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ABSTRACT 

The SMAT has been widely studied through experimental approach in the past 

decades. After the process, the microstructure of metal can be scaled down to nano-

scale mechanically by numerous balls striking to the metal. So, the strength of metal 

can be enhanced drastically. However, lots of parameters can affect the result in 

SMAT. Investigating the effects experimentally is not an effective approach. Through 

the understanding of the strengthening mechanism of SMAT, numerical computation 

can then facilitate the investigation.  

 A virtual SMAT chamber with numerous balls was designed and the number of 

ball impacts was counted in a given processing duration. The position of each ball at 

each time increment was checked to detect collision. If there was a ball-ball collision 

or ball-boundary collision, the velocity of ball would be updated. The impact positions 

and velocities of the balls in a predetermined processing duration were used for the 

simulation of SMAT. 

 Johnson-Cook (JC) model was widely used in the simulation of high-velocity-

impact. However, the original JC model only considered the equivalent plastic strain, 

strain rate and homogenous temperature. As the microstructure of metal was 

continuously refined in SMAT, a new constitutive model was developed to include 
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the effect of grain and twin spacing refinements in SMAT. Both microstructure 

refinements were both influenced by the growth of dislocations, which was in turn 

determined by the equivalent plastic strain. By updating the equivalent plastic strain 

in each impact, the flow stress in SMAT was predicted by the micro and macro 

parameters. 

 Utilizing the information of impact positions and velocities of the balls in the 

virtual chamber and the new constitutive model, a simulation model was developed to 

predict the mechanical properties in SMAT. It was found that the original JC model 

would underestimate the stress in SMAT, while the stress predicted by the new 

constitutive model agreed well with the experimental results reported in the literature. 

In the new constitutive model, a varying yield stress was used as one of the input 

parameters. A 100-balls SMAT process lasting for 10 minutes was simulated. The 

simulated maximum tensile stress was 1.26 GPa while the measured tensile stress 

reported in the literature was 1.23 GPa, proving the effectiveness of the new 

constitutive model. Using the new computational model, different parameters can now 

be investigated first by simulation, which will provide valuable guidelines to the 

design of experiments.  
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TB  independent parameters of twin spacing 

p geometric factor 

1  independent parameters of twin spacing 

0 independent parameters of twin spacing 

N0 constant, maximum number of inclined dislocations in a grain 


p
′   number of initial twinning partials in the TBDPZ 

nF
TB  number of inclined dislocations around the twin boundaries 

 twin density in the grains 

nGB  number of dislocations around the grain boundaries 

λ
GB

  the average length of dislocation loops in GBDPZ 

Vcell the volume of the unit cell  

ϕ3 geometry constant 

𝛔𝐲 (𝐝𝐓𝐁)  yield stress determined by grain size and twin spacing (MPa) 
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𝛔𝐲 (𝐝𝐆)  yield stress determined by grain size only (MPa) 

𝜺  strain tensor 

(·)e notation for elastic component 

(·)p notation for plastic component 

𝜺𝒆  elastic strain 

(·)* notation of trial value 

εn+1
e ∗   elastic trial strain 

ε̅n+1
p ∗

  trial accumulated plastic strain 

∆𝛆  strain increment corresponding to a typical time increment [tn, tn+1] 

𝐬n+1
∗   corresponding trial stress 

𝛆 𝐝 (𝐭+𝟏)
𝐞 ∗

      trial elastic deviatoric strain at next timp step 

s deviatoric stress 

𝒑∗
(𝐭+𝟏)

  trial hydrostatic stress at next time step 

𝛆𝐯  volumetric strain  

K Bulk modulus  

σ(∙)  calculated trial stress 

q(𝐬)  von Mises yield criterion 

Φ(𝛔, σf)  yield function 

Vy impact Velocity at y-direction (m/s) 

Vx impact Velocity at x-direction (m/s) 

θ incident angle at the point of impact 
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CHAPTER 1 -  INTRODUCTION 

1.1 Background 

Nanotechnology has now become an increasingly important branch of materials 

processing. Scientists have continuingly researching on enhancement methods for the 

strength, ductility and hardness of various materials at the nano-scale. Numerous 

manufacturing methods for preparing nanocrystalline materials, such as 

electrodeposition (Ebrahimi, et al., 1999; Shen, et al., 2008), powder technology 

(Pickens, 1981; Zhang, et al., 2011b), and the development of carbon nanotubes (Sun, 

et al., 2007) etc., have been developed for mechanical properties enhancement. 

However, these methods are mostly applicable for non-metals and some may even 

change the chemical composition of the material. These problems inhibit the 

production of metals using nanostructures to improve the mechanical properties. 

 In general, the mechanical hardening method is appropriate for improving the 

mechanical properties of metals without affecting their compositions, which can be 

applied in aeronautics, automotive or marine industries for advanced usages. The 

strength of coarse grained metals is mainly achieved by the resistance to plastic 



 

CHAPTER 1 – INTRODUCTION 

 

- 2 - 

deformation, where the propagation of lattice dislocations breaks large grains interior 

to small grains. A larger force is required to further split up the smaller grains, until 

metal fracture occurs. When the metal is initially at the nano-grained scale (grain size 

smaller than 100 nm), the strength of the metal can be greatly improved. However, 

further reduction of grain size may scarify the ductility (Lu, et al., 2004). Figure 1.1 

compares the strengths of coarse-grained and nano-twin copper after Surface 

Mechanical Attrition Treatment (SMAT). The coarse-grained copper has a lowest 

value of yield true stress than nanocrystalline copper (nc Cu). Nanocrystalline copper 

with twins (nano-twin Cu) has the highest value of yield true stress and is more ductile 

than nanocrystalline copper. This proves that nanocrystallization can effectively 

increase the metal strength. 

 

Figure 1.1 True stress and true strain curve of nanocrystalline copper (Lu, et al., 
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2004) 

 Surface treatment is one of the nanocrystallization processes. It neither changes 

the chemical composition nor reshapes the dimensions of the metal after treatment. It 

only produces nanostructure on the material surface. Severe Plastic Deformation (SPD) 

is one of its significant and effective technologies for surface treatment and is a kind 

of mechanical method for producing nano-scaled surfaces. A high pressure, 

accompanied with large shear strain, is applied during the SPD process. Through this 

strain hardening process, the grains are refined superficially to become nanostructure. 

SMAT is one of the surface treatment methods for producing nano-grains on the metal 

surface.  

 Similar to shot peening, a number of steel or ceramics balls are positioned in a 

chamber with a vibration horn. As illustrated in Figure 1.2, the balls fly in random 

directions and hit the metal surface to achieve plastic deformation.  
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Figure 1.2 Schematic configuration of surface mechanical attrition treatment system 

 With the benefits of non-directional grain refinement, SMAT is superior to the 

other methods since the mechanical hardening comes in multi-directions. As shown in 

Figure 1.3, the stainless steel 304 metal surface becomes nanostructured after the 

SMAT, and the grain size of the stainless steel is now less than 100 nm, as the grain 

nano-scale and the aspect ratio is small. This implies that the metal can maintain 

isotropic properties better than other strain hardening methods in producing 

anisotropic material.  
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Figure 1.3 Microstructure of stainless steel 304 after SMAT (Chen, et al., 2011) 

  Extensive experimental studies have been conducted by researchers to 

investigate the subsurface nanostructures after SMAT in copper (Wang, et al., 2006), 

titanium (Zhu, et al., 2004; Zhang, et al., 2004), nickel (Li, et al., 2009), inconel 600 

alloy (Tao, et al., 2003), stainless steel (Zhang, et al., 2003; Chan, et al., 2010; 

Arifvianto, et al., 2011; Chen, et al., 2011; Lu, et al., 2011), aluminium (Cheung, et 

al., 2011), steel (Prabhu, et al., 2012; Gatey, et al., 2013) and iron (Tao, et al., 2002) 

etc. The grain size was in a range from a few nanometers on the top surface to several 

micrometers at a 100 µm depth. The yield stresses of the treated samples were greatly 

increased due to the grain refinement, dislocation multiplication, twin-twin 

intersection, twin-induced grain boundary and/or martensitic transformation etc. The 
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evolution of the microstructure is affected by, but not limited to, a number of factors, 

such as frequency of the vibration horn, ball size, ball density, type of target and ball 

material, processing duration of SMAT etc.  

 Since there are many parameters affecting the metal behaviour after SMAT, 

conducting experiments may not cover every possible combination before SMAT. 

With the aid of computation simulation, the development of a simulation model can 

vary different parameters to predict the results after SMAT. With the work of many 

scientists, much experimental data for various metals treated by SMAT are presented 

in major or limited simulations (Zhang, et al., 2011a) conducted to predict the 

mechanical properties after SMAT. If the relationship between the processing duration 

and number of impacts in SMAT has not been determined in current development, that 

will be obstructing the development of simulation in predicting the behaviours of 

metal after SMAT because the processing duration cannot be quantified in the 

simulation of the mechanical properties. A model is to be developed to determine each 

ball impact location and velocity in all directions in order to count the number of 

impacts in a certain processing duration.  
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 Besides, by observing the experimental results, the strength is affected by both 

the macrostructure and microstructure of the metal (i.e. ball size and grain refinement). 

Conventional material laws may not be appropriated to predict the mechanical 

properties. A new constitutive model is required with consideration of the 

microstructure and macrostructure together. With the known ball impact location and 

velocity, and governing law, the strength of the metal after SMAT can then be 

determined using finite element analysis. The impact motion of a ball on the metal 

surface can be simulated in steps at the required location and velocity. After a series 

of impacts, the mechanical properties of stainless steel 304 (304 SS) can be calculated, 

without conducting experiments, so as to examine the results of combining different 

parameters. 

 

1.2 Objectives 

On the basis of the above background information, the major objectives of this 

research are: 

1. to build a model and determine the relationship between the number of ball 
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impacts and processing duration of SMAT, and the number of balls;  

2. to develop a constitutive model that represents the relationship between the flow 

stress and the grain size, twin spacing, strain, strain rate and temperature; 

3. to develop a finite element model for simulating the SMAT process and 

estimating the grain size and twin spacing after the SMAT treatment. 

 

1.3 Engineering Significance 

Metals are hard, ductile and thermal conductive materials, and are widely used in 

different areas especially in the automotive, aerospace and marine industries for 

producing outer shells or engine components. Insufficient protection of a metal may 

cause a drastic failure or even a disaster. It is obvious that the high strength and high 

ductility material is demanded in the future when fabricating the protective 

components.  

 Nanotechnology is one of the most efficient and feasible techniques to produce 

desirable metals. SMAT can dramatically increase the strength of a treated metal 

surface. The refined nano-grains are highly concentrated on the top surface and up to 
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several micrometers in depth. This surface protection is well suited for manufacturing 

the outer shell to enhance protection. 

 In accordance with different applications, metal strength and ductility properties 

may be different. Conducting unlimited experiments on numerous types of metal is a 

waste of time and resources. The development of simulation can act as a prediction 

and design tool before SMAT. It saves time compared to conducting experiments 

when seeking the perfect match between duration and number of balls for the SMAT, 

enabling the metal to be manufactured with the desired strength.  

 

1.4 Scope of Work 

Developing an accurate simulation model for SMAT is the main task in this study. To 

achieve the objectives stated above, the following tasks were completed. 

1) The work done by other researchers on SMAT, other surface treatment 

processes, microstructure behaviors and mechanisms, finite element analysis 

on different manufacturing processes, metal plasticity theory and constitutive 

modeling on material property were reviewed.  
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2) The duration of SMAT is an important measure in the process. A model was 

built to quantify the duration of SMAT for the frequency of ball impacts used 

in the simulation. 

3) A constitutive model was developed that represented the contribution of grain 

refinement and twin spacing in the residual stress, i.e. the residual stress was 

not only caused by the energy of the ball impacts, but also by the 

microstructure refinement. 

4) The simulation on balls impacting on a target plate with the application of 

conventional governing material law and constitutive model were conducted. 

5) The developed constitutive equations and simulations results were compared 

with those reported in the relevant literature. 

 

1.5 Organization of this Report 

This report is divided into 7 chapters: 

 Chapter 1 introduces the background of the research problem and clarifies the 

direction and objectives. The engineering significance shows the value and application 
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of the research technique. The scope of work summarizes the work done to achieve 

the objectives listed. 

 Chapter 2 reviews previous research on SMAT and other surface treatment. The 

works on finite element analysis for various manufacturing processes are also studied. 

The dynamic simulation is based on the material properties. Earlier research proposing 

models to describe the flow stress are also addressed in this chapter.  

 Chapter 3 describes the model developed for simulating the flying balls in the 

SMAT chamber. The relation between the duration and the number of ball impacts on 

the sample is discussed. Some other factors affecting the SMAT process are also 

presented in this chapter. 

 Chapter 4 explains the theory on the development of constitutive equation in 

describing the material properties during SMAT, with the metal plasticity theory 

applied in the subroutine writing on the finite element analysis (FEA). 

 Chapter 5 shows the FEA results by implementing the conventional governing 

material equation. The impact positions and velocities are based on the MATLAB 

simulation to imitate the ball impact in SMAT.  
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 Chapter 6 further demonstrates the FEA by the implementation of the new 

constitutive equation. A subroutine program is written and runs in the FEA to calculate 

the increment of equivalent plastic strain and stress. The simulation results are then 

compared with the experimental results reported in the literature. 

 Chapter 7 concludes the contributions of the research work and recommends 

further developments in the future. 
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CHAPTER 2 -  LITERATURE REVIEW 

2.1 Introduction 

In recent decades, a significant progress has been made in material processing 

technology (Ye, et al., 2014; Ye, et al., 2015). Nanocrystallization can successfully 

enhance metals with greater strength. The principle and various methods of 

nanocrystallization are reviewed here before further discussion.  

 The objectives of this study are to simulate the SMAT process and to predict the 

residual stress of the treated material. An understanding of the nanostructure after 

processing is crucial for the development of computational analysis. The marked 

experimental findings for common metals are reviewed, followed by a discussion of 

the grain refinement mechanism.  

A comprehensive review on the description of residual stress and 

microstructure is conducted. The strength and ductility of a metal are affected by its 

microstructural evolution. To develop a new constitutive equation to model the effect 

of the microstructure on the strength, the relationship between the microstructure and 

residual stress should be quantified with different approaches. Studies on 
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microstructure modelling are also discussed for further development of a constitutive 

model. 

 Simulation of microstructure and prediction of the mechanical properties of 

material are a current trend in materials science. Recent studies with finite element 

modelling are summarized to benefit from their findings.  

 

2.2 Nanocrystallization (NC) Process 

After the discovery of nanostructure in metal composites in the 20th century, scientists 

rarely addressed the detection and production methods of nanostructure materials 

(Aliofkhazraei, 2015). Nanocrystallized metals provide increased strength and fracture 

behaviour via a reduction in their grain size. According to the Hall-Petch relationship, 

the decrease in the grain size at 100 nm results in an increase in strength (Hall, 1951; 

Petch, 1953). In a "top-down" procedure, coarse-grained metals are refined to smaller-

grained metal. Various production methods, such as Severe plastic deformation (SPD), 

SMAT (Lu & Lu, 1999), High Pressure Torsion (HPT) , Equal Channel Angular 

Pressing (ECAP), and Air Blast Shot Peening (ABSP), are capable of producing metal 
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with ultrafine-grained materials and nanocrystal grains (Azushima, et al., 2008). The 

details of these nanotechnologies are reviewed in a later section 2.2.1 - 2.2.4.  

 

2.2.1 Surface Mechanical Attrition Treatment  

Surface treatment is a common method of enhancing the strength of metallic materials. 

It protects the surface of the metal without affecting its inner structure or changing its 

chemical composition.  

Lu and Lu (1999 & 2004) invented a new surface treatment production method, 

SMAT by refining the grain on the metal surface. Figure 1.2 illustrates the 

configuration of the SMAT system. A number of rigid balls with smooth surface are 

randomly placed in a chamber. The balls can be made of stainless steel (SS) or ceramic, 

depending on the target metal. A horn or vibration table is installed at the bottom of 

the chamber and connected to a booster and converter. A generator is connected to the 

converter that can also control the vibration frequency output to the ball between 50 

and 20 kHz (Azadmanjiri, et al., 2015).  
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Before conducting SMAT, the metal sample must be heated to release all 

residual stresses. The specimen is then mounted at the top of the chamber with one 

surface facing down toward the balls. During the SMAT process, the balls are 

resonated by the vibration of the horn and fly toward the sample. When the ball 

randomly strikes the sample, plastic deformation is initiated in multiple directions 

(Figure 2.1). The velocity of the balls is 1 to 20 m/s (Lu & Lu, 2004).  

 

Figure 2.1 Plastic deformation direction of sample surface after impact in SMAT 

(Lu & Lu, 2004) 

In a normal impact, the ball strikes the sample surface vertically. The metal 

piles up around the milling ball and create an impression on the metal (Figure 2.2 (a)). 

In an oblique impact, the ball is flying at an angle to the surface normal. The direction 

in which the metal piles up is the direction of the impact (Figure 2.2 (b)). Because the 

ball bounces off the sample, a small amount of the pile-up material detaches (Figure 

2.2 (c)). At the next impact, if the ball strikes the piled-up region, the region is 
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deformed (Figure 2.2 (d)) (Arifvianto, et al., 2012). By repeating impacts from 

multiple directions, the slip system changes with strain inside the same grain. 

Therefore, the grains can be subdivided into smaller grains even to a nano-scale. 

