 6 presents the statistical results of the void volume
fraction for models with varying grain sizes at each time step.
The results indicate that the variation trends of the void volume
fraction are similar for models I-III at various impact veloci-
ties (up), suggesting that grain size has minimal influence on
void growth behavior. However, all models demonstrate that
the timing of hole nucleation is progressively advanced, and
the growth rate of the void volume fraction accelerates with
increasing u, values. This indicates that the evolution of mod-
eled micropores is highly sensitive to the impact velocity (up).
Furthermore, In the case of up, = 0.5 km-s~!-1 km-s™!, the
void volume fraction displays a constant growth rate, exhibit-
ing a discontinuous change. In contrast, under impact loading
ranging from 1.5 km-s~! to 3 km-s~!, the growth rate of the
void volume fraction initially increases and subsequently de-
creases. This suggests that the model experiences a distinct
phase of void nucleation and growth during micro-spallation.
Notably, the time interval for void nucleation is significantly
reduced as the impact velocity () increases. For instance, in
model I, the time for void nucleation to occur is approximately
14 ps—16 ps at an impact velocity (up) of 3 km-s~!, whereas it
is approximately 18 ps—21 ps at 1.5 km-s~!.

Time (ps)
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.g —1kms! —1.5kms"! S 7} —1kms ! —1.5kms! 2 —1kms™! —~1.5km-s!

S 0.5[ 2 kms! T 0.5 —2lms 25 ks> G 050 2 kms!

H g.4p3 kms™! & .4} 3 kms! E 0.4F 3 kms!

() [0} ’ Q

g 0.3f g 0.3 g 0.3

3 E ES

o 0.2r S 0.2 S 0.2

> > >

= 0.1 g 01 5 0.1

o

oo B o SOt
14 16 18 20 22 24 26 28 30 14 16 18 20 22 24 26 28 30 14 16 18 20 22 24 26 28 30

Time (ps)

Time (ps)

Fig. 6. Temporal profiles of void volume fraction at different impact velocities (u): (a) model I, (b) model II, (c) model IIL
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Fig. 7. Temporal profiles of the number density of voids at different impact velocities (up): (a) model I, (b) model II, (c) model III.

To investigate the interactions among voids during spal-
lation and their evolutionary mechanisms, figure 7 illustrates
the evolution of void number density in the three models un-
der various shock loading conditions. As depicted in Fig. 7,

the growth rate of the void number density during the nu-

cleation stage increases with the impact velocity (u,), while
the nucleation time decreases as the impact velocity (up) in-
creases, which is consistent with prior study.*®! Moreover,
the peak value of the void number density exhibits a signifi-

cant increase with increasing impact velocity (i), suggesting
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that higher impact velocities (u,) facilitate the nucleation of  its peak value. However, when the impact velocity (up) ex-
a greater number of voids. Notably, when the impact veloc-  ceeds 1.5 km-s~!, the void number density initially undergoes
ity (up) ranges from 0.5 km-s~! to 1 km-s~!, the void num-  a sharp decline and subsequently transitions into a phase of
ber density does not exhibit a sharp decline after reaching  gradual reduction.
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Fig. 8. Snapshots of shock-induced evolution of voids configurations for model II: (a) u, = 0.5 km-s~!, (b) up =0.75 km-s~!, (c) up =1 km-s~!,
(dup=15kms™!, () up =2km-s™!, (D up =2.5kms™!, (g) up =3 kms!.
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Fig. 9. Position-time diagrams of mass density in the model II: (a) u, = 0.5 km-s™!, (b) up = 0.75 km's™%, (¢) up = 1 km-s™L, (d) up =
15kms™!, () up =2kms™!, (f) up = 2.5 km-s™, () up =3 kms™!.
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To further elucidate this phenomenon, figure 8 illustrates
the evolutionary configurations of voids under different impact
velocities (u,) in model II. The results indicate that, at an im-
pact velocity (up) of 1 km-s~!, the model exhibits a limited
number of void nucleation points, and spallation evolution is
predominantly characterized by the growth and coalescence of
a few voids. As the impact velocity (up) increases, the num-
ber of void nucleation points rises significantly, and the inter-
actions among the voids become more intense, leading to a
competitive interaction mechanism. Consequently, at higher
impact velocity (up), the cavitation behavior of the model pro-
ceeds through the aggregation and penetration of some voids
while other voids disappear.

