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Abstract
Tungsten has promising applications in high-radiation, high-erosion and high-impact environments. Laser peening is an 
effective method to enhance the surface mechanical properties of tungsten materials. However, the ultrafast dynamic mecha-
nism of defect evolutions induced by laser shockwave in tungsten lattice is unclear. Here, we investigated the evolutions 
and interactions of various defects under ultrafast compressive process in tungsten lattice using molecular dynamic method. 
The results confirm the brittleness of tungsten and reveal that void can reduce the yield strain and strength of the tungsten 
lattice by accelerating defect mesh extension and promoting the dislocation nucleation around itself. Dislocation density is 
increased with compressive strain rate. Meanwhile, dislocation multiplication and motion reduce the elastic stage and play a 
dominant role during the plastic deformation of tungsten lattice. Additionally, void can disrupt the dislocation displacement 
and promote the pinning effect on dislocations by defect mesh extension.

Keywords Defect evolutions in tungsten lattice · Ultrafast shock compression · Pinning effect · Dislocation multiplication 
and motion

1 Introduction

Tungsten and its alloys are promising candidates for struc-
tural and armored applications, for example, fusion reac-
tor materials due to their high radiation resistance, erosion 
resistance, melting temperature and mechanical strength 
[1–4]. However, the intrinsic brittleness and irradiation 
effect restrict the use and design of tungsten-based materials 
[5–7]. Specifically, complex defect formation processes pro-
duced in a nuclear reactor by high neutron irradiation doses 
such as stress cracks, dislocation loops and bubbles can 
dramatically reduce the mechanical properties and service 
life [8–11], and thus have to be considered in the protective 

applications of tungsten materials. Therefore, the mechani-
cal and erosion enhancement of tungsten alloys is a burning 
question because of their poor working environment.

Laser peening is an advanced technology and provides 
a new way for metallic surface reinforcement [12]. Laser-
driven plasma shock can induce significant defect accumu-
lation and severe residual compression stress on the metal 
surface, thus effectively improving the mechanical strength, 
corrosion resistance, fatigue and wear performances [13]. In 
addition, the nanoscale defects multiplications and interac-
tions induced by laser shock peening are ultrafast processes 
(strain rate in the magnitude of  106–108  s−1 for nanosec-
ond laser peening and  108–1010  s−1 for femtosecond laser 
peening [14]), which is different from the usual mechanical 
compression process.

Although a wealth of studies have focused on laser peen-
ing effect on common metallic alloys such as stainless steels, 
aluminum and titanium alloys [15–17], research on tungsten 
surface reinforcement is still lacking, and more importantly, 
the evolution and interaction mechanisms of nanoscale 
defects within lattice at atomic level during ultrafast com-
pressive process remain elusive.

In this work, we studied the defect evolutions of body cen-
tred cube (BCC) tungsten lattice in various pre-conditions 
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during ultrafast compression by means of molecular 
dynamic (MD) simulations. We compared the compressive 
responses of two typical BCC lattice, iron and tungsten in 
perfect lattice. The void- and dislocation-pre-existing, as 
well as void&dislocation-pre-existing, lattice cases were 
performed and compared with perfect lattice case. Further-
more, the interactions between different types of defects and 
their potential effects were analyzed.

2  Model and methods

The ultrafast compressive model of tungsten lattice was 
carried out using the classical MD simulation, which is a 
powerful and notable tool for studies of shock wave effect 
and mechanical behaviors of metal lattice [18, 19]. We 
used the large-scale atomic/molecular massively parallel 
simulator (LAMMPS) packages to perform the compres-
sive process of tungsten and iron models at temperature of 
300 K. The BCC atomic configuration for tungsten was in 
a lattice constant (a0) of 0.3165 nm and simulated box size 
of 30a0 × 30a0 × 30a0, containing 5.4×104 tungsten atoms. 
The iron model was in the same size as tungsten with a lat-
tice constant of 0.285 nm. Periodic boundary condition was 
applied to all three directions.

The empirical embedded-atom method (EAM) potentials 
for tungsten and iron were adopted to describe the atomic 
force fields due to its good applicability and availability for 
defects studies in metallic lattices [20]. The ultrafast com-
pressive process of tungsten and iron lattices was accom-
plished by deforming the simulation box in the z-direction 
with a strain rate of 1 ×  1010  s−1. The stability of tungsten 
and iron models was verified by monitoring the temperature 
and pressure changes during the running process.