 

Figure 2.2 Surface evolution during SMAT (Arifvianto, et al., 2012) 

 Different materials may have different responses to SMAT. The thickness of the 

nanostructural layer varies according to many factors, including the size and material 

of the balls, the vibration frequency of the horn, and the processing duration. Figure 

2.3 illustrates the microstructure distributions after SMAT (Lu & Lu, 2004). In general, 

when the strain and the strain rate are large, the grain sizes on the treated surface can 
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be a few nano-meters and the depth of the nanostructure can be up to 50 µm. Under 

the nanostructured layer is a submicrostructured layer. Less energy can be transmitted 

to this layer during the ball impacts, which leads to further decreases in the strain and 

the strain rate. The grain size is as fine as several micrometers. The energy transferred 

to the third layer is significantly decreased and the deformed coarse-grained layer is 

formed. The final layer is a strain-free coarse-grained matrix. The balls' impact has no 

effect on this region. It can be concluded that the grain refinement process is due to 

the gradient variation of the strain and the strain rate at different layers. The dislocation 

formation affects the accumulation of strains. The energy for dislocation activity 

decreases sharply at the deeper layers, which results in reduction in the strain and the 

strain rate.  
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Figure 2.3 Microstructures, strain, and strain rate distribution along the depth from 

the sample surface in SMAT (Lu & Lu, 2004) 

 

2.2.2 High Pressure Torsion (HPT) 

The first study on HPT was performed by Bridgman in 1943. (Bridgman, 1943). High 

pressure and torsional strain are applied together on a short specimen to increase its 

ductility and to prevent the buckling effect for long specimens. As reviewed by 

Zhilyaev and Langdon, even though the torsional strain was increased, the precise 

value of the strain was difficult to define in this early work (Zhilyaev & Langdon, 

2008). On the basis of this work, a modified HPT process was introduced by Valiev 

and his colleagues in 1993 (Valiev, et al., 1993), whose HPT system was based on the 

design of the Bridgeman anvil-type device, as illustrated in Figure 2.4 of the new 

model (Valiev, et al., 2006). A disc-shaped metallic sample is initially placed in a 

cavity between an anvil and a support. Great hydrostatic pressure is then applied to 

the sample by rotating the anvil. The sample is subjected to torsional strain. In strain 

hardening, the polycrystalline structure undergoes grain refinement to a 

nanocrystalline structure. The grain size varies from 50 to 100 nm, depending on the 

sample material (Valiev, et al., 1993; Zhilyaev, et al., 2003; Pakieła, et al., 2006; 
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Sakaia, et al., 2005; Valiev & Langdon, 2006; Valiev, et al., 2006; Zhilyaev & 

Langdon, 2008). The thickness with HPT is generally about 0.3 mm. The refined grain 

size varies gradually from the center. The advantage of HPT is its high grain 

refinement and suitability for even brittle materials. However, it cannot be used with 

bulk materials and the distribution of the refined grains is unevenly from the disc 

center.  

 

Figure 2.4 Representation of HPT (Valiev, et al., 2006) 

 After compression, the metal is annealed at a high temperature to achieve higher 

yield stress than with the coarse-grain size. However, comparing with other severe 

plastic deformation processes, ductility is still sacrificed. In addition, HPT is better for 

the production of specimen in disc form than for cylinders due to the lack of 
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microstructural homogeneity in its vertical section. Mass production in a large sample 

is also difficult (Zhilyaev & Langdon, 2008).  

 

2.2.3 Equal Channel Angular Pressing (ECAP) 

By the principle of strain hardening, ECAP is another renowned severe plastic 

deformation processing technology. As with forging and extrusion, a rod-shaped 

sample is pressed by a plunger into a die containing two channels with equal cross-

sections. The channels are bent at an abrupt angle () and addition angle () as 

illustrated in Figure 2.5 (Iwahashi, et al., 1996; Pakiela, et al., 2006; Valiev & Langdon, 

2006; Valiev, et al., 2006). The sample is undergone a shear strain when passing 

through the intersection of two channels and the slip plane is formed after pressing. 

With adjustment of the angles or repeated pressing, a different slip system is formed 

(Iwahashi, et al., 1996; Nagasekhar & Kim, 2008; Valiev, et al., 2006). Because the 

cross-sectional areas of the two channels are the same, the size of the sample remains 

unchanged. Only grain refinement is induced by the high plastic straining.  
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Figure 2.5 Illustration of equal channel angular pressing (Valiev, et al., 2006) 

 Unlike HPT, a larger sample can be pressed with ECAP to produce an ultra-fine 

grained structure. The grain size after ECAP is on the micro-scale, which is larger than 

the processes of SMAT and HPT (Pakieła, et al., 2006). For some specific metals, the 

grain size may be reduced to the nano-scale but still over 200 nm.  

 

2.2.4 Air Blast Shot Peening (ABSP) 

ABSP is a surface nanocrystallization process by strain hardening. The working 

principle of ABSP is illustrated in Figure 2.6. A number of small balls are inserted 

into the tube of the device. With a high pressure light gas gun, compressed air is used 

to produce a large force to shoot the balls at the specimen (Umemota, et al., 2003; 
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Todaka, et al., 2004). The shots are unidirectional and normally perpendicular to the 

specimen's surface. The diameter of the shot can be as small as 50 µm with a velocity 

over 100 m/s. The impact on the specimen's surface produces a large quantity of 

energy that causes surface plastic deformation. The formation of a nanocrystalline 

structure is dependent on the ball size, the coverage and the distance between the gun 

and the specimen. Umenota (2003) showed that, each shot can have coverage of more 

than 50 % at 100 mm. The strain was between 7 and 31 % for steel. The grain size was 

estimated at 260 nm with a flow stress of 1.4 GPa. 

 

(a) 
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(b) 

Figure 2.6 Set-up of Air Blast Shot Peening at: (a) the whole view;  

(b) the cross-sectional view (Umemota, et al., 2003) 

 Since ABSP is a unidirectional process, refinement of the grain depends greatly 

upon the target material and the shot direction (Umemota, et al., 2003; Todaka, et al., 

2004). Similar to the SMAT process, the grain sizes increase with the depth from the 

specimen's surface.  

 

2.3 Experiments on Various Metals using SMAT 

The major advantage of SMAT over other nanocrystallization processes is its ability 

to produce evenly distributed nano grains on the metal surface. In past years, many 
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studies have been conducted on various metals to produce nano grains on the surface 

layer with SMAT. This section summarizes the performance of SMAT on different 

metals in particular AISI 304 SS.  

 

2.3.1 AISI 304 Stainless Steel  

AISI 304 SS is a face-centered cubic (FCC) structured material with low stacking fault 

energy (SFE) (Tao, et al., 2003). Over the past decade, experiments have been 

conducted by many researchers to investigate its mechanical properties and 

microstructure after SMAT. In the experiment conducted by Zhang et al. (2003), a 304 

SS plate was annealed in vacuum at 1080°C for 1 h before SMAT for 15 min. The 

vibration frequency was set at 50 Hz. The grain size increased with the depth from the 

surface as illustrated in Figure 2.7. At the surface, the grains were refined and the grain 

size was mostly around 11 nm, and martensite transformation was found. At a depth 

of 15 µm, the grain size ranged from 8 to 140 nm, with an average value of 30 nm. At 

a depth of 30µm, the grain size was about 60 nm. Mechanical twins with a thickness 

of 300 µm were observed at the surface. The density of the mechanical twins increased 

as the depth increased.  
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Figure 2.7 TEM image and grain size distribution on the top surface annealed at 

1080 °C and SMAT for 15-min process (Zhang, et al., 2003) 

 Similar results were also found in other studies at two different strain rates (Chan, 

et al., 2010; Chen, et al., 2011). The use of 100 balls gave a higher yield stress than 

the use of 50, 200, or 400 balls. A longer processing duration could have a positive 

effect on the SMAT. The settings of SMAT used by Chen et al. (2011) are summarized 

in Table 2.1. When the balls make impact at a high velocity, the metal is deformed 

drastically to give a high strain rate. Martensite transformation was observed in both 

cases. The grain size at the surface ranged from 2 to 100 nm, with an average size of 

10 nm at a low strain rate. This result perfectly matched that of Zhang et al. (2003). 

The grain size was much large in cases with a high strain rate than in those with a low 

strain rate, which averaged 120 nm for α‘-martensite and 250 nm for γ-austensite 
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grains. Denser deformation twins were found in 304 SS, even at a depth of 50 µm from 

the surface. The high strain rate is not good for the reduction of the grain size due to 

the hindering effect of α‘-martensite transformation. However, this effect is the main 

mechanism by which the low strain rate can produce nano-grains.  

Table 2.1 Settings of SMAT for AISI 304 SS with different strain rates  

(Chen, et al., 2011) 

 SMAT – L SMAT – H 

Strain Rate (s-1) < 5 × 103 5 × 104 - 1.2 × 105 

Ball velocity (m/s) 0.5 10 

Vibration frequency (Hz) 50 20000 

Ball material GGr15 Bearing steel 

Ball diameter (mm) 8 3 

Duration (min) 40 15 

Residual strain 0.07 0.2 

 The hardness of coarse-grained AISI 304 SS is generally 200 MPa; however, 

after the SMAT process, it can be increased to a maximum of 495 MPa at the surface 
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in both cases. The ultimate engineering stresses of samples with high and low strain 

rates were over 1000 and 800 MPa respectively, which were much higher than that 

with coarse-grained 304 SS. The engineering strains were approximately 35% for the 

sample with a high strain rate and 52% for the sample with a low strain rate, as 

illustrated in Figure 2.8.  

 

Figure 2.8 Engineering stress-strain curves of AISI 304 SS (Chen, et al., 2011) 

 The SMAT cannot only improve the mechanical properties, but also the corrosion 

resistance (Balusamy, et al., 2013). When a larger ball size is used for SMAT, the 

corrosion resistance is greatly improved.  

 The yield strength and ductility could coexist by cold working after the 

nanocrystallization process (Wang, et al., 2002). To achieve further enhancement of 
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strength and ductility, a second processing stage was applied after SMAT in a laminate 

structure, as shown in Figure 2.9 (Chen, et al., 2007; Chen, et al., 2008 ; Lu, et al., 

2011; Guo, et al., 2012; Chen, et al., 2014). One AISI 304 SS was firstly treated by 

SMAT and then fabricated in a layered structure for further warm co-rolling, resulting 

in great strength the layer-structured metal, which was greater than that of the single 

layer metal after SMAT. The engineering strain reported in the literatures is similar to 

that of a single metal with SMAT. The annealing temperature also affected the strength 

of the metal. An excessively high temperature resulted in a weaker yield and ultimate 

stresses after co-rolling. 

 

Figure 2.9 Schematic diagram of warm co-rolling process (Lu, et al., 2011) 

 

2.3.2 Copper  

Copper is also a FCC metal with a medium SFE. Nano grains are formed on the surface 

after the copper underwent SMAT for 30 min. Generally, the grain size ranged from 
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30 to 100 nm (Dao, et al., 2006, Guo, et al., 2006, Wang, et al., 2006), which is larger 

than the grain size of 304 SS. The grain size increased directly with the depth from the 

surface, and the processing duration of SMAT also had a direct effect on the grain size. 

The grain size after 30 min of SMAT was smaller than after 5 min of SMAT (Wang, 

et al., 2006).  

Twinning was also observed in copper after SMAT. Denser twins were found 

with a higher strain rate and plastic strain. As seen in Figure 1.1, the strength and 

ductility of nano-twin copper surpassed those of the nanocrystalline copper. Twinning 

had a major and significant effect on both strength and ductility.  

 

2.3.3 Titanium  

Many experiments have also been conducted on metals other than AISI 304 SS and 

copper to investigate the differences in their behaviours after SMAT. Titanium is a 

well-known hard metal commonly used in the aerospace industry. When titanium is 

treated with SMAT, a nanostructure develops on its surface (Zhang, et al., 2004; Zhu, 

et al., 2004; Gallitelli, et al., 2014). As reported by Zhang et al. (2004) and Zhu et al. 

(2004), the nanostructure of the titanium after SMAT could be as thick as 50 µm. The 
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grain size was between 50 and 250 nm and averaged in 150 nm at the top surface (Zhu, 

et al., 2004). Twins formation was found in the nanostructure layer and polygonal 

submicronic grains were formed in the micro-grain layer, these structural observations 

are similar to those of AISI 304 SS.  

 The hardness of treated titanium decreased with the depth (Zhang, et al., 2004; 

Gallitelli, et al., 2014). The surface hardness increased by 15% over that of the coarse-

grained titanium. When compared with the shot peening, metal that underwent the 

SMAT process at high velocity had a high level of micro-hardness due to the presence 

of the nanostructure as a result of the multi-directional impacts from SMAT in the 

refinement of the grain (Gallitelli, et al., 2014). 

 

2.3.4 Other Metals 

Other metals have also been examined with SMAT, including iron (Tao, et al., 2002), 

alloys (Azadmanjiri, et al., 2015) and other type of SS (Chen, et al., 2005; Michiuchi, 

et al., 2006; Balusamy, et al., 2010; Chemkhi, et al., 2013). A nanostructure was 

formed on the surface of each of these metals. Tao et al. (2002) found that when the 
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micro-strain increased over 104, the grain size decreased to the nano-scale to a depth 

of 15 µm, followed by sub-grain layer to a depth of 40µm.  

 The nanocrystallization process of other types of SS obtained similar results. For 

AISI 316L austenitic SS (316L SS), the average grain size was found to be 40 nm in 

γ-structure. The yield stress was examined as high as 1.45 GPa, which also obeyed the 

Hall-Petch relationship (Chen, et al., 2005). However, low strain is an issue in the 

nanostructure metal. In addition to the mechanical properties, corrosion resistance is 

also considered in other studies. Under the high strain rate of SMAT, the surface 

roughness improved, especially with the use of larger SS balls (5 mm and/or 8 mm) 

for a longer processing duration (e.g., 30 and 45 min). However, the corrosion 

resistance decreased with the increase in micro-strain (Balusamy, et al., 2010) due to 

the defect density induced in the process. In contrast, the use of smaller balls and/or a 

shorter processing duration can improve corrosion resistance by passive film 

formation. To improve corrosion resistance, AISI 316 austenitic SS underwent SMAT 

and nitriding for 20 h (Chemkhi, et al., 2013). The thickness of the nitrided layer was 

increased, and the hardness of the nitrided SS was improved because the SMAT first 

refined the grain to nano-scale so that the nitrogen content could dissociate deeply into 

the metal.  
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 In twinning-induced plasticity (TWIP) steel, twinning is the major deformation 

mechanism that subdivides the grains (Li, et al., 2012). The width of the intersection 

of mechanical twins was reported at 20 nm in two directions. The size of rhombic 

blocks formed by intersecting twins ranged from 80 to 100 nm. The formed twins in 

TWIP steel differed from those of AISI 304 SS at a 150-µm depth after SMAT. The 

multiple twins were wider, and the rhombic blocks at the intersection of different 

directional twins were smaller in TWIP steel than in AISI 304 SS. The twin spacing 

decreased to refine the grain by a single twin, whereas the intersection of multiple 

twins occurred in the refinement of grains. 

 

2.4 Nanocrystallization Mechanism  

Dislocation, grain boundary, phase transformation and/or twin formation always 

appeared in the grain refinement (Tao, et al., 2002; Tao, et al., 2003; Zhang, et al., 

2004; Lu & Lu, 2004; Guo, et al., 2006; Chan, et al., 2010), which is the major process 

in the nanocrystallization of metals in SMAT. An understanding of the grain 

refinement mechanism is critical for simulation of the SMAT process.  
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2.4.1 Grain Refinement Mechanism of Metal with Low Stacking 

Fault Energy 

The grain refinement mechanism of low SFE is illustrated in Figure 2.10 (Tao, et al., 

2003). Twins and dislocations formations are two major processes in low-SFE metal 

to form a nanostructure. During the nanocrystallization process, high-density twins are 

formed in the coarse grains, which are subdivided into twin laminates (process 1). Two 

conditions may appear in SFE metals.  

Micro-twins are grown inside the grains only, and not across the twin 

boundaries. The driving force for such dislocation movement is insufficient to 

overcome the barrier of the grain boundary. An increasing number of micro-twins are 

formed in the twin laminate. When the strain increases, plastic deformation is triggered 

until the formation of mechanical micro-twins is saturated. A dislocation wall is then 

formed in the twin laminate to balance the increase in strain energy (process 2A). A 

strain-induced sub-boundary is formed from the dislocation wall at which smaller 

grains are developed (process 3). 
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An alternative condition after the formation of twin laminate is the 

development of twin-twin intersection. The driving force of the mechanical twins is 

sufficiently large to overcome the barrier of the twin boundary. A new twin boundary 

can be developed at the intersection of the twins (process 2B). A misorientation 

equiaxed nanometer-sized block is formed (process 3). The boundary formed is a 

large-angle boundary that increases the boundary misorientations in the accumulation 

and annihilation of dislocations at the grain boundary.  

Smaller grains are formed by repeating the above mechanism inside an 

individual grain. The misorientated nanometer-sized blocks are finally developed as 

rotational and sliding of the grains and the grain boundary become easier on the nano-

scale (process 4). 
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Figure 2.10 Illustration of the grain refinement mechanism of low SFE metal (Tao, et 

al., 2003) 
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2.4.2 Grain Refinement Mechanism of High Stacking Fault 

Energy Metal 

As reported by Tao et al. (2002), there are two grain refinement mechanisms for high-

SFE pure iron. As illustrated in Figure 2.11, either dense dislocation walls (DDWs) or 

dislocation tangles (DTs) developed inside an original grain. DDWs and DTs are 

transformed into sub-boundaries by further straining together with misoriented cells 

or sub-grains. Sub-boundary would be developed to a new highly misoriented grain 

boundary. By repeating the above movement of DDWs or DTs, a large grain is refined 

to be nanostructure. 
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Figure 2.11 Schematic diagram of the grain refinement mechanism of pure iron  

(Tao, et al., 2002; Azadmanjiri, et al., 2015) 

 

2.4.3 Martensite Transformation  

In some cases, martensite transformation occurs during grain refinement in the twin-

twin intersection. As illustrated in Figure 2.12 (Sheng, 2011), dislocation forms in 
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multiple directions. Similar to the twin-twin intersection development, twin laminate 

is formed with the increase in strain. In the formation of a twin-twin intersection, the 

martensite transformation takes place at the intersection. The series of processes 

repeats until the nano grains are formed.  