As shown in Fig. 9, position—time diagrams of mass den-
sity for model II at different impact velocities (up) are pre-
sented, highlighting the spatial and temporal evolution char-
acteristics of voids in each case. The results demonstrate that
the formation of voids leads to a significant decrease in the
density of the spall regions (denoted as blue area). With in-
creasing impact velocity (up), both the number and volume
fraction of microvoids gradually increase, causing the spall re-
gions to evolve from multiple discrete spall planes into a sin-
gle, larger spall plane. This phenomenon suggests that higher
impact velocities (up) significantly enlarge the range of spall
damage in the model. Notably, the location of the spall dam-
age region remains constant, given that the nucleation points
of the voids are uniformly distributed in the central part of the
model. Therefore, the increase in impact velocity (up) exerts
a pronounced influence on both the extent of the spall damage
region and the severity of damage.

3.3. Spall strength

To evaluate the spall strength, the critical tensile stress at
the onset of the spallation surface was calculated. Figure 10
illustrates the variations in spall strength for the three mod-
els at different impact velocities (u,). The results demonstrate
that the variation in spall strength can be classified into four
distinct stages with increasing impact velocity (u,). Notably,
an impact velocity of 1.5 km-s~! serves as the critical thresh-
old distinguishing these stages. Stages I and II represent the
classical spallation regime, while stages III and IV indicate the
micro-spallation regime.

During the classical spallation stage, the spall strength of
the model first decreases and then increases, which is consis-
tent with the trends in spall strength variations observed in var-
ious alloys through both experimental investigations and nu-
merical simulations.*>*! During the micro-spallation stage,
the spall strength of the model continues to decrease, with a
markedly accelerated rate of decline when the impact velocity
(up) exceeds 2.5 km-s~!.

From the spall strength trends discussed earlier, the three
models exhibit consistent variations in their spall strength.
Combined with the analysis of damage evolution in the three
models, the grain size effect on the models is negligible within
this study’s scope. As previous research shows a close cor-
relation between microstructural evolution and spall strength
changes,3>#!l this paper presents the microstructural evolu-
tion of Model II at different impact velocities (u), as shown
in Fig. 11. It is apparent that the BCC crystal structure of
nanocrystalline iron transitions into the face-centered cubic
(FCC) structure, HCP structure, and other structural config-
urations under impact loading conditions. Furthermore, as
the impact velocity (up) increases, the phase transition time
of nanocrystalline iron is significantly reduced, and the phase
transition rate is markedly enhanced, indicating a clear four-
stage progression.

Stage I: As the impact velocity (up) was incrementally in-
creased from 0.5 km-s~! to 1 km-s~!, the phase transition ratio
of the crystals remained relatively low and predominantly oc-
curred during the tensile stage. This indicates a transformation
from the BCC structure to the FCC structure and other struc-
tural configurations under tensile loading conditions. During
the relaxation and stretching phases, the other structural con-
figurations gradually reverted to the BCC structure, indicating
that the spallation process in nanocrystalline iron is predomi-
nantly governed by elastic deformation.

Stage II: The number of phase transitions in the crystals
during the compression stage increased significantly as the im-
pact velocity (up) was progressively raised from 1 km-s~! to
1.5 km-s~!. Throughout the 1015-ps phase transformation
process, the FCC and HCP structures reverted to the BCC
structure, whereas the other structural configurations contin-
ued to evolve, thereby indicating that the microstructural evo-
Iution of nanocrystalline iron is irreversible.

Stage III: As the impact velocity (up) was progressively
increased from 1.5 km-s~! to 2.5 km-s~!, the rate of trans-
formation from the BCC structure to other structural config-
urations during the compression stage significantly increased.
Concurrently, the proportion of crystal phase transitions from
BCC to FCC and HCP during the compression stage gradu-
ally decreased, suggesting a substantial increase in the degree
of irreversible damage to nanocrystalline iron under impact
loading conditions.

Stage IV: At an impact velocity (up) of 3 km-s~!, the BCC
structure was almost entirely transformed into other struc-
tural configurations during the compression phase, with no
detectable structural recovery. This suggests that irreversible
damage occurred in nanocrystalline iron during the compres-
sion phase at this impact velocity (), leading to a significant
reduction in its spall strength.
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In summary, as the impact velocity (up) increased, the  be described by the following equation:
damage characteristics of the model transitioned from the ten- 0637
sile stage to the compressive stage and evolved from reversible T, = 1846 (1 + > . (1)
damage to irreversible damage. 53.882

) .The damage behavior of nar?ogltams under impact .load This equation was derived by Zhang et al. in their study of
ing is generally governed by the intricate thermodynamic re- . . .
L ) nanocrystalline iron melting, where they applied the Ackland
sponse processes that occur within the material. To compre- . . . , T
. . . . potential and fitted the model using Simon’s equation. The
hensively explore the spallation mechanism of nanocrystalline . . . .
. L .. . resulting equation shows improved agreement with the find-
iron at varying impact velocities (u), this study compares the

