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A B S T R A C T   

The optimization of machining parameters, tool longevity, and surface quality in High-Speed Milling (HSM) of 
Ti–6Al–4V relies immensely on understanding the local phase transformation. This study endeavors to build a 
Finite Element (FE) model capable of forecasting phase alterations during the rapid thermal fluctuations intrinsic 
to Ti–6Al–4V machining. Dynamic phase transformation models were initially introduced to capture rapid 
heating and cooling phenomena. Using a user-defined subroutine, the phase transitions predictive models were 
integrated into the HSM simulation within Abaqus/Explicit. Simulation outcomes unveiled phase transitions 
primarily occurring within the serrated chip and at the tool-workpiece interface. Notably, during rapid heating, 
when the cutting speed increased to 350 m/min, the β-phase volume fraction surged from 7.5 to 96.38%. A 
similar trend was observed with feed rate adjustments (i.e., 0.15–0.25 mm/tooth), where β-phase increased from 
7.5 to 67.84%. Rapid cooling facilitated the reversion of the transformed β-phase back into the α’-phase. Finally, 
some advanced characterization techniques were employed to validate the developed thermo-metallo- 
mechanical coupled FE model for phase transformation. The simulation results verified by the experimental 
data promotes a better understanding of phase alteration mechanisms and microstructural evolution in HSM of 
Ti–6Al–4V. The current research is also beneficial for crucial insights into optimizing the machining conditions 
and their impact on tool-material interactions and surface integrity.   

1. Introduction 

Ti–6Al–4V, a dual-phase alloy, has been broadly devoted in various 
sectors, including biomedical, aerospace, die, and mold, due to its 
enhanced mechanical strength and high corrosion resistance at elevated 
thermal conditions [1,2]. However, the machining of Ti–6Al–4V pre-
sents several challenges due to its low thermal conductivity, high 
chemical reactivity, and the tendency for serrated chip production [3]. 
These characteristics contribute to the appearance of complex behaviors 
during machining, such as increased temperatures, intense plastic 
deformation, alteration in grain structure, and phase transition. On the 
one hand, the heat and stresses triggered in the cutting deformation 
zones can lead to phase changes that have an unfavorable consequence 
on the surface integrity, which can cause the work hardening and lead to 
white layer formation. On the other hand, these thermo-mechanical 
loading histories have the potential to influence the stress state 

through phenomena such as thermal softening and thermal strains [4]. 
Additionally, they can also impact the metallurgical conditions of ma-
terial in accordance to the phase transformation kinetics. 

Previous research has repeatedly mentioned the occurrence of phase 
transformation during the manufacturing of titanium and its alloys. 
However, it is difficult to characterize the phase transformation by 
standard methods, as the highly coupled behavior of thermal and me-
chanical loads and energy conversion in the HSM is a typically nonlinear 
problem. Numerous research studies have been undertaken to explore 
the occurrence of phase transformation of titanium in friction stir 
welding [5], hot forging [6], and laser sintering processes [7]. However, 
while machining, the prediction of phase transformation becomes more 
challenging as it simultaneously involves multi-faceted stress, high 
strain rates, and thermal loading history. In the late 90s, Bayoumi et al. 
[8] realized the non-diffusional phase transition occurrence within the 
Adiabatic Shear Band (ASB) of Ti–6Al–4V. However, contradictory 
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results (i.e., no phase transformation in the shear band) were presented 
by Puerta et al. [9]. By utilizing Transmission Electron Microscopy 
(TEM), Wan et al. [10] analyzed the existence of martensitic phase 
transition during the rapid cooling process. However, the authors could 
not detect any β-phase in their observations. The absence of the β-phase 
was attributed to the post-cooling experiments, a stage during which the 
β-phase had converted back into the α-phase. Similarly, Wang et al. 
discovered a gradual variation in the microstructures between the ma-
trix and the center of ASB during the machining of 30CrNi3MoV, which 
may have undergone a martensitic phase change. Although substantial 
experimental work regarding the phase transformation of titanium and 
its alloys is available in the published literature. Nevertheless, most of 
the published research is related to conventional heat treatment. Unlike 
conventional methods, the phase transformation during the machining 
process is generally associated with mechanical load, severe plastic 
deformation, and rapid heating and quenching process. In addition, no 
systematic investigation has been conducted to investigate how 
machining factors explicitly impact the phase transition in Ti–6Al–4V. 