 

Figure 2.12 Illustration of the grain refinement with martensite transformation  

(Sheng, 2011) 

 

2.5 Numerical Modeling 

The evolution of the microstructure affects stress and strain of the material. In the grain 

refinement process, the grain size is reduced and twins are produced for low SFE 

material, such as AISI 304 SS or 316L SS. Quantification of the grain refinement and 

twin formations can predict the effects of stress. In this section, the modeling related 

to the grain size, twins size, and residual stress is reviewed.  
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2.5.1 Residual Stress Modeling 

During the SMAT process, the plastic deformation on the surface was mainly 

determined by the strain and strain rate. The high velocity of the ball impacts on the 

metal developed a range of strains, strain rates, temperatures, and pressures. The strain 

rates especially, defined the metal that was under a dynamic process rather than static 

loading. 

A constitutive model developed by Johnson and Cook described the flow stress 

as a product of the effects of strains, strain rates, and temperatures on metal (Johnson 

& Cook, April, 1983; Johnson & Cook, 1985). This experiment was conducted on an 

explosive impact. Many other researchers adopted this model to quantify the flow 

stress in an isotropic hardening situation (Rule & Jones, 1998; Liang & Khan, 1999; 

Umbrello, et al., 2007; Ruan, et al., 2010a; Ruan, et al., 2010b; Chen, et al., 2011; 

Visser, et al., 2011; Zhang, et al., 2011a). 

In the Johnson and Cook’s experiments, the metals underwent torsion test with 

one parameter varied each time. The Johnson-Cook (JC) relationship was expressed 

in the following:  

 σ𝑓 = [A + B ε̅pn
][1 + C ln ε̇

∗][1 − T∗m]  (2.1) 
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where A, B, C, m, and n are the material constants. f is the flow stress.  ε̅p is the 

equivalent plastic strain ε̇
∗
 is the dimensionless plastic strain rate as 

 ε̇
∗ =

ε̇

ε̇0
  (2.2) 

where ε̇0 = 1.0 s−1, is the reference plastic strain rate. T∗m  is the homologous 

temperature as 

 T∗m =
(T−T0)

(Tm−T0)
 (2.3) 

where T0 is the reference temperature. Tm is the reference melting temperature.  

 The first part of the JC equation is the strain function, the second part is a 

function of the strain rate, and the last part is the function of temperature. The flow 

stress is a function of strain for ε̇
∗ = 1.0 and T∗m= 0, which means that the material 

is currently at the melting temperature by the definition of Equation (2.3). 

 In addition to the JC model, some researchers developed another mathematical 

model to determine the flow stress. Yoshino and Shirakashi proposed a new equation 

to determine the flow stress, strain rate and temperature by plastic deformation energy 

(Yoshino & Shirakashi, 1997). In a Hopkinson bar-type impact test, a specimen was 

compressed with high pressure air. The flow stress and strain rate were determined 
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separately by the obtained strain. However, the relationships between the flow stress 

and the strain, strain rate and temperature history are not obvious.  

 A statistical method was used by Zhu et al. to predict the mechanical properties 

of bimodal metal (Zhu, et al., 2012). With a combination of coarse grains and 

nano/ultrafine grains, the polycrystalline metal acted as a composite mixture. 

Dislocations inside the grain and on the grain boundary were encountered to develop 

a new constitutive equation. The flow stress was a result of the dislocation density 

inside the grain and on the grain boundary.  

 The behaviour of the metal deformation may not be isotropic hardening. Kim et 

al. proposed that the mechanical properties of the crystalline phase of fine grained 

material could be modeled as viscoplastic material with dislocation density evolution 

(Kim, et al., 2000). With the same concept of the composite rule of mixture, the 

volume fraction and stress of intercrystalline components with grain boundaries were 

considered to calculate the final stress. Combined with the viscoplastic model, the 

plastic strain rate tensor can be expressed in term of the deviatoric stress tensor. In the 

nanocrystallization process, the grain was refined and the mechanical strength of the 
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metal became improves. However, only the strain or strain rate was considered in the 

above models. The evolution of the microstructure has not yet been considered.  

 The prediction of flow stress in superplastic alloys has raised the interest of 

researchers (McFadden, et al., 1999; Cheong, et al., 2000; Cheong, et al., 2001). 

McFadden et al (1999) proposed a combination of the activation of grain-boundary 

sliding, and an increase in diffusion and dislocation generation. Cheong et al (2000 & 

2001) accounted for the strain rate and grain size in the viscoplastic constitutive 

equation. The flow stress was a summation of strain rate hardening, grain growth, 

isotropic hardening and yield stress. The grain refinement and strain rate effects have 

been considered in the contribution of the flow stress; only the strain is not considered. 

Grain growth also plays a key role in the hardening effect on the flow stress to the 

viscoplastic constitutive equation.  

 Twinning has also been considered in many studies to model the flow stress 

(Barnett, 2007a; Barnett, 2007b; Wei, 2011; Li & Soh, 2012). In the analysis by Wei 

(2011), the critical shear stress triggered the nucleation of partial dislocations. In the 

elastic-viscoplastic model (Li & Soh, 2012), intra-twin and twin-boundary-mediation 

(TBM) were two approaches of deformation mechanism in nanotwinned metals. The 
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former included the motion of dislocations inclining to the twin boundary emitted from 

the grain boundary, whereas the latter included the nucleation and movement of the 

twinning partials parallel to the twin boundary. These studies explained that twin 

formation is crucial in nano-scale metals. 

 

2.5.2 Grain Size Evolution 

As discussed in the previous section, the grain size has not yet been considered in the 

conventional residual stress calculation. Because the plastic deformation of metal is 

caused by grain refinement, the strength increases with a reduction in the grain size. 

As proposed by Hall and by Petch, the inversely relationship between the yield stress 

(y) and grain size (dG) has become a classical model, as shown in Equation (2.4) and 

Figure 2.13 (Hall, 1951; Petch, 1953). This equation is well-known and commonly 

used by other researchers to determine the stress and/or further development (Chou & 

Pande, 1972; Chokshi, et al., 1989; Kashyap & Tangri, 1990; Wang, et al., 1993; 

Takeuchi, 2001; Phaniraj, et al., 2007; Zhang, 2011a). The further reduction in the 

grain size strengthens the metal by increasing the yield stress until the grain size is 
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saturated at 10 nm. When the grain size is smaller than 10 nm, further reduction would 

only cause the yield stress to decrease instead. 

 σy = σ0 +
k

√dG
   (2.4) 

where σ0 and k are constants.  

 

Figure 2.13 Hall-Petch relationship between the yield stress and the grain size 

 (Hall, 1951; Petch, 1953) 

 The yield stress can be easily determined by the grain size with the Hall-Petch 

equation. However, the yield stress is not only contributed by the grain size in the 

plastic deformation. The strain, strain rate or other microstructure parameters may also 

affect the mechanical stresses.  
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 In the strain-induced deformation, the grain is not refined by the stress. For 

example, the grain was refined in the ECAP process, especially in multiple pressing 

processes. In the strain-induced situation, the grain size must to be defined according 

to different strain values (Kim & Kim, 2010). The grain size (d) is given by 

 
1

d
=

1

d∞
+ (

1

d0
−

1

d∞
) exp (

− ε̅p

εc
) (2.5) 

where  ε̅p is the equivalent plastic strain. d0 is the initial grain size. d∞ and εc 

are material constants. The grain size is equal to the initial grain size when the 

equivalent strain is zero.  

 Some researchers have found some correlation between the grain boundary and 

the grain size (Tsurekawa, et al., 2006). It was found that 10% of atoms were found 

in the grain boundaries when the grain diameter was at 20 nm (Swygenhoven, 2002). 

Deformation was caused by the movement of grain boundaries by partial dislocations. 

In their simulation, when the grain size was 30 nm, full dislocations was found. By 

repeating the dislocations motions, the grain was refined. Dislocations were found to 

be active in the grain boundaries at a small grain size.  
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2.5.3 Twins Nucleation  

As reviewed, the dislocation movement produced twins on a nano-scale when the 

strain rate is high to achieve greater strength (Bilde-Sørensen & Schiøtz, 2003; 

Meyers, et al., 2006; Lu, et al., 2009; Jain, et al., 2011). When the dislocation density 

is high, the stress increases. When the stress reaches a certain level, deformation 

twinning occurs and further narrows the separation between the twins. In extensive 

twinning, heterogeneous and homogeneous nucleation of the deformation twins 

appeared in the grain boundary and inside the grain respectively. The stress can then 

be as high as 2.5 GPa with a high level of plastic strain at 12% (Yamakov, et al., 

2002).  

 Many experimental results have shown that nano-twins always appeared in 

various metals (Chen, et al., 2003; Wu & Ma, 2006; Michiuchi, et al., 2006; Kibey, et 

al., 2007; Xiao, et al., 2008; Li, et al., 2010). Quantifying the twin size and/or spacing 

have long been studied to determine the stress induced. Some researchers have 

developed two different equations to tackle different twinning dislocations, that is, 

perfect and partial dislocations (Chen, et al., 2003). The SFE affects mostly the partial 

dislocations.   
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Kibey et al. considered the twinning energy pathways in the twin nucleation 

process to predict the twinning stress (Kibey, et al., 2007). Three layers of twin nuclei 

were considered. Thus, the true twinning stress was then a function of the grain size 

and the fault energy.  

In the expression of Equation (2.6), the relationship between the critical twin 

nucleus thickness (rc) and the equivalent stress () is simplified (Xiao, et al., 2008; 

Chen, et al., 2011). 

 rc =
5π

4

G γTB

σ2    (2.6) 

where G is the shear modulus and γ
TB

 is the twin boundary energy.  

This equation indicates that the twin nucleus thickness is inversely 

proportional to the square of the equivalent stress. The twin nucleus thickness is 

affected drastically by the stress. Because the stress is directly proportional to the 

strain, the strain would increase significantly with a decrease in the twin thickness. 

When the twin thickness decreases, the density of the twin increases, and the strain 

therefore increases. This confirms the experimental results that nano-twinned metal is 

more ductile than non-twinned metal.  
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 As proposed by Zhu et al., a piled-up zone was enclosed in the grain boundary 

and twin boundary (Zhu, et al., 2011). Numerous tiny and dense dislocations were 

formed in the Twin Boundary Dislocation Pile-up Zone (TBDPZ) under deformation. 

The dislocation density in the TBDPZ is calculated by  

 ρ
TB

= kTB ̃
TB

b
     (2.7) 

where ρ
TB

 is the density of inclined dislocations in TBDPZ. b is Burgers vector. kTB 

is a ratio of the thickness of the TBDPZ and the twin boundary. ̃
TB

 is the effective 

local strain gradient in the TBDPZ.  

 

2.5.4 Dislocation Density  

The mechanism of plastic deformation in single crystal of metal was studied by Taylor 

in the early 20th century (Taylor, 1934a; Taylor, 1934b). The shear strain between the 

atoms affected the dislocation movement in the crystal. A slip of the atomic planes 

was caused by the discrete displacement discontinuities (dislocations). Based on this 

observation, Mecking and Kocks proposed an equation to relate the macroscopic 

behaviour and the property of dislocations (Mecking & Kocks, 1981). The following 
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Equation (2.9) expressed the relationship between the flow stress ( σ𝑓 ) and the 

dislocation density (ρ). 

 σ𝑓 = αGb√ρ (2.9) 

where α is a constant of the ordering unit, depending on the strength of the dislocation. 

b is the Burgers vector, and G is the shear modulus.  

 Proposed by Meching and Kocks, the dislocation density was used to calculate 

the flow stress. However, other researchers believed that this equation was used to 

calculate the flow shear stress rather than the flow stress. The tensile flow stress should 

be multiplied by a constant, M (Wu, et al., 2011). They also developed mechanism-

based strain gradient plasticity to consider the twins lamella and matrix lamella.  

 In the experiments by Ni et al., high dislocation densities were observed on the 

grain boundaries and twin boundaries (TBs) (Ni, et al., 2012). Under the plastic 

deformation, the dislocations on the grain boundaries and TB significantly refined the 

grains to the nano-scale.  
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2.6 Computational Simulation 

Computational simulation has been widely applied in material science to predict the 

mechanical properties and microstructural evolution of the material. In the past decade, 

many studies on various severe plastic deformation processes have been conducted to 

simulate the fracture or stress-strain behaviour of the material.  

 

2.6.1 Simulation of Nanostructure Production 

FEA was used to simulate the equal-channel angular pressing process with ANSYS 

5.5. The specimen was assumed under a loading with friction only. The 

microstructural evolution was not considered in this case. The deformation of the 

specimen under ECAP was simply considered macroscopically as isotropic hardening 

(Zhernakov, et al., 2001). Another study considered the effects of grain size on stress 

in the simulation of High Pressure Torsion process. The rigid-plastic finite element 

method was applied to study the homogeneity of internal stress and strain distributions 

to optimize the process on bulk materials for grain refinement and nanostructure 

(Yoon, et al., 2008). By developing a dislocation cell evolution constitutive model, the 

dislocation density and cell walls are applied on the model to calculate the stress and 
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strain values on the bulk material under the process. This method made use of the 

number of dislocation density and cell walls to compute the desired stress-strain values 

after the process.  

 The aforementioned simulation model on the nanocrystallization processes 

applied continuous loading to a specimen. The load was either constant or changed 

gradually. To simulate dynamic impact, another working principle was required. The 

approach for simulation of shot peening was similar to SMAT, as a ball flew towards 

the sample and impacted it in a short time. The stress induced by the impact was of 

interest to researchers (Meo & Vignjevic, 2003; Majzoobi, et al., 2005), who simulated 

the residual stress of sample after shot peening. A simple one-time impact was used 

in the simulation. Dynamic relaxation was applied to compute the permanent 

deformation and frictional effects to the model instead of the effect by elastic motion. 

With the aid of commercial software, ANSYS, the residual stress after an impact was 

computed. In a further development, multiple-impact simulation was studied by 

Majzoobi et al., whose study was quite similar to a real shot peening process as several 

balls impacted a unit area. A Johnson-Cook constitutive model was applied to assume 

the material under an isotropic hardening process. The balls were assumed to strike 

the target directly at different, but close, local points. In a real case, the ball may not 
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be shot in an even distribution to the target and numerous impacts may occur. The 

stress is not only a result of the mechanical impact of the balls, but also of the 

refinement of grain. In addition, the effects of the velocity and ball size have not yet 

been studied. 

 The effect of velocity in multi-directional impacts was studied with ANSYS 

(Du, et al., 2009). Different velocities were applied on a single ball in the simulations. 

In advance, a dynamic model was used to predict the stress on the specimen with 

impacts of various velocities. With the same diameter of ball, the ball velocity has 

significantly effects on the Von Mises stress. The stress on the impact area is directly 

proportional to the ball's velocity. However, the stress deceases with the depth from 

the surface. These simulation results matched the experimental results well. Other than 

the ball's velocity during impact, the ball size, the impact coverage and the incident 

angles of impact are the factors that may affect the residual stress in shot peening or 

SMAT. To answer these effects, Zhang et al. studied the coverage after SMAT and 

the effect of oblique impacts with ABAQUS (Zhang, et al., 2011a). 10 random shots 

were studied to determine the coverage and depth of impacts by two different ball 

sizes. Still, the microstructural influence to the stress was not included in their study.  
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 As presented in the previous sections, a one-step surface treatment may not 

significantly enhance both strength and ductility. A laminated structure was developed 

and the numerical prediction was studied for comparison (Guo, et al., 2010; Guo, et 

al., 2012). SMAT and rolling processes created a number of cracks on the specimen. 

These studies determined the relationship between the number of micro cracks and the 

strain. A fundamental technique was used to investigate how the severe plastic 

deformation affects the strength of the material. More studies on the control of the 

crack distribution and single SMAT are required to systemize the SMAT process. 

 

2.6.2 Simulation of Microstructure 

Many researchers have developed various models for simulation of microstructure. In 

the involvement of twinning evolution, FEA had been used with the application of a 

constitutive equation (Thamburaja, et al., 2009). In this study, the evolution of 

microstructure was considered from the basis of single crystal to determine the stress.  

 Grain refinement of the microstructure or even nanostructure was simulated by 

the consideration of the grain boundary (Schiøtz, et al., 1997). The use of cellular 

automata is one of the recently used methods to simulate the grain structure. Xu and 
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Liu modelled the microstructure of aluminium alloy with cellular automata (Xu & Liu, 

2001). Based on the physical mechanism of nucleation and the kinetic theory of grain 

growth, the grain growth was calculated when the temperature was lower than the 

melting temperature. The grain density can thus be calculated in this manner.  

 Salehi and Serajzadel applied coupled cellular automata and finite element 

modelling to evaluate static recrystallization kinetics during non-isothermal annealing 

of cold-deformed low-carbon steels (Salehi & Serajzadeh, 2012). The material domain 

was divided into some regular square finite small cells. The state of this cell was 

defined by crystal orientation, dislocation density, temperature, and phase type. The 

neighbouring cells with the same crystal orientation and phase type belongs to a 

specific grain and probabilistic transformation rules are applied to change the state of 

each cell. The cellular automata algorithm and governing physical principle can 

determine the static recrystallization.  
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2.7 Summary 

This chapter reviews the mechanisms of various nanocrystallization processes to yield 

an overview of their advantages and disadvantages. The severe plastic deformation 

process and SMAT were introduced together with the experimental results for various 

common metals, including AISI 304 SS, copper, and titanium. Nano-twins, grain 

refinement and martensite transformation were observed after the SMAT process. The 

nano-twinned metal has better ductility than other nano-scale metals without twinning. 

