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Abstract 

Cold spray (CS), a solid-state depositing technique, has recently demonstrated promising application in 
additive manufacture (AM). Compared with fusion based AM technique, cold spray can eliminate 
solidification defects and is appropriate to fabricate some materials that are difficult for high energy beam 
methods, such as Aluminium. In the cold spray process, extreme plastic deformation will occur, which 
triggers the severe dynamic recrystallization and result in the formation of ultrafine grain structure. For a 
dense CSed component, the grain structure highly influences its performance. Especially for the grain 
structure in the region around the impact interface, which decides the bonding of particles. However, due 
to the extreme processing condition of CS and complicated deformation history around the interface, it is 
challenging to carryout systematic study on the factors that influence the finial grain structure and make a 
prediction on the final grain size in this region. Here, a Monte Carlo model was built to simulate the dynamic 
recrystallization in the Aluminium cold spray process. The influence of impact velocity and 
single/multiparticle impact on the final grain structure in the interface was investigated comprehensively 
and independently. And the average grain size on the impact interface predicted by the modelling agreed 
well with reported experimental results 

Introduction 

Cold spray (CS) is a kind of deposit method that powder particles are accelerated to a high velocity by 
heated high pressure gas traversing through De-Laval nozzle and impact on the substrate to create deposit 
(Ref 1). In comparison to the thermal spray technique, the bonding between the power particle is achieved 
by the mechanical interlocking and metallurgical bonding due to the occurrence of severe plastic 
deformation in the impact process(Ref 2). The solid-state bonding process makes CS as a perfect technique 
to create aluminium coatings. In recent year, CS has also been treated as an additive manufacture 
technique to fabricate or repair Al components (Ref 3). Despite all the advantages that CS has in the 
aluminium depositing, it cannot be neglected that the mechanical properties of CSed Al component cannot 
match its casting or forging counterpart. Therefore, great effort has been taken in the community to 
investigate the factors that affect the properties of CSed Al deposit (Ref 4–6). In addition to large scale 
defects like porosity and unbonded interface, the microstructure of deposit can strongly influence the 
properties (Ref 1).  

Although it is widely accepted that CS can retain the majority of microstructure in the powder particles into 
deposit, the severe deformation in the impact process will result in a higher dislocation density, 
amorphization, twinning and formation of ultrafine grain structure via dynamic recrystallization (DRX) (Ref 
7–12). Among them, ultrafine grain structure always occurs in the region close to the impact interface due 
the severest deformation condition in this region and grains as smaller as 10 nm could be formed after the 
CS process (Ref 12). For a high quality CSed deposit, the occurrence of ultrafine grain structures is crucial 
for the improvement of strength and hardness. Although experimental investigation has been widely 
conducted to find out the factors that influence the evolution of grain structure after the CS, because 
processing parameters including gas pressure, temperature can affect the deformation condition by 
affecting impact velocity of the particle and it is difficult to separately investigation the influence of CS 
parameter on grain structure. Moreover, due the extreme short time scale (tens of nanoseconds) and small 
scale of the impact particles it is impossible to conduct in-situ observation on grain structure evolution 
process.  

In contrast to experimental method, numerical simulation can overcome all the limitations in experimental 
method and can be used to investigate the factors that influence the final grain structure separately. Up to 



now, various numerical simulation studies has been carried out to studies the microstructure evolution 
during the CS process and different modelling techniques has been taken (Ref 6,13–17). Among them, due 
the small size scale and short time scale of particle impact process, molecular dynamics (MD) simulation 
has been widely taken to achieve the grain structure simulation in CS. By using this method, the occurrence 
of twinning, amorphization and dynamic recrystallization has been successfully modelled and predicted in 
different materials (Ref 14,15,17). Moreover, it has been found that the grain structure and crystalline 
orientation of powder particle can influence the deformation behaviour in the impact process (Ref 13). 
However, despite all the prediction and finding has been made by MD method, it should not be ignored that 
limited by the huge computing cost of MD methods, it is difficult to conduct large size and long time period 
MD simulation with a short CPU time. As the consequence of that, up to now the majority size of MD 
simulation region is about tens of nanometers but the normal average size of powder particle used in the 
CS is about 35 μm. Wang et al. has used an analytical grain refinement model accompanied with a modified 
FEA model to investigate investigated grain refinement process during the CS Cu particles (Ref 6). But the 
analytical model cannot reflect the real physical process of dynamic recrystallization. 