Since predicting phase transition in mechanical machining is chal-
lenging to capture, the finite element (FE) model is becoming the most 
popular among researchers and industries for predicting phase trans-
formation. Wang et al. [11] developed an FE model for predicting the 
phase alteration during machining of Ti–Al–4V and concluded that 
cutting speeds significantly influence the rapid heating and cooling 
process. Using cutting temperature as the determining factor, Zhang 
et al. [12] developed an FE model to predict phase changes in Ti–6Al–4V 
machining. Although the authors explored the phase transition behavior 
in machining deformation zones. However, their study relied on a 
steady-state phase transition assumption, which may inevitably lead to 
specific prediction errors. Ramesh et al. [13] developed a 2D FE model 
for predicting the white layer during orthogonal cutting of AISI52100 
steel and concluded that the white layer is directly related to residual 
stress formation. Similarly, contemplating stress-strain effects, Li et al. 
[14] elaborated on the phase transformation in the hard cutting of H13 
steel. They anticipated the austenite volume fraction in the chip back-
surface. Like the cutting process, Bailey et al. [15] presented a 
three-dimensional FE model for predicting phase transformation during 
direct laser deposition. Considering various cooling stages during wire 
laser additive manufacturing of Ti–6Al–4V, Sun et al. [1] recently 
applied a density-based constitutional model for predicting phase 
transformation. They concluded that the increased temperature and 
decreased cooling rates significantly impact the formation process of 
α’-phase (with hexagonal structure). Taking Ni–Ti alloy as a research 
objective, Kaynak et al. [16] presented an FE model for phase trans-
formation based on Helmholtz free energy. However, the authors only 
considered the layer subjected to twinnning for model validation. 
Although few researchers have observed and verified phase trans-
formation as a fundamental mechanism during machining with complex 
stress states, a well-established theoretical model for 
high-stress-strain-assisted transformation mechanisms is still lacking in 
predicting phase transformations. In addition, the existing research also 
indicates that the relationship between increased thermal history and 
phase transformation is still scant in most studies. Hence, a multi-scale 
FE model is required for HSM to assess how stress-strain and thermal 
fields affect phase changes within the material. Consequently, limited 
research has focused on establishing an FE model for the milling process, 
particularly one that encompasses phase transitions for both phases. 

Hence, the current research objective is to investigate the phase 
transformation in two different stages during the HSM of Ti–6Al–4V. In 
the first stage (i.e., rapid heating), Avrami and Clapeyron-Clapeyron 
(C–C) type equations were implemented to predict α-to β-phase con-
version by considering the stress-strain and temperature effects. While 
in stage two (i.e., rapid cooling), an empirical equation was imple-
mented for the prediction of decomposed β-phase to α’-phase. The 
structured phase transitions model was implemented into the user- 
define VUSDFLD subroutine, employing a simplified FE model. 

Finally, experiments were conducted on the HSM to validate and 
correlate the established thermo-metallo-mechanical model. 

2. Phase transformation kinetics 

Since the temperature history, higher stresses and cooling rates 
induced by HSM have considerably influenced the phase transformation 
in Ti–6Al–4V. Therefore, to realize the effect of heating and rapid 
cooling process separately, two sub-models for HSM of Ti–6Al–4V were 
carried out in the current investigation. Generally, temperature and 
increased stress are considered the fundamental aspects assisting the 
phase transformation of Ti–6Al–4V during the heating stage [17]. In 
contrast, abrupt temperature change rates are the main factor preceding 
phase conversion in rapid cooling [18]. Detailed implementation of 
these two processes (i.e., rapid heating and cooling) are described 
below. 

2.1. Rapid heating process 

Generally, as the temperature ascends to the initial point of the 
transition temperature, the α-phase undergoes a gradual conversion to 
the β-phase until it reaches 100% at the transus temperature, which is 
approximately 982.5 ◦C. Moreover, in Ti–6Al–4V, conversion from α-to 
β-phase requires the inauguration of β-phase from α-matrix and growth 
of β-phase through diffusion. Hence, to describe the β-phase volume 
fraction and the machining-induced cutting temperature, the Avrami 
model was implemented [19], which is expressed by Eq. (1). 

Vβ = 1 − exp

[

A.
(

T − Ti

Tc − Ti

)D
]

(1)  

Where T, Ti, and Tc are the current deformation temperature, starting 
temperature for β-Ti transformation, and the complete phase transition 
temperature, respectively. Ti–6Al–4V starting and complete phase 
transition temperatures were set at 600 ◦C and 982.5 ◦C, respectively. 
Similarly, the terms A and D in Eq. (1) are the material constants that 
were set at − 1.86 and 4.35, respectively [11,20]. 

Besides thermal history, the material phase transformation is also 
associated with the mechanical loads, which can categorically influence 
the formation of β-phase. Since the β-phase development within the 
α-matrix is a non-diffusion transformation process similar to martensite 
phase transformation [21]. Therefore, owing to linked proceedings of 
thermo-mechanical loads on Ti–6Al–4V during HSM, the transition of 
α-to β-phase is regarded as a martensite phase transformation. The 
quantitative relation between critical temperature and the critical stress 
as an external mechanical load of the initial phase transformation is 
expressed by employing the Clausius-Clapeyron type equation [22], as 
described in Eq. (2). 

dσ
dTi

= −
ρΔHtr

T0εt
(2)  

in Eq. (2), ρ represents the mass density, ΔHtr is the latent heat of 
transformation from α-Ti to β-Ti (taken as 4.18 kJ/mol) [23], T0 is the 
equilibrium temperature, and εt is the transformation strain in the uni-
axial stress direction. 

