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An adaptive remeshing model was coupled with the Archard equation to calculate the tool wear in friction
stir welding (FSW). The Monte Carlo method was used to simulate recrystallization in FSW with worn
tools. In addition, experiments were used to validate the predicted temperatures and microstructures. As
indicated by the results, appropriate tool wear can lead to self-optimization of the tool in FSW. This wear
mechanism is controlled by the change in the average strain rate during the FSW process. The average
strain rate first increases and then decreases with tool wear, which is the key factor when determining the
final grains. An appropriate amount of tool wear can lead to smaller grains in the stirring zone of FSW
whereas excess tool wear can lead to larger grains.

1. Introduction

Friction stir welding (FSW) has emerged in recent decades and has quickly been applied in various indus-
tries due to its advantages, including no melting, no pollution, and low residual distortions. Furthermore,
FSW is suitable for light alloys, such as aluminum and magnesium alloys. Optimization of the process
parameters can lead to high-quality friction stir welds without defects [Yang et al. 2018; He et al. 2017;
Zhang and Zhang 2007; Ebrahimpour et al. 2019].

In FSW, the tool plays the key role for the final weld quality. De et al. [2014] tested the durability of
a FSW welding tool of mild steel and found that the higher temperature, caused by increasing the tool
rotation speed or the tool diameter, can lead to an increase of the tool durability. Sahlot et al. [2018]
studied the tool wear in FSW of the CuCrZr alloy and found that the pin profile changes due to wear,
resulting in root defects for a long weld distance. Suresha et al. [2011] studied the tool profile effects
on the tensile properties of friction stir welded AA7075-T6. Moreover, Chen and Nakata [2009] studied
the effect of tool geometry on microstructural changes as well as the mechanical properties in friction
stir lap welding. Mehta et al. [2011] studied the influence of tool geometry in FSW and optimized the
tool shoulder diameter. Zhang and Wu [2015] studied the tool diameter effect in FSW and correlated the
changes of strain rates and temperatures with the grain sizes. The tool size effect on the grains was also
studied by Zhang et al. [2014], as well as the effect on temperatures and material deformations [Zhang
et al. 2009]. Mastanaiah et al. [2018] investigated the role of a hybrid tool pin profile compared with the
conventional pin profile. Shindo et al. [2002] and Prado et al. [2003] found that there is self-optimization
for tool wear in FSW. The wear rate decreases with the increase of the tool wear in FSW.

Sahlot and Arora [2018] established a numerical model based on Modified Archard’s wear equation
to investigate the tool wear in FSW with experimental validations, finding that the wear amount is more
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obvious near the pin tip. The wear is more at the beginning and becomes less at long traverse. Tool
wear can lead to the changes of pin profiles in FSW. In turn, the change in the pin profile can lead to
a change in material flow, as indicated by Beygi et al. [2018], affecting the microstructures in welding
zones. The relationship between microstructure and tool wear is very important when conducting a
detailed investigation of the FSW mechanism.

The microstructural evolution can also be altered owning to the profile changes caused by tool wear.
A numerical scheme for the microstructures provides an insight into the FSW process. Meanwhile, the
recrystallization and grain growth in the stirring zone (SZ) and the grain coarsening in the heat-affected
zone are usually simulated by a Monte Carlo method and cellular automaton method, respectively. Zhang
et al. [2016] proposed a Monte Carlo method to simulate the microstructural changes in FSW, then
further considered the effect of precipitate, as indicated in [Wu and Zhang 2017]. The evolution of the
precipitates was determined by a numerical model, as displayed in [Zhang et al. 2017]. The Monte Carlo
method was further extended to a 3D case in [Zhang and Hu 2018]. Another method to predict the grain
sizes in FSW is cellular automaton. Earlier work for cellular automata coupled with a finite element
method (FEM) was conducted by Saluja et al. [2012], then Song et al. [2014] to predict the grain sizes in
FSW. Akbari et al. [2016] established a cellular automaton model to predict the grain sizes in the FSW of
a magnesium alloy. Meanwhile, Valvi et al. [2016] combined the cellular automata method and a FEM
to predict the grain sizes in the FSW of aluminum alloys.