By studying the grain refinement mechanism, the formation of twins has been 

understood and mainly occurred in the low SFE metals.  

 The constitutive models for quantification of the residual stress, grain size, twin 

spacing and dislocation density were also reviewed. These equations were useful in 

the development of a new constitutive model. The computational modelling of various 

nanocrystallization processes and microstructural evolution was briefly introduced to 

present the concept of simulation of the SMAT process in this study.  
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CHAPTER 3 -  THE COMPUTATIONAL MODEL 

OF SMAT 

3.1 Introduction 

The changes in mechanical properties that occur after SMAT with a certain processing 

duration have been investigated in many studies (Tao, et al., 2002; Zhang, et al., 2003; 

Chan, et al., 2010; Balusamy, et al., 2013). However, to predict changes in mechanical 

properties, the relationship between the number of ball impacts and the processing 

duration must be determined. For this purpose, a dynamics model was developed to 

simulate the random motions of balls in the SMAT chamber and to obtain detailed 

information regarding the number of ball impacts, the impact positions, and the impact 

velocities. The details of the model are presented in this section, followed by 

experimental verification.  

 

3.2 Assumptions 

The following assumptions are made in the MATLAB simulation: 



 

CHAPTER 3 – THE COMPUTATIONAL MODEL OF SMAT 

 

- 58 - 

 

1) Principle of energy and momentum 

In the ball-ball and ball-chamber collisions, the energy and momentum are 

conserved as a whole. So that the mass of the chamber and the balls should neither 

be deformed nor changed. Because no report of a dramatic decrease in the balls' 

velocities in the collisions was found in the literature, it is assumed that the 

dissipated energy during the collisions will be regained after the rebound on the 

horn. As a whole, the energy in the chamber is conserved.  

2) Deceleration due to gravity is negligible 

In the experimental setup for SMAT, the height of the chamber (H) was commonly 

set at 20 mm. If the maximum ball velocity is 10 m/s traveling vertically to the 

target metal, the rebound velocity is theoretically 10.02 m/s where the energy 

dissipation in the collision is small. If the ball velocity is 3 m/s before the collision, 

the rebound velocity is 3.065 m/s.  

𝑽⊥(𝑡+∆𝑡)
2 − 𝑽⊥(𝑡)

2 = 2𝑔𝐻 

The height of the chamber is low enough that the effect of gravity is only 0.2% to 

2.2%. This is a very small effect when compared with the energy regain and 
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dissipation during the collision, that is, 5%. In this condition, the deceleration due 

to gravity after the collision is negligible. 

3) Initial maximum ball velocity due to the power setting of the ultrasonic horn 

In the simulation, all balls are assumed to occupy random positions in a 3-

dimensional chamber and do not overlap. As an initial condition, the ball velocity 

is randomly assigned within a range. The ball velocity component normal to the 

ceiling has an initial maximum value due to the power setting of the ultrasonic 

horn. For example, Chen et al. (2011) found from their experiments that when the 

ultrasonic horn was used at a 35% power setting, the maximum initial ball velocity 

was 4.5 m/s; this value was used to constrain the initial maximum ball velocity in 

the simulation. 

3.3 Modeling of SMAT 

The cylindrical chamber with a radius (r) of 35 mm and a height of 20 mm for SMAT 

is schematically shown in Figure 1.2. The diameter of the metal balls generally used 

in SMAT is 3 mm. As depicted in Figure 3.1, the z-axis of the Cartesian coordinate 
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system lies along the axis of the cylindrical chamber and the origin of the coordinate 

system was set at the center of the chamber.  

 

Figure 3.1 Configuration in the simulation model 

 For each simulation, a fixed number of balls are first placed in non-overlapping 

random locations on the chamber floor. The balls then begin to travel upward with a 

random orientation and a random speed less than or equal to the maximum ball 

velocity. Because the balls can only fly inside the chamber, the x- and y- coordinates 

of the balls must satisfy Equation (3.1), and the z-coordinate must neither exceed that 

of the chamber ceiling nor fall below that of the chamber floor.  

 𝐱𝟐 + 𝐲𝟐 ≤ (𝐫 − 𝟏. 𝟓)𝟐  (3.1) 
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After updating the positions of the balls at each time step, the occurrences of collisions 

among the balls and between the balls and the chamber's wall, ceiling, or floor were 

checked. If a ball experienced a collision, its velocity was updated. A collision 

between two balls was checked by computing the updated distance between their 

centers. If the Euclidean distance between two balls was found to be less than the ball's 

diameter, a collision occurs between t and t+t. Because perfectly elastic collision 

between the two balls was assumed, the normal velocity was simply reversed and used 

in subsequent position calculations. A collision between a ball and the ceiling of the 

chamber occurred between t and t + t if the z-coordinate of the ball was equal to or 

larger than that of the chamber ceiling. The velocity component normal to the ceiling 

was reversed, and the velocity component remained tangential to the ceiling. The 

impact position and velocity were both recorded for further use. The current position 

(𝐒(t)) and velocity (V(t)) of the balls were used to determine the rebound position vector 

(𝐒(t+∆t)) using the following Equations (3.2 - 3.5). Possible collision with the floor of 

the chamber was checked for in a similar manner. To ensure that no ball collision was 

left undetected, the time step was set to a value so small that the ball would travel a 

distance less than its diameter. For a maximum initial speed of 4.5 m/s and a ball 

diameter of 3 mm, the time step was set to a value below 0.667 ms.  
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 𝐒(t+∆t) = 𝐒(t) + 𝐕(t) ∙ ∆t  (3.2) 

 𝐕(𝐭+∆𝐭) = 𝐕(𝐭)  (no collision) (3.3) 

 𝐕∥(𝐭+∆𝐭)
= 𝐕∥(𝐭)

  (after collision) (3.4) 

 𝐕⊥(t+∆t)
= −𝐂𝐑𝐕⊥(t)

  (after collision) (3.5) 

where 𝐕∥ is the tangential velocity component; 𝐕⊥ is the normal velocity component 

of the ball at the point of impact and CR is the coefficient of restitution .  

 The bottom boundary was the horn surface of an ultrasound generator. The 

vibration amplitude was also involved in the simulation model. The vibration horn 

was a sinusoidal vibrating table. When the ball impacted the horn, the horn directed 

the ball's motion according to the vibration amplitude, and thus the rebound of the ball 

velocity after impact with the horn (𝐕⊥(t+∆t)
) can be obtained using Equation (3.6) 

(Luo and Han 1996).  

𝐕⊥(𝐭+∆𝐭)
= −𝐀𝒉𝛚 𝐜𝐨𝐬(𝛚 ∙ (𝐭 + 𝚫𝐭) + 𝛗) − 𝐠(𝐭 + 𝚫𝐭)

+ [−𝐂𝐑𝐕(𝐭) + 𝐠(𝐭) + 𝐀𝒉𝛚𝐜𝐨𝐬 (𝛚𝐭 + 𝛗)] 

 (3.6) 
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where ω is the angular frequency of the vibration horn set at 20 kHz; Aℎ  is the 

amplitude of the vibration horn; φ is the phase angle; g is the gravity at 9.81 m/s2, and 

CR is the coefficient of restitution of the horn.  

The vibration amplitude was controlled by the power setting at different 

percentages. Chan et al. (2010) determined the relationship between the power setting 

and the average ball velocities. The velocities of balls under different vibration 

amplitudes of the horn were also defined (Tsai, et al. 2015) . The relationship between 

the power setting and vibration amplitude is shown in Figure 3.2.  

 

Figure 3.2 Relationship between the power setting of SMAT, the ball velocity, and the 

vibration amplitude of horn (Chan, et al., 2010; Tsai, et al., 2015)  
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 The coefficient of restitution was not only applied for the collision with the horn 

surface, but also in the calculation of the rebound velocity in the ball-ball and ball-

boundary impacts. In a collision, the lost fraction of kinetic energy is (1- CR
2). A ball 

would gain energy after impacted on the horn surface that maintained the ball flying 

randomly in the chamber.  

 The relationships between the number of ball impacts, and the processing 

duration, and the number of balls were investigated by simulation. Different numbers 

of balls and processing duration were applied, and the corresponding numbers of ball 

impacts were determined. Details of the simulation are summarized in Table 3.1. Each 

set of simulations was conducted at least five times to ensure statistical reliability.  

 According to the study by Chan et al. (2010), an increase in the number of balls 

did not necessarily increase the efficiency of nanocrystallization because the number 

of ball impacts was not directly proportional to the number of balls. The efficiency of 

SMAT under different combinations of factors can be determined more accurately by 

counting the number of ball impacts via the simulation because it is very difficult to 

determine through experiments.  
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Table 3.1 Summary of various sets of MATLAB simulation 

Duration (s) 5 10 15 20 25 

Number of Balls  50 70 100 125 150 170 200 230 250 

 

3.4 Demonstration of SMAT  

To verify the computational result, experiments were conducted with the aid of a high-

speed camera to capture images of the balls impacts. Figure 3.3(a) shows the setup of 

the experiment. A transparent cylindrical chamber was formed by placing an acrylic 

collar with a height of 20 mm and an inner diameter of 70 mm atop the 70-mm-

diameter ultrasonic horn of the SMAT machine. The square acrylic target plate was 

placed atop the collar and fixed to the platform of the SMAT machine with a mounting 

plate as shown in Figure 3.3(b). A fixed number of stainless steel balls was placed 

inside the cylindrical chamber and excited at the 35% power setting of the ultrasonic 

horn for 5 s. The test was repeated three times to obtain a statistical average. A 

Phantom VR706 high-speed camera was used to capture the motion of the balls in an 

acrylic transparent chamber at a rate of 1000 frames per second. To facilitate later 
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distance measurement from the captured images, a paper ruler was attached to the wall 

of the acrylic chamber. The experiments were conducted for 50, 100 and 200 balls.  

 

Figure 3.3 (a) Experimental setup of image capture of SMAT;  

(b) Acrylic transparent chamber 

 About five thousand images were captured from each 5-second trial. The images 

were reviewed consecutively to trace the balls' motions and to determine whether one 

or more balls collided with the chamber ceiling. Figure 3.4 shows three consecutive 

images captured at 0.011, 0.012, and 0.013 s in a trial with 50 balls. In Figure 3.4(a), 

balls 1, 2, and 3 were away from the top surface. Figure 3.4(b) was captured 1 ms after 

ball 1 struck the top surface and balls 2 and 3 were still moving toward the top surface. 

In Figure 3.4(c), ball 1 rebounded from the top surface. Ball 2 was moving downward, 

implying that it had struck the top surface between 0.012 s and 0.013 s. Ball 3 hit the 
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top surface at this instant. Therefore, the number of impacts at a particular moment 

can be counted by observing these consecutive images.  

 

 

 

Figure 3.4 Three consecutive images at (a) 0.011s, (b) 0.012s, (c) 0.013s for 50 balls  

 Five sets of consecutive images in one trial were used to estimate the average 

number of ball impacts per second to have statistical average. Each set had 10 

consecutive images, accounting for a 0.01-s interval. After counting the total number 
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of impacts visually from the 10 images, the average number of ball impacts per second 

was then calculated from the average of five sets. As each setting had 3 trials, this 

counting process was completed three times and took the average number of ball 

impacts per second. The simulations were conducted under conditions identical to 

those of the experiments. The experimental and computational results are summarized 

in Table 3.2, which shows excellent agreement. 

Table 3.2 Experimental estimation and simulation prediction of the number of ball 

impacts in 1s for 50 balls, 100 balls and 200 balls 

 50 balls 100 balls 200 balls 

Experimental estimation  1360 3020 4880 

Simulation prediction (average) 1354 2732 4712 

 

3.5 Effects of Processing Parameters 

The mechanical properties of a material after SMAT have long been investigated 

experimentally, yet little has been done regarding the processing parameters' influence 
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on SMAT performance. Experimental determination of the number of ball impacts is 

difficult, but without this knowledge, it is difficult to predict the mechanical properties 

of a material after SMAT numerically. This is the first time that the number of ball 

impacts has been determined with the computation model presented above. The effects 

of various parameters on the number of impacts were studied via simulations. Using 

seven different numbers of balls, the number of impacts for processing durations of 5, 

10, 15, 20 and 25 s were studied. The results are summarized in Figure 3.5. It is 

confirmed that the number of impacts was proportional to the processing duration. 

 

3.5.1 Prediction of Number of Impacts with Different Number of 

Balls (n) and Processing Durations 

Previous experimental works on SMAT performance have simply used the processing 

duration for comparison of results. However, for the same processing duration, the 

mechanical properties after SMAT could differ if any of the influencing parameters, 

such as the number of balls, was varied. The processing duration was not very useful 

in providing clear guidelines regarding how SMAT could be carried out to obtain 

desirable mechanical properties. This problem could be solved if the number of ball 
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impacts was used to quantify the SMAT performance under different combinations of 

parameter values.  

 In this study, the experimental results of SMAT were used to examine the 

relationship between the number of ball impacts and the processing duration and 

number of balls. The effect of the number of balls on the number of ball impacts per 

second was determined by plotting the slope from Figure 3.5 against the number of 

balls, as shown in Figure 3.6. The number of impacts per second with different 

numbers of balls was linear to the number of balls, which is given by Equation (3.7)  

 Nτ = d1𝑛2 + d2𝑛  (3.7) 

where N is the number of impacts per second, and d1 and d2 are -0.033 and 30.5, 

respectively, for the case shown in Figure 3.6.  
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Figure 3.5 Comparison of simulation results of number of ball impacts and duration 

of different numbers of balls 

 

Figure 3.6 Relationship between the number of ball impacts per second and the 

number of balls in the chamber  
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3.5.2 Effects of Maximum Ball Velocity, Height and Radius of 

Chamber  

In addition to the number of balls and the processing duration, the number of ball 

impacts is also a function of the maximum ball velocity after it hits the horn surface. 

As shown in Figure 3.7 for the case with 100 balls, the number of impacts in a second 

increases with the balls' velocity. However, such an increase is nonlinear because of 

the constraints of the chamber's dimensions. Faster movement of the balls also brings 

about a greater probability of ball-ball and ball-boundary collisions.  

 

Figure 3.7 Relationship between the number of ball impacts per second and the 

maximum ball velocity for 100 balls 
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 Further investigation of the combined effects of ball velocity and ball number 

was conducted with a constant number of ball impacts per second (N). As shown in 

Figure 3.8, the increase in the maximum ball velocity is associated with the decrease 

in the number of balls when the number of ball impacts is maintained. However, due 

to the limitations of the chamber's dimensions, a greater maximum ball velocity (v) 

leads to more ball-ball and/or ball-boundary collisions, and an insignificant reduction 

in the number of balls (n). The relationship between the number of balls and the ball 

velocity could be obtained as Equation (3.8). 

 
1

n
= 𝑎1𝑣 + 𝑎2 (3.8) 

where a1 and a2 are 0.016 and 0.012 respectively.  



 

CHAPTER 3 – THE COMPUTATIONAL MODEL OF SMAT 

 

- 74 - 

 

 

Figure 3.8 Inversely relationship between the number of balls and the maximum ball 

velocity 

 The height of the chamber also affects the number of impacts. It is predicted that 

an increase in the height of the chamber would lead to a reduction in the number of 

balls (n) if the total number of ball impacts (N), the processing duration (), and the 

maximum ball velocity (v) remain unchanged. When the height of the chamber 

increases, the number of balls must be increased to keep the same number of impacts. 

As shown in Figure 3.9, the relationship between the height of the chamber (h) and 

the number of balls is nonlinearly dependent for a given N. The change in the height 
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of the chamber could be compensated by adjusting the number of balls in Equation 

(3.9).  

 n =
h2

b1
+

ℎ

𝑏2
+ 𝑏3  (3.9) 

where b1, b2, and b3 are 39.4, 1.12, and 24.5, respectively.  

 

Figure 3.9 Relationship between the height of chamber and the number of balls 

 We also found that a change in the radius of chamber (R) resulted in an 

insignificant change in the number of balls needed to maintain a constant N, which is 

summarized in Table 3.3. When the height of chamber was maintained at 20 mm and 
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the number of ball impacts was kept constant, changing the radius of the chamber from 

28 to 70 mm does not require a notable change of the number of balls.  

 The number of ball impacts may be predicted with the use of the Equations (3.7) 

through (3.9). Furthermore, the simulation model demonstrated here is a tool to 

determine the impact position and velocity for further simulation of the enhancement 

of mechanical properties. 

Table 3.3 Relationship between the radius of chamber (R) and  

the number of balls (n) 

Radius of chamber (R) (mm) 28 35 42 50.4 63 70 

Number of balls (n) 53 50 53 54 54 56 

 

3.6 Summary 

Different parameters of SMAT affect its results. The model presented here can be used 

to predict the number of impacts after SMAT. The vibration of the horns and balls' 
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flying motions in the chamber were modelled with a mathematical equation. With 

these computational simulations, the following results were observed: 

i). The number of ball impacts was related to the number of balls, the processing 

duration, and the ball velocity, that is, the vibration frequency of the ultrasonic 

horn, which could be predicted by a mathematical model. 

ii). The number of ball impacts was directly proportional to the processing 

duration of SMAT and to the number of balls. 