2.2. Rapid cooling process 

As the cutting tool advances into the workpiece material, the 
removed chips and machined surface go into the rapid cooling stage, and 
the volume of β-phase decomposition could result in a martensite with a 
microstructure of α’ (with hexagonal structure) or α" (with ortho-
rhombic structure) depending on the cooling rates. If the cooling rate is 
greater than or equal to 410 ◦C s− 1 and the temperature (T) is less than 
martensitic transformation temperature (TMS), the α’ with martensite 
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microstructure will form. In the current simulation, the critical cooling 
rate was set equal to 410 ◦C s− 1, notably slower than the cooling rates 
during the HSM (105 ◦C s− 1). Hence, it is assumed that α’ will form. As a 
result, as described in Eq. (3), an empirical formula was adopted to es-
timate the volume fraction of α’-phase with an orthorhombic structure 
[14,24]. 

Vα′ =
(
Vβ

)
.(1 − exp(1 − X(TMS − T))) (3)  

Where Vβ and TMS demonstrate the amount of β-phase available for 
martensitic transformation following the heating process and the 
martensitic transformation temperature, respectively. X is the material 
constant, demonstrating the martensitic transition rate. The researchers 
have proven that approximately 10% of the β-phase remained un-
changed, irrespective of the cooling rate, once the β-phase had under-
gone cooling to ambient temperature [25,26]. As a result, the value of X 
is set to 0.005. 

2.3. Implementation of phase transformation models 

The user-defined subroutine VUSDFLD was utilized to integrate 
rapid heating and cooling stages transition models into the simplified 
milling model. Fig. 1 illustrates a flow chart showcasing the sequential 
stages of submodules within the computational system. 

The phase transitions simulation was achieved by utilizing two user 
subroutines. The temperature stress-strain field distributions for 
Ti–6Al–4V were retrieved from a validated simulated model during the 
rapid heating process. Subsequently, the volume fraction of β-phase was 
determined utilizing equations (1) and (2), respectively. Finally, the 
concluding field states from the heating stage were introduced to the 
cooling process model, and the volume percentage of α’-phase was 

determined using equation (3). 

3. FE model descritpion 

3.1. Material constitutive model for Ti–6Al–4V 

In this study, the Johnson-Cook (JC) constitutive material model (Eq. 
(4)) was employed to simulate the plastic behavior of Ti–6Al–4V. This 
model states the equivalent flow stress (σ) as a function of plastic strain 
(ε), strain rate (ε), reference strain rate (ε̇0), and temperature (T) [27]. 
Similarly, a J-C fracture model was utilized for the chip formation 
process, as described in Eq. (5). 

σ =(A+Bεn)

[

1+C ln
ε̇
ε̇0

][

1 −

(
T − Troom

Tmelt − Troom

)m]

(4)  

εpl
f = [d1 + d2 exp(− d3)η]

[

1+ d4 ln
(

ε̇pl

ε̇0

)](
1 − d5 θ

⌢
)

(5)  

In Eq. (4), the terms A, B, C, n, and m are the initial yield strength, 
hardening modulus, strain rate sensitivity, strain rate hardening expo-
nent, and thermal softening coefficient, respectively. While in Eq. (5), 
the terms d1-d5 are the failure factors, η represents the deviatoric stress 

Fig. 1. Flowchart for predicting the phase transition during rapid heating and cooling process.  

Table 1 
JC material constitutive model and failure parameters for Ti–6Al–4V [28].  

A(MPa) B(MPa) n m C Troom (◦C) Tmelt (◦C) 

860 683 0.47 1 0.035 20 1605 
d1 d2 d3 d4 d5   

− 0.09 0.25 − 0.5 0.014 3.87    
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ratio and θ
⌢

is a dimensionless thermal partition. Table 1 displays the 
values attributed to the J-C constitutive model along with the conse-
quent failure parameters pertinent to the Ti–6Al–4V material. 

3.2. Initial boundaries conditions and meshing 

A precise FE model is crucial for accurately capturing and compre-
hending the phase changes in Ti–6Al–4V. Fig. 2 depicts a developed 
milling model that has been verified in the author prior research [28]. As 
indicated, the workpiece was constrained from three sides, and the 
physical parameters and geometry of the cutting tool remained identical 
to those utilized in the machining tests. The workpiece and cutting insert 
were meshed by assigning element type CPE4RT, which combines plain 
stain quadrilateral with temperature-displacement coupling. The initial 

temperature for the workpiece and cutting insert was equivalent to 
20 ◦C, and the inelastic heat fraction was set as 0.9 to describe the heat 
flux flows into the chip. 

Since the HSM involves complex physical phenomena, including 
material deformation, chip formation, and heat generation. Therefore, 
an accurate contact model is required to represent the interaction be-
tween the workpiece and the cutting tool. A Zorev model was incorpo-
rated in the current simulation to illustrate the sliding and sticking 
behavior between the chip-tool interface [29]. 

