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Molecular dynamic simulations of β type medical titanium 
alloys with induced micro-structural damage under 

noncontinuous proton radiation: A nanoparticle model study  

INTRODUCTION 

Due to the remarkably goodremarkable 
performances on corrosion resistance, mechanical 
parameters and especially the excellent bio-
compatibility, biomedical applications(1) of Ti alloys 
have been increasingly present in biochemical 
applications (1) developed rapidly in decadesin recent 
decades (2). According to the lattice type and 
parameters of Ti, there are three types of Ti alloys 
can be divided into three categories, namely, 
including α-Ti, β-Ti and the hybrid of (α+β)-Ti (3), of 
which. It is said that α-Ti is said to be consisted by 
composed of Hexagonal Close-Packed (HCP) 
structure, so its deformation is limited by the active 
slip systems (4). While, while β-Ti has showexhibits 
different strengthening mechanisms and mechanical 
properties withfrom α-Ti (5). As for theIn terms of 

(α+β)-Ti, the Ti-6Al-4V alloy is one of the most 
representative one that applied infor biomedical 
applications (6). 

It is previously found that thePrevious studies 
have shown that high elastic modulus of metal 
materials will cause Stress Shielding Effect (SSE) 
because of high elastic modulus, and low stress 
stimulation is not conducive to stimulating the self-
healing function of human body and harmful to the 
healing of bone cracks (7). Therefore, β type -Ti alloy 
has received more and more attention in bio-
medicine applications. 

The first generation includes pure Ti and the Ti-
6Al-4V alloy. Ti-6Al-4V is characterized by has good 
corrosion resistance, low elastic modulus (110-130 
GPa) and excellent strong plastic matching. 
Meanwhile, compositions of Al and V may be released 
in practical applications, which may increase the risk 

Y. Lei1, Y. Liu2, W. Zhang1*, F. Chu3, T. Guo2 
 

1Radiology Department, Beijing Chaoyang Hospital of Capital Medical University, Beijing, China  
2Faculty of Civil Engineering and Mechanics, Kunming University of Science and Technology,  

Chenggong District, Kunming, Yunnan Province, China 
3College of Aerospace and Civil Engineering, Harbin Engineering University, Harbin, Heilongjiang Province, China  

ABSTRACT 

Background: Medical Titanium (Ti) alloys have been widely used in the fields of wound 
repair and orthopedic treatment because of their high strength, good resistance to 
physiological corrosion and excellent biomechanics properties. However, similar 
withto other metal materials, Medical Ti alloys may also be damaged with potentially 
suffer from damages of various extentvarying degrees under proton radiation 
condition and environment. Materials and Methods: As theSince traditional 
investigation methods are limited on time and space size to some extent, Molecular 
Dynamic (MD) simulations are generally applied to uncover the entire proton radiation 
process, and the simulatedsimulation models are concentrated on β type medical Ti 
alloys. Results: Firstly, when the proton struck withe a constant velocity of 2000 Å/ps 
impact with Primary Knock-on Atom (PKA) at a constant velocity of 2,000 Å/ps, the 
kinetic energy of 24,451.7 eV will would be transferred, and PKA willwould leave its 
original site and further transfer the kinetic energy, until reaching the equilibrium site, 
but accompanied by . This process also leave a plenty ofsignificant micro-structure 
damages. Secondly, by adjusting the velocity of proton to be in the range of 1,500 Å/
ps ~ 2,500 Å/ps, damage zone could be expanded by increasing the kinetic energy of 
proton. through adjusting the velocity of proton between 1500 and 2500 Å/ps, it 
seems that the addition of proton kinetic energy could enlarge the damage zone. 
However, the increase of increased Ti alloy matrix temperature did not have a great 
impact on the velocity of proton. could not show the same effect with proton velocity. 
Thirdly, the multi-proton effect on horizontal mode is more obviouspronounced than 
that on vertical mode. Conclusions: It is kinetic energy, but not rather than potential 
energy, that contributes to the formation of micro-structure in Ti alloys. The influence 
of temperature can be ignored in practical applications, In the practice environment, 
effects of temperature can be ignored, but the velocity and density of incident proton 
ought to be considered.  
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of can be released in real applications and this may 
increase the risk of getting neurodegenerative 
diseases, such as the peripheral neuropathy, 
osteomalacia and Alzheimer's disease (8). 