 This section forms a bridge between the processing duration and the number of 

ball impacts under the SMAT process. This is significant in further predictions of flow 

stress after random ball impacts with the use of the recorded impact position and 

velocity for each ball on every impact. 
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CHAPTER 4 -  THEORY ON CONSTITUTIVE 

MODELING 

4.1 Introduction 

The calculation of the residual stress and strain in various manufacturing processes 

has long been a hot topic. Lots of experiments were conducted to investigate the 

mechanical properties of varying parameters with SMAT. However, lacks of research 

studied on the prediction of stresses with SMAT. Some studies just focused on how 

would mechanical properties be affected by the macroscopic or microscopic 

parametric change to the material. Few studies have been conducted to consider the 

effects of the macroscopic and microstructure evolution together of mechanical 

property. This combination factors are important especially in SMAT process. A high 

ball velocity of impact to the target material instantaneously caused the microstructure 

evolution, the grain refinement and/or the twin development, and the force acting on 

the material together. This chapter is going to discuss how a constitutive model 

predicts the residual stress and the strain under the considerations of the impact force. 

The microstructure evolution of the material with SMAT process is also discussed 

here.  
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 In addition to the material equation development, the theory of finite element 

analysis should be first clarified before conducting a further simulation of the SMAT 

process, followed by the development of the elasticity and the plasticity equations. 

After preparing these equations, the finite element model can be developed in 

ABAQUS. 

4.2 Development of Constitutive Equation 

The grain size, the twin spacing, the strain and/or the strain rate are the factors 

affecting the residual stress in the SMAT. To develop a new constitutive model, those 

factors are now investigating to find out their effect to the residual stress.  

 

4.2.1 Assumptions for the Constitutive Equation 

The following assumptions are made.  

1) The refinement of the grain and the twin spacing are essential as similar to the 

strain, the strain rate and the homogenous temperature as stated in Johnson-Cook 

(JC) model in the contribution to yield stress. 



 

CHAPTER 4 – THEORY ON CONSTITUTIVE MODELING 

 

- 80 - 

The impinging of the dislocations formed a pile-up zone around the twin and the 

grain boundaries. The twin spacing and the grain boundary, therefore, act as 

barriers to obstacle the dislocations’ motions. Several studies mentioned that both 

mechanisms were strong barriers to stop the propagation of dislocations (Greulich 

& Murr, 1979; Kibey, et al., 2007; Li & Soh, 2012). The theoretical model and the 

experimental investigation elucidated that a finer twin spacing and grain size led 

to a higher stress level to the material. The influence is as important as the changes 

of the strain, the strain rate and the homogenous temperature. 

2) The grain size produced with SMAT is greater than the twin spacing.  

The twin formation should be occurred inside the grain. When the twin spacing is 

continuously developed, it breaks the grains into finer grains. Thus, it is impossible 

for the twin spacing larger than the grain size.  

3) The minimum grain size is limited by the twin spacing.  

As the grain size cannot be smaller than the twin spacing, the lower limit of the 

grain size is set to be equal to the twin spacing. By further diminishing of grain 

size but not the twin size, the minimum grain size can be as the size of the twin 
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spacing in a cycle of refinement process. A new fine grain would be formed until 

the refinement process completes. 

4) The deformation twin can only form at/above a certain strain rate, and the twin 

spacing formed in the strain hardening process depends on the equivalent plastic 

strain only.  

With the results of various studies (Xiao, et al., 2008; Chan, et al., 2010; Chen, et 

al., 2011; Li & Soh, 2012), the strain rate affects the twins formation. Twins are 

only found at a certain level of strain rate. This level differs in various metals. In 

the increase of the strain rates, the twins thickness also increases. At a high strain 

rate, the elastic deformation only occurs at a very small strain. Therefore, it is 

assumed that the twins are formed at a strain hardening process and its size depends 

on the equivalent plastic strain.  

5) The effect of the grain size of flow stress follows the Hall-Petch relation.  

When the strain rate is lower than the twins triggered level, only the grain 

refinement is occurred in the contribution of flow stress. In the Hall-Petch relation, 

the stress was affected by the grain size. As reported by other studies (Schiøtz, et 
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al., 1997; Pande, et al., 2004; Marchenko & Zhang, 2012), the stress was in an 

inverse relationship with the grain size even in nanocrystalline materials. 

6) The metal should be under a small deformation. 

It is assumed that the metal is under a small deformation so that the strain gradient 

can be approximately as in a linear relationship. Thus, the total strain is a linear 

summation of elastic and plastic strain. The flow rule can be applied in the metal 

plasticity.  

 

4.2.2 Modification of Johnson-Cook Model 

The JC model is the constitutive equation used to calculate the flow stress. However, 

the original model only related the strain, the strain rate and the homogenous 

temperature to the flow stress of the materials without considering the effect of 

microstructure evolution. In this section, the detailed modifications of the original JC 

model is presented in relation to the evolution of the grain and the twin spacing.  
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4.2.2.1 Johnson-Cook (JC) Model 

In the JC model, the flow stress is expressed as a function of the strain, the strain rate 

ε∗̇ and the homologous temperature mT *  as presented (Grujicic, et al., 2012; He, et 

al., 2013; Wang & Shi, 2013).  

 σf = (A + B εn)(1 + C ln ε̇∗)(1 − T∗m)  (4.1) 

where A, B, C, m and n are material constants. The homologous temperature is given 

by T∗m =
(T−T0)

(Tm−T0)
, where T0 is the reference temperature and Tm is the melting 

temperature. 

Since the flow stress is a function of the strain, the JC equation represents the 

plastic deformation induced by the strain hardening. If the effect of the material 

response is mainly determined by the term (A + B εn), that is, the flow stress is 

expressed in terms of the yield stress and the strain hardening, where the strain rate 

and the homologous temperature are no significant effect on it (Ruan, et al., 2010a). 

The material constant, A, can then be determined as a static yield stress before the 

strain hardening occurs, that is, A = σy. The parameter A in the JC model represents 

the static yield stress in the elastic response. If the material is under a continuous 

hardening process, parameter A is no longer as a constant. The parameter A varies 

with the material response in the growth of dislocations. In this condition, the yield 
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stress depends on the microstructure evolution and the changing in the strain. Thus, 

the flow stress can relate to the change of microstructure and macrostructure as well.  

 

4.2.2.2 Yield Stress (y)  

The yield stress y increases in the increase of dislocation density in the strain 

hardening (Taylor, 1934a; Taylor, 1934b; Mecking & Kocks, 1981). An effort is made 

to determine the relationship between the microstructure parameters, for instance the 

dislocation density, to the apparent yield stress as  

 𝛔𝐲 = αGb√𝛒𝐈 + 𝛒𝐆𝐁 + 𝛒𝐓𝐁 (4.2) 

where I, GB, and TB refer to the dislocation densities inside a grain, at a grain 

boundary and at a twin boundary, respectively; G is the shear modulus; b is the Burgers 

vector; α is a geometric constant. 

 The dislocation densities in the grain boundary and the twin boundary are 

assumed much greater than that inside the grain. The total dislocation density can be 

approximated as  

 𝛔𝐲 = αGb√𝛒𝐆𝐁 + 𝛒𝐓𝐁  (4.3) 
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4.2.2.2.1 Dislocation Density in Twin Boundary (𝛒𝐓𝐁) 

 The formation of the deformation twins and the refinement of grains occur over 

certain level of strain rate for different materials during SMAT. It is assumed that there 

is a twin boundary dislocation pile-up zone (TBDPZ) at the twin boundary (Zhu, et al., 

2011). A high density of dislocations concentrates at this very thin layer. The 

phenomena are illustrated in Figure 4.1.  

 

Figure 4.1 Illustration of grain and twin boundaries (Zhu, et al., 2011) 
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 The dislocation density at the TBDPZ is affected by the effective local strain 

gradient in the TBDPZ as  

 ρTB = kTB ̃
TB

b
 (4.4) 

where ρ
TB

 is the dislocation density in the Twin Boundary Dislocation Pile-up Zone 

(TBDPZ). b is the Burger’s Vector. ̃
TB

 is the effective local strain gradient in the 

TBDPZ; and kTB is a constant to be determined by the following equations.  

TB

TB

TBDPZTB

d

d
k
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dTBDPZ 

dTB 

TB 
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Geometric factor 
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GTBDPZ

p
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dd
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Number of initial twinning partials in the 

TBDPZ 

(4.4f) 


0N

nTB

F   
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TB 

Number of inclined dislocations around the 

twin boundaries 

(4.4g) 

TB

G

d

d
   Twin density in the grains (4.4h) 

 

 By rearranging Equation (4.4), the dislocation density in twin boundary is now 

related to the twin spacing (dTB) as 

 𝛒𝐓𝐁 = (
𝟏𝟐 𝐝𝐓𝐁𝐃𝐏𝐙


𝐓𝐁 𝛑 𝐝𝐓𝐁

) (
𝟏

𝐝𝐓𝐁 + 
𝟎

−
𝐩

𝐝𝐓𝐁
) (

𝟏

𝐛
) (4.5) 

where dTBDPZ is the thickness of TBDPZ; 
TB

 and 
p
 are geometric factors; dTB 

is the twin spacing; 
1
 and 

0
 are constants independent of the twin spacing.  

 This equation agrees with the result in the Hall-Petch relationship, in which the 

grain reduction increases the yield stress.  

 



 

CHAPTER 4 – THEORY ON CONSTITUTIVE MODELING 

 

- 88 - 

4.2.2.2.2 Dislocation Density in Grain Boundary (𝛒𝐆𝐁) 

The grain boundary dislocation pile-up zone (GBDPZ) is another region containing a 

high density of dislocations (Zhu et. al., 2011). This region is around the grain 

boundary as shown in Figure 4.1 and plays an active role in the plastic deformation in 

the dislocation development. The dislocation density at the GBDPZ can be calculated 

by 

 ρ
GB

=
nGBλ

GB

Vcell
=

6dGBDPZ

ϕ3dG
 (4.6) 

where nGB is the number of dislocations around the GBs, λ
GB

 is the average length 

of dislocation loops in GBDPZ (=πdG), dG is the grain size. Vcell is the volume of the 

unit cell (= π
dG

3

6
), dGBDPZ is the size of the grain boundary dislocation pile-up zone, 

ϕ3 is the geometry constant ranged from 0.5 to 1.5. 

 

4.2.3 Modified Johnson-Cook (JC) Model 

Substituting the Equations (4.5) and (4.6) in Equation (4.3), the yield stress triggered 

by the twin spacing σy (dTB) is calculated as: 

 𝛔𝐲 (𝐝𝐓𝐁) = 𝛂𝐆𝐛√(
𝟏𝟐 𝐝𝐓𝐁𝐃𝐏𝐙


𝐓𝐁 𝛑 𝐝𝐓𝐁

) (
𝟏

𝐛
) (𝛈𝟏𝐝𝐓𝐁 + 𝛈𝟎 −

𝐩

𝐝𝐓𝐁
) +

𝟔𝐝𝐆𝐁𝐃𝐏𝐙𝐧𝐆𝐁

𝛟𝟑𝐝𝐆𝐛
  (4.7) 
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 In the study of Chen et al. (2011), a critical strain rate was required for twin 

formation in stainless steel. When the strain rate was greater than 104 s-1, the 

deformation twins were formed; while, if the strain rate was less than 104 s-1, no twin 

was formed in 304 SS. At a low strain rate, the yield stress was simply determined by 

the grain size according to the Hall-Petch relationship. The experimental data by other 

researchers were used to determine the material constants in the Hall-Petch 

relationship for 304 SS (Schino & Kenny, 2003a & 2003b, Chen, et al., 2011). The 

yield stress triggered by the grain refinement for 304 SS σy (dG) is determined as  

 𝛔𝐲 (𝐝𝐆) = 297 +
57

√𝐝𝐆
  (4.8) 

 The JC equation is finally modified by considering together the twin spacing and 

the grain refinement at different strain rates. 

 𝛔𝐟 = {
[𝛔𝐲 (𝐝𝐓𝐁) + B( �̅�𝐩)𝐧][1 + C 𝐥𝐧 �̇�∗][1 − T∗m],            ε̇ ≥ 104 

[𝛔𝐲 (𝐝𝐆) + B( �̅�𝐩)𝐧][1 + C 𝐥𝐧 �̇�∗][1 − T∗m],              ε̇ < 104
 (4.9) 

 This new constitutive equation shows that the flow stress is not only affected by 

the equivalent plastic strain and the strain rate, but also the grain size and the twin 

spacing. The values of those variables in Equations (4.7) and (4.9) are given in Table 

4.1. 
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Table 4.1. Parameters used in the new constitutive equation (Chen, et al., 2011; Zhu, et 

al., 2011) 

α G b 𝐝𝐓𝐁𝐃𝐏𝐙 𝐝𝐆𝐁𝐃𝐏𝐙 nGB 

0.33 86GPa 0.258nm 3.6nm 3.6nm 4×106 

𝛈𝟏 𝛈𝟎 
𝐩
 

𝐓𝐁
 𝛟𝟑 B 

3.5×1012 2.975×106 0.03675 0.5 - 1.5 0.5 - 1.5 1GPa 

n C 𝛆�̇� m T0 Tm 

0.65 0.07 1.0 1 293K 1500K 

 

4.2.4 Determination of Grain Size and Twin Spacing 

The flow stress determined by the new constitutive equation is now related to the grain 

size and/or the twin spacing, which depends on the strain rate. The refinement of the 

grain and the twin spacing depends on the equivalent plastic strain in the hardening 

process.  
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4.2.4.1 Grain Size Evolution  

In an isotropic hardening process, the grain is redefined with the equivalent plastic 

strain. The refined grain was determined by the initial grain size and the equivalent 

plastic strain in Equal Channel Angular Pressing (ECAP) (Kim & Kim, 2010). 

However, twin formation was not considered in their model.  

 Chen, et al. (2011) found that the increase in the equivalent plastic strain could 

lead to the decrease in the grain size when the strain rate was low. The grain size could 

be determined by Equation (4.10). The grain size reached the minimum size as 20 nm. 

The relationship between the grain size and the equivalent plastic strain is plotted in 

Figure 4.2.  
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1

dG
= 200 − 199.95 e−

5

3
 ε̅p

 (4.10) 

 

Figure 4.2 Determination of relationship between grain size and equivalent plastic 

strain

 

 When the strain rate is larger than 104s-1, the twins formation become more 

important in the microstructure evolution. The twins are formed in the grain until the 

twin spacing equals to the grain size. At this situation, the grain size reduces with the 

plastic deformation comparable to twin spacing  

 𝐝𝐆 = 𝐝𝐓𝐁 (4.11) 
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4.2.4.2 Twin Spacing Reduction 

Twin spacing is another factor that must be considered in SMAT process. The 

diminishing of the twin spacing occurs when the strain rate is larger than 104 s-1. In 

this situation, the twin spacing is affected by the equivalent plastic strain. The 

experiment conducted by Chen et al. (2011) provided the data to determine the 

mathematical model in Equation (4.12) that is used to calculate the twin spacing. 

Similar to the grain refinement, the increase in the plastic strain leads to the decrease 

in the twin spacing. The twin spacing decreases until the grain is split into a smaller 

grain. The minimum size of the twin spacing is found as 12.5 nm when the plastic 

strain is about 0.08. By Equations (4.10) and (4.12), the stress is determined by the 

new constitutive model, Equation (4.9).  

 dTB =
1

40e(57 ε̅p +10)
 (4.12) 

4.3 Validations and Stress Prediction by New Constitutive 
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Equations 

4.3.1 Validation of the New Constitutive Equation 

The new constitutive model, Equation (4.9), is now used to predict the flow stress. The 

simulated results are compared to the experimental results found in other studies (Chan 

et al., 2010). The twin spacing and the grain size were approximately 10 and 20 nm, 

respectively found in the literature (Chan et al., 2010). The predicted yield stress is 

approximately 1.3 GPa, which compares well to the experimental yield stress at 1.2 

GPa under the same condition.  

 

4.3.2 Stress Prediction 

The flow stress of SS304 is determined by two mechanisms: the grain refinement and 

the twin spacing, which depends on the strain rate in the strain hardening. The change 

in the flow stress by these mechanisms are calculated by Equation (4.9) and compared 

in Figure 4.3 against the strain in the impact (z-) direction in SMAT. The flow stress 

by the grain refinement increases with the strain monotonically. While the flow stress 

by the twin spacing and the grain refinement together (blue line) increases to reach a 
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maximum value and then decreases. Further decrease of the twin spacing can no longer 

increase in the flow stress.  

 When the strain is below 0.05, the flow stress by the grain refinement is greater 

than that by the twin formation; while at a higher strain, the behaviour is reversed. The 

flow stress reaches the maximum value at 1.33 GPa when the twin formation is in 

effective with the grain refinement.  

 Figure 4.4 and 4.5 shows the variations of the flow stress as a function of strain 

rate. The maximum flow stress is found at 1.46 GPa due to the twin formation at a 

strain rate of 1×105 /s. In SMAT, the balls stroke at a high velocity generated the strain 

rate as high as 1×105 /s. This prediction is consistent to the experimental results 

conducted by Chan et al. (2010).  
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Figure 4.3 Comparison of flow stress dominant by grain refinement and/or twin 

formation 

 

Figure 4.4 Relationship between flow stress due to grain refinement and strain at 

different strain rates 
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Figure 4.5 Relationship between flow stress due to twin spacing and strain at 

different strain rates 

 

4.4 Stress Integration of Metal Plasticity 

In the previous sections, the new constitutive model is developed in Equations (4.9), 

(4.10), and (4.12) to update the evolution of the grain size and the twin spacing. FEA 

is implemented with a new constitutive model as a material law to simulate the SMAT. 

The flow stress on the target metal is predicted after a number of random and in multi-

directional ball impacts. The dynamics forces and the metal behaviour must not be the 

same at every impact. The stress level of the targeting metal depended on either elastic 

or plastic deformation critically.  