τf =

{
μσ, μσ ≤ τcrit (sliding zone)
τcrit, μσ ≥ τcrit (sticking zone) (6)  

Where τf, τcrit, μ, and σ are the frictional shearing stress, critical shear 
stress, friction coefficient, and normal stress, respectively. In the current 

Fig. 2. Simplified FE model for HSM of Ti–6Al–4V.  

Fig. 3. Experimental setup for HSM: (a) machining setup, (b) metallographic test areas.  
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research, the coefficient of friction was set at 0.24, according to the 
author’s previous research [28]. 

4. Experimental work 

Ti–6Al–4V with chemical composition of 6.11–6.14 wt% Al, 
3.89–4.01 wt% V, 1.4–2.6 wt% Sn, 0.31–1.1 wt% Fe, 0.34–90 wt% Cu 
was employed as a material test for the HSM. Tests were carried out in a 
dry environment on a 3-axis vertical machining center (Huron K2X10). 

A Kistler piezoelectric dynamometer (type 9255B) and thermal imag-
ining camera were employed to record the cutting forces and tempera-
ture. As depicted in Fig. 3(a)–A PVD-coated carbide insert, held tightly 
with a milling cutter, was used during machining tests. To mitigate the 
impact of tool wear on surface integrity, a new milling insert was uti-
lized for every experiment. 

Upon completion of the milling experiments, samples measuring 7 
mm3 in dimensions were extracted from the machined surface for sub-
sequent metallographic observation, as delineated in Fig. 3(b). Finally, a 
combination of advanced characterization instruments such as optical 
microscopy (OM), Electron Backscattered Diffraction (EBSD), scanning 
electron microscopy (SEM), and X-ray diffraction analysis (XRD) were 
utilized for comprehensive analysis and observation. These were used to 
assess the geometrical and microstructural state of the machined surface 
and removed chips. 

4.1. Base material microstructural and phase compositions 

Fig. 4 depicts the microstructures and phase composition of as- 
received Ti6Al4V. This alloy was received in the form of plates which 
were obtained by cold rolling. 

Fig. 4. Initial microstructural and phase composition of the base material.  

Table 2 
Detailed experimental setup for HSM of Ti–6Al–4V.  

Exp 
nos. 

Cutting speed 
vc(m/min) 

Radial depth of 
cut ae(mm) 

Axial depth of 
cut ap(mm) 

Feed per tooth 
fz (mm/z) 

1# 150 1.6 1.4 0.20 
2# 250 1.6 1.4 0.20 
3# 350 1.6 1.4 0.20 
4# 150 1.6 1.4 0.15 
5# 150 1.6 1.4 0.20 
6# 150 1.6 1.4 0.25  

Fig. 5. Chip morphology comparison between experiment and simulation.  
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XRD and EBSD analysis indicated that the base material mainly 
comprised 92.25% α-Ti and 7.5% β-Ti. The α-phase has a hexagonal- 
close-packed (HCP) crystal structure, while the crystal structure of the 
β-phase is a body-centered cubic (BCC). 

4.2. FE model validation 

To validate the accuracy of an established model, six experimental 
trials were selected (given in Table 2). First, the developed model was 
verified regarding chip geometrical characteristics(i.e., peak, valley, and 
spacing). As shown in Fig. 5, a serrated chip was consistently observed 
for all the experimental trials, and the simulated chip morphology was 
adequately coherent with the experimental findings. 

For a detailed elucidation of chip morphology, the geometrical fea-
tures of serrated chips were determined and analyzed, and the obtained 
results are documented in Table 3. As listed, the average relative error of 
the three features (i.e., peak, valley, and spacing) obtained through 

simulation and experiment is less than 13 %, which proves the reliability 
and precision of the established FE model. 

Similarly, to further verify the developed model, the simulated and 
experimental cutting forces values were compared in Fig. 6. As pre-
sented in Fig. 6(a) and (b), the experimental cutting forces in X and Y 
direction for Exp nos. 1, 2, and 4 are slightly higher than the simulated 
ones. In contrast, for Exp nos. 3, 5, and 6, the simulated cutting forces 
dominated the experimental ones in the X-direction, while opposite 
trends were absorbed for cutting forces in the Y-direction. 

Furthermore, it was also observed that experimental cutting forces in 
the X-direction first increased with cutting speed (i.e., Exp nos. 1 and 2) 
and feed rates (i.e., Exp nos. 4 and 5) and then declined with further 
increase in cutting speed (Exp no.3) and feed rate (Exp no.6). The per-
centage relative to cutting forces in both directions was less than 14.2%. 
These analyses indicated that the developed FE model of Ti–6Al–4V is 
accurate and reliable. Therefore, it can simulate phase transformation 
under a coupled thermo-metallo-mechanical effect. 

