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Abstract: Titanium (Ti) alloys, known for their high strength and low weight, are essential in aircraft and aerospace
applications. This study focuses on friction spot welding as an innovative, efficient process that creates robust Ti alloys
joints while minimizing the carbon footprint. The research aims to develop a cellular automata (CA) model to analyze
grain evolution during the friction stir spot welding of Ti6Al4V alloy. The methodology involved simulating the welding
process at rotational speeds ranging from 800 to 1,200 rpm using a complex curved-thread shoulder. The CA model
incorporated both deterministic and probabilistic approaches to capture the dynamic recrystallization (DRX) behavior.
Grain nucleation and growth were modeled based on dislocation density, allowing for an in-depth assessment of the
alloy’s microstructural changes driven by hardening and softening mechanisms. Validation was performed by comparing
the model’s predictions with experimental measurements of temperature and grain size. The findings indicate that heat and
deformation during welding significantly influence grain size evolution, enhancing the understanding of microstructural
behavior in high-strength titanium joints. This work contributes valuable insights into optimizing welding techniques for
titanium alloys in aerospace engineering.
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1. Introduction
Titanium alloys offer outstanding benefits due to their corrosion resistance, high strength and low weight. Examples

of parts manufactured from titanium alloys include blades and discs for aircraft turbines, aircraft fuselages and automotive
components [1]. Ti6Al4V is a heat-treatable titanium alloy composed of two phases (α +β )with different microstructural
morphologies. Ti6Al4V is one of the most widely used titanium alloys due to its good mechanical and thermal properties,
excellent corrosion resistance and stability at elevated temperatures [2–4].

Fabrication of titanium structures often requires a welding process that produces sound joints while avoiding
distortion and residual stresses. Friction stir welding (FSW) is an innovative welding process that has been proven
successful in producing high-quality welds in Al and Ti alloys. This process was developed in Cambridge, UK, in 1991
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[5]. FSW involves a rotating tool that creates cyclical motion between the joining plates, with heat generated through
friction, causing the material to plasticize. As a variant of FSW, friction stir spot welding (FSSW) was developed to spot
weld high-strength alloys [6]. The FSSW process serves as an alternative to traditional spot-welding techniques and is
considered an efficient and environmentally friendly solution.

The principal parameters of FSSW are rotational speed, plunge velocity and plunge penetration [7]. The basic steps
of the welding process include the immersion step, holding and retraction. During the immersion step, the rotating tool is
gradually inserted into the workpiece. As this takes place, the cold material begins to flow and the rubbing action leads to
the consolidation of the material [8]. The increase in temperature and the degree of plastic flow are associated with this
immersion step [9]. The tool continues to penetrate until the tool shoulder is fully in contact with the workpieces. The
heating of the workpieces results from friction and the applied axial force gradually decreases as the metal reaches the
critical temperature for plastic flow [10]. After the immersion stage, the tool is intentionally held for a short period of time
to reach the required temperature and allow for microstructural transformation. Finally, the retraction step occurs, during
which the tool stops moving and is withdrawn from the workpiece. FSSW is frequently used to join complex materials
such as titanium and high-strength steels [11]. The primary function of the welding tool is to heat the plates and facilitate
material flow [12–15].

Frequently, FSSW results in four distinct regions: the agitation or stir zone (SZ), the thermo-mechanically affected
zone (TMAZ), the heat-affected zone (HAZ) and the parent metal. The SZ is characterized by localized strain and high
temperatures, while the TMAZ exhibits a distorted microstructure with elongated grains. Additionally, the HAZ only
shows thermal gradients with a moderate strain effect [16]. Although there is substantial literature on FSW processing of
complex alloys, a comprehensive understanding of FSSW remains limited [17].

Recently, diverse studies have been conducted to evaluate friction welding process via experimental and numerical
methods. The impact of processing parameters, workpiece material and tool characteristics are usually investigated.
Sarikavak [18] explored the thermal effects on FSW of high-strength alloys. A transient numerical model was developed
to evaluate the temperature distribution during welding. The numerical model was compared with experimental results
using steel, aluminum and titanium as tool materials. Su et al. [19] investigated the input parameters of FSW, such as
friction coefficient and rotational velocity. Medhi et al. [20] created a numerical model to evaluate the thermal effect
under diverse welding conditions using an Al alloy as a workpiece material. Zhang et al. [21] performed experiments to
determine the influence of shoulder size on the temperature distribution.