Although the tool wear is not serious in the FSW of AA6061, there is evidence to show that it can be
found for long-term use, i.e., for the FSW of AA6061. Thus, it is interesting to study how the worn tool
affects the key phenomena, including the temperatures and recrystallizations in FSW. To understand the
mechanism of tool wear and the wear-induced self-optimization in FSW, it is important to conduct theo-
retical and numerical analyses on the internal relationships among the internal parameters. Experiments
must be used to validate the numerical models, then the internal relationships between the tool wear and
microstructures can be established. In the current work, tool wear was calculated with validation from
literatures. A Monte Carlo method was used to simulate the grain evolutions in the SZ. In addition, an
experiment was performed to validate the grain sizes. Then, the correlation between the tool wear and
the microstructures could be established. The systematic work was used for the investigation on the
self-optimization mechanism of the tool in FSW.

2. Experimental procedure

The FSW machine and the instruments used in the experiment are shown in Figure 1. AA6061-T6 was
selected as the welding material. The rotating speed was 1000 rpm and the transverse speed was 1 mm/s.
The tool material was H13 steel. In addition, a scanning electron microscope (SEM) system was used
to validate the grain morphologies and sizes predicted by the Monte Carlo method with a worn tool. An
infrared radiation thermometer was used to validate the predicted temperature field.

A microstructure analysis was performed on the cross-section of the weld by field-emission scanning
electron microscopy (FE-SEM, Supra-55, Carl Zeiss Sigma NTS Gmbh, Germany). The SEM samples
were ground and polished with a diamond paste of 0.5µm. To investigate the grain size distribution of
the weld zone, the samples were etched in the Keller’s reagent for 200 s. The average grain size was then
calculated using the linear intercept method: d = 1.56L , where L is the intercept length.
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Figure 1. FSW machine and the used instruments.
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Figure 2. FSW model and welding tool before wear: FEM model (left) and welding tool (right).

3. Numerical models

An adaptive remeshing model was used to simulate the FSW process based on DEFORM3D, as shown
in Figure 2 (left). The initial mesh sizes ranged from 2 mm–5.4 mm. Then, the mesh sizes ranged from
0.4 mm–1 mm in the remeshing region in the SZ. The used initial tool before wear is shown in Figure 2
(right). The shoulder diameter is 10 mm and the pin diameter is 3 mm. The pin is slightly shorter than the
thickness of the welding plate, which is of the same length as that used in the experiment. The rotating
speed was 1000 rpm while the transverse speed was 1 mm/s.

The shear friction model was used for the contact behaviors on the tool-plate interface:

τ = mk, (1)

where k is the yield shear stress and m is the frictional factor, which is selected as 0.6 according to [Wan
et al. 2016].
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Figure 3. Mechanical properties of AA6061-T6.

The yield shear stress can be determined by the shear failure criteria:

k = σs/
√

3, (2)

where σs is the yield strength. The tabulated flow stress was used as functions of the strain rates and
temperatures:

σy = σy(ε̄
p, ˙̄ε p, T ), (3)

where ε̄ p is the equivalent plastic strain and ˙̄ε p is the equivalent plastic strain rate.
The relations between the flow stresses and the strain rates and temperatures are shown in Figure 3

(data from DEFORM3D). Heat is generated by both friction and plastic deformation, with friction being
the main contributor. A detailed description on the adaptive remeshing model can be found in [Zhang
and Wan 2012].

The Archard equation was used to calculate the tool wear in FSW [Lee and Jou 2003]:

W =
∫

K
pa
· vb

H c dt, (4)

where W is the total wear depth of the tool, p is the pressure on the welding tool, v is the sliding
velocity, and H is the hardness of the welding tool, taken as 62HRC. Additionally, K = 2 · 10−5 for
AA6061+20%Al2O3 and K = 2 · 10−8 for AA6061-T6; a and b are commonly taken as 1, and c = 1.75
for the welding tool.