Before conducting the simulation by FEA in next chapter, the governing 

equations of the elasticity and plasticity behaviours of metal should be defined clearly 

to update of the plastic stress and the plastic strain at every time increment.  
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4.4.1 Basic Components of Elastoplastic Model 

As introduced in the above sections, the constitutive model was applied to determine 

the stress induced by the twin spacing and the grain refinement by the metal plasticity. 

The elastic and plastic behaviours of the metal are determined by the general 

components (Chen, 1994; Wu, 2005; Neto, et al., 2008): 

1. Summation of strain tensor by elastic (·)e and plastic (·)p components. 

 𝜺 = 𝜺𝒆 + �̅�𝒑  (4.13) 

2. Free-energy function by all hardening components. 

3. Constitutive equation for the flow stress and the hardening thermodynamic force, 

A. 

4. Yield function. 

5. Plastic flow rule and the hardening law. 

6. Loading and/or unloading criterion. 

The general steps in the calculation of stress integration are by the elastic and 

plastic predictor. 

 



 

CHAPTER 4 – THEORY ON CONSTITUTIVE MODELING 

 

- 99 - 

4.4.2 Elastic Predictor 

The constitutive model is assumed as J2 plasticity with isotropic hardening. In the 

elastic response, the increment of equivalent plastic strain is zero, Δ ε̅p = 0. The 

elastic trial strain (εt+1
e ∗ ) and trial accumulated plastic strain (ε̅t+1

p ∗
) are updated by  

 𝛆(𝐭+𝟏)
𝐞 ∗ = 𝛆(𝐭)

𝐞 + ∆𝛆  (4.14) 

 �̅�(𝐭+𝟏)
𝐩 ∗

= �̅�(𝐭)
𝐩

 (4.15) 

where Δε is the strain increment corresponding to a typical time increment [tt, tt+1].  

 Because there is no plastic strain in the elastic deformation, the trial total strain 

equals to the elastic strain. The corresponding trial stress, 𝐬n+1
∗ , is then computed as 

 𝐬(𝐭+𝟏)
∗ = 𝟐𝐆 𝛆 𝐝 (𝐭+𝟏)

𝐞 ∗
    (4.16) 

and 

 𝒑∗
(𝐭+𝟏)

= 𝐊 𝛆𝐯 (𝐭+𝟏)
𝐞 ∗

  (4.17) 

 Denote q(𝐬) = √3J2(𝐬) 

 𝐪 (𝐧+𝟏)
∗ = √

𝟑

𝟐
𝐬 (𝐧+𝟏)

∗ : 𝐬 (𝐧+𝟏)
∗  (4.18) 
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where the notation (·)* refers to the trial value; the subscripts e and p denote as the 

elastic and p lastic system; 𝐬 and p refer to the deviatoric and hydrostatic stresses; 𝛆𝐝 

and 𝛆𝐯  denote the deviatoric and volumetric strain; 𝛆 is strain tensor; εv is a sum of 

ε11, ε22 and ε33; G and K are the shear and bulk modulus respectively.  

 The calculated trial stress, σ(∙) , is compared with the yield function, Φ(𝛔, σf), 

in the following conditions. If the yield criteria ε is inside of the trial yield surface, 

σf, the flow stress is calculated by the constitutive Equation (4.9). 

 𝚽(𝛔, 𝛔𝐟) = √𝟑 𝐉𝟐 (𝐬𝐧+𝟏) − 𝛔𝐟 <  𝟎 (4.19) 

The process is purely elastic.  

The elastic trial states are updated by 

 𝛆(𝐧+𝟏)
𝐞 = 𝛆(𝐧+𝟏)

𝐞 ∗
 (4.20) 

 𝐬(𝐧+𝟏) = 𝐬(𝐧+𝟏)
∗  (4.21) 

 �̅�(𝐧+𝟏)
𝐩

= �̅�(𝐧+𝟏)
𝐩 ∗

= �̅�(𝐧)
𝐩

 (4.22) 

4.4.3 Plastic Predictor 

When the yield criteria Φ* is outside the yield surface, i.e. 

 𝚽(𝛔, 𝛔𝐟) = √𝟑 𝐉𝟐 (𝐬𝐧+𝟏) − 𝛔𝐟 ≥ 𝟎  (4.23) 
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the material is under the plastic deformation and the yield function should be updated 

by the associated flow rule 

 𝛆(𝐧+𝟏)
𝐞 ∗

= 𝛆(𝐧+𝟏)
𝐞 ∗

+ 𝚫 �̅�𝐩√
𝟑

𝟐

𝐬(𝐧+𝟏)

‖𝐬(𝐧+𝟏)‖
  (4.24) 

 �̅�(𝐧+𝟏)
𝐩 ∗

= �̅�(𝐧)
𝐩

+ 𝚫 �̅�𝐩 (4.25) 

 Φ∗ = √3 J2 (𝐬n+1) − σf( ε̅p
(n+1)

) = 0  (4.26) 

 Because the initial static yield stress σy is a function of the equivalent plastic 

strain and the twin spacing, and/or the grain size by Equation (4.7), or (4.8), 

respectively, the yield criteria is updated by Equation (4.9). The associative hardening 

rule is given by 

  �̅��̇� = √
𝟐

𝟑
‖ �̅�𝐩‖  (4.27) 

 After considering the hardening effect, the incremental plastic multiplier is 

solved by Newton-Raphson method. 

 𝚽∗(𝚫 �̅�𝐩) ≡ 𝐪 (𝐧+𝟏)
∗ − 𝟑𝐆(𝚫 �̅�𝐩) − [𝛔𝐲( �̅�𝐩 + 𝚫 �̅�𝐩)] = 𝟎 (4.28) 

 The plastic strain can be updated as 

 �̅�𝐩
(𝐧+𝟏) = �̅�𝐩

(𝐧) + 𝚫�̅�𝐩 (4.29) 
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 The plastic stress is finally updated by 

 𝐬𝐧+𝟏 = (𝟏 −
𝟑𝐆 𝚫�̅�𝐩

 �̅�𝐩
(𝐧+𝟏)
∗ ) 𝐬𝐧+𝟏

∗   (4.30) 

    

4.5 Summary 

In SMAT, numerous impacts on the material surface caused the plastic deformation 

and the microstructure evolution. The development of the constitutive equation was 

considered both the macroscopic and microscopic changes to calculate the flow stress 

by a modified Johnson-Cook model. The flow stress related to the strain, the strain 

rate, the homogenous temperature, together with the grain size and the twin spacing in 

the presence of the deformation twins. The predictions by this new constitutive model 

of flow stress were compared to the experimental results for 304 SS. The range of the 

flow stresses in two cases, by the grain refinement alone and/or the twin spacing 

together, were predicted by the new constitutive equation. In the presence of 

deformation twins and the grain refinement, the flow stress was 1.33 GPa; while it was 

1.13 GPa in the cause by the grain refinement only at the same strain level. Because 

the incident angle and the velocities of ball affected the energy transmission to the 
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metal in SMAT, the strain rate of the metal in the impact could be as high as 1×105 /s. 

This resulted at a high flow stress induced by the twin formation. It was predicted that 

the maximum flow stress could reach at 1.46 GPa for 304 SS. 

 The implementation of the constitutive model with the metal plasticity 

calculation replaced the conventional material law used in the commercial FEM 

software. With the aid of the user-defined subroutine, the constitutive model with 

metal plasticity replaced the conventional material law to predict the mechanical 

properties with SMAT. The iterations of the equivalent plastic stress and the strain 

were also considered in this chapter, which were prepared for the development of the 

user-defined simulation to simulate the SMAT process.  
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CHAPTER 5 -  FINITE ELEMENT ANALYSIS ON 

SMAT 

5.1 Introduction 

The previous chapters discussed the modelling of the SMAT process and the 

constitutive model in the metal plasticity deformation. This chapter focuses on the 

finite element analysis to predict the stresses in SMAT.  

 With the aid of common FEA software - ABAQUS, the sequential ball impact is 

modelled first by the embedded governing material equation. The simulated results 

are compared with the experimental results found in other studies. 

 

5.2 Simulation of Mechanical Properties after SMAT 

The effects of different parameters in SMAT were determined with the aid of the 

simulation model in Chapter 3. The increase of the processing duration increased the 

number of ball impacts that could produce nano-grains efficiently. However, when the 

increase of the processing duration reached to a saturated value, the efficiency of nano-
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grain production could decrease because large amount of energy was required to 

further reduce the grain. FEA was conducted to understand the efficiency and to 

predict the change of mechanical properties in SMAT process. The impacting 

velocities and angles of balls affected the mechanical behaviours of the metal sample 

in SMAT. Thus, the effects of the velocities and impact angles of the balls were 

investigated first.  

 The aforementioned MATLAB model in Chapter 3 was verified using 35% 

power setting of the ultrasound generator. The MATLAB model was used for the same 

condition as experiment, In the following simulation for multiple impacts, the 

ultrasonic horn was assumed at 80% power setting to have a ball velocity at 10 m/s. 

This setting was the same as the experimental setup conducted by Chan et al. (2010). 

 

5.2.1 A Single Ball Normal Impact at Different Velocities 

The ball velocity affected the mechanical behaviours of the metal with SMAT. To 

understand the effects of ball velocity, different ball velocities were applied in the 

simulation. It is assumed that the ball struck the target metal in the normal direction, 

where all balls’ energies were transferred to the metal at maximum level. Figure 5.1 
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shows the simulation results at different ball velocities ranging from 4 m/s to 10 m/s. 

The trends of all curves are similar, which have the highest stresses at the impact 

surface and further decrease along the depth of the plate. The gradient of the stress 

change at a certain depth of the plate. In the contour plot in Figure 5.2(a), the colour 

spreads out from the impact location to the half of the plate's thickness. When the ball 

velocity increases, more energy can be transmitted to the deeper regions that have a 

higher stress level as illustrated in Figure 5.2 (b) - (g). The contour plots of the plate 

by different ball velocities show that the high stress region is found at a circle around 

the center of impact. The ball rebound causes a second strain deformation that stress 

further increases. Figure 5.3 plots the stress distribution along the horizontal distance 

from the impact location. The stress at the center of the impact is lower than the 

surrounding regions from the center. When the ball velocity during impact is below 5 

m/s, the maximum stress regions are at 0.2 mm away from the center of impact. When 

the ball velocity is slow, the energy penetration is low, which affects the top surface 

of the metal plate. The stress concentrates on a closer region around the impact center. 

When the ball velocity is greater than 6 m/s, the maximum stress regions are constantly 

at 0.3 mm away from the center of impact. A high amount of energy causes deeper 
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plastic deformation before rebounding at a high impact velocity. The affected regions 

are then wider. 

 

Figure 5.1 Comparison of stresses along the depth of plate at center at different ball 

velocities 
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Figure 5.2 Contour plot of stress at different ball velocities at 

(a) 4 m/s; (b) 5 m/s; (c) 6 m/s; (d) 7 m/s; (e) 8 m/s; (f) 9 m/s; (g) 10 m/s 
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Figure 5.3 Stress on horizontal distance across the center of impact in z-direction 

 Plastic deformation even occurs the ball impact velocity is at 4 m/s as shown in 

Figure 5.4. The equivalent plastic strain rate steadily increases with the increase of the 

ball impact velocity to cause plastic deformation. The strain rate becomes a constant 

in micro-seconds. The plastic deformation was stopped when the ball starts to rebound. 

The equivalent plastic strain is then saturated. 
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Figure 5.4 Comparison of equivalent plastic strain rate at different ball velocities at 

the center node 

 A low impact velocity causes a lower strength and ductility as shown in Figure 

5.5. When the ball velocity is at 5 m/s, the stress increases sharply to the yield point at 

about 63 GPa. The plastic deformation is interrupted as the ball has not sufficient 

energy for further transmission. The ball velocity at 10 m/s has the greatest stress and 

strain among the selected ball velocities. Sufficient energy allows the ball causing a 

greater plastic deformation along the depth of the plate.  
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Figure 5.5 Comparison of stress-strain relationship at different ball velocities at 

center node 

 

5.2.2 A Single Ball Impact at Different Angles 

The impact velocity is not a single factor affecting the mechanical properties in SMAT. 

The main working principle of SMAT is random ball impacts to achieve an isotropic 

property. The oblique impact can also affect the results in the plastic deformation of 

the target metal. Zhang et al. (2011a) introduced that the impact angle affected the 

residual stress on the plate. However, the relationship between the normal and oblique 

impacts has not yet investigated. The ball was assumed to strike the metal plate 

angularly at 10 m/s in this simulation. The vertical velocity was set at different 
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intervals from 5 m/s to 9 m/s as listed in Table 5.1. The results were compared with 

the case with normal impact at the same velocity. The incident angle is defined as 

Figure 5.6 from the normal.  

Table 5.1 Velocities set in the angular impact simulation 

Impact Velocity at y-

direction  

Vy (m/s) 

Impact Velocity at x-

direction  

Vx (m/s) 

Angle θ 

5 8.66 60º 

6 8 53.13º 

7 7.14 45.57º 

8 6 36.89º 

9 4.36 25.84º 
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Figure 5.6 Definition of impact angle 

 The trends of the equivalent plastic strain rate of angular and normal impacts 

agree at various ball velocities well in Figure 5.7. The equivalent plastic strain rate is 

generally steady until 4 µs. The vertical component of the ball velocity affects the 

stress and the deformation of the target plate. Even though the incident angle and 

velocity of ball are different in oblique and normal impacts, if the vertical component 

of ball velocity are the same, the stress distribution achieve the same result. Similar 

results are also found on the stress-strain relationship in the oblique and normal 

impacts at different ball velocities. In Figure 5.8 – 5.12, the stress-strain relationship 

in oblique impacts are matched well compared with that the cases in the normal impact.  
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Figure 5.7 Comparison of equivalent plastic strain rate of angular and normal 

impact at the center node 

 

Figure 5.8 Comparison of stress-strain relationship of normal and angular impact  

at 5 m/s 
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Figure 5.9 Comparison of stress-strain relationship of normal and angular impact  

at 6 m/s 

 

Figure 5.10 Comparison of stress-strain relationship of normal and angular impact 

at 7 m/s 
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Figure 5.11 Comparison of stress-strain relationship of normal and angular impact  

at 8 m/s 

 

Figure 5.12 Comparison of stress-strain relationship of normal and angular impact  

at 9 m/s 
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5.2.3 Simulation of Multiple Impacts  

After the simulation of a single impact, multiple impacts were also conducted by 

ABAQUS. The impact locations and velocities were generated by the MATLAB 

simulation introduced in Chapter 3 first to simulate the impact in SMAT. The diameter 

and height of chamber were 70 and 15 mm, respectively. The number of balls in the 

chamber was 100 and the initial velocity was limited to 10 m/s. The processing 

duration was set to 10 min. Only the center of balls struck on a specific circle was 

selected to reduce the computational time. A 3D finite-element model with a plate size 

of 10 × 10 × 1 mm was created and 27 balls were placed at the corresponding impact 

positions. The center positions of the 27 balls are plotted in Figure 5.13. The 

mechanical properties of the plate by the random impacts was then determined by 

examining a specific area with a 0.2-mm diameter of circle around the center of the 

target plate.  
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Figure 5.13 The center points of balls’ impact positions in a circular area  

with diameter of 0.2 mm 

 

5.2.3.1 Pre-Processing 

The top surface of the plate is constrained completely as shown in Figure 5.14. The 

mesh was generated with a 3D 8-node reduced integration element (C3D8R). It was 

supposed that the target plate was AISI 304 SS owing to the experimental work of 

Chan et al. (2010). The material parameters and governing equation of the target plate 

were the JC model in Equation (4.1).  
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Figure 5.14 Finite element model of 27 balls impacting to the target plate 

 Same as the single ball impact test, the 316 SS balls were assumed to be pure 

elastic with the Young's modulus and the Poisson's ratio as 200 GPa and 0.3, 

respectively. The density of the balls was 7990 kg/m3. The material properties of the 

metal plate are listed in Table 5.2. The JC model, in Equation (4.1), indicates that the 

material is under work hardening. The enhanced yield stress can be calculated by the 

first part in JC equation: A + Bεn (Ruan, et al., 2010a; Ruan, et al., 2010b). It is noted 

that the effect of the strain rate is not included in the evaluation on the enhancement 

of the yield stress because the mechanism of the work hardening in high strain rate has 

not understood well. Although Chen et al. (2011) and Zhu et al. (2011) found that the 

high strain rate deformation of the stainless steel resulted in nanotwins that led to the 

enhancement of strength effectively, the working mechanism has needed to further 

investigate.  
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Table 5.2 Parameters of AISI 304SS (plate) for Simulation 

Density 

(kg/m3) 

Elastic 

Modulus 

(GPa) 

Poisson's 

ratio 

A 

(MPa) 

B 

(MPa) 
C n M 

𝛆�̇� 

(s-1) 

Tm 

(K) 

7930 193 0.3 310 1000 0.07 0.65 1.0 1.0 1673 

 It was estimated that there were over three million impacts in 10 min with SMAT 

in a 70-mm-diameter chamber. It was difficult to simulate all these impacts. Therefore, 

a specific area of a circle with 0.2 mm diameter was selected for further analysis. The 

number of ball impacts in this area, thus, reduced greatly to 27 impacts. In the 

experiments found in the literatures, the SMAT process was conducted on both sides 

of the target plate. Owing to this symmetry, only half of the thickness (0.5 mm) was 

considered in the analysis. The enhancement of the yield stresses was calculated by 

averaging the work hardening effect of this specific area with its depth. 