In FSW, the temperature distribution and resulting material flow can be described using integral equations that may
exhibit weak singular behavior due to several factors, such as localized heat generation and boundary effects. Traditional
mathematical models, often based on classical differential equations, may fall short in capturing the intricacies of such
highly dynamic systems. In this context, the use of fractional differential equations has emerged as an innovative approach
for more accurately modeling the underlying processes [22, 23]. Volterra integral equations often model time-dependent
phenomena such as transient heat conduction, while Fredholm integral equations can represent steady-state processes
involving spatial domains [24, 25]. The incorporation of fractional terms into recrystallization models provides improved
predictions of grain stability and size distribution across the stir zone.

In addition, discrete models, such as cellular automata (CA), enable the prediction of dynamic microstructure
transformations during friction welding processes. The CA technique consists of an assembly of regular cells that are
updated at each time step based on deterministic or predetermined values. Each cell in the domain is interconnected, and
these connections govern how the cell evolves over time. The probabilistic framework of the CA model is established
through random cell updates. The CA model uses dislocation density as a state variable to represent the kinetics of
recrystallization [26]. The development of recrystallization (including nucleation and growth) is defined by a critical
dislocation density.

Microstructure modeling using cellular automaton (CA) models has been explored recently. Pourian et al. [27]
created a CA model to determine the microstructure evolution of an alpha Ti alloy. The CA model consisted of 900
cells randomly distributed to generate a non-textured microstructure. The stress vs. strain curves were compared and
similar results were determined. Li et al. [28] developed a grain growth model using a three-dimensional CA for an AZ31
magnesium alloy. It was observed that the grain size increased as the temperature rose, while the grain size decreased with
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time increments. Zhu et al. [29] conducted a review of CA methods to simulate the dynamic recrystallization process,
detailing the physical mechanisms involved in dynamic recrystallization (DRX). Fuyong et al. [30] performed a three-
dimensional CA model to determine the grain growth of a low-carbon, high-strength steel. The grain growth speed and
grain growth curvature at different temperatures were calculated. Song et al. [31] simulated the dynamic recrystallization
of a near-alpha TA15 alloy during the friction welding process, applying dislocation density as a critical variable. A good
agreement was observed between the experimental and simulated final grain sizes.

In the present work, a CA model is developed to predict the microstructure changes in lap-joined Ti6Al4V during the
friction welding process. The CAmodel enables accurate predictions of dynamically recrystallized grain size. The effects
of processing parameters, such as rotational speed (800-1,200 rpm) and tool dimension characteristics, are evaluated.
Microstructure characteristics and grain evolution have a significant influence on the mechanical and structural design of
high-strength alloys.

2. Materials and procedures
2.1 Heat transfer model

The heat transfer during FSSW occurs between the rotating tool and the workpiece material. Figure 1 shows a
schematic representation of the welding process. The basic steps of the FSSW include the immersion stage, holding stage
and retraction. Figure 1a depicts the immersion stage, in which the tool rotates at a specified velocity while the working
plates are fixed.

Figure 1. Schematic illustration of fiction stir spot welding process, (a) immersion, (b) holding and (c) retraction

As the immersion stage starts, the tool begins to rotate and the pin contacts the surface of the top plate advancing at
a specified distance. The deformation temperature is estimated based on Fourier’s law:

ρc
dT
dt

= ∇(k ·∇T )+qΩ, (1)

where T is the temperature, k the thermal conductivity, c is the heat capacity, ρ is the density and q is the power [32].
After the immersion stage ends, a holding time is taken to generate the material consolidation. The heat generation from
friction is expressed by:

dq̇ = 2πwr2µ(T )p(T )dr. (2)

The heat generated between the contact interfaces is observed in Figure 1b, which can be expressed as:
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q̇ =
∫ Ro

ro
2πwr2µ(T )p(T )dr =

2
3

πwµ(T )p(T )
(
Ro3 − ro3) . (3)

The rate of heat generation is influenced by friction coefficient µ , the angular velocity ω and the tool radius r [18].
As the friction welding progresses, the temperature increases, while the friction coefficient starts to decrease. After the
immersion stage finished, the tool is retracted as shown in Figure 1c. There is a dependence of temperature for the friction
coefficient and the plastic flow. However, a constant value of friction coefficient is commonly defined to evaluate the
thermal and plastic flow during friction welding.