In addition to the MD simulation and analytical prediction, other numerical simulation, including phase field 
(PF), cellular automaton (CA) and Monte Carlo (MC) methods, have been applied to analyse the changes 
of microstructure in different severe plastic deformation condition. Among them, Monte Carlo method based 
on the probability and statistics theory do not has limitations in size time scale and has been used to model 
the dynamic recrystallization process in various deformation conditions (Ref 18,19). Recently, owing to the 
great improvement of computer performance, the efficiency of Monte Carlo simulation became relatively 
high. In this work, a Monte Carlo DRX model was used to simulate the grain structure in the region close 
to impact interface in the Al cold spray process. The model was validated with previous experimental studies. 
The influence of impact velocity on the grain structure was investigated. Finally, the grain structure formed 
in single and multiparticle impact condition was modelled and the factor resulting in the variation of grain 
structure was analysed in detail. 

Mathematical modelling 

General description of the model 

It is known that in the deformation process, the grain structure evolution process is decided by the thermal-
mechanical history in the deformation. The variation of thermal-mechanical history actually reflects the 
conversion of mechanical energy that is input to the materials via different processing methods. In a 
deformation process, mechanical energy was converted into thermal and strain energy. The increase of 
thermal energy leads to the increase of temperature. The strain energy stored in materials via the 
multiplication of crystalline defects, majorly in dislocations, and is known as stored energy. The increase of 
stored energy results in the increase of flow stress during the deformation makes the deformed material 
became thermodynamic instable. Once temperature rise to a specific value, dynamic recovery and dynamic 
recrystallization will occur to dissipated redundant stored energy and bring the deformed material back to 
a thermodynamic stable status. Because of the dissipation of redundant stored energy, flow stress gradually 
decreases to a saturate value σsat, and finer DRX grain structures having less defects formed. After the 
formation of finer DRX grains, the grain boundaries area increases incredibly, which indicated that the 
majority of the redundant stored energy has converted to the grain boundaries energy.   

In general, the DRX process in the deformation can be treated as an energy conversion process that the 
mechanical energy is partially converted into the stored energy that is mostly saved in dislocations, and 
then into grain boundary energy by dynamic recovery and DRX, in which dislocations will react to each 
other and form finer DRX grains or subgrain structures. Although various DRX mechanisms have reported, 
the energy conversion pathway is unchangeable. According to this scenario, a model based on the 
nucleation and growth of new-born DRX grains and minimum stored energy principle was built by author to 
simulate the grain structure evolution process. It should be noted that phenomenologically among three 
major DRX mechanisms, DRX formed by CDRX and GDRX do not have clear nucleation and growth stage 
but more rely on the continuous geometrical changes on lattice(Ref 20,21). Especially for the GDRX, severe 
elongation and compression of grain will occur in this mechanism (Ref 22,23). However, limited by the 
ability of present Monte Carlo methods, the geometrical effect on the grain structure was not considered in 
the present model.  



Fig. 1 demonstrates the procedure of the Monte Carlo DRX model based on the energy transformation 
pathway in the deformation. It consists of three parts, i.e., the stored energy increment, the nucleation and 
the DRX grain growth. With the increasing of strain in metals, the stored energy U gradually increase. When 
the value of U exceeds that of Usat (the stored energy corresponding to the saturated flow stress σsat), the 
nucleation happens, and the redundant stored energy Un is dissipated. After the nucleation, if the remnant 
stored energy U2 is still higher than Usat, the newly formed nucleus with low stored energy will continuously 
grow up and a part of the stored energy (Ug) will be continuously dissipated until the remnant energy U3 
becomes lower than Usat. Then, the DRX process stops. If the stored energy in the grain exceeds the Usat 
again, a second run of DRX process will occur on it. This process will keep repeating until the deformation 
comes to an end. 

  

 

Fig.1 Monte Carlo simulation procedure 

Although the ignorance of geometrical effect results in some limitation in its application, the influence of 
geometrical effect on the grain structure is only striking in the intermediate stage of DRX. For the grain 
structure produced after completely finished DRX process, factors deciding the DRX grain structure are 
strain rate and deformation temperature. Therefore, herein, the developed model is plausible to achieve 
the grain structure simulation and predication in the situation in which DRX process is completely finished. 



For example, the developed model here has been successfully applied to model the grain structure 
evolution process in the welding nugget zone during the friction stir welding (Ref 24). 