. . . . ings of other researchers.[48-301
thermodynamic evolution paths of model II under diverse im- &
pact velocity loading conditions with the melting curves of
. . . 4r .. e Model 1
nanocrystalline iron. However, the modified Ackland potential = : . Model II
by Gunkelmann et al. exhibits limitations in addressing melt- ?3 13r ---+-- Model 111
ing phenomena, potentially leading to insufficient accuracy : 12} 111
in the calculated temperature values presented in Fig. 12.13] g 11k el ~
=] S .
Consequently, this study concentrates on analyzing the cor- g 10
. . . . n i
relation between specimen temperature variation trends and —
. - . . ® -
spall damage evolution, aiming to elucidate the mechanisms = 9 5
underlying the variation of spall strength with impact velocity. 8r . . . . .
The thermodynamic evolution path is described by the 05 1.0 15 20 25 30
. 1
maximum temperature and the corresponding pressure at each Impact velosity (km-s™)
time step, while the melting curve of nanocrystalline iron can Fig. 10. Variation of spall strength with impact velocity (up).
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The thermodynamic pathways of nanocrystalline iron at
different stages are presented in Fig. 12. It is evident that
during stages I and II, the temperature increase in the model
predominantly occurs during the stretching phase. In stage I,
as the impact velocity (up) increases from 0.5 km-s~! to
0.75 km-s~!, the rate of temperature rise during the stretch-
ing phase accelerates, and the final temperature becomes sig-
nificantly higher. This indicates a more pronounced tempera-
ture softening effect in nanocrystalline iron, leading to a more
rapid reduction in spall strength during this stage. Notably,
as the impact velocity (up) transitions into stage II, the tem-
perature increase during the stretching phase slows down, and
the final temperature deviates further from the model’s melting
curve. This observation, combined with the structural evolu-
tion shown in Fig. 11(b), suggests that a portion of the im-
pact energy contributes to the model’s plastic deformation,
thereby reducing the energy available for temperature rise.
Consequently, the rate of temperature increase gradually di-
minishes. This is further supported by the observation that the
temperature increase at up = 1.5 km-s~! is lower than that at
u, =1 km-s—!.

In the case of up, = 1.5 km-s~!, although the higher im-
pact velocity generates more energy and raises the model’s
temperature to a higher level, the melting point of nanocrys-
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talline iron increases due to the strain-rate hardening effect.
As a result, the model’s temperature did not surpass the melt-
ing curve of nanocrystalline iron. Thus, the spallation evolu-
tion in stage II is predominantly characterized by plastic de-
formation, which explains the observed rebound in the spall
strength of nanocrystalline iron. When the impact velocity in-
creases from 1.5 km-s~! to 2.0 km-s~!, the model’s tempera-
ture surpasses the melting curve during the stretching phase.
This suggests that the early stage of the spalling process is
predominantly governed by plastic damage, while the later
stage involves melting-induced damage. This transition is the
main factor contributing to the observed reduction in spalla-
tion strength. As the impact velocity (up) further increases to
2.5 km-s—! and beyond, the model exhibits a temperature rise
that surpasses the melting curve during both compression and
tension. This demonstrates that the melting-induced damage
leads to the complete breakdown of the crystal structure dur-
ing the compression stage, resulting in a significant reduction
in spall strength. Moreover, when the impact velocity (u;,) ex-
ceeds 1.5 km-s~!, the temperature rise becomes significantly
more dispersed. This is primarily attributed to the expansion
of the damage range within the model and the discontinuous
variations in temperature and pressure conditions under high-
speed impact.
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Fig. 12. Local temperature—pressure evolution of model II: (a) up, = 0.5 km- s7L, (b) up = 0.75 km-s~!, (c) up =1 km- s7L, (@d) up = 1.5 km-s!,
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3.4. Discussion

This study systematically analyze the mechanisms gov-
erning the evolutionary behavior of nanocrystalline iron under
impact loading and elucidate the transition of the spall dam-
age mechanism at different impact velocities (u,), as shown
in Fig. 13. In Fig. 13, the vertical axis denotes the evolu-
tion time of the model, while the red dashed line marks the
cessation of impact compression. The onset of spallation is
represented by the black dashed line, corresponding to the ini-
tiation of void nucleation. The results indicate that the onset
of spallation is significantly accelerated with increasing im-
pact velocity (up). Moreover, the horizontal axis represents
the variation in impact velocity (up). With increasing impact
velocity (up), melting-induced damage gradually becomes ev-
ident during the evolution of the model, leading to a transition
in the spallation mechanism from classical spallation to micro-

spallation.
’g‘ c1 c.i M_III M_IV
]
gL Plastic
& + o0
| melting é
\U _______ =
= ! = |
&
£a}
___________________ —~
~
L Elastic+plastic E
o
3

Classical spallation Micro-spallation

Fig. 13. Spall damage mechanism of nanocrystalline iron at different
impact velocities (up).