2.2 Processing parameters
The Ti6Al4V alloy consists of α +β phases, which affect the thermal and mechanical evolution of the material. The

principal elements of Ti6Al4V in weight percentage are presented in Table 1. In addition, Ti6Al4V presents different
morphologies, which are associated with the heat and deformation state of the material.

Table 1. Composition of the Ti6Al4V (wt. %) [33]

Al V Fe O N C Ti

6.38 4.07 0.19 0.17 0.008 0.012 Balance

The experiment evaluates the primary parameters of FSSW Ti6Al4V. The friction process consists in lap-weld thin
square plates of 50 mm by 50 mm. The principal processing parameters are the rotational speed, the immersion depth and
the tool material. A constant holding time of 2 s was defined during the process. Table 2 shows the selected values for
the simulation of friction spot welding process.

Table 2. Parameters of friction spot welding of Ti6Al4V

Test Rotational speed (rpm) Immersion depth (mm) Tool material Workpiece material

1-5 800-1,200 4 PCBN Ti6Al4V

The experiment consisted of five lap-welding simulations with variation of rotational speed from 800 to 1,200 rpm,
with increments of 100 rpm. A thickness of 3 mm was considered for the upper and lower plates. The immersion depth
of the tooling was defined as a constant parameter with a value of 4 mm. The experimental trails were performed using a
Bridgeport high-speed machining center [33].

2.3 Finite element model
A finite element model was created to predict the thermal and mechanical response of lap-welding Ti6Al4V using

a PCBN tool. The geometrical design consists of two thin plates lap-welded by a complex curved thread tool. The
overlapping distance between plates was 18 mm and the assigned rotational velocity fluctuates from 800 to 1,200 rpm.
The mechanical properties of Ti6Al4V were defined considering the plasticity and hardening effect of the material. The
plastic flow was defined using a Johnson-Cook model [33]:
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σ =
[
A+B(ε pl)

n
][

1+Cln
έ pl

έ0
pl

][
T −Tambient

Tmelt −Tambient

]
. (4)

The model calculates the nonlinearity associated with plastic deformation at high temperatures and strain rates. Table
3 includes the values for each parameter of the Johnson-Cook model.

The plastic flow of Ti6Al4V is strain rate sensitive due to the temperature increment during friction welding. As the
temperature and strain increases during friction welding, dynamic recrystallization occurs. The heat capacity and thermal
conductivity of the Ti6Al4V alloy is presented in Figure 2.

Table 3. Johnson-Cook parameters utilized in the friction welding simulation [33]

Parameter Value

Elastic limit, A (MPa) 782.7
Hardening modulus, B (MPa) 498.4

Plastic deformation sensitivity, n 0.28
Coefficient of plastic deformation, C 0.028
Temperature of melting, Tmelt (◦C) 1,662

Plastic deformation, έ pl 1
Standard deformation speed, έ0

pl 1E−5

Figure 2. Thermal properties of Ti6Al4V alloy, (a) heat capacity and (b) thermal conductivity [4]

The Ti6Al4V plates were considered plastic materials, while the rotating tool and support plate were considered
as rigid bodies. This condition decreases the computation time of the solution during the finite element simulation. A
polycrystalline cubic boron nitride (PCBN) material was selected for the rotating tool. PCBN brings good wear properties,
high thermal conductivity and hardness [34]. Figure 3 shows heat capacity and thermal conductivity of the tool’s material.

The discretization procedure of the finite element model is shown in Figure 4. The mesh of the Ti6Al4V plates
consisted of 7,915 nodes and 50,000 elements, see Figure 4a. The mesh of the rotating tool consisted of 16,321 nodes and
80,000 elements. During the friction welding process, the mesh gradually distorts, thus a re-mesh criterion was selected.
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Figure 3. Thermal properties of PCBN tool [29]

Figure 4. Finite element model of friction welding process, (a) upper and lower contact conditions and (b) discretization of the welding zone

As observed in Figure 4b, the complex curved thread tool consists of two concentric parts of different diameters, a
larger diameter shoulder of 36.7 mm and a smaller diameter taper pin of 6 mm. In order to verify the finite element model,
an experimental process based on previous work was followed [33]. The temperature profile of the weld nugget region
was verified in the welding experiment.