Therefore, in the 1980s, Germany and Switzerland 
researchers replaced V with Fe and Nb, respectively, 
and developed the second generation of α+β phase 
medical Ti alloy, which is represented by Ti-5Al-2.5Fe 
and Ti-6Al-7Nb (9, 10). They have similar mechanical 
properties and bettergood bio-compatibility with Ti-
6Al-4V, but the influence of Al element is not cannot 
be completely excluded (11). 

Furthermore, the developments of biomedical Ti 
alloys remains a global concern. still attracts 
extensive attention worldwide. Since the 1990s, 
countries around the world have successively carried 
out the research and development of low elastic 
modulus β type -Ti alloys that do not contain toxic 
elements such as Al and V, which is the third 
generation of medical Ti alloys. This study In the 
present study, selected the most representative Ti-
12Mo-6Zr-2Fe (12), Ti-35Nb-13Ta-4Mo (13) and Ti-
24Nb-4Zr-7.9Sn (14) alloys, the most representative 
medical Ti alloys, were selected for following MD 
simulation. 

With the increasing application of radiation 
therapy in cancer treatment (15) and other bio-
medicine fields (16-19), medical metal implants have 
been threatened by radiations, like the increase of  
such as increased dislocations rate (20). Therefore, it is 
necessary to explore the effects of radiation on Ti 
alloy materials, which has become a new research 
direction in many fields.So various effects of radiation 
on Ti alloy materials is necessary to become a new 
research direction in many fields. In recent years, it is 
reportedhas been reported that the formation of β 
phase can could enhance the solubility of hydrogen in 
Ti-Mo alloy, so the defects density in Ti-Mo alloy is 
lower than that of pure Ti, and the addition of Mo 
element helps to regulate the effect of radiation on is 
useful for the adjustment of radiation effect of Ti alloy 
(21). Besides, in the low-energy ion implanting 
process, the addition of implantation in the low-
energy ion implanting process also relates to the 
formation of vacancy defects in Ti (22). Additionally, T. 
Ishida et al. believe that the presence of high density 
nano-precipitates may declared that the existence of 
nano precipitates with high density may enhance the 
radiation damage resistance of specific β type- Ti 
alloy (23). 

Currently, traditional radiation experiments have 
shown its limitations to some extent. Since metal 
specimen and characterization equipment may be 
damaged in the radiation testing environment, it is 
very difficult to control and monitor radiation 
process.As the radiation testing environment not only 
damages the metal specimen, but also the 
characterization equipment. On this occasion, the 
process control and monitoring of radiation is hard to 

744 

be accomplished. However  was originally developed 
for atomic systems, and it is applicable for the 
radiation simulations. In 2017, Liu et al. (24) applied 
MD simulations to study the displacement cascade in 
gold nanowires and observed stacking faults 
when .the  In which the formation of stacking faults 
could be observed when kinetic energy s of PKA 
iswas higher than 5.0 keV. In 2024, He et al. (25) also 
investigated the Ti-6Al-4V alloys by MD                   
simulations and made comparisons with pure Ti. 
Besides, Verkhovtsev et al. (26) reviewed the 
radiationRadiation-Driven Molecular Dynamics 
(IDMD) as a novel concept and simulation method. 
Despite Ti alloys, MD simulations are also applied for 
other microstructure damage issues (27, 28).  

Those previous reportsPrevious reports have 
shown the feasibility of MD simulations in the 
radiation of metals. In this study, the simulation 
models are The simulation models used in the 
present study are focused on the β type -Ti alloys, 
including Ti-12Mo-6Zr-2Fe, Ti-35Nb-13Ta-4Mo and 
Ti-24Nb-4Zr-7.9Sn. Then the micro-structure damage 
mechanism and affecting parameters are discussed. 
will be discussed below. Those The obtained results 
will help to enhance the understanding of micro-
damage for Ti alloys in under radiation conditions. 
This study aims to provide a novel insight into the 
damages to medical Ti alloy damages, as well as  then 
explore the application of MD simulations in 
noncontinuous proton radiation and its related 
damages on bio-alloys. 