Prior to the compressive simulation, an equilibrating pro-
cess was carried out to eliminate the abnormal stress in the 

original atomic configuration, implemented in the isother-
mal-isobaric  ensemble (NPT)  for 500 ps and canonical 
ensemble (NVT)  for 500 ps. The Nose–Hoover algorithm 
was employed to control the temperature during the equili-
brating process [21]. The ultrafast compressive process of 
the tungsten model was performed in NVE canonical ensem-
ble. Timestep was set 0.5 fs and 2.2×106 timesteps were 
conducted in the whole simulation. The atom and defect 
state analyses were conducted by the Open Visualization 
Tool (OVITO) packages [22].

3  Results and discussion

3.1  Compressive behaviors in a perfect lattice

In theory, the mechanical strength of metals in a perfect 
lattice is much higher than that obtained in practice due to 
various defects formed during metal manufacturing. There-
fore, it is essential to understand the mechanical behaviors 
of perfect lattice under ultrafast compressive shock wave. 
Figure 1 presents the atomic state change and compres-
sive stress–strain curves of two typical BCC metals, iron 
and tungsten, for comparison. The perfect lattices exhibit 
extremely high mechanical performance under ultrafast 
compressive force. For instance, tungsten in a perfect lat-
tice has a yield strain of approximately 0.17 and yield stress 
of around 144 GPa, which is far higher than the experimental 
results [23].

Generally, BCC lattices have extreme intrinsic brittleness 
and hardness due to their relatively higher activation energy 
for dislocation formation and motion. Thus, in the compres-
sive process of tungsten in perfect lattice, there are almost 
no dislocations produced. While for the iron lattice, there 
is a small number of dislocations produced at yield point, 
illustrating that tungsten is brittler than iron. Before the yield 

Fig. 1  Atomic state change during the compressive process for a iron and b tungsten with the strain rate of 1 ×  1010  s−1. c Compressive stresses 
versus strain of tungsten and iron
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point, some defect clusters appear indicating the end of the 
elastic deformation stage and the beginning of plastic stage. 
After yield point, the defect atoms are sharply increased, 
demonstrating the failure of the lattice (Fig. 1a, b). Addi-
tionally, compared with iron, tungsten is stronger and brit-
tler, and thus has a higher yield strength and smaller yield 
strain, as illustrated in Fig. 1c. At yield point, the compres-
sive stress in both iron and tungsten lattices has an abrupt 
decrease, reflecting the break of the lattice structures.

3.2  Compressive behaviors in void‑pre‑existing 
lattice

Void is one of the most common defects in tungsten and 
its alloys for applications in structural materials, especially 
the components of nuclear fusion power reactor. Hence, it 
is significant to study the defect evolutions around voids 
under external force because that micro-defect extension can 
effectively change the macro mechanical properties. We set 
the sphere voids with various radii of 0.5, 1 and 1.5 nm at 
original atomic configurations in consideration of size effect, 
as shown in Fig. 2.

Fig. 2  a Defect mesh and dislocation evolutions during the compres-
sive process of tungsten in void-pre-existing lattice with the strain 
rate of 1 ×  1010   s−1 and void radius of 0.5–1.5  nm. b Atomic states 

at cross section of various tungsten lattice cases with strain of 0.15. c 
Comparison in compressive stress–strain curves of tungsten in perfect 
and void-pre-existing lattices
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Figure 2a displays the defect mesh and dislocation evo-
lutions in void-pre-existing lattices. With the increase of 
compressive strain, the voids are gradually filled with defect 
atoms, and then the defect atoms extend along the specific 
lattice orientations forming complex defect meshes. Defect 
meshes are enlarged rapidly as the compressive strain is over 
0.14, taking the pre-existing sphere void as the core. With 
the increase of void size, a few dislocations are produced in 
the compressive process, indicating that void can improve 
the dislocation nucleation in the region around itself.

Figure 2b illustrates the atom states at central cross-sec-
tions of perfect and void-pre-existing lattices with a strain of 
0.15. For the perfect lattice, it is still in the elastic deforma-
tion stage and no creation of defects. While for the void-pre-
existing lattices, various lattice defects such as dislocations 
and stacking faults have been produced around the voids.

Figure 2c compares the compressive stresses versus strain 
of the perfect and void-pre-existing lattices during the com-
pressive process. After the point at a strain of 0.15, the stress 
in a perfect lattice is higher than that in void-pre-existing lat-
tices, corresponding to the situation that defect mesh begins 
to extend rapidly as shown in Fig. 2a. Compared with perfect 
lattice, the stress maximum in void-pre-existing lattice is 
decreased from 144 to 120 GPa. Hence, the existence of void 
accelerates the defect evolution, and reduces the yield strain 
and strength of tungsten lattice under ultrafast compressive 
force. Additionally, both the yield stress and the yield strain 
can be further reduced with the increase of void size.