3. Cellular automata model
As described in the previous section, the thermo-mechanical conditions were investigated by the finite element

method. The microstructure evolution is dependent on the temperature and deformation of the friction process. The
evolution of recrystallized grain size is analyzed using a cellular automata model. In the CA model, a regular pattern is
defined by a group of equally shaped square cells with consistent boundaries. A certain grain number is stated in each unit
cell, which indicates the state of recrystallization; when selecting a unit cell, the recrystallization and number of grains
may cause the unit cell to change. When grains encounter nucleating conditions and selected neighbors recrystallize,
their numbers shift to different values; this balances the number of its grains with those of its recrystallized neighbors,
increasing the grain size [35].

A driving force must be specified to evaluate dynamic recrystallization; thus, dislocation density is considered as the
driving force to DRX. Previous studies have shown that dislocation density presents an accurate effect on the kinetics of
the material [36]. A regular lattice of 100 rows and 100 columns was specified in the CA model. The boundary condition
in each unit cell considered the growth of surrounding nuclei. The spatial size of the model considers the radius of the
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neighbors; this radius affects the grain size and controls the impact of the microstructure during the friction welding
process. A function was selected based on dislocation density and nucleation probability due to the requirement of a
critical dislocation density to nucleate new grains. The initial microstructure was created from grain boundaries and grain
orientations with defined dislocation densities [37]. Figure 5 presents a diagram of the cellular automata procedure to
determine the recrystallized grain size during friction welding.

Figure 5. Diagram of cellular automata model for microstructure evolution of friction spot welded Ti6Al4V

3.1 Dislocation density model
The dislocation density represents the stored energy due to plastic flow of friction spot welding. A Laasraoui-Jonas

model was considered to evaluate the microstructure in terms of dislocation density, recovery and hardening mechanisms
[38]. The variation of dislocation density is expressed as follows:

dρ i = (h− rρ i)dε −ρidV. (5)

The phenomenological equation includes: a dislocation density ρi, the hardening h, a recovery term r, the strain
ε and the volume across grain boundaries dV . The hardening and recovery terms also refer to temperature and strain rate
conditions [39]. The coefficients for hardening and recovery can be calculated as follows:
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h = h0

(
ε̇
ε̇0

)
exp
(

mQ
RT

)
, (6)

r = r0

(
ε̇
ε̇0

)−m

exp
(
−mQ
RT

)
. (7)

The sensitivity to deformation is specified as m, Q is the activation energy, h0 is a hardening constant and r0 is
the recovery constant. In order to calibrate strain ε0 a value of 1 was considered [40]. The flow stress is related to the
dislocation density as follows:

σ = Mα1Gb
√

ρ, (8)

where M is the Taylor factor, b is the Burger’s vector and G is the shear modulus. If Equation (5) is integrated and
substituted in Equation (8):

σ =
[
σ∞

2 −
(
σ∞

2 −σe
2) exp (−rε)

]1/2
. (9)

Re-writing Equation (5) gives:

2σ
dσ
dε

= rσ∞
2 − rσ2. (10)

According to Equation (10), the recovery term is defined as the slope 2σ
dσ
dε

against σ2, while the h term is the
crossing value with the perpendicular axis. Equation (11) evaluates the flow stress in terms of hardening and recovery
coefficients.

σ∞ = Mα1Gb

√
h
r
. (11)

Equations (6) and (7) can be used to calculate the coefficients h and r as functions of temperature and strain rate. The
preceding equations must be added to consider an early dislocation density.

3.2 Nucleation model
During recrystallization the nucleation rate is proportional to the temperature and strain rate as follows [41]:

η̇ =Cε̇ exp
(
− Q

RT

)
, (12)

where η̇ is the nucleation rate and C is a constant. Commonly, nucleation occurs in the grain boundaries with a critical
dislocation density defined as [42]:
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ρcd =

(
20γiε̇

3blMτ2

) 1
3
, (13)

where τ is the dislocation line energy, M is the grain boundary mobility (defined as 0.5), l is the mean free path and γ i the
grain boundary energy. If the dislocation density reaches a critical value, the nucleus is set on the grain boundaries (see
Figure 5).

The high angle grain boundary energy is determined by [43]:

γm =
Gbθm

4π(1−ν)
, (14)

where γ m is the high angle grain boundary energy and θm is the misorientation between high angle boundaries, G is the
shear modulus and ν is the Poisson’s ratio.