 

5.2.3.2 Residual Compressive Stress 

The oblique impact overlapped the impacted area among 27 impacts to have plasticity 

hardening. Figure 5.15(a) shows the contour plot of residual stresses after 27 impacts. 

The residual stresses spread in whole nearby area around the impact locations and 
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decrease at the depth of the plate. Vertically, the impact energy propagates to the plate 

and the residual stress decreased sharply along the depth. The residual stresses range 

from 117 to 936 MPa along the depth in the specific column. The fluctuation of the 

residual stresses is due to the different impact velocities, the impact positions and the 

impact angles of each ball. This results on the residual stresses are in an agreement 

with the experimental findings by Balusamy et al (2013). Their measured residual 

stress ranged from 229 to 571 MPa with the SMAT of 304 SS using 2-, 5-, and 8-mm-

diameter balls in the processing duration from 15 to 60 min. Though the ball size and 

the processing duration in the simulation are different from the experiment, the 

distribution of the residual stress in the simulation is similar to their experimental 

results.  

 Figure 5.15 (b) shows the in-plane residual stress (11) at the origin along the 

depth of the target plate. The residual stress decreases first from the surface of the 

plate and reaches the minimum value at a depth of 0.1 to 0.5 mm. The elements at the 

material surface experience compressive stress, which then propagates to the deeper 

elements. The deformation of the elements occurs gradually towards the depth of the 

plate. Due to the propagation of the deformation, the elements, closed to the surface, 

recovers. The compressive stress or tensile stress occurs occasionally. The values of 
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the compressive and the tensile stress along the depth of the plate highly depends on 

the impact velocity, the impact position and the impact angle of ball. When the ball 

flies at a high velocity, the compressive stress is large. When the ball strikes near the 

origin, even the impact velocity is small, the compressive stress is also large.  

(a)  
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Figure 5.15 (a) Contour distribution of final residual stress and (b) Residual stress 

along the depth of plate at the origin after 27 ball impacts 

 

5.2.3.3 Comparison on the Predicted Yield Stress 

The predicted yield stress was based on the law of isotropic hardening. The yield stress 

increased due to the plastic strain and was governed by the first part of JC model in 

Equation (4.1), σy = [A + Bεn]. The average yield stress of the specific cylinder is 

plotted in Figure 5.16. The simulated yield stress and the equivalent plastic strain 

increase gradually with the increase of the number of ball impacts. When there is no 

further change in the plastic strain, the yield stress achieves its maximum value. Chan 

et al. (2010), conducted an experiment under the similar condition. The yield stress 
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was measured at about 880 MPa. The simulated yield stress is over 730 MPa, which 

is close to their experimental result. The difference between the simulation and 

experimental results may be caused by the evolution of the microstructure 

(nanocrystallization and twinning), which was not involved in the JC model. The 

effect of the impacts, close to the selected area, may also contribute to the 

enhancement of yield stress, which was not considered in the simulation as well.  

  Another simulation, without considering the impact angle, was conducted to 

maximize the energy transmission in the impacts. The ball velocity was 10 m/s in 

normal direction of all the balls. The average yield stress results are plotted in Figure 

5.17. The simulated yield stress is 790 MPa, which increases about 10% compared 

with the random impacts. The SMAT process on both sides also played an important 

role in the stress distribution. After considering all these factors, the simulation result 

predicted well with the experimental results found in the literature.  
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Figure 5.16 Averaging simulated yield stress on the specific area at various impact 

velocities, positions, and angles 

 

Figure 5.17 Averaging simulated yield stress with all the balls’ velocity at 10 m/s  
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5.3 Summary 

Finite element analysis was conducted to simulate the SMAT process by the embedded 

JC model in a commercial software, ABAQUS. The results were achieved (i) to 

determine the effects of the ball velocity and the impact angle through a single ball 

impact; and (ii) to predict the mechanical properties in a selected region in the SMAT 

process. 

 In the first case, when the ball velocity was faster, the effective area was wider 

and deeper with a larger stress value. The equivalent plastic strain rate was also greater 

at a higher ball velocity and remained unchanged after 0.4 µs. It was also observed 

that the increase in the equivalent plastic strain rate resulted in a steady stress-strain 

relationship with the ball velocity. Other than the ball velocity, the impact angle was 

also studied. The vertical component of the ball velocity played an important role in 

the strain hardening process. The oblique and normal impacts with the same vertical 

velocities were matched generally when comparing with their stress-strain relationship 

and equivalent plastic strain rate. To eliminate the effect of impact angle, the longer 

processing duration was recommended to allow more balls struck at the same position. 

This assured the production of an isotropy and harder metal with the SMAT. 
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 In the second case, multiple ball impacts were investigated through the simulation 

on the impact positions generated by a MATLAB simulation introduced in Chapter 3. 

The simulated result were further processed by the first part in JC equation,  σy =

[A + Bεn], to determine the yield stress. The result was compared to the experimental 

one found in the literature. The simulated yield stress at different and constant ball 

velocities (10 m/s) were lower than that found in the experiments. However, the trends 

of the yield stress in the simulation were agreed generally with the tensile test result 

found in the literature. 
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CHAPTER 6 -  SIMULATION OF SMAT BY 

CONSTITUTIVE MODEL  

6.1 Introduction 

In SMAT, the random ball impacts in the vacuum chamber maintain the isotropic 

material properties of the treated metal by inducing nano-grains. General material laws 

can describe the macroscopic effects to the metal without considerating of the micro-

structure evolution. As presented in Chapter 4, a new constitutive model was 

developed for stress prediction in the context of micro-structure evolution and macro-

structure effects. In this section, the new constitutive equation is applied in FEA to 

simulate the stress distribution on metal in SMAT.  

 As in Chapter 5, commercial FEA software, ABAQUS, was used to apply the 

new constitutive equation in the simulation. However, a subroutine program was 

written. To test the coding of the subroutine, an embedded JC model was applied to a 

single-element model and a single-ball impact model for comparison. After 

verification of subroutine, a simulation of multiple ball impacts was then developed 

with which the balls' impact positions and velocities were obtained in the MATLAB 

simulation. 
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6.2 Single-Element Test 

Because ABAQUS can input a subroutine to custom-make the governing equation in 

the simulation, it is important to have a single-element test to ensure that the subroutine 

is compatible and correctly programmed. To verify the accuracy of the subroutine in 

ABAQUS, a single-element test was conducted at the beginning of the study using JC 

model as the material law. A single-element cubic was compressed in the y-direction 

and became a cuboid, as shown in Figure 6.1. Because ABAQUS/Explicit was used 

in the development of the user-subroutine in the modification of the JC equation, the 

embedded program and the explicit subroutine, VUMAT, simulations are compared 

and the results are shown in Figure 6.2.  

 

Figure 6.1 Configuration of a single-element test 

 As illustrated in Figure 6.2, the stress-strain curves of both simulations are similar 

and have the same pattern. After passing through the yield point, the element begins 
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to show plastic deformation. By the comparison, the VUMAT subroutine coding is 

fitted for further development on the modification of the JC model. 

 

Figure 6.2 Comparison of Stress-Strain Curve in a single-element test 

6.3 Single-Ball Impact Test 

In SMAT, a number of balls fly in a vacuum chamber and strike the target metal 

numerous times. The ball impact is a dynamic motion for which dynamic simulation 

is required. To verify the dynamic simulation, a single-ball impact simulation was 

conducted to compare the coding of the subroutine VUMAT and the embedded JC 

model. In this simulation, a plate is fixed, and the ball strikes to the bottom surface of 

the plate at 10 m/s in a step. The plate and ball are assumed to be 304 SS and 316 SS, 

respectively. Figure 6.3 shows the contour plot of von Mises stress for subroutine 
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VUMAT. When a ball strikes the plate, the impact center experiences concentrated 

pressure and then spreads out concentrically.  

 

Figure 6.3 Contour plot of von Mises stress (VUMAT) 

The simulation results, embedded model and VUMAT, are compared in Figure 

6.4. Both curves are well-fitted when comparing their node 1215, the center node of 

the plate.  
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Figure 6.4 Comparison of Stress-Strain results simulated with the embedded and 

VUMAT JC model 

 Even a single ball impact triggers plastic deformation. As shown in Figure 

6.5, the equivalent plastic strain obtained by two approaches are generally fitted. At 5 

µs, the impact point experienced plastic deformation and saturated for the rest of the 

time. There was no change in the equivalent plastic strain rate in the impact. In addition, 

the variation of stress with respect to time is almost the same with the subroutine and 

with the embedded JC model in Figure 6.6. The VUMAT subroutine generally 

simulates the SMAT process well. The new constitutive equation can then be applied 

by modifying the subroutine in ABAQUS. 
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Figure 6.5 Comparison of equivalent plastic strain simulated with the embedded and 

VUMAT JC model 

 

 

Figure 6.6 Comparison of stress simulated with an embedded and VUMAT JC model 
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6.4 Multiple Impacts in SMAT Simulated by Constitutive 

Equation 

To simulate the mechanical properties after SMAT, multiple-impact 

simulation was conducted with the implementation of constitutive equation. The 

modified JC equation was applied in the ABAQUS simulation by a subroutine 

function, VUMAT. Two cases were investigated, with processing durations of 3 and 

10 min. One hundred imaginary balls were positioned in a cylindrical chamber with a 

70-mm diameter and 15-mm depth. It was assumed that the center of the plate will not 

be affected by the edge effect, so only the circular area was selected to be impacted by 

the balls. The balls' positions and impact velocities in this selected area were first 

determined via the MATLAB simulation. The simulation model for these two cases is 

shown in Figure 6.7. For validation, the mechanical properties of this selected area 

were determined and compared with the experimental results in studies that used the 

same conditions.  

This simulation setting was the same as the FEA presented in Chapter 5.2.3 

except that, the general JC model was replaced with the new constitutive equation. 

The material properties of the plate (AISI 304 SS) are listed in Table 5.2. Only the 
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material constant A was updated by the constitutive equation according to the strain 

rate, as presented in Chapter 4. 

 

Figure 6.7 Setting of simulation model 

6.4.1 Case 1: 3-Min Process 

In this case, it was assumed that the SMAT process was conducted for 3 min. After 

simulation with by MATLAB, the impact position and velocity of each ball in the 

selected area are listed in Table 6.1.  

Table 6.1 Impact positions and velocities of each ball for 3-min process 

Ball no. 
Impact Position (m) Impact Velocity (m/s) 

x y z x y z 

1 6.900E-05 0.0 3.900E-05 -0.306 1.519 -0.597 

2 4.200E-05 0.0 8.700E-05 0.080 7.890 -0.188 

3 -9.200E-05 0.0 6.000E-06 2.336 4.991 3.060 

4 3.000E-06 0.0 8.200E-05 -0.198 2.541 0.096 

5 4.600E-05 0.0 -4.200E-05 0.926 7.380 -1.028 

6 -5.900E-05 0.0 -3.800E-05 -0.513 7.778 0.318 
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6.4.1.1 Case 1: Results and Discussions of the Stress Distribution 

The stress distribution of an element set, the selected impact area, is shown in Figure 

6.8. The maximum stress was 563.7 MPa at the bottom of the plate (the impact area), 

and the minimum stress was 42.91 MPa at the top surface. The stress propagated from 

the bottom surface to the top surface, possibly because the impact surface received a 

greater deformation than the top surface. As illustrated in Figure 6.9, the equivalent 

plastic strain decreased along the thickness of the plate. A sharp drop in the equivalent 

plastic strain was found from the 0.1- to 0.3-mm depth of the plate, as measured from 

the impact surface, which is consistent with the von Mises stress distribution. A higher 

stress level was concentrated on the impact surface underneath. 
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Figure 6.8 von Mises stress on the selected area for 3-min process 

 

Figure 6.9 Equivalent plastic strain along the thickness of plate 

As reported by Chan et al. (2010), the yield true stress was obtained at about 

800 MPa. To compare the experimental results, the simulated equivalent plastic strain 

and the static yield stress, 𝜎𝑦, are used to determine the estimated yield stress (A + 

Bɛn) after the SMAT. Figure 6.11, shows six steps for the ball impact. The estimated 

yield stress increased gradually until 1.16 GPa. The simulation result is higher than 

the results of the tensile conducted by Chan et al. (2010), 800 MPa.  
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Figure 6.10 Estimated yield stress (A + Bɛn) calculated by equivalent plastic strain  

for 3-min process 

The parameter A in the constitutive equation was changing due to the impact. 

The final value of A after the SMAT was used to predict the tensile test result and then 

compared to the experimental result as reported by Chan et. al. (2010) in Figure 6.11. 

The final parameter A was 723 MPa. The estimated result is agreed with the tensile 

test result in the experiment at the same SMAT condition.  

Reviewing the impact velocity of each ball, the increase in the yield stress was 

caused by the high impact velocity. At step 2, the impact velocity in the normal 

direction was more than 7.89 m/s. The estimated yield stress then increased sharply as 

the high-impact velocity that caused greater plastic deformation, as illustrated in 
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Figure 6.12. The estimated yield stress further increased gently at steps 3 and 4. The 

corresponding equivalent plastic strains increased gradually, thus, the estimated yield 

stress tended to be saturated until greater impacts at steps 5 and 6. The high impact 

velocities, over 7 m/s, at these two steps caused the strain rate to increase sharply so 

that the estimated yield stress further increased and reached its maximum value. 

 

Figure 6.11 Estimated tensile stress-strain curve by A at 723 MPa for 3-min process 
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Figure 6.12 Equivalent plastic strain result for 3-min process 

The equivalent plastic strain is plotted in Figure 6.13. From this contour plot, 

it can be seen that the maximum deformation has not yet occurred at the origin of the 

plate. The random impact in SMAT caused deviation of the impact positions and 

directions that enhanced the spread of the plastic deformation. The spread of the 

equivalent plastic strain was spherically toward the top surface of the plate. The energy, 

however, was not transferred sufficiently to the entire thickness of the plate.  
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Figure 6.13 Contour plot of equivalent plastic strain for 3-min process 

The average flow stress in the selected area is plotted in Figure 6.14. After six 

impacts to the plate, the flow stress was 1.2 GPa. The trend of the flow stress was the 

same as that of the estimated yield stress. Figure 6.15 shows that the average flow 

stress decreased along the depth of plate and saturated at 0.6 mm. The shorter 

processing duration led to fewer impacts on the selected area. Energy transmission 

was inefficient along the plate. 
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Figure 6.14 Average of flow Stress for 3-min SMAT 

 

 

Figure 6.15 Average flow stress along the depth of plate for 3-min process 
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6.4.1.2 Case 2: Results and Discussions on the Microstructure 

Evolution 

In SMAT, the contribution to the stress is not just the equivalent plastic strain. The 

evolution of the microstructure also affects the static yield stress. Once the grain size 

and twin spacing diminish, the static yield stress increases. The refinement of the grain 

is shown in Figure 6.16. The grain size decreased sharply until steps 3 and 4 and was 

further refined at steps 5 and 6. After six impacts, the average grain size was 54.8 nm. 

According to the constitutive equation, when the strain rate is less than 104 /s, the grain 

will be refined, otherwise, the mechanism of twin refinement will be triggered. 

Because the impact velocities at steps 3 and 4 are low, the strain rate may not be 

sufficient to trigger the twin refinement. The lack of energy does not cause any grain 

reduction. As shown in Figure 6.17, the dispersion of grain size was spherical; 

however, no further grain refinement occurred in half of the depth. At the top surface 

of the plate, the grain size was about 26.7 nm.  

 When compared with the findings in the literature, the grain size was 

approximately 10 µm in the top 50-µm surface after 10 min of processing (Chan et al., 

2010), which is much smaller than the simulated grain size here, possibly because of 

the short processing. In a 3-min SMAT, there are insufficient impacts to refine the 
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grain. When the processing duration is longer, there are more chances to have more 

impacts at the same location to achieve smaller grains.  

 

Figure 6.16 Average grain size for 3-min process 
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Figure 6.17 Contour plot of grain size for 3-min process 

 The reduction of twin spacing was also simulated and is shown in Figure 6.18. 

The trend of twin refinement was similar to that of grain refinement. The average twin 

spacing sharply decreased in the first 3 steps and stopped diminishing. When the balls' 

impact velocity was sufficient, the average twin spacing resumes its reduction. Finally, 

the average twin spacing was 46.3 nm.  

As shown in the contour plot of twin spacing in Figure 6.19, the dispersion of 

twin spacing was also spherical and stopped refinement at half the thickness.  
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Figure 6.18 Average twin spacing for 3-min process 

 The average grain size and twin spacing were very close together in these steps. 

Recalling the determination of grain size and twin spacing in Section 4.2.4, the 

equivalent plastic strain acts as a crucial factor in the iteration of grain size and twin 

spacing. When the equivalent plastic strain is small, the refinement rate of the grain 

and twin spacing is close. In this case, the processing duration was only 3 min. There 

were few impacts per unit area, and the energy penetration to the plate was not 

sufficient for the equivalent plastic strain to retain a small value. The differences in 

the grain size and twin spacing are not obvious. 
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Figure 6.19 Contour plot of twin spacing for 3-min process 

 

6.4.2 Case 2: 10-min Process 

Concerning the s case, the SMAT is conducted for 10 min. Within 10 min, there are 

27 impacts on the selected area. The corresponding impact positions and velocities for 

the 27 balls are listed in Table 6.2.  
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Table 6.2 Impact positions and velocities of each ball for 10-min process 

Ball N0. 