Stored energy variation 

The stored energy is the important driving force of DRX. To develop a reasonable DRX model, it is 
necessary to establish an appropriate sub model of stored energy. Dislocations, as a kind of crystal defects, 
play a crucial role in metal plastic deformation, which are also the media between the stored energy and 
microstructure. The stored energy Hdis in per dislocation is expressed as (Ref 25) : 

dis
H aGb=                                                                        (1) 

Where a  is a constant describing the type of dislocation, G is the shear module and b is the magnitude of 
the Burgers vector. 

When the flow stress becomes saturated, the dislocation density corresponding to sat


 is expressed as 

sat


, and both have following relation(Ref 26,27): 
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where M is the averaged Taylor factor. The dislocation density caused by work-hardening is represented 

by h


, and the dislocation density consumed by dynamic recrystallization is represented by s


. Both have 
following relation according to Kocks-Mecking model (Ref 28): 
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where  is the strain. The first term on the right-hand side of Eq. (3) is the augment of dislocation density 
due to work-hardening, which is written as: 
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Where G0 is the constant for unit unification. Considering the variation of strain with time, Eq. (3) can be 
manipulated as: 
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were, /d dt = & is equal to the strain rate. Consequently, the energy stored in work-harden process, h
U

, 
is described via the combination of Eq. (1) and Eq. (6),  
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Based on Eq. (1) and Eq. (2), the stored energy Usat corresponding to the saturated flow stress sat


for a 
2D system with area of S can be expressed as: 
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Here, Usat is used as the criterion to decide the initiation and ending of DRX.  

Nucleation model 



For DRX, different from that in liquid state, atoms in solid state are tightly constrained. In fact, the driving 

force of DRX is the stored energy in work-hardened grains and the generation of DRX grains depends on 

the evolution of crystal defects such as voids and defects. Here, a more practical nucleation model is 

proposed based on evolution of stored energy and substructures. The nucleation rate model is used to 

determine the initial nucleation numbers 
0

N&  and the nucleation possibility Pn. The nucleation rate is the 

multiplication between 
0

N&  and Pn. The procedures involved in deciding final nucleation rate are given as 

follows: 

If the total stored energy U in the system exceeds the Usat, then the nucleation process is induced. 

According to the difference of stored energy between U and Usat, the initial amount of nucleus is expressed 

as: 
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Where 
0

N& the initial amount of nucleus is, 
s

E  is the average stored energy of the elements in the system. 

In this model, each nucleus consists of 9 elements and the stored energy in these elements is zero. Once 

the nucleation is successful, the original elements with higher stored energy will be replaced by nucleus 

elements. Then, the stored energy will be partially consumed. 

After the initial nucleus number is determined, the nucleation position is chosen randomly in modelling 

region. As stated above, nucleation will only locate at grain boundary. Once the position is chosen whether 

the position is at grain boundary will be judged. If not, another position will be found until the nucleation 

position is located at grain boundary.  

However, whether nucleation at grain boundary is successful is still dependent on the nucleation possibility. 

When the energy stored in grains is enough to overcome the grain boundary energy, the subgrains 

boundary will migrate, and the subgrains which reach the critical radius of nucleation will make DRX happen 

(Ref 29). The critical radius of subgrains rc is written as follows: 
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where γ is the grain boundary energy, and UG is the stored energy in a grain, which varies with time t. 

Therefore, if the radius of subgrains sub
r in the grain boundary is bigger than c

r , the DRX nucleation will 

happen. Hence, in order to make sure whether the DRX nucleation can occur, it is necessary to know the 

subgrains size distribution and variation in a grain. 

 



Fig. 2 Rayleigh distribution of subgrains size in a grain 

It has been found that the distribution of subgrains size in a grain presents the features of Rayleigh 

distribution, as shown in Fig. 4. The probability density function is expressed as follow(Ref 30,31): 

2 2
( ) exp

2 4
f

 
  

 
= − 

 
                                                               (11) 

where 
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 is the subgrain radius, and sub
r

is the average radius of subgrains. Some 
experiment evidences have proved that in deformation, the average subgrain size has special relation with 
Zener-Holloman parameter Z, which is expressed as(Ref 32):  
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Where A1 and B are constants, and Z is written as: 
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Where Qs is the active energy of deformation, R is the gas constant and T is absolute temperature.   

As shown in Fig. 4, in the area of the shadow region those subgrains with such radius can become the 

nucleus of DRX and the probability n
P

. For Eq.11, the nucleation probability is the integration of probability 
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Combining the initial nucleation amount 0
N&

with n
P

, the final nucleation rate is expressed as: 
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Grain growth model 

After the completion of nucleation process, most part of stored energy input by work hardening is consumed. 
If there are still extra stored energy that makes the total energy higher than Usat, the new-born DRX nucleus 
and the grains with low energy will grow up to run out of the extra energy. In this work, the grains growth is 
stimulated via Monte Carlo Q-Potts model(Ref 18,33–35). Here, only some vital steps are demonstrated.  