 
 

MATERIALS AND METHODS 
 

Atomic potentials in MD 
The Lennard-Jones (LJ) potential energy function 

applied in this study is a common mathematical 
model used to describe the interaction force between 
molecules (29, 30). This constraint accompanies the 
calculation all the time. All LJ parameters applied in 
this study are listed in table 1 below table 1. The 
underlying theoretical framework of MD is Newton's 
law of motion served as the underlying theoretical 
framework of MD (31, 32). In MD simulations, theThe 
potential energy of each atom iswas obtained from 
atomic charge, mass and coordinates during MD 
simulation. The coordination and movement of each 
atom were updated in each timestep In each 
timestep, coordination and movements of all atoms 
will be updated (33). The performing of MD simulation 
was performeds is based on LAMMPS (34, 35), a 
classical MD software developed by American Sandia 
National Laboratories. 

 

Simulation models 
In this study, the incident proton iswas assumed 

to be accelerated vertically. Its velocity was a 
constant whenWhen it is was close to the Ti alloy 
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surface, its velocity is a constant. As can be seen           
from figure 1 shows, the entire simulation 
containedinvolved a simulation box, proton and Ti 
alloy. The sizedimension of Ti alloy wason three 
dimensions are 40×40×50 A 3, and a proton is  was 
placed above the Ti alloy surface, with a their vertical 
distance ofis 20 A . Then both proton and Ti alloy 
wereare placed in a  100×100×100 A 3. Other zones 
despite Except proton and Ti alloy, other regions 
were vacant are vacancy in thisduring MD simulation. 
There are totally threeA total of three types of 
medical Ti alloys were investigated in this study. As 
figure 1 shows, As shown in figure 1, these Ti alloy 
models are were Ti-12Mo-6Zr-2Fe, Ti-24Nb-4Zr-
7.9Sn and Ti-35Nb-13Ta-4Mo (wt%). Among them, Ti
-12Mo-6Zr-2Fe is discussed in Sections section 3.1 
and 3.2 to demonstrate the mechanism of proton 
radiation, while Ti-24Nb-4Zr-7.9Sn and Ti-35Nb-
13Ta-4Mo are discussed in sectionSection 3.3 to 
make further comparisons between different types of 
Ti alloys. 

Despite the single proton model, more protons are 
were also modeled to studied explore other 
parameters of incident protons. As figure 2 shows, 
theseThese protons were placed  muti-protons are 
placed vertically or horizontally, as shown in figure 2. 
These models in figurefigure 2 (a), (b), (c), (d) and (e) 
are were named as Model single, V4, V8, H4 and H5, 
respectively. Those mentioned comparisons on multi-
protons arewere simulated for Ti-12Mo-6Zr-2Fe alloy 
matrix only. All simulations models  in the study 
arewere rendered and visualized by OVITO program 
(38) program. 

Performing Performance parameters 
For all MD simulation models used in this study, a 

series of unique performing performance parameters 
are were applied to make further comparison 
between different models. In  Among them, which the 

initial velocity of proton is was fixed at 2,000 A /ps, 
and a microcanonical ensemble (NVE) iswas applied 
forto all atoms (39). Initially, all atoms are were at 300 
K, then thermostat iswas turned off. The timestep of 
MD simulations is was set as 0.01 fs, and each model 
iswas integrated for totally 30,000 steps in total. 

The only deviations on performing parameters 
are about proton velocity and matrix temperature, in 
order to discuss the change of proton radiation 
condition.  Therefore, the velocity of proton is also to 
be was also respectively set as 1500 A /ps and 2500 
A /ps.  and matrix temperature as As for the 
temperature of matrix, 500 K and 800 K are also set 
respectively for the discussions onto clarify damage 
effects under the condition of same proton radiation 
condition. 

 
 

RESULTS 
 

The formation of induced micro-structural damage 
It could be shown in the figure 3 thatIt can be seen 

from figure 3 that with the interatomic impact 
between incident proton and PKA, a series of cascade 
collision appearsoccurred. In 0-6 fs, proton keeps 
kept moving withat a constant velocity of 2,000 A /ps, 
andwithout affecting atoms in Ti alloy matrix are not 
affected. While However, at about 12 fs, the proton 
impactsaffected the surface atom, which is also called 
as known as the PKA. Then, a series of cascade 
collision appears emerged from 12-30 fs. While And 
at 30 fs, a plenty of atoms in Ti alloy displaced by 
around 0-0.5 A . 