The dislocation mean free path is expressed as follows:

l =
C1Gb

σ
, (15)

where the constant C1 is 10 for the most metals. The dislocation line energy τ is obtained by:

τ =C2Gb2, (16)

where G is the shear modulus and C2 is a constant. The grain boundary migration velocity v0 is defined as 0.1 µm/s, as
previously reported [44]. In the simulation process, the cellular automata model randomly selects a given number of cells
in each step based on:

Nr =

(
(#rows)(# columns )

√
2

K

)2

h( dε)(1−2m), (17)

where Nr is the number of cells selected in the CA model and K is a constant with a value of 6,030. The parameters of
the CA model for Ti6Al4V are summarized in Table 4.

Table 4. Parameters in the CA model of Ti6Al4V [44]

G (MPa) h0
(
µm−2

)
r m Q ( kJ/mol) v0 (µm/s) b (µm) ε0

(
s−1
)

44,000 0.398 28,837 0.2 266,000 0.1 0.000286 1

The recovery and hardening coefficients were obtained from previous work based on experimental flow stress-strain
curves of Ti6Al4V [44]. Prior to the joining process, a dislocation density of 0.001 µm/µm3 was specified for the working
material [45].
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4. Results and discussion
4.1 Finite element results

This section presents the numerical results of lap-welded Ti6Al4V plates by friction spot welding process. The
simulated maximum temperature reached at different rotational speeds (800-1,200 rpm) is observed in Figure 6.

Figure 6. Finite element results of maximum temperature reached during friction welding at different rotational speeds

The results reveal significant findings regarding temperature distribution during friction spot welding. The analysis
determined that the highest temperature, 678 ◦C, occurs in the stirring zone of the weld nugget. Notably, this peak
temperature remains below the β transus temperature of approximately 900 ◦C across the various rotational speeds
evaluated. This indicates that the welding process did not exceed the phase transformation threshold, which is crucial
for controlling the microstructural properties of the alloy.

The study also highlighted the direct relationship between the generated heat and both the rotational speed and the
physical characteristics of the tool, including the pin length, shape and shoulder diameter. The maximum temperature
observed in the model was consistent with experimental findings reported by Quiroz et al. [33], where similar conditions
were applied to friction spot weld thin plates of Ti6Al4V. Specifically, the highest temperature recorded was concentrated
in the shoulder area of the tool, which aligns with experimental observations. Furthermore, the research found that
the temperature near the tool and at the surface of the upper plate was effectively the same, indicating a uniform heat
distribution at the interface, see Figure 7. This consistency supports the validity of the CA model in replicating real-
world temperature profiles during the welding process, reinforcing its utility in predicting the microstructural evolution
in titanium alloy joints.

Figure 7. Maximum temperature recorded for top plate, bottom plate, and tool (800 rpm)
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In addition, the maximum effective strain of the weld nugget was numerically evaluated; this region presents a
greater plastic deformation in the contact zone between the tool and upper plate, see Figure 8. This high strain is
crucial for understanding how mechanical forces during welding influence the microstructure and overall quality of the
joint. The findings highlight the areas where the material undergoes the most intense deformation, shedding light on the
relationship between the applied strain and resulting grain evolution. This insight helps improve the prediction and control
of microstructural changes within titanium alloys, contributing to the optimization of welding processes for enhanced
mechanical properties.

The results for the axial force during the welding process at a rotational speed of 800 rpm, as depicted in Figure 9,
reveal key observations about the behavior of the Ti6Al4V alloy. Initially, the axial force reaches a significant peak of
approximately 11,000 N. This peak occurs at the start of the welding process when the material is relatively harder and
resists deformation. As the process progresses and the temperature around the tool pin rises, the alloy undergoes softening.
This thermal effect reduces the resistance of the material, which facilitates the tool’s penetration and results in a gradual
reduction of the axial force. The softening behavior of the alloy supports a smoother downward pressure, enabling better
interaction between the tool and the plates.

Different heat generation zones occurred during friction welding process, as observed in Figure 10. Two regions are
indicated: a stir zone (SZ) and a heat affected zone (HAZ). These regions agree with the previous study by Nader et al.
[46], in which FSSW of Ti6Al4V generated a stir zone and a heat affected zone with no evidence of transition region or
thermo-mechanical affected zone.