The size of modelling region is 1000×1000 nm around the tracking point. At the beginning, the modelling 
region is dispersed as grids, and each point of grids is assigned a random orientation number ranging from 
1 to Q, where Q is the maximum value of grain orientation number. The adjacent points with same 
orientation number are considered as a single grain, while the region where the adjacent points with 
different orientation numbers is defined as grain boundary. The grain boundary energy is defined as an 

interaction between nearest neighbour lattice sites(Ref 18). The local interaction energy, i
E

, is expressed 
as,  
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where J is a positive constant which sets the scale of the grain boundary energy,  is Kronecker’s delta 
function, Qi is the orientation at a randomly selected site i, Qj are the orientations of its nearest neighbours, 
and n is the total number of the nearest neighbour sites. The value of δ will be set as zero if the nearest 
neighbours have unlike orientation. Otherwise, the δ will be equal to one. Furthermore, for DRX modelling, 
the effects of stored energy should also be taken into account and Eq. (14) can be written as (Ref 36): 
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where Es,i is the stored energy of site i. 

To simulate grain boundary migration, a site is randomly selected, its orientation is changed to one of its 
nearest neighbour orientations, and the energy variation resulted from the attempted orientation change is 
calculated. This reorientation is accepted with a probability, which is given as (Ref 35) : 
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where ∆E is the energy variation due to the change of orientation, kB is the Boltzman constant, and T is the 
temperature. Thus, any successful reorientation of a grain to orientations of nearest neighbour grains 
corresponds to boundary migration. When all the sites in a system have been selected for orientation 
change, a step of Monte Carlo simulation has been completed.  

 In order to achieve the grain growth stimulation, it is crucial to obtain the temperature-time history. However, 
the Monte Carlo stimulation time step (MCS) does not have direct relation with the real time t. Therefore, 
the relation between the MCS and time t should be established. Here, the grain boundary migration method 
(Ref 19) has been used to correlate MCS with time t. The expression of the MCS can be written as: 
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where D0 is the initial average grain size,λ0 is the grid spacing, K1 and n1 are model constants, γ is the grain 
boundary energy, A is the accommodation probability, Za is the average number of atoms per unit area at 
the grain boundary, Vm is the atomic molar volume, Na is Avagadro's number, h is Planck's constant, ∆Sf is 
the activation entropy, Qa is the activation enthalpy for grain growth, T is the absolute temperature, R is the 
gas constant, and t is the real time. 

 

Results and discussion 

Fig.3 shows the starting grain structure of pure aluminium for Monte Carlo simulation, which is obtained by 
the Monte Carlo grain growth simulation that did not have nucleation process. The obtained starting grain 
structure has an average grain size of 1.25μm, which has the same grain size scale with aluminium powder 
used in the practical CS process. It should be not that because the deformation is severest in the region 
close to impact interface, which also induce complicated grain structure in this region. Moreover, grain 
structure here also plays an important role in the bonding mechanism of particles and strongly affects the 
mechanical properties of the CS deposit. Therefore, this work focus on the modelling and prediction of grain 
structure in the region close to impact interface. And the position where the Monte Carlo microstructure 



simulation was conducted is demonstrated on the left of Fig.4a. the position is located within 1 μm from the 
impact interface and is 45° from the southern pole of the particle.  

Verification of the developed Monte Carlo model 

Before the discussion, to verify the feasibility and accuracy of the developed Monte Carlo model and 
algorithm in the application of CS process, herein, the simulated grain structure was compared with the 
grain structure obtained by the experimental investigation reported by Liu et al (Ref 12). In their work, 
spherical pure aluminium powder with average diameter 36 μm were deposit on the substrate. The 
temperature of gas propelling gas is 523 K and the measured velocity of the aluminium particle is 665m/s. 
these parameter was used to simulate the impact process via FEA analysis. The deformation parameter, 
including strain rate and deformation temperature was taken and input to the Monte Carlo simulation 
program.  