5. Results and discussion 

5.1. Analysis of phase transformation during rapid heating 

The simulated outcomes for equivalent plastic strain, von Mises 
stress, temperature, and β-phase volume fraction for three experimental 
trials are demonstrated in Fig. 7. As indicated in Fig. 7(a–c), the pre-
dicted maximum equivalent plastic strain were about 4.2, 5.15, and 5.99 
for Exp nos. 1,2, and 3, respectively. On the one hand, the plastic strain 
was relatively higher in the primary and secondary deformation zones 
and at the tool-workpiece interface. On the other hand, the plastic strain 
at the milled surface is significantly lower compared to that observed at 
the shear plane and chip back surface. The higher plastic strain is mainly 
contributed by severe plastic deformation [30]. Fig. 7(d–f) shows that 
the highest stress values were concentrated within the primary shear 
zone, reaching approximately 1941 MPa, 2219 MPa, and 2372 MPa for 
Exp nos. 1, 2, and 3, respectively. Furthermore, it can also be observed 
from the silhouette that the maximum stress values on the machined 
surface were limited to 500 MPa for all the experiments. Meanwhile, in 
machined subsurface zones, the stress values lie in the range of 970 MPa 
to around about 1780 MPa for all the experiments. 

Similarly, higher temperatures are another prerequisite for assisting 
the phase transitions. The simulation outcomes of temperature fields 
during the HSM of Ti–6Al–4V have been indicated in Fig. 7(g–i). As 
shown, when the tool crosses the shear plane of the material, the tem-
perature significantly rises from room temperature. The extreme heat 
generation can be primarily attributed to severe shear plastic deforma-
tion, leading to higher temperatures in the cutting deformation zones 

Table 3 
Detailed comparative results of chip geometrical characteristics.  

Exp 
nos. 

Value Chip Morphology (μm)   

Average 
Peak 

Average 
Valley 

Average 
Spacing 

1# Simulated 76.86 54.63 62.13 
Experimental 80.56 59.23 56.47 
Relative error 
(%) 

6.03 8.42 9.11 

2# Simulated 82.53 46.36 60.91 
Experimental 88.23 51.67 57.77 
Relative error 
(%) 

6.90 11.45 5.15 

3# Simulated 82.23 42.36 65.26 
Experimental 87.74 37.36 73.39 
Relative error 
(%) 

6.7 11.80 12.46 

4# Simulated 73.36 56.30 45.23 
Experimental 77.16 52.26 49.39 
Relative error 
(%) 

5.42 7.17 9.19 

5# Simulated 76.86 54.63 62.13 
Experimental 80.56 59.23 56.47 
Relative error 
(%) 

6.03 8.42 9.11 

6# Simulated 85.53 40.36 68.82 
Experimental 79.23 45.23 74.56 
Relative error 
(%) 

7.36 12.06 8.34 

Footnote: % relative error = | (simulated value – experimental value)/simulated 
value | 

Fig. 6. Experimental and simulated cutting forces comparison.  
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Fig. 7. Prediction of plastic stain, von Mises stress, temperature, and β-phase field for Exp no. 1,2 and 3.  
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[31]. 
For a detailed understanding of temperature distribution within the 

cutting deformation zones, two paths (i.e., Path-1 and Path-2) were 
generated within the shear band and at the tool-workpiece interface, as 
shown in Fig. (g–i), and the obtained results were plotted in Fig. 8(a and 
b). As displayed in Fig. 8(a), the maximum temperature was allocated in 
the secondary deformation zones (i.e., chip back surface). It can be seen 
that temperature dramatically enhances from ambient temperature to 
863.4 ◦C (Exp no.1), 972.4 ◦C (Exp no.2), and 1252 ◦C (Exp no.3), 
respectively, and decreases cyclically within the shear band. Similarly, 
as indicated in Fig. 8(b), the maximum temperature at the tool- 
workpiece interface was about 474.7 ◦C (Exp no.1), 653.5 ◦C(Exp 
no.2), and 734.7 ◦C, respectively. 

The predicted phase transformation (i.e., from α-to β-phase) has been 
indicated in Fig. 7(j-l). Notably, the primary volume percent of β-phase 
was adjusted, equivalent to 7.5%. According to the results shown in 
Fig. 7(j–l), a shallow layer in the chip back surface has undergone a 
phase transformation (i.e., α-to β-phase). As mentioned earlier, thermal 
history has a predominant role in phase transformation. Therefore, as 
seen in Fig. 8(c), when the temperature in the chip back surface was 
about 863.4 ◦C (for Exp no.1), the volume percentage of β-phase was 
increased from 7.5 % to about 33.5 %. In comparison, when the tem-
perature reached 972.4 ◦C, the β-phase volume fraction was enhanced to 
63.56 % (Exp no.2). Similarly, with further increase in cutting speed (i. 
e., 350 m/min (Exp no.3)), the temperature in chip back surface rises to 
1252 ◦C and almost all of the α-phase has been transformed into β-phase 
(Fig. 8(c)). Similarly, as indicated in Fig. 8(d), when the peak 

temperature at the tool-workpiece interface was about 471.72 ◦C, no 
changes in β-phase were detected for Exp no.1, while for Exp nos. 2 and 
3, when the peak temperature at the tool-workpiece interface reaches 
653.58 ◦C, and 754.65 ◦C, the volume fraction of β-phase was increased 
to 20.53 % and 30.14 %, respectively. 