Figure 8. Maximum strain during friction spot welding at rotational speed of 800 rpm

Figure 9. Numerical results of axial force during friction welding of Ti6Al4V plates at different rotational speeds
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Figure 10. Numerical results of temperature and strain effective in the weld nugget at 1,000 rpm

The thermal evolution of the nugget zone is numerically simulated and an increase of temperature and strain due to
frictional effect of the tool is observed. The heat generation is limited at the welding region, presenting a very narrow
heat affected zone due to the low thermal properties of Ti6Al4V. Two points near the stir zone (P1) and the heat affected
zone (P2) are selected to evaluate the thermo-mechanical evolution of the joint. The nugget presents a basin shape with
a decrease of width on the weld base. The SZ of the weld nugget is where the greatest amount of heat is generated; the
maximum recorded temperature was 662 ◦C. The adjacent zone corresponds to the heat affected zone, which registers
temperatures from 255 ◦C to 49 ◦C. The HAZ experiences a thermal effect that changes the grain size and the mechanical
properties; however, there is a decrease of deformation in this zone. Similarly, it is possible to observe that the base
material does not experience visible plastic deformation. The recorded temperature on the base material ranges from
20 ◦C to 98 ◦C. Although, the maximum recorded temperature is below the β transus, the SZ exceeded the activation
threshold of transformation from the α + β phase to the β phase, which begins around 600 ◦C. According to Buffa et
al. [47], the SZ shows changes in its microstructure due to a combination of local plastic deformation and dynamic
recrystallization mechanisms caused by the tool agitation; this condition exceeded the phase transformation initiation
threshold. The lower rotational velocity decreases the peak temperature. The maximum temperatures are located at the
central region of the stir zone. It is observed that, when the rotational speed increases from 800 to 1,200 rpm, there is a
slight increase of temperature, and the maximum temperature is located at the external region of the nugget zone. Yue et
al. [48] reported that a higher thermal effect is associated with tunnel defects in the joint. Thus, in the present work only
rotational velocities of 800 and 1,000 rpm are considered for further analysis.

The point located in the stir zone (P1) presented a higher strain of 45 after the welding process, while the point P2
located near the HAZ presented a maximum effective strain of 29. The effective strain during the friction welding process
is caused by the plastic flow between the workpiece and the tool. The larger strain is detected at the top of the nugget;
this effect is associated with the tool shoulder interaction. According to Buffa et al. [47], the phase transformation is
triggered by the coupled action of temperature and strain. As strain increases, the temperature for a full transformation
decreases. In the following section, the discrete locations P1 and P2 are evaluated to predict the microstructure evolution
after friction stir welding. This study correlates the effect of process parameters (temperature and strain) with the obtained
grain size. The microstructure transformation is associated with the mechanical properties of the joint, which represents
an important contribution to the expansion of knowledge regarding the interaction of Ti6Al4V and the used tool design in
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the friction spot welding process. The results provide a deeper understanding of heat localization and distribution, which
is essential for optimizing welding parameters and achieving desired mechanical properties in aerospace applications.

4.2 Cellular automata results
The results highlight the prediction of grain size evolution in the stirring zone (SZ) of a titanium alloy using a cellular

automata model, see Figure 11. Initially, the model starts with an average grain size of 38 µm to represent the alloy’s
pre-welding microstructure. At the early stages of the process, a necklace structure of grains forms when the effective
strain reaches approximately 42 mm/mm. As the welding process advances, this structure evolves and the grains undergo
significant refinement, resulting in a final average grain size of 6.6 µm. The model indicates a peak effective strain of
45 mm/mm during the process. In the SZ (location P1), the model reveals a partially transformed microstructure where
fine recrystallized grains coexist with some coarse grains, indicating the dynamic nature of grain evolution. The study
shows an initial accumulation of dislocation density due to strain hardening, which decreases as dynamic recrystallization
(DRX) progresses and softening mechanisms take over. Notably, the untransformed microstructure observed confirms
that the temperature in the SZ remains below the β transus. This aligns with the known behavior of titanium alloys,
where temperatures below the β transus result in a microstructure composed of both α and β phases [49]. This finding
corroborates that the welding process in this context does not reach the full transformation temperature required for a
complete β phase structure, thus preserving a mixed-phase microstructure.