3.3  Compressive behaviors in dislocation‑ 
pre‑existing lattice

For almost all metals, dislocation nucleation, multiplica-
tion and motion are inevitable phenomena when carrying 
plastic deformation. The lattice strength depends on initial 
defects and subsequent multiplication of new defects, mainly 
dislocations, during the process of plastic deformation. Dis-
location multiplication is one of the most important means 
for mechanical enhancement of metals [24]. Therefore, we 
conducted the compressive simulations of tungsten in dislo-
cation-pre-existing lattice to investigate the dislocation evo-
lutions under various ultrafast strain rates of 1 ×  109, 5 ×  109, 
1 ×  1010  s−1. Considering the repeatability of the simulations, 
we set eight regularly parallel dislocations in the initial 
atomic configuration.

Figure 3 displays the dislocation evolutions accompanied 
by defect mesh extension of tungsten in dislocation-pre-
existing lattices. There are eight typical ⟨111⟩ dislocations 
existed in the initial atomic configuration. With the increase 
of compressive strain, the dislocations are bowed and then 
broken into plenty of segments, reflecting the transition from 
elastic stage to plastic stage of the lattice. Abundant new dis-
locations and stacking faults are nucleated and grown around 
the pre-existing dislocation segments. When the strain is 
less than 0.1, a few defect meshes can have a pinning effect 
on the dislocation motion, consistent with previous studies 
[25–27], which effectively strengthen the capacity of the 
lattice to carry imposed plastic deformation. As the com-
pressive strain reaches 0.15, almost all the dislocations are 

Fig. 3  Dislocation and defect mesh evolution in dislocation-pre-existing tungsten lattices under various compressive strain rates of 1 ×  109, 
5 ×  109, 1 ×  1010  s−1
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drowned in plentiful defect meshes, forming lots of local stiff 
nanostructures and stresses. Those micro- and nano-local 
stresses can enhance the resistance to external compressive 
force, leading to a reinforcement on the macro-mechanical 
properties of tungsten.

In addition to the pinning effect and local stresses, dis-
location multiplication and interaction are other important 
phenomena that can effectively enhance the lattice strength. 
Dislocation multiplication and reaction generate various 
dislocations in a large amount and complex morphologies. 
The inter-entanglement among those dislocations suppresses 
their displacement along the specific slip plane, which is 
another reason for the macro-mechanical reinforcement of 
tungsten.

Figure 4 summarizes the compressive stress, dislocation 
density, total dislocation length and defect volume fraction 
versus strain to quantify the defect evolution process. It is 
indicated that yield strain is increased with strain rate, as 
well as yield strength, as shown in Fig. 4a, corresponding 
to the dislocation evolution displayed in Fig. 3. Meanwhile, 
the dislocation density, dislocation multiplication rate, total 

dislocation length and defect volume fraction are signifi-
cantly increased with compressive strain rate. In this ultra-
fast compressive process, higher strain rate corresponds 
to higher shock-wave intensity and compressive pressure. 
Stronger shock wave provides more activation energy for the 
formation of high-density dislocations and stacking faults. 
The original stacking order of atoms is more likely to be dis-
rupted completely at higher shock energy. The mismatches 
between atoms promote the nucleation and multiplication 
of dislocations, as well as the defect mesh. Hence, higher 
compressive strain rate can produce more dislocations and 
defect clusters in tungsten lattice.

3.4  Compressive behaviors 
in void&dislocation‑pre‑existing lattice

In the practical industrial environment, there are always 
various types of defects in bulk tungsten and its alloys. 
To understand the complicated interaction mechanism 
between different defects under ultrafast compressive strain, 
we performed the simulation of tungsten in both void and 

Fig. 4  a Compressive stress, b dislocation density, c total dislocation length and d defect volume fraction versus strain during compressive pro-
cess of tungsten in dislocation-pre-existing lattices with various compressive strain rate of 1 ×  109, 5 ×  109, 1 ×  1010  s−1
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dislocation pre-coexisting lattice. We set a sphere void with 
a diameter of 1 nm and eight isolated ⟨111⟩ dislocations in 
original atom configuration.

Figure  5a presents the comparison of compressive 
stress–strain curves between various lattice cases, includ-
ing perfect, void-pre-existing, dislocation-pre-exist-
ing and void&dislocation-pre-existing lattices. In the 

dislocation-nonexistent cases, the yield strain is more than 
0.15 and yield strength is higher than 120 GPa. While in 
the two dislocation-pre-existing cases, the yield strain and 
strength are only approximately 0.07 and 70 GPa, respec-
tively. This clearly reflects that dislocation motions accel-
erate the yield process and reduce the elastic stage of the 
tungsten lattice. Yield strain of 0.07 obtained in complex 

Fig. 5  a Comparison in compressive stress versus strain of various 
lattice cases. Comparison in b dislocation density, c total dislocation 
length and d defect volume fraction versus strain during compres-
sive process of tungsten in void-pre-existing and void&dislocation-

pre-existing lattices. e Atom state and f defects state evolutions of 
void&dislocation-pre-existing lattice during the ultrafast compressive 
process. Strain rate of 1 ×  1010  s−1was applied in all cases presented
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defect condition is very close to the experimental result 
[23], confirming the reliability of our model.