The simulation was divided into two steps. In the first step, the FSW process was simulated in
DEFORM3D. The obtained data was combined with the Archard equation to simulate the tool wear.
In the following step, the worn tools obtained at different instances were used in numerical models to
connect the worn shapes with the FSW temperature histories. The obtained temperatures were then
combined with the developed Monte Carlo method to correlate the tool wear with the microstructural
evolutions in FSW with worn pin profiles.
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physical property value

average number per unit area (Z) 4.31 · 1020 atom/m2

Planck constant (h) 6.624 · 10−34 J s
accommodation probability (A) 1
Avogadro’s number (Na) 6.02 · 1023 mol−1

atom molar volume (Vm) 1.0 · 10−5 m3/mol
fusion entropy (1S f ) 11.5
activation enthalpy (Q) 156 kJ/mol
boundary energy (γ ) 0.5 J/m2

gas constant (R) 8.31 J mol−1 K−1

DRX constant (N0) 1024 m−3

Table 1. Material parameters.

A Monte Carlo method was used to simulate the recrystallization and the following grain growth in
FSW. In the previous work by Zhang et al. [2016], a relation between the Monte Carlo step and the real
temperature was established as

(MC S)(n+1)n1 =

(
L0

K1l

)n+1

+
(n+ 1) αCn

1

(K1l)n+1

∑[
expn

(
−

Q
RTi

)
ti

]
, (5)

where C1 can be described by

C1 =
2Aγ Z V 2

m

N 2
a h

exp
(
1S f

R

)
, (6)

where A, Z , Vm , 1S f , R, Na , γ , Q, and h are summarized in Table 1. A detailed description on the
Monte Carlo method can be found in [Zhang et al. 2016].

The nucleation rate is a function of the strain rate ˙̄ε [Grujicic et al. 2015]:

ṅ = N0 ˙̄ε exp(−Q/RT ), (7)

where N0 is a constant and ˙̄ε is the equivalent strain rate in the SZ, which is obtained using the FEM.

4. Results and discussion

To validate the tool wear predictions, AA6061+20%Al2O3 was used. The tool wear rate decreased with
the increase of the wear depth. Furthermore, the numerical model fitted well with the experimental
observation by Prado et al. [2003], as shown in Figure 4 (left). When AA6061-T6 was used, the tool
wear obviously decreased. For the short welding distance for the FSW of AA6061-T6, the tool wear
is difficult to observe. This phenomenon was also noticed in the experiment by Prado et al. [2001]. In
comparison with the experiments, the current model on tool wear can be validated.

Figure 4 (right) shows the variation of the wear depth with the welding distance in the FSW of AA6061-
T6. With the increase of the wear depth, the wear rate becomes smaller. This indicates a self-optimization
for the welding tool in FSW. The wear mainly occurs near the tip of the welding pin. However, the
material near the root of the pin is hardly worn.
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Figure 4. Left: comparison of tool wear with experimental data. Right: tool wear in
FSW of AA6061-T6.
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(a) Predicted temperature in Case 2 
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Figure 6 Comparison of predicted and experimental temperature 
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Figure 6 Comparison of predicted and experimental temperature 

 

  

Figure 5. Comparison of predicted and experimental temperature: predicted tempera-
ture in Case 2 (left) and temperature image observed by Infrared Radiation Thermometer
(right).

This phenomenon is clearly observed in the experiment performed by Sahlot and Arora [2018]. The
change in the pin profile due to wear can lead to changes in the temperatures and microstructural evo-
lutions in FSW. Determining how the tool wear affects the temperatures and deformations in the FSW
process is key for investigations on the microstructural evolutions in FSW with worn tools. Therefore,
four different worn tools were selected for further simulations. Case 1 represents the initial cylindrical
tool without wear. Cases 2–4 represent the worn tools with worn distances ranging from 225 m–1425.5 m,
as shown in Figure 4 (right).

Figure 5 shows a comparison of the predicted temperature from the adaptive remeshing model and the
experimental temperature observed by the infrared radiation thermometer, showing that the results agree
well with each other. However, the temperature field under the shoulder cannot be directly observed by
the infrared radiation thermometer. Therefore, the maximum welding temperature extracted under the
shoulder in the numerical model is usually higher than that observed, as can be seen in Figure 6.

Figure 6 shows the predicted temperature histories in FSW processes with different worn tools. With
the increase of the wear depth, the maximum welding temperature decreases. The temperature during
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Figure 6. Temperature histories in FSW with different worn tools.

FSW is determined by the frictional and plastic dissipations, as indicated in [Zhang and Zhang 2009],
with friction being the main contributor. Compared with Case 1, the pin-plate bottom contact surface
decreased by 55.6% in Case 2, 88.9% in Case 3, and becomes zero in Cases 4 and 5. The decrease of
the pin-plate bottom contact surface leads to the decrease of the welding temperature with the increase
of tool wear.