Figure 11. Cellular automata model for stir zone of lap-welded Ti6Al4V at 800 rpm

The selected point P2 located in the HAZ presented an average grain size value of 6.3 µm and a maximum grain size
of 23 µm, see Figure 12. For the selected points, the dislocation density exceeds the critical condition, thus, nucleation
and grain growth occur at the grain boundaries. After the friction welding process was completed, a significantly refined
grain size was observed. The maximum effective strain for the HAZ was 29 mm/mm, which is lower than on the SZ.
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Figure 12. Cellular automata model for HAZ of lap-welded Ti6Al4V at 800 rpm

The average grain size of P1 was 6.6 µm, while P2 presented an average grain value of 6.4 µm. These results agree
with previous work by Park [49] where an average grain size of 6.9 µm was reported in the weld center of thin plates of
Ti6Al4V welded by pinless friction spot process. A refined grain size was obtained in the stir zone, where a correlation
between thermo-mechanical process and microstructure evolution was verified. In addition, Fuji et al. [50] welded Ti
alloy plates by FSW process. A maximum temperature below α/β transformation point was observed. The average grain
size presented a value of 4 µm for a welding speed of 2.5 mm/s. Cellular automata results for welding process condition
at 1,000 rpm are shown in Figure 13. Friction stir welding process generated a significant reduction of grain size which
is associated with a dynamic recrystallization phenomenon [18].
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Figure 13. Cellular automata model of lap-welded Ti6Al4V at 1,000 rpm, (a) P1-SZ initial grain size, (b) P2-HAZ initial grain size, (c) P1-SZ transient
recrystallized grain, (d) P2-HAZ transient recrystallized grain, (e) P1-SZ final grain size and (f) P2-HAZ final grain size

Figure 14 shows the misorientation angle vs. the number of grains of lap-welded Ti6Al4V plates for the SZ and
HAZ. The misorientation angle distribution in the stir zone has a distinct effect compared to the base metal, which is
associated with dynamic recrystallization. Misorientation angle was distributed from 2◦ to 62◦. The larges peak was in
the rage of 38◦ to 48◦ for the SZ. As the temperature increases, the microstructure presents a reduction of α phase due to
friction heating [49]. The strain conditions and dynamic recrystallization at high temperatures lead to defined grain size
of Ti6Al4V alloy after friction welding process. Transformations of grain boundaries are a characteristic related to DRX.

Figure 14. Misorientation angle vs. the number of grains of lap-welded Ti6Al4V at 1,000 rpm, (a) P1 SZ and (b) HAZ
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The CA results of average grain size were compared with previous works of friction spot welded Ti6Al4V [46, 49].
The evolution of simulated grain size is observed in Figure 15, where the grain transforms from 38 µm for the base metal
to 6.5 µm at the weld nugget. A steady mean grain size at the end of the process is observed. This effect is associated with
the competition of hardening and recovery phenomena during DRX process. The CA model was validated with previous
experimental grain size data for friction stir spot welding of Ti6Al4V [46, 49]. The simulated values of average grain size
presented good agreement with experimental results. The deviation between simulated and experimental grain size was
less than 0.5 µm for the lap-welded Ti6Al4V alloy.

Figure 15. Cellular automata average grain size in the nugget zone for welding condition at 800 rpm

The microstructure in the weld zone showed a refined grain size which originated below the β transus temperature
but above the activation threshold of transformation from the α +β phase to the β phase. The increase of volume fraction
of phase is limited, consisting of nodular α with low portions of β phase [4]. In general, the hardness in the weld is
higher than that of the parent metal as reported previously [47]. As the grain changes and the equilibrium condition for
recrystallization processes is reached, friction welding process exhibits a rather stable grain size.

5. Conclusions
A numerical model was developed to predict the joining process of Ti6Al4V alloy by friction stir spot welding using

a PCBN tool material. The principal conclusions drawn from this work are:
• The thermo-mechanical behavior of joined Ti6Al4V by FSSW was predicted.
• The results from the numerical study were compared with previously reported data showing good agreement. A

maximum temperature below α/β transformation point was observed. However, it is possible to exceed the activation
threshold of transformation from the α +β phase to the β phase, which starts around 600 ◦C.

• A CA model was developed to evaluate the grain size evolution of friction welding and a stable grain size was
observed in the stir zone. The selected points (P1 and P2) presented full recrystallization and average grain size of around
6.5 µm.

• The predicted grain size using the CA technique showed good agreement. A grain size variation less than 0.5 µm
was observed for the friction lap-welded Ti6Al4V alloy.

• The stir zone presented changes in the microstructure due to the combination of local plastic deformation, dynamic
recrystallization and temperature.

• The greatest plastic deformation was recorded in the upper region of the nugget due to the greater contact between
the shoulder of the tool and the workpiece.

• This work contributes to the knowledge of mechanical and microstructural evolution of FSSW processes.
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