Prior research has established that the spall damage mech-
anism is dictated by the interaction between strain-rate harden-
ing and thermally-induced softening during the classical spal-
lation process. Within the C_I interval, at relatively low im-
pact velocities (up), spall damage is primarily characterized by
elastic deformation. During this phase, the thermally-induced
softening effect, which is driven by the energy generated from
impact loading, predominates over the strain-rate hardening
effect. As the impact velocity (up) increases, the rate of tem-
perature rise accelerates, leading to a significant reduction in
spall strength. Upon further increasing the impact velocity
(up) and transitioning into the C_II interval, the energy im-
parted by impact loading is predominantly dissipated through
the plastic deformation of nanocrystals. Consequently, this
results in a slower rate of temperature rise during the tensile
phase of the model. In this stage, the strain hardening effect
gradually outweighs the thermally-induced softening effect,
thereby promoting a gradual enhancement in spall strength.

The intervals of impact velocity (u,) associated with
micro-spallation in the model are subdivided into two dis-
tinct regions. When the impact velocity (u,) increases and
enters the M_III interval, the model undergoes pronounced
plastic deformation during the compression phase. During
the tensile phase, as the model’s temperature approaches the
melting point, it demonstrates both plastic deformation and
melting behavior. At this stage, the damage mechanism of
nanocrystalline iron begins to manifest the features of micro-
spallation. The onset of melting is a key factor responsible
for the progressive weakening of the model during spalla-
tion. Upon reaching the M_IV interval, the local temperature
within the model exceeds the melting point during the com-
pression phase. At this stage, the proportion of plastic damage
in nanocrystalline iron significantly diminishes, and the dam-
age process is primarily dominated by crystal melting, leading
to spall damage. This transition results in an accelerated rate
of spallation strength degradation.

4. Conclusions

Based on molecular dynamics simulations, the spall dam-
age patterns in nanocrystalline iron at various impact veloc-
ities (up) are systematically analyzed. Our results reveal the
growth of voids during exfoliation evolution and discuss the
effects and mechanisms of impact velocity on spall strength.
The main conclusions are summarized as follows:

(i) The mechanisms of spalling in nanocrystalline iron are
primarily governed by the impact velocity (up), whereas the
influence of grain size is relatively minor. As the impact ve-
locity (up) increases, the stress distribution within the material
transitions from being concentrated at the grain boundaries to
becoming more uniform and random. This transition leads to
a shift in the fracture mode from cleavage fracture to ductile
fracture. When the impact velocity (up) exceeds 1.5 km-s~!,
the material experiences additional phenomena such as melt-
ing, particle ejection, and micro-spallation under impact load-
ing conditions.

(i1) During spallation, the growth rate of the void volume
fraction in nanocrystalline iron tends to first increase and then
decrease. Furthermore, the timing of hole nucleation advances
as the impact velocity increases. At lower impact velocities
(up), the holes grow progressively and eventually coalesce pri-
marily through a smaller number of holes. At higher impact
velocities (u,), more holes nucleate within the model, result-
ing in a greater degree of exfoliation damage. Moreover, the
increased number of nucleation sites intensifies the competing
interactions between the voids, causing some voids to grow
larger via growth and aggregation while others vanish.

(iii) As the impact velocity (up) increases, the variation in
spall strength can be categorized into four distinct stages. In
the classical spallation stage, the spall strength of the model
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exhibits a decreasing and then increasing trend; in the micro-
spallation stage, it shows a decreasing trend, with the rate of
decrease significantly increasing when the impact velocity (up)
exceeds 2.5 km-s~!.

(iv) When classical spallation occurs in nanocrystalline
iron, the spall damage is predominantly an elastic—plastic pro-
cess that gradually transitions from elastic deformation to plas-
tic deformation as the impact velocity (up) increases. When
micro-spallation occurs in nanocrystalline iron, the spall dam-
age gradually transitions from plastic deformation to melting
damage. Additionally, as the impact velocity (up) increases,
the onset of melting shifts continuously from the tensile phase
to the compressive phase.
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