Three additional tests (i.e., Exp no. 4,5 and 6) were conducted to 
further understand the consequence of feed rates on phase transition, 
and the obtained results were plotted in Fig. 9. It can be seen that the 
feed rates also affect the plastic strain, von Mises stress, temperature, 
and volume fraction of β-phase. As depicted in Fig. 9(a–c), when the feed 
rates were enhanced from 0.15 (Exp no.4) to 0.25 (Exp no.6), the plastic 
strain was increased from 3.80 to 4.57, and the von Mises stress was 
augmented from 1825 MPa to 2042 MPa (Fig. 9(d–f)), respectively. 
Fig. 9(g–i) indicates that the feed rates also influence the temperature. 
Again, the highest temperature was observed in the secondary defor-
mation zones for all the experiments. As revealed in Fig. 10(a and b), the 
peak temperature at the chip’s back surface (i.e., along Path-1) was 
about 789.53 ◦C, 858.05 ◦C, and 953.75 ◦C for Exp nos. 1,2 and 3, 
respectively. In contrast, the tool-workpiece interface temperature 
(along Path-2) was about 414.72 ◦C, 474.72 ◦C, and 659.65 ◦C, 
respectively. 

The distribution of β-phase against various feed rates has been 
demonstrated in Fig. 9(j–l). On the one hand, when the temperature 
increased to 789.53 ◦C (Exp no.4), the β-phase volume fraction 
increased to 22.41%. Similarly, when the temperature surges to 
858.05 ◦C (Exp no. 5) and 953.75 ◦C (Exp no.6), the volume percentage 
of β-phase proceeded to 33.5 % and 67.84 %, respectively, as shown in 

Fig. 8. Temperature and corresponding β-phase for Exp nos. 1,2 and 3: (a–b) temperature variation along path-1 and path-2, and (c–d) volume fraction of β-phase 
along path-1 and path-2. 
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Fig. 9. Prediction of plastic stain, von Mises stress, temperature, and β-phase field for Exp no. 4,5 and 6.  
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Fig. 10(c). On the other hand, when the temperature at the tool- 
workpiece interface was about 414.72 ◦C (Exp no.4) and 474.72 ◦C 
(Exp no.5), respectively, no phase transformation occurred. However, 
when the temperature at the tool-workpiece interface increased to 
659.65 ◦C for Exp no.6, the volume percentage of β-phase was increased 
to 17.5% (Fig. 10(d)). 

As depicted in Fig. 11, a reasonably good correlation existed between 

the simulated β-phase and the cutting temperature distribution. The 
distinct stress, strain, and cutting temperature distributions within the 
cutting deformation zones likely contributed to the inhomogeneous 
distribution of β-phase across different deformation zones due to their 
combined effects. 

Moreover, no phase transformation was identified in the milled 
surface. This is because the machined surface is below the initial phase 

Fig. 10. Temperature and corresponding β-phase for Exp nos. 4,5 and 6: (a–b) temperature variation along path-1 and path-2, and (c–d) volume fraction of β-phase 
along path-1 and path-2. 

Fig. 11. Mapping relationship between β-phase field and temperature for the rapid heating stage.  
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transformation temperature. As depicted in Fig. 12 (a), the maximum 
machined surface simulation temperature for Exp no. 1,2 and 3 was 
451.26 ◦C, 524.77 ◦C and 574.37 ◦C, respectively. In contrast, the 
temperature observed during the milling tests for these experiments was 
approximately 406.72 ◦C, 479.21 ◦C, and 561.05 ◦C, respectively. 
Similarly, the maximum simulated temperature of the machined surface 
for Exp nos. 4, 5, and 6 was 365.39 ◦C, 451.25 ◦C, 515.11 ◦C, while the 
maximum experimental machined surface temperature was 341.86 ◦C, 
406.72 ◦C, and 490.44 ◦C, respectively. 

As observed, the simulated machined surface temperature dominates 
the experimental ones for all the tests. Nevertheless, the machined 
surface temperature for both experimental and simulated temperatures 
is below the martensitic phase transformation temperature. Generally, 
the proportion of total heat transferred into a workpiece varied from 1% 
to 20%, which is significantly lower than the 74%–96% thermal energy 
ratios blown away by the chip [32]. In contrast to the chip, the stress and 
plastic strain distributions are relatively lower on the machined surface. 
Consequently, these combined conditions diminish the probability of 
the machined surface undergoing a phase transition. 