Additionally, the change in the tool profile due to wear can lead to different grain evolutions in FSW. A
Monte Carlo method was used to simulate the nucleation in dynamic recrystallization and the following
grain growth. To validate the Monte Carlo method, an experiment was performed using the machine
shown in Figure 1. The worn tool in Case 2 was used for the comparison of the numerical and exper-
imental results, as shown in Figure 7. The grain sizes near the top and bottom surfaces are different.
Due to the higher temperature near the top surface, the grain size near this area is larger than that near
the bottom surface. This observation was also made in the 3D Monte Carlo simulation in the previous
work by Zhang and Hu [2018]. The average grain size was 12.1µm on point 1 and 11µm on point 2
in the experiment. The predicted values on point 1 and point 2 in the numerical model were 12.7µm
and 11.4µm, respectively. In addition, the average grain size was 11.5µm on point 3 and 10.8µm on
point 4 in the experiment. Meanwhile, the predicted values on point 3 and point 4 in the numerical
model were 12.3µm and 10.9µm, respectively. This shows that the numerical model fitted well with
the experimental measurements.

The nine points shown in Figure 8 (left) were selected to calculate the average strain rates in different
FSW processes with different worn tools. Figure 8 (right) shows the calculated strain rates in FSW with
different worn tools. It indicates that the appropriate tool wear can increase the strain rates in FSW
whereas excess tool wear can lead to a decrease of the strain rates. The strain rate is a key factor for
determining the nucleation in recrystallization. The increase of the strain rate can lead to an increase of
the nucleation rate, and vice versa, according to (7).

The calculated nucleation rate histories in FSW with different worn tools are shown in Figure 9.
The point 1.5 mm away from the top surface was selected for comparison. For Case 2, the maximum
nucleation rate increased to 8.58 · 1012 s−1 m−3 from 7.98 · 1012 s−1 m−3 in Case 1. In Cases 3–5, the
maximum nucleation rates decreased to 4.42 · 1012 s−1 m−3, 3.02 · 1012 s−1 m−3, and 2 · 1012 s−1 m−3,
respectively.
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(b) Calculated strain rates 

Figure 9 Effect of tool wear on strain rates 
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and calculated strain rates (right).
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Figure 9. Nucleation rates in different worn tools.

Using the calculated nucleation rates shown in Figure 9, the grain sizes in the FSW with different
worn tools could be predicted, as shown in Figure 10. In the FSW with the initial tool without wear
(Case 1), the average grain size was 13.2µm. For Case 2, the average grain size decreased to 12.7µm.
While for Cases 3–5, the average grain sizes increased to 14.1µm, 15.2µm, and 16.7µm, respectively.
Appropriate tool wear can lead to smaller grains in the SZ and lead to improvement of the welding
quality. However, excess tool wear can lead to the coarsening of the grains in the SZ. This indicates that
self-optimization exists in FSW, but the control of the tool wear remains important for the control of the
final welding quality in FSW.

The variations of the grain sizes with time in different FSW processes with different worn tools are
summarized in Figure 11. The tool wear can obviously affect the grain growth in FSW. The differences
between the numerical model and the experiment are 4.96% for point 1, 3.63% for point 2, 6.96% for
point 3 and 0.9% for point 4. The error for point 3 is higher than the other points. This is caused by
the generation of flash in this region [Kumar et al. 2013]. This can lead to errors on the prediction of
strain rates and then affect the predictions of microstructural evolutions. But the comparison shows the
proposed models are successful in almost all the regions in the stirring zone. With validation from the
experiment, the Monte Carlo method becomes an efficient tool for the design of an appropriate tool pin
profile for the optimal welding quality.
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Figure 10. Predicted grain morphologies in FSW with worn tools.
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Figure 11. Variations of average grain sizes in FSW with worn tools.

5. Conclusions

(1) Tool wear can lead to a decrease of the wear rate in FSW.

(2) Appropriate tool wear can lead to the formation of smaller equiaxed grains in the SZ. However,
excess tool wear can lead to the coarsening of grains in the SZ in FSW.

(3) Strain rate is a key factor for controlling the self-optimization of the tool in FSW.
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