With the occurrence of the chain reaction on 
atomic movements in the styleform of cascade 
collision, there iswas no doubt that the micro-
structure of the Ti-12Mo-6Zr-2Fe alloy is was 
damaged to somea certain extent. The majority of the 
phase of Ti-12Mo-6Zr-2Fe alloy, as a β-Ti alloy, was a 
body-centered cubic (BCC) latticeAs a β type titanium 
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Number Element Epsilon (kcal/mol) Sigms (Å) 
22 Ti 0.055 4.54 
42 Mo 0.056 3.052 
40 Zr 0.069 3.124 
26 Fe 0.055 4.54 
41 Nb 0.059 3.165 
73 Ta 0.081 3.17 
50 Sn 0.567 4.392 
1 Proton 0.056 2.362 

Table 1. Parameters for LJ potential in Ti alloys (36, 37). 

Figure 1. Proton and Ti alloy in the simulation box, (a): Ti-
12Mo-6Zr-2Fe; (b): Ti-24Nb-4Zr-7.9Sn; (c): Ti-35Nb-13Ta-4Mo 

Figure 2. Simulations models with one (a), four (b, d), five (e) 
and eight (c) protons. 

Figure 3. Entire The entire damage process of Ti-12Mo-6Zr-
2Fe alloy (coloured by atomic displacements). 
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alloy, the majority phase of Ti-12Mo-6Zr-2Fe alloy is 
in the style of Body Centered Cubic (BCC) lattice. At 
this moment, the microstructure of Ti alloy iswas 
damaged by interatomic impact and kinetic energy 
transfer. In other words, the formation of induced 
micro-structural damage isdamages were initiated 
started by the incident proton, and then enlarged by 
a chain ofthe chain reactions on atomic movements. 
In the entire cascade collision process, it seems that 
the interatomic transfer of energy iswas a critical 
factor leading to the extension of for the extending of 
microstructure damages. ForIn terms of energy 
calculation energy computation induring MD 
simulations, the total energy of each atom, or even 
the entire system, could be divided into two sub 
items:, namely potential energy and kinetic energy. 
Therefore, the transfer of kinetic energy transfer 
iswas the main factor that determinesdetermining 
the severity the extent of microstructure damages. 

In figure 4, theThe lattice type of Ti-12Mo-6Zr-
2Fe alloy iswas identified by Ackland-Jones (40) 
algorithm, as shown in figure 4. It is shown that, It is 
obvious that the BBC type microstructure remained 
unchanged was not changed in 10 fs, and this is 
because the PKA is not impacted  was not affected by 
the proton. Since about 12 fs,  in figure 4, the content 
of BCC in Ti-12Mo-6Zr-2Fe alloy is declined with the 
appearance of cascade collision, as displayed in 
figure 4. WhileAnd at the same time, more and more 
an increasing number of atoms are  were identified in 
the amorphous phase were identified. 

In figure 5, it seems that It can be seen from figure 
5 that both potential and kinetic energies both 
contributes the climb of contributed to the increased 
total energy in this system. However, the  item of 
kinetic could be seen as the “source” of micro-
structure change, and the item of potential energy 
asis the “result” to some extent. 

 
 

 
 

Effects of proton radiation parameters on damages 
Figure 6 illustrates the change of BCC phase in β 

type- Ti alloy from 30 fs, in which the velocity of 
proton are were changed revised to be in the range of 
1,500 A /ps and  ~ 2,500 A /ps.  It seems that the 
There seemed to be insignificant differences among 
three models are not obvious in 0-10 fs, as in this 
process the proton is not impacted with did not have 
an impact on PKA or the impact iswas not large 
enough to lead the damage ofdamage micro-structure. 
Then with the progress of cascade collision, 
differences on the decline of BCC phase become larger 
and larger were enlarged since 10 fs. WhileHowever, 
at 20-30 fs, it could be explicitly shown that the 
proton with high velocity or large kinetic energy will 
cause more micro-structure damages for the Ti alloy 
matrix at 20-30 fs. 