5.2. Analysis of phase transformation during rapid cooling 

Following the rapid heating stage, the volume percentage of 
α’-phases during the rapid cooling stage for various milling experiments 
has been conducted (Fig. 13). In the simulation results, the red regions 
represent the volume fraction of α-phase, while the blue areas indicate 
the volume fraction of α’-phases. Notably, all experiments consistently 
witnessed a substantial volume fraction of α’-phase in the chip’s back 
surface. However, for Exp no.1, 4, and 5, no α’-phases were detected at 

the tool-workpiece interface since, for these experiments, the β-phase 
did not change during the first stage. It can be seen that the α’-phase 
distributes homogeneously in the secondary deformation zones. For Exp 
no.1, the volume fraction of α’-phases was about 9.5% at the chip back 
surface region, while for Exp no.2 and 3, the volume fraction of 
α’-phases reduced to 8.76 and 7.81 %, respectively. Similarly, when the 
feed rate increased from 0.15 to 0.25 mm/tooth (i.e., Exp no.4 to Exp 
no.5), the percentage volume fraction of α’-phases was reduced from 
9.69 to 8.35, respectively. 

On the one hand, the increased heat generation due to higher cutting 
speeds (Exp nos. 1–3) can shorten the time available for phase trans-
formation and significantly change the kinetics and completeness of 
martensitic transformation, specifically the volume fraction of α’ phase. 
On the other hand, increased feed rates cause more frictional forces 
between the cutting tool and the workpiece, resulting in more heat en-
ergy, which surges the transformation process. However, the decreased 
period for phase transition may slow down the complete reconversion of 
the β-phase, resulting in a smaller volume percent of the α’-phases. 
Furthermore, higher feed rates originate sharp heat gradients within the 
material, altering diffusion rates and microstructural development, 
which affects martensitic grain nucleation and growth. 

A mapping illustration in Fig. 14 showed a vital observation. As 
demonstrated, the regions where the β-phase encountered during the 
heating stage were reconverted back into α’-phases during the subse-
quent rapid cooling step. This finding emphasizes the dynamic character 
of the material’s behavior during machining under various thermal 
conditions. The reversible transition from β-phase to α’-phases 
throughout the heating and cooling stages provides information on the 
material’s sensitivity to thermal fluctuations, offering vibrant insights 

Fig. 12. Simulated and experimental machined surface temperature comparison.  
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into the structural modifications of Ti–6Al–4V during the machining 
process. 

5.3. Experimental validation of the developed model 

Due to severe plastic deformation, Ti–6Al–4V experiences rapid 
heating in the cutting plane and subsequently undergoes quick cooling 
once the cutting insert advances into the workpiece. Consequently, the 
phase transformations occur in two stages within an extremely short 
period: first, the conversion from α-to β-phase during heating, followed 

by the reverse transformation. Owing to the transient approach of high- 
speed milling, the β-phase within the cutting deformation zones is 
challenging to analyze directly during the actual machining experi-
ments. Therefore, the simplified milling model was validated only dur-
ing the rapid cooling stage in the current research by employing some 
advanced characterization techniques. 

XRD analysis was conducted on the machined surface for all the 
selected experiments, and the results obtained were plotted in Fig. 15. 
Contrast to a base alloy, although the machined surface’s phase com-
positions and relative peak intensities vary with changing milling input 

Fig. 13. Evolution of α’-phases volume fraction during the rapid cooling process.  

Fig. 14. Mapping correlations between β-phase and α’-phases for Exp no.3.  
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parameters; specifically, the peak intensities for the β-phase decreased, 
leading to a corresponding diminution in the volume fraction of β-phase. 
These peak intensities owing to the reduced crystalline size and perhaps 
nano-sized grains caused by the severe plastic deformation at the 
machined subsurface [33]. 

Furthermore, the material’s grain size can affect the XRD peaks’ full 
width at half maximum (FWHM) [34]. Smaller grain sizes generally 

result in broader diffraction peaks, while larger grain sizes produce 
sharper peaks. This is because smaller grains lead to a more pronounced 
distribution of diffraction angles due to crystallite orientation and size 
variations within the sample. 

Nonetheless, the peak intensity positions remain consistent, which 
suggests that the machined surface has not significantly altered the 
crystallographic phases. 

Fig. 15. XRD analysis of machined surfaces: (a) phase composition for Exp nos. 1, 2, and 3, (b) phase composition for Exp nos. 4, 5, and 6.  

Fig. 16. SEM and EBSD results of machined surface layer: (a–c) SEM images, (d–f) Inverse pole figures for grain size evolution, and (g–i) phase map.  
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Further microscopic analyses were conducted to understand any 
potential microstructural changes induced by machining, even if they’re 
not instantly apparent in the XRD pattern. As shown in the SEM images 
in Fig. 16(a–c), the microstructure of the machined subsurface un-
dergoes substantial plastic deformation. The grains were rotated and 
elongated in the cutting directions, indicating severe plastic deformation 
in the machined subsurfaces. Increased cutting parameters can trans-
form the material’s microstructure primarily due to intensified tem-
peratures triggered by elevated friction during the machining process. 
Furthermore, the rapid heating and cooling cycles can also lead to 
amended material properties, including altered grain structures. 