To make the simulation close to the practical impact process, a 1/4 3D multiparticle impact process FEA 
analysis was conducted. The right image on the left of Fig.4a demonstrates the FEA analysis result after 
the impact process. It can be seen that the first impact particle was severe deformed and jetting structure 
formed along periphery of the particle. Fig. 4c and Fig 4b show the Monte Carlo simulated grain structure 
and the histogram of grain size of simulation results. Due to the severe plastic deformation in the impact 
process, the grain structure has strongly refined to smaller equiaxial grains due to the completely finished 
DRX process. The average grain size was 33nm and grain with size ~10 nm also formed after the extreme 
high strain rate deformation. The average grain size obtained by MC modelling is similar to the average 
grain size measured by Liu et al via TEM characterization and it is also in the same scale of average grain 
(50~100nm) reported by other experimental investigations (Ref 5,37,38). Consequently, it is plausible to 
infer that the developed model is also valid in the simulation and prediction of grain structure evolution in 
the application of cold spray. But it should be noted again that the accuracy is striking, only when the DRX 
process in the modelling zone is completely finished. The small difference between the simulation and 
experimental measurement proves that the extension of DRX was extreme high in the region close to the 
impact interface. 

 

Fig.3 starting grain structure in the modelling 



 

Fig.4 verification of simulated grain structure (a) multiparticle impact process modelled by FEA and the 
scheme of grain structure modelling position. (c) grain structure obtained by MC modelling and (b) 

histogram of grain size obtained by MC modelling. 

 

Particle velocity influence on the grain structure 

Velocity that was directly influence by gas parameters is an essential factor that decides the deformation 
condition in the CS and consequently influence the success of bonding of particles. To investigate the 
influence of impact velocity on the final grain structure, a series of impact velocities were token to simulate 
the variation of grain structure and studied the influence of impact velocity. In the simulation, the 
temperature was set as 523 K. Fig.5a shows the simulated grain structure after impact with different velocity 
and the average grain size is demonstrated in Fig.5b. it can be seen that in the range from 400 m/s to 500 
m/s, grains became finer with increase of impact velocity. However, when the impact velocity increased to 
600 m/s, grain was larger than that in 400m/s and 600 m/s. it is interesting that with continuous increase of 
impact velocity after the velocity reached 600 m/s, grains gradually became smaller. But at the velocity of 
800 m/s, although the grain was much smaller than 600m/s, abnormal growth of grains (highlighted in the 
white circle) occurred. 



 

Fig.5 (a) the simulated grain structure in different impact velocity and (b) the variation of average grain 
size. 

As introduced above, deformation parameter decides the grain structure formation in a deformation process. 
Thus, the variation of strain rate and deformation temperature was extracted and their maximum value in 
different impact velocity were demonstrated in the Fig.6a. it can be seen that the strain rate and deformation 
temperature increase with impact velocity becoming higher. higher strain rate result in a larger increment 
of stored energy in unit time. Thus, in order to dissipate larger stored energy, nucleation rate was higher 
and grain size was consequently smaller. Due to the activation of atomic migration at higher temperature, 
grain boundaries can migrate faster, which induce the growth of grains. Especially for DRX grains, because 
their low stored energy statues, DRX grains were prone to grow with the assistance of thermal activation 
to reduce the stored energy in the system to the lowest state. Actually, the influence of strain rate and 
deformation temperature could interact with each other then decide the flow stress and final grain structure. 
To present the inaction between the strain rate and deformation temperature, Zener-Holloman parameter 
(expressed as Eq.13) was taken, which not only reflect the influence of deformation parameter but also 
take the material properties into consideration. a lower Z value suggests more outstanding strain hardening 
effect and higher nucleation rate induce by larger strain or lower deformation temperature. The changes of 
Zener-Holloman in different impact velocity are shown in the Fig.6b. The maximum value of Zener-Holloman 
variation has same increased tendency with strain rate and temperature, which indicated that compared 
with strain rate increasing, generally, the influence of temperature is not as outstanding as strain rate. It 
can be seen in the Fig.6b that the difference of Zener-Holloman parameter among 400 m/s, 500 m/s and 
600m/s is small. But there is a relatively large increment of strain rate when the velocity comes to the 500 
m/s, which results in a severer nucleation and consequently led to a small grain size. However, in 
comparison to 500 m/s, the increase of strain rate was less outstanding and thus, a higher deformation 
temperature promoted the grain growth, which consequently result in a larger grain size at 600 m/s. After 
600 m/s, with impact velocity becoming faster, the strain rate increased rapidly at velocity 700 m/s and 800 
m/s but the rising of temperature is mild, which also results in the outstanding increase of Zener-Holloman 
parameter. Due to the higher strain rate, the stored energy was also higher and more DRX grains was 
formed to dissipate suddenly increased stored energy. As consequence of that, grain structure became 
smaller. When the velocity came to 800 m/s, strain rate reaches the maximum and smallest grain structure 
is formed.  However, because large amount of stored energy was input, the nucleation of DRX could not 
dissipated the extra stored energy to the balance status. Therefore, some grains with lowest stored energy 
grew rapidly, which caused the abnormal growth of grains.  