Besides, it is also shown in figure as shown in 
figure 7 that the atom, atoms with high kinetic energy 
is were more likely to be concentrated on the 
“bottom” of damage zone . This is because the atoms 
after cascade collision wereare prone to be 
equilibrated in a certain amorphous phase site after 
cascade collision. WhileHowever, the spread of 
cascade collision might continue to spread after 
kinetic energy transfer may continues further. The 
mechanism is not only on the energy between proton 
and PKA, but also on other neighbour atoms in the Ti 
alloy matrix. Initially, the kinetic energy of Ti alloy 
atoms at 300 K iswas around 1.8-2.6 eV. 
WhileHowever, as shown in figure 7, a plenty of 
atoms are were displaced withwhen the kinetic 
energy ofwas nearly or over 100 eV. At the same 
moment (30 fs), it seems that the spread area of 
cascade collision spread furthergets larger, especially 
onin the vertical direction, when the proton 
impactsaffected the PKA at a  with larger higher 
velocity. 

Figure 8 demonstrates the decline of BBC phase in 
the Ti-12Mo-6Zr-2Fe alloy matrix while withat 
different temperatures. By statistics methods, it 
seems that the damage of micro-structure iswas not 
as obvious as those caused bycause of proton 
acceleration. From beginning to the end ending 
(simulation stopped at 30 fs), the curves of BBC phase 
percentage arewere almost the same, with minor 
deviations of about and deviation between curves are 
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Figure 4. The change of micro-structure in 30 fs (by Ackland-
Jones (40) analysis). 

Figure 5.           
Changes of total, 

potential and 
kinetic energies 
of Ti-12Mo-6Zr-

2Fe alloy. 

Table 2.              
Statistical data 

of the               
radiographic 
parameters 

(kVp and mAs 
values) and 

patient             
anthropometric 

data for             
selected X-ray 
examinations. 
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little, about 2-3%. 

Despite little difference in statistics, detailed 
comparisons could still be made by in situ 
observations of MD simulation result. Figure 9 shows 
the atomic potential energy distribution in Ti alloys 
at 30 fs. The increase of potential energy illustrates 
the decline in the distance  decline or even nearly 
impacted between pairs of atoms. It could be 
observed in figure from figure 9 that the high 
potential energy regions arewere concentrated at the 
“bottom” of damage zone, which is where cascades 
collision spread.  

 
 

 
 
Figure 10 illustrates the development of micro-

structure damage. Comparing with the Model: Single, 
Model: V4 has little effects had a minor effect on the 
decline of BCC phase. Then if the vertical proton 
density is was introduced added tintoo the Model: V8, 
the BCC curve trends tended to be lower than before, 
but with limited deviation. but the extent of deviation 
is limited. Next, theThe horizontal models (Model: H4 
and H5) explicitly acceleratesaccelerated the decline 
of BCC phase, as shown in figure 10. in figure 10. 

Additionally, figure figure 11 is the top view of 
Models: Single, V4, V8, H4 and H5. It could be 
observed that The Models: Single, V4 and V8 arewere 

damaged at the same site. To some extent, increasing 
the proton density vertically can releasehelped to 
release more kinetic energy, but could not enlarge the 
area of incident effect. However, Models: H4, H5 
increase increased the proton density horizontally. 
To some extent, it is a kind of multi-site incident 
mode, so the spread of impact effect was continued in 
a superimposed manneris overlaid. 

 
 

 
 

Comparisons between different β type -Tititanium 
alloys 

Among all β type titanium-Ti alloys, Ti-12Mo-6Zr-
2Fe, Ti-24Nb-4Zr-7.9Sn and Ti-35Nb-13Ta-4Mo are 
all developed for biomedical applications. They have 
different microstructure stability in the same proton 
radiation environmentWhen they are under the same 
proton radiation environment, the stability of micro-
structure are various as well. 

According to the curve of BCC phase decline in 
figure shown in figure 12 (a), it seems that the micro-
structure damages of Ti-12Mo-6Zr-2Fe is a little 
lowerwas slightly less significant than that those of Ti
-24Nb-4Zr-7.9Sn and Ti-35Nb-13Ta-4Mo before 25 
fs. As because its lower  the percentage of BCC phase 
in Ti-12Mo-6Zr-2Fe is higher than that of Ti-24Nb-
4Zr-7.9Sn and Ti-35Nb-13Ta-4Mo. Besides, figure 
figure 12 (b) also demonstrates that atomic 
movement obtained by the kinetic energy for Ti-35Nb
-13Ta-4Mo is explicitlywas explicitly better than that 
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Figure 7. Slices of Ti alloys at 30 fs with different proton          
velocities (coloured by atomic kinetic energy). 

Figure 8. Changes of 
micro-structure for 

Ti alloys with              
different matrix  
temperatures. 