Moreover, the accelerated strain rates at higher machining input 
parameters can impact deformation mechanisms, influencing grain size, 
orientation, and texture within the material. As shown in the inverse 
pole figures, initially, at a lower cutting speed (i.e., Exp no.1), the grains 
were elongated along the cutting direction. This elongation occurs 
because the material experiences significant stress and strain in the 
cutting direction. However, with further increases in the cutting speed 
(i.e., Exp no. 2 and 3), the deformation causes the grains to break and 
reduce in size within the machined subsurface. The corresponding sta-
tistical data of grain refinement has been displayed in Fig. 17. As illus-
trated, the average grain size within the machined subsurface was 8.92, 
8.16, and 7.57 μm for Exp no.1, 2, and 3, respectively. Moreover, when 
contrasted with the EBSD-derived average grain size of 14 μm for the 
Ti–6Al–4V matrix, it becomes evident that the machined subsurface 
grain size of the Ti–6Al–4V alloy undergoes refinement. The reduction in 

grain size results from the intense shearing and deformation forces 
acting on the material during machining, leading to fragmentation and 
refinement of the grains within the surface layer of the workpiece [35]. 

The phase map (Fig. 16(g–i)) obtained through EBSD analysis indi-
cated that the volume fraction of β-phase slightly decreased with 
increasing machining input parameters. For Exp no.1, the volume frac-
tion of β-phase decreased from 7.5 % to 7.12 %. While for Exp no. 2 and 
3, 6.95% and 6.63 % of the volume fraction of β-phase was retained, 
respectively. On the one hand, the decrease in the β-phase after rapid 
cooling supports the potential of cooling-induced phase changes. On the 
other hand, Rapid cooling can change the phase composition of material 
by favoring the production of the more stable phases from the meta-
stable β-phase. Because of friction and distortion, the material experi-
ences increased temperatures during machining. Following machining, 
fast cooling causes a quenching effect, forcing the material to harden 
quickly. This rapid cooling may limit the β-phase’s stability, causing it to 
change into the α’-phase or other more stable phases at lower 
temperatures. 

6. Conclusions 

The present study implemented a thermo-metallo-mechanical 
coupled model that relied on phase transformation kinetics to antici-
pate and forecast phase transitions during the rapid heating and cooling 
stages in the context of HSM of Ti–6Al–4V. OM, SEM, EBSD, and XRD 
analyses were accomplished to recognize the accuracy of the developed 

Fig. 17. Grain size statistical representation: (a) matrix average grain size, (b) average grain size for Exp no.1, (c) average grain size for Exp no.2, and (d) average 
grain size for Exp no.3. 
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model. The following conclusions can be drawn based on the obtained 
results.  

1. The developed model’s chip geometrical features and cutting forces 
predictions aligned well with experimental data. The percentage 
relative error for chip geometrical parameters and cutting forces fell 
within the 5.15%–14.2% range. This suggests that the Ti–6Al–4V 
simulation model can accurately represent the stress-strain and 
temperature conditions during HSM and can provide a suitable 
framework for phase transformation analysis.  

2. The simulation results showed that as the temperature at the chip’s 
back surfaces for Exp nos. 1, 2, and 3 increased to 863.4, 972.4, and 
1252 ◦C, respectively, the volume fraction of β-phase increased from 
7.5% to 33.5, 63.56, and 96.89. Similarly, in the feed rate ranges 
from 0.15 mm/tooth to 0.25 mm/tooth (Exp nos. 4–6), the volume 
fraction of β-phase increased from 7.5% to 67.84%.  

3. The predicted results also confirm that Exp nos. 1, 4, and 5 did not 
exhibit any phase transition at the tool-workpiece interface due to 
temperatures remaining considerably below the initial phase trans-
formation temperature. However, for Exp nos. 2, 3, and 6, the vol-
ume percentage of the β-phase at the tool-workpiece interface 
increased from 7.5% to 20.53%, 30.14%, and 17.5%, respectively. In 
addition, all the experimental trials detected no phase transition at 
the machined surface.  

4. During the rapid cooling phase, regions that experienced the β-phase 
during heating were converted back to α’-phases. Within the 
150–350 m/min cutting speed range and feed rates of 0.15–0.25 
mm/tooth, the volume fraction of α’-phases in the phase trans-
formation regions increased to approximately 9.5%. 

5. The XRD analysis indicated that no new peaks were obtained, con-
firming the absence of phase transformation on the machined sur-
face. SEM and EBSD analyses revealed substantial plastic 
deformation in the machined subsurface. Elongated grains were 
observed at lower cutting speeds, but at higher cutting speeds, the 
deformation led to grain breakage and reduction in size within the 
machined subsurface. 
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