 

Fig.6 the FEA simulated maximum strain rate, deformation temperature (a) and (b) Zener-Holloman 
parameters in different impact velocity  

Formation of grain structure in single and multiparticle  

To investigate the grain structure evolution process in CS process, the characterization on single particle 
has been widely conducted by taking the advantage of focus ion beam (FIB) technique. But this method 
cannot represent the real situation in the CS, because the formation of deposit via CS is the consequence 
of impact and bonding of a large amount of particle. Therefore, the firstly deposited particle will go through 
a continuous deformation induced by continuous impact of following particles, which influence the final grain 
structure in the deposit. if the microstructure is taken to study the grain structure evolution in CS process, 
it will be impossible to separate the influence of deformation occurring in the impact process and following 
hammering of following impact particles apart. Consequently, to have better understanding on the grain 
structure evolution process in CS, it is necessary to figure out the influence the multiparticle impact model 
on the final grain structure.  

Herein, impact process of single/multiparticle condition and the grain structure evolution were separately 
modelled. It should be noted that the simulation zone is chosen from the same position as shown in Fig.4a. 
The velocity and starting temperature of the particle were 400 m/s and 573K respectively. Fig. 7a and Fig. 
7b shows the grain structure obtained by MC modelling in single and multiparticle condition. And Fig.7c and 
Fig.7d demonstrate the variation of strain rate and deformation temperature for single and multiparticle 
impact process. It can be seen that grain structure in multiparticle situation is much coarser than that in the 
single particle condition. 

According to the variation of strain rate in two impact condition, there were no obvious difference in the 
maximum value of strain rate between two conditions, but it was no doubt that the strain rate of multiparticle 
impact was higher than that in single particle impact. Moreover, as highlighted in the circle of Fig.7c, when 
the strain rate of single particle came to the zero, due the impact of second particle, the strain rate of 
multiparticle increased again. But it should be noted that the second turn increase of strain rate was much 
lower than that in the first impact process. On the contrary to the small diversity in strain rate, as shown in 
Fig.7d, the difference of thermal history between two impact conditions is striking. it can be seen that for 
the single particle impact, with deformation going on, deformation increased to the peak value and rapid 
went down once impact process ended. However, for multiparticle impact condition, due to the impact of 
the second particle, after the ending of the impact of the first particle, the deformation did not finish 
immediately, and temperature was still high. Because of lower increase of strain rate but higher temperature, 
grains were prone to grow, which consequently result in a coarser grain structure in multiparticle impact 
condition. 



 

Fig.7 MC simulated grain structure in (a) single and (b) multiparticle impact. FEA calculated the variation 
of strain rate and deformation during the impact process. 

Conclusion 

In this work, a developed Monte Carlo DRX simulation model was applied to simulate the formation of grain 
structures in the region close to the impact interface in the cold spray of Aluminium. The modelling result 
was used to investigate the influence of particle velocity and single/multiparticle impact on the grain 
structure. The following conclusions were obtained. 

(1) the grain structures in the zone close to the impact interface obtain by Monte Carlo simulation agree 
well with reported experimental studies. The developed Monte Carlo here is still valid in the application of 
cold spray. 

(2) the influence of impact velocity on grain structure is a complicated process, which is decided by the 
interaction between the strain rate and deformation temperature. If the higher impact velocity induced more 
outstanding increase of strain rate than temperature rising, nucleation of DRX grains became the major 
dissipation pathway for stored energy and finer grain structure was formed. If strain rate did not increase a 
lot, the higher deformation temperature would let grain growth dominate the dissipation of stored energy 
and grain structure consequently became larger. However, if the stored energy increased so rapidly that 
nucleation of DRX could not bring the system back to the lowest stored energy status, grain would grow 
with an abnormal speed to dissipate the extra energy. 

(3) in the multiparticle the increase of strain rate induced by impact is not apparent, which could not result 
in any difference on final grain structure. On the contrary, due to the input of thermal energy from the impact 



of the second particle, a relative high temperature was kept, which resulted in the growth of grain and a 
coarser grain structure was formed after multiparticle impact. 
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