Figure 5b–d displays the comparison in dislocation den-
sity, total dislocation length and defect volume fraction 
versus strain during the ultrafast compressive process of 
dislocation-pre-existing and void&dislocation-pre-existing 
lattices. The dislocation density and total dislocation length 
are decreased on account of the presence of void. Void can 
promote the dislocation nucleation around itself and sup-
press the dislocation multiplication in the region far away 
from itself at the meantime. As a result, the existence of 
void has a slight negative effect on dislocation multiplication 
in the compressive process. The yield points of those two 
cases are almost the same, revealing that dislocations play 
the main role in the severe plastic deformation process of 
the lattice. While for the void, it has inhibiting and altering 
effects on dislocation motion and multiplication, consistent 
well with a previous density-functional theory (DFT) study 
[28].

Figure 5e and f illustrates the atomic state and defects 
evolutions of void&dislocation-pre-existing lattice during 
the compressive process. As can be seen, the central void 

can significantly impede the slip of the pre-existing dislo-
cations. With the increase of train, the extension of defect 
mesh has a clear suppression effect on the dislocation propa-
gation. Thus, the presence of void can promote the formation 
of defect mesh and confine the dislocation displacement and 
multiplication.

To investigate the effect of compressive direction on 
defect evolution, we performed the simulations with com-
pressive direction vertical and parallel to pre-existing dislo-
cation lines, taking the void&dislocation-pre-existing lattice 
as initial atomic configuration. Compared with the parallel 
case, it is easier for dislocations to move in the vertical case, 
thus obviously reducing the compressive stress and compres-
sion-resisting capacity of the tungsten lattice, as displayed 
in Fig. 6a. In addition, the yield point is disappeared in the 
vertical case due to the dislocation motions.

Figure 6b–d displays the dislocation densities, total dis-
location lengths and defect volume fractions, respectively, 
versus strain during the compressive process of the vertical 
case compared  to the parallel ones. The maximum disloca-
tion density and total length in the parallel case are higher 
than that in the vertical case. Meanwhile, the dislocation 

Fig. 6  a Compressive stress, b dislocation density, c total dislocation length and d defect volume fraction versus strain during compressive pro-
cess of tungsten in void&dislocation-pre-existing lattice with compressive direction vertical and parallel to pre-existing dislocation lines
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evolution in the vertical case is earlier than that in the paral-
lel case. Those reflect that the compressive direction has a 
significant effect on dislocation slips and multiplication. The 
external force along dislocation slip planes can effectively 
promote the dislocation evolutions, and reduce the elastic 
stage and strength of lattice.

The presented simulations reveal the defect evolutions 
during the ultrafast compressive process of tungsten lattice 
at various pre-conditions. The defects multiplication mech-
anism and complex interaction between different types of 
defects under ultrahigh strain rate are open issues and have 
a great influence on the mechanical properties of bulk metal. 
Further efforts need to be paid on the ultrafast multiplication 
and interaction mechanisms of various defects in multiphase 
and polycrystalline tungsten alloys where the defect struc-
tures are more complicated [29, 30].

4  Conclusions

We investigated the ultrafast defect evolutions and interac-
tions between different defects in tungsten lattice by molecu-
lar dynamic simulations. The comparison between tungsten 
and iron in perfect lattice reveals the stronger brittleness of 
tungsten. Void can promote the defect mesh extension and 
dislocation nucleation in the region around itself, thus reduc-
ing the elastic stage, yield strain and strength of tungsten lat-
tice. Dislocation nucleation, multiplication and motion play 
a key role in the severe plastic deformation of lattice, which 
has a significant influence on the mechanical properties of 
bulk metal. Particularly, dislocation slips accelerate the yield 
process and decrease the elastic mechanical properties of 
tungsten lattice, which can be affected by shock-compressive 
direction. Furthermore, void and defect mesh can suppress 
the displacement of dislocations via the pinning effect, effec-
tively enhancing the mechanical strength of the tungsten lat-
tice. Those nano and insightful cognitions reveal the defects 
evolutions at an atomic level and have great significance for 
the tungsten-based structural materials applied in  nuclear 
fusion reactors.
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