Impact Position (m) Impact Velocity (m/s) 

x y Z x y z 

1 8.800E-05 0 1.900E-05 0.053 4.280 -0.720 

2 3.500E-05 0 -7.400E-05 -0.034 3.514 -0.082 

3 8.700E-05 0 -4.200E-05 -0.072 7.759 1.385 

4 2.900E-05 0 -6.200E-05 -0.037 7.817 0.054 

5 -5.900E-05 0 3.200E-05 2.180 4.170 0.401 

6 -2.300E-05 0 -7.900E-05 -0.192 5.425 0.329 

7 -1.200E-05 0 -5.800E-05 -0.335 -3.779 0.562 

8 -9.000E-06 0 2.000E-05 1.022 6.405 -1.690 

9 1.000E-06 0 8.400E-05 -0.051 4.662 -0.176 

10 1.400E-05 0 -1.300E-05 0.987 6.229 0.094 

11 9.000E-05 0 5.000E-06 -0.039 6.026 -0.587 

12 -6.000E-05 0 3.900E-05 -0.185 4.561 -0.705 

13 7.500E-05 0 5.500E-05 0.091 3.307 -0.448 

14 -2.000E-05 0 -8.000E-06 -1.498 5.918 -0.180 

15 -7.400E-05 0 6.200E-05 0.149 2.202 0.258 

16 -7.000E-05 0 1.200E-05 -0.868 3.330 0.739 

17 7.000E-06 0 -7.000E-05 0.134 4.741 0.082 

18 5.100E-05 0 6.700E-05 1.985 2.586 0.057 

19 -2.700E-05 0 2.200E-05 -0.126 9.074 -0.159 

20 -5.800E-05 0 5.900E-05 -0.102 7.577 -0.797 

21 2.300E-05 0 -3.300E-05 0.658 4.004 1.380 
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22 2.300E-05 0 -6.600E-05 0.790 6.589 0.738 

23 4.100E-05 0 -4.800E-05 0.146 3.499 1.042 

24 6.400E-05 0 6.000E-05 -0.361 8.230 -0.593 

25 -2.700E-05 0 7.600E-05 0.265 6.148 0.248 

26 -5.900E-05 0 7.300E-05 -0.341 4.282 -0.197 

27 -4.400E-05 0 -5.500E-05 1.048 4.130 -0.463 

 

6.4.2.1 Case 2: Results and Discussions on the Stress Distribution 

The selected impact area is extracted, and the result of von Mises stress is shown in 

Figure 6.20. Maximum stress was found at the bottom of the plate, that is, the impact 

location, up to 1.66 GPa. Energy was transferred to the top surface gradually so that 

the stress decreased to 0.1 GPa.  
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Figure 6.20 Contour plot of von Mises stress result on element set of selected area for 

10-min process 

 In the experiment, when 304 SS underwent SMAT for 10 min with 100 stainless 

steel balls impacted, the yield stress obtained with the tensile test was nearly 1000 

MPa, as shown in Figure 6.21 (Lu et al., 2011). In another study, the yield stress 

determined from the true stress-strain curve was 880 MPa for 304 SS after treatment 

for 10 min (Chan, et al., 2010). To compare the simulated result with the experimental 

result, the trends of the simulated yield stress were calculated at each step by averaging 

the stress (A + B εn); Figure 6.23.  
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Figure 6.21 Engineering stress-strain curve as-received 304 SS and for 10-min 

process (Lu, et al., 2011) 

 

Figure 6.22 Comparison of simulated (A + B εn) and experimental yield stress results  

for 10-min process 
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After 10-min process of SMAT, the varying yield stress, parameter A, was at 781 

MPa and used to plot the tensile stress-strain curve in Figure 6.23. The estimated 

stress-strain curve was compared with the tensile test result reported in the literature 

for 10-min process. The estimated stress-strain curve is agreed well with the 

experimental one.  

 

Figure 6.23 Estimated tensile stress-strain curve by A at 781 MPa for 10-min process 

 In the simulation, the yield stress increased gradually up to 1.23 GPa after 27 ball 

impacts at the selected area by strain hardening. As shown in Figure 6.24, the 

equivalent plastic strain in the y-direction (i.e., the plate thickness) increased gradually. 

The contour plot of the equivalent plastic strain in the final step in Figure 6.25 shows 
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that the strain hardening spread out from the impact location to the depth of the plate. 

The impact energy was sufficient to cause plastic deformation in each step, which 

contributes to the further increase of the yield surface.  

The simulated value is higher than the yield stresses obtained in the literature. 

When compared to the experimental results obtained by Chan et al. (2010) and Lu et 

al. (2011), the true stress differs from the engineering stress under the same conditions, 

possibly due to imperfections in the material in the experiment. The metal may initially 

contain nano-scale defects or dislocations before the SMAT. However, in the 

simulation, it is assumed that the target plate, 304 SS, is perfect without any defect 

inside the grain, which is pure and perfect crystal. This may lead to overestimation of 

the yield stress in the simulation.  
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Figure 6.24 Equivalent plastic strain (EQPLS) plot in each impact  

for 10-min process 

 

 

Figure 6.25 Contour plot on the equivalent plastic strain in last step  

for 10-min process 
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 The average flow stress in the selected area is plotted in Figure 6.26 at each step. 

The flow stress gradually increased at around 1.6 GPa. Similar to the yield stress, the 

flow stress also tended to saturate after 25 ball impacts. The trend in the flow stress 

was inversely proportional to the depth of the plate. As shown in Figure 6.27, the 

maximum flow stress was obtained at the impact surface at over 1.6 GPa and sharply 

decreased along the thickness of the plate. The flow stress decreased drastically as less 

energy was transferred at the depth of 0.7 mm so that the effect of SMAT is in 

significant beyond a depth of 0.7 mm.  

 

Figure 6.26 Average flow stress in each step for 10-min process 
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Figure 6.27 Average flow stress along the depth of plate for 10-min process 

 

6.4.2.2 Case 2: Results and Discussion of Microstructure Evolution 

One of the major contributions of the constitutive equation is to determine the effect 

of microstructure evolution. The average grain size is plotted in Figure 6.28,. The grain 

size was reduced up to 25 nm on average after 27 ball impacts. The contour plot shows 

that the minimum grain size was as fine as 20 nm at the impact location in Figure 6.29. 

The grain size was then gradually increased as the depth from the impact surface 

increased.  
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Figure 6.28 Grain size refinement at each impact for 10-min process 

 The contour plot of grain size in Figure 6.29 shows that the grain was refined at 

the impact location and spread out spherically. The grain size is 150 nm and then 

stopped refinement at a depth about 0.8 mm. In the region without plastic deformation, 

the grain size remains at 20 µm. Chen et al. (2011) observed that the processing 

duration was 15 min with 100 balls in their SMAT experiment. The average grain size 

at the top surface and the γ-austenite at a depth of 0.5 mm were 10 and 200 nm, 

respectively. Although the processing duration differed, the simulated grain size was 

close to the experimental observation.  
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Figure 6.29 Contour plot of grain size after 27 ball impacts for 10-min process 

 In the simulation of the twin spacing, the average twin spacing greatly decreased 

in the first few steps in Figure 6.30. Further twin refinement occurred after five ball 

impacts up to 26 nm. The twin spacing decreased for further ball impacts and finally 

averaged 16 nm.  
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Figure 6.30 Twin spacing refinement in each impact for 10-min process 

 In Figure 6.31, the distribution of twin spacing is similar to that of grain size. 

When there was no plastic deformation, the twin refinement at 107 nm at a depth of 

around 0.8 mm. The minimum twin spacing was 12.5 nm at the impact surface. At a 

depth of 0.5 mm, the twin spacing is 58 nm. When compared with the experimental 

observations by Chen et al. (2011), the statistical measurements of twin thickness 

range from 2 to 50 nm, with an average of 20 nm at a depth of 0.5 mm. The simulated 

twin spacing is within the range of the experimental observation.  
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Figure 6.31 Contour plot of twin spacing in last step for 10-min process 

 

6.4.3 Further Discussion of Cases 1 and 2 

From the above results, it can be seen that longer processing duration can result in 

finer grain and higher stress. The longer processing duration implies more impacts in 

SMAT that will have more chance to achieve a higher ball velocity to the target plate. 

In reviewing the ball impact velocity, the number of ball impacts in the 10-min process, 

with a velocity over 6 m/s, was greater than in the 3-min process. This will transmit 

more energy to the target plate and cause further plastic deformation. In the 

comparison of the equivalent plastic strain in Figure 6.32, the equivalent plastic strain 
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along the depth of the plate in case 2 is higher and more prolonged than in case 1. The 

equivalent plastic strain at the surface in case 2 is double that in case 1. The gradient 

of the equivalent plastic strain to the depth of the plate is steeper in case 2 and much 

gentler in case 1. This shows that after a longer processing duration, more impacts at 

high velocities can maintain a better equivalent plastic strain. It is difficult to cause 

plastic deformation in deeper layers. This, then, causes the sharp decrease in the 

gradient in both cases.   

 

Figure 6.32 Comparison of equivalent plastic strain in cases 1 and 2 for 10-min 

process 

 Because the grain size and twin spacing are determined by the equivalent plastic 

strain, the refinements of the grain and twin spacing are initially serious. After several 

impacts, not many impacts will take place at the same location as in the 3-min process. 
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The refinement process is then terminated. However, more impacts occur during the 

10-min process, thus the refinement process can carry on to produce more nano-grains 

in the same location. In case 1, the process may be too short to achieve a finer grain 

and high strength. The refinement process has not been finished but then stopped. In 

short, the refinement process occurs significantly and eventually saturated with the 

increase of the number of impacts. 

 These two cases illustrate that a longer processing duration can result in finer 

grains and twin spacing with high strength. In the study by Chan et al. (2010), a longer 

processing duration resulted in a higher yield stress, that is, 15-min > 10-min > 3-min, 

with 100 balls to conduct SMAT. The simulation result is consistent with their 

conclusion.  

 

6.5 Summary 

The finite-element simulation conducted implemented the new constitutive equation 

and the simulated impact positions and velocities of balls to predict mechanical 

properties after SMAT. With the same number of balls but different processing 

durations, the simulated yield stress was 1.1 GPa for the 3-min process and 1.23 GPa 
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for the 10-min process. In light of the experimental results, the results of 800 MPa for 

the 3-min process and 1 GPa for the 10-min process were overestimated.  

 In the simulation, the average grain size and twin spacing in the 3-min case were 

54.8 and 46.3 nm, respectively, and in the 10-min process, the average grain size and 

twin spacing were about 150 and 58 nm, respectively, at a depth of 0.5 mm. In the 15-

min experiment with 100 balls, the grain size was 200 nm and the twin spacing was 

between 2 and 50 nm. The simulation results are consistent with the experimental 

measurements. This finite-element model is valid for prediction of the results of the 

SMAT process with metal nano-twins.  

 It is clear that a longer processing duration will result in a higher yield stress and 

a finer grain size. However, the role of the processing duration in the enhancement of 

the mechanical properties after SMAT has not been shown experimentally. From the 

above simulation, it can be seen that a longer processing duration could result in a 

higher equivalent plastic strain that could further refine the grain and twin spacing 

with more high-energy impacts. It was also observed that the grain size, twin spacing, 

and stress began to refine and increase sharply within a 3-min process. A longer 

processing duration allows more impacts to occur until saturation. The average grain 

size and twin spacing are finer with the 10-min process than with the 3-min process, 
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where the refinement process has nearly reached saturation. A further increase in the 

processing duration will not enhance the mechanical properties and microstructure of 

the metal plate.  
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CHAPTER 7 -  CONCLUSIONS AND 

RECOMMENDATIONS 

7.1 Conclusions 

This research firstly demonstrated a computational method to predict the ball impacts’ 

positions and velocities in SMAT. The computational model of the dynamics of the 

balls was validated by experiments, in which the movements of the balls were captured 

by a high speed camera. The number of impacts calculated in the simulation agreed 

well with that measured in the experiment. Through this simulation model, the 

relationship between the impact conditions and processing parameters of SMAT were 

determined, which provides the quantitative information on the impacts of the balls.  

After the development of a computational model for simulating the ball impacts 

in SMAT, on the basis of JC model, a new constitutive model was developed that 

considered both the microstructural evolution and macroscopic loading. The flow 

stress clearly related to, not only the strain, strain rate and homogenous temperature, 

but also the grain size and twin spacing in the refinement process. At the cut-off strain 

rate, 104 /s, the strain hardening process is led by the grain refinement alone, or 

together with the twin spacing diminishing. This new constitutive equation has also 
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been compared with the experimental result in the literature and the yield stress 

predicted is approximately 1.3 GPa, which compares well to the experimental value 

1.2 GPa under the same conditions.  

The whole idea of this research is to predict the mechanical properties following 

SMAT. The impact angle and velocity were firstly investigated to find the effect of a 

single ball. When the vertical component of the ball velocity is large, the influence on 

the target metal can be same as a normal impact with the same vertical velocity. To 

compensate for the low vertical velocity in the angular impact, a longer processing 

duration is recommended. To go a step further, the impact positions and velocities of 

the balls at a selected area were applied in the finite element model to simulate the 

residual stress level and the enhancement of mechanical properties in SMAT. The 

conventional JC model was implemented and the processing duration was assumed as 

10 min with 100 balls in this simulation. The results generally agreed with those of the 

experiments with only slight underestimation (~15 %) of the yield stress. Another 

simulation was also conducted to investigate the importance of the impact velocity to 

the mechanical properties. The impact positions determined previously were still 

applied in the model where the impact velocities were all kept constant at 10 m/s. For 

this result, the average yield stress was still underestimated by 10 %. However, in most 
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of the cases, the ball impact velocity during the SMAT should not be as high as 10 

m/s. The original JC model should be modified to handle the effects of the micro-

structural evolution.  

To improve the prediction in FEA, the new constitutive equation was 

implemented to the selected area in the model. The simulated yield stress was 

approximately 1.23 GPa, whereas the values found in the literature were about 1 GPa 

and 880 MPa for the engineering stress and true stress respectively. The 

overestimation was due to the assumption of perfect crystal forms in the simulation, 

whereas some defects may initially appear in the specimen in the experiment. Other 

than the yield stress, the grain size and twin spacing were also calculated as 150 and 

58 nm respectively at a depth of 0.5 µm. In the experiment for 15-min with 100 balls 

of SMAT, the average grain size was 200 nm while the twin spacing was in between 

2 and 50 nm at the same depth.  

In conclusion, the simulation approach by the implementation of the new 

constitutive equation can predict the mechanical properties after the SMAT. The 

constitutive equation satisfactorily predicts the mechanical properties in metal 

plasticity, especially for twins induced metal. Recalling the objectives of this research: 

1. to build a model and find out the relationship between the number of ball impacts 
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and processing duration of SMAT, and the number of balls;  

2. to develop a constitutive model that represents the relationship between the flow 

stress and the grain size, twin spacing, strain, strain rate and temperature; 

3. to develop a finite element model for simulating the SMAT process and 

estimating the grain size and twin spacing after the SMAT treatment. 

All the objectives are achieved. Since there are many factors that affect the result after 

SMAT, the mechanical properties can then be estimated before conducting the 

experiments. Only the important sets of experiments need to be addressed in further 

investigations.  

 

7.2 Recommendations and Further Work 

7.2.1 Development of Large Scale Production 

SMAT is a significant process in the production of nano-scaled metal. According to 

the experimental results found in the literature, SMAT was conducted in a small 

chamber where the height and diameter of the chamber are fixed at 15 and 70 mm 

respectively. The MATLAB simulations were conducted and compared with 

experiments. The frequency of ball-ball and ball-boundary collisions were 



 

CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS 

 

- 169 - 

significantly affected by the chamber dimensions. However, in large scale production, 

the target metal plate will not be treated in a small chamber as if lowers the efficiency 

and effectiveness of the production. Due to the limitation of the experimentation study, 

further study and experiments on the SMAT need to be continued so that the 

dimensionless model can be developed for simulation and to determine the 

relationship between chamber dimension and the number of impacts. The 

computational model for the ball impacts can then be more comprehensive. 

 

7.2.2 Modeling of Stacking Fault Energy and Martensite 

Transformation 

In this research, stainless steel 304, a twins-induced metal, is the target metal. The 

FEA can calculate well the mechanical properties for twins-induced metal. However, 

for other non-twin metals, due to the absence of twin spacing, only the grain size and 

macrostructure factors are considered in this new constitutive equation. Further 

development of the constitutive equation should be continued together with other 

microstructure evolution parameters, such as stacking fault energy, martensite 

transformation etc. Taking into account the JC equation can expand the usage of the 

constitutive equation to these non-twins induced metals. Consideration of the 
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microstructure evolution and macrostructure change, thus, can be more 

comprehensive.  

 

7.2.3 Development of General Equation on Various Impacting 

Factors 

In the demonstration of the FEA, the stress distribution, grain size and twin spacing 

were all predicted. This gave a range of stress to the metal after SMAT before 

conducting further experiments and gave clues to the selection of different parameters 

for conducting the experiments. However, some parameters are not yet considered. 

In the MATLAB simulation, factors, including number of balls, duration, ball 

velocity, height and radius of chamber, were investigated to determine the relationship 

to the number of impacts. However, some parameters have not been studied, such as 

the ball size, different ball material, etc. Further investigation on these parameters can 

then be used to develop a general formula to combine all parameters affecting the 

number of impacts in SMAT. A general formula can assist in the selection of all 

parameters before conducting experiments.  

 



 

CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS 

 

- 171 - 

7.2.4 Application to other Several Plastic Deformation Process 

Shot peening is another severe plastic deformation process that is similar to the SMAT. 

In shot peening, the steel ball is flying at a high velocity and impacts on the target 

metal in a normal direction. The only difference is that the steel ball in shot peening 

need not be positioned in a chamber. The developed constitutive model and FEA, 

therefore, could be suitable for shot peening as well. The use of the constitutive 

equation is still applicable to the target metal with twins. Further validation and 

verification can be studied on the application of shot peening in the mechanical 

properties prediction.  
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