Figure 9. Slices of Ti alloys at 30 fs with different matrix         
temperatures at 30 fs (coloured by atomic potential energy). 

Figure 10. 
Changes of micro
-structure for Ti 

alloys with  
different proton 

density. 

Figure 11. Slices of Ti alloys at 30 fs with different proton  
density (coloured by atomic displacements). 
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obtained by the other models. To some extent, 
thissuch differences between each Ti alloys iswere 
more likely to be caused by alloying atoms. Figure 13 
shows the atomic displacements of each element in 
Ti-12Mo-6Zr-2Fe, Ti-24Nb-4Zr-7.9Sn and Ti-35Nb-
13Ta-4Mo alloys. 

 

DISCUSSION 
 

Due to the appearance of incident proton, server 
damages are simulated to occur may form in Ti 
alloys. Although this phenomenon has been verified 
by high intensity proton beam tests (23), the entire 
process and theory for the occurrence of damage is 
still weak. In this study, this aspect of damage 
occurrence was uncoved. Taking  the Ti-12Mo-6Zr-
2Fe alloy as the casean example, in the radiation 
process, theits kinetic energy iswas transferred from 
the proton with high velocity to the PKA at a high 
velocity in the radiation process, which is in good 
agreement with other studies (27). Then, the PKA 
arewere moved withunder the action of high kinetic 
energy (about 24,451.7 eV). This value is a little 
higher than that of Ti-6Al-4V, studied by He et al. (25) , 
so studies on different Ti alloys is necessary when 
reference energy values for PKA might change. An et 
al. (22) said that the implantation energy strongly 
determines the formation rate of vacancy type 
defects. In this study, the implantation energy has 
already been large enough to make move the PKA 
leave from its original lattice site. If the implantation 
energy here could lead to the chain reaction on 
atomic movements, then more and more atoms were 
affected and thus left their original lattice sites. Thus, 
it is deduced that there should be a critical boundary 
for implantation energy.  

By comparing with reference (21, 28), apart from the 
velocity of proton, matrix temperature iswas another 
factor that may affect the formation of damages in 
medical Ti alloys. According to the physical common 

Figure 13. Atomic displacements of each element in three β -
type Ti alloys. 

sense and reference (33), if the temperature of Ti alloy 
matrix iswas highly enough, those atoms in matrix 
will not would no longer be limited by in situ 
vibration, but leave their original sites in lattice. This 
so called as, known as the melting process. It is 
observed in this study, when the temperature of  the 
Ti alloy matrix is in a was high temperature, about 
500-800 K, the in situ vibration is was enlarged and 
the inhibition to theeffect of the atomic impact is was 
weakened. To some extent, Sun et al. (39) said that the 
laser induced ignition of Ti alloy is also based on this 
process. 

Ishida et al. (23) applied the high intensity proton 
beam to study the radiation damage effect on 
titanium. The high intensity trasfered in MD 
simulations could be the density of incident proton. 
Plenty of negative effects on the micro-structure 
damages of Ti alloys is found due to the variation of 
the proton radiation model in practical applications 
(20)., because in the practice environment, the proton 
radiation model are various. Additionally, It seems 
that the spread of cascade collision is was related to 
the content of alloying elements. As. As the first major 
alloying elements, like Mo (21) and Nb (14), contributes 
to the impact effect, so the atomic displacement of 
these atoms are higher than those of other elements. 

However, due to the limited MD simulation 
capacity, there are still many limitations to be 
addressed in this study. For example, Verkhovtsev et 
al. (26) approved that MD simulations is successfully 
applied in irradiation. But quantitative analysis is still 
weak in many references. We also need to investigate 
more quantitative analysis methods. For example, 
deep statistical analysis methods have been applied in 
food (41), bioscience (42, 43) and radiation related health 
researches (44, 45). Finally, we also need to include 
more cases (1) to further improve the reliability of the 
research results. 

 
 

CONCLUSION 
 

MD simulations are generally in this study to 
present the formation of micro-structure damage. 
Consequently, it seems that the transfer of kinetic 
energy, not potential energy, is the critical factor that 
determines the effect of cascade collision. Therefore, 
further accelerating the proton may enlarge the 
damage effect. However, the heating treatment 
between 300-500 K shows little effects on micro-
structure effects. The horizontal addition of proton 
density can effectively enlarge the formation of 
amorphous phase. 
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