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Abstract 

The low density and high corrosion resistance of titanium alloy make it a material with various applications in the aer-
ospace industry. However, because of its high specific strength and poor thermal conductivity, there are problems 
such as high cutting force, poor surface integrity, and high cutting temperature during conventional machining. 
As an advanced processing method with high efficiency and low damage, laser-assisted machining can improve 
the machinability of titanium alloy. In this study, a picosecond pulse laser-assisted scratching (PPLAS) method 
considering both the temperature-dependent material properties and ultrashort pulse laser’s characteristics is first 
proposed. Then, the effects of laser power, scratching depth, and scratching speed on the distribution of stress 
and temperature field are investigated by simulation. Next, PPLAS experiments are conducted to verify the cor-
rectness of the simulation and reveal the removal behavior at various combinations of laser power and scratching 
depths. Finally, combined with simulated and experimental results, the removal mechanism under the two machining 
methods is illustrated. Compared with conventional scratching (CS), the tangential grinding force is reduced by more 
than 60% and the material removal degree is up to 0.948 during PPLAS, while the material removal is still primarily 
in the form of plastic removal. Grinding debris in CS takes the form of stacked flakes with a “fish scale” surface, whereas 
it takes the form of broken serrations in PPLAS. This research can provide important guidance for titanium alloy grind-
ing with high surface quality and low surface damage.

Keywords  Laser-assisted machining, Titanium alloy, Material removal, Thermal-mechanical effect, Finite element 
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1  Introduction
As an engineering material, titanium alloy is widely used 
in the fan blades, impellers, blisks, and other core com-
ponents of aero-engines because of its excellent char-
acteristics such as low density, high strength, high heat 
resistance, and strong corrosion resistance [1, 2]. The 
Ti-6Al-4V (TC4) alloy stands out among them because 
it has strong all-around characteristics and there is a 

body-centered cubic lattice β phase close to the α phase, 
which boosts the alloy’s flexibility and fracture tough-
ness, and can be used for a variety of machining [3, 4]. 
However, because of its poor thermal conductivity, low 
volume-specific heat, and thermal softening performance 
at high temperatures of TC4 [5], there are problems such 
as high temperature, severe tool wear, and high cutting 
force during processing [6, 7]. For this reason, the use of 
new machining methods can benefit the industrial appli-
cation of this alloy.

As one of the most well-known heat-assisted machin-
ing methods, laser-assisted machining (LAM) involves 
the reduction of strength and thermal softening of locally 
heated materials through the high instantaneous heating 
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capacity of the laser [8, 9], which has many advantages, 
such as reduced specific energy [10–12], reduced tool 
wear [13, 14], and reduced roughness of the machined 
surface [15, 16]. Some researchers have conducted exper-
iments to evaluate the advantages of titanium alloys dur-
ing LAM. Ayed et  al. [17] conducted experiments on 
laser-assisted cutting of TC4 alloy at different feeding 
speeds and cutting speeds, discovering that the cutting 
force could be reduced by 55% at most under different 
process parameters. By contrasting the machinability 
performance of TC4 alloy between conventional cutting 
and laser-assisted cutting, Dandekar et al. [18] found that 
the specific cutting energy under laser-assisted cutting 
was reduced, the surface roughness was improved, and 
the tool life was improved by a maximum of 1.7 times. 
At the same time, Xia et  al. [19] positively evaluated 
laser-assisted micro milling of TC4 alloy in terms of cut-
ting force, machined surface quality, burr formation, and 
tool wear. Tadavani et al. [20] conducted experiments on 
pulse laser-assisted cutting of Inconel 718 alloy under dif-
ferent laser parameters and discovered that the specific 
cutting energy was reduced by 35% at most, while the 
surface roughness was increased by 22% at most. Accord-
ing to a thorough evaluation of the surface integrity index 
of TC4 alloy under conventional machining and LAM by 
Kalantari et al. [3], LAM could greatly enhance the sur-
face integrity of TC4 alloy under controlled process con-
ditions. However, there is a lack of information on the 
detailed deformation behavior of TC4 alloy during LAM, 
especially the evolution mechanism of material removal 
during processing.

With the development of computational capacity, 
numerical analysis and finite element simulations are fre-
quently used to predict the evolution of material removal 
in LAM. Germain et  al. [21] created a time-dependent 
moving heat flux on the top surface of the workpiece 
using a Fortran subroutine, explaining the reduction of 
cutting force through changes in the temperature field 
and residual stress field during LAM. On this basis, Yang 
et  al. [22] predicted the depth and width of the heat-
affected zone of TC4 alloy by the moving Gaussian heat 
source method, and discovered that the trend was posi-
tively correlated with the laser power and negatively cor-
related with the spot diameter and scanning speed. You 
et al. [9] considered both cumulative thermal effects and 
thermal boundary conditions during laser processing, 
and discovered that surface finish quality was enhanced 
and tool wear was reduced during thermal laser-assisted 
cutting. Xi et  al. [23] adopted the Johnson-Cook (J-C) 
model and the Zerilli-Armstrong model to simulate the 
LAM of titanium alloys, and found that the prediction 
results of the cutting force from the J-C model were in 
better agreement with the experimental results. Khatir 

et al. [24] used the VDFLUX subroutine to forecast heat-
affected zones, surface hardness changes, and white layer 
formation during laser-assisted cutting. It can be found 
that the current research by scholars mainly focuses 
on the continuous LAM of titanium alloys, with less 
research on pulsed LAM of titanium alloys, which lim-
its the full utilization of thermal effects from the pulsed 
laser.

Due to its high hardness, strong wear resistance, out-
standing thermochemical stability, and good self-sharp-
ening qualities, cubic boron nitride (CBN) is getting 
popularity for grinding TC4 alloy [25, 26]. However, the 
anisotropic crystal structure of CBN abrasive grains can 
lead to macroscopic fracture and pull-out when subjected 
to high-impact forces during the grinding process [27]. 
Therefore, it is crucial to improve the material’s machina-
bility and reduce grinding force for increasing grinding 
efficiency and lowering tool damage while grinding TC4 
alloy with CBN abrasive grain. In this study, a PPLAS 
method considering both the temperature-depend-
ent material properties and the ultrashort pulse laser’s 
characteristics is proposed. The force and temperature 
variations during CS and PPLAS are then studied. To 
comprehensively investigate the grinding force and mate-
rial removal behavior under the two processing meth-
ods, comparative experiments are also conducted. The 
removal process of TC4 alloy during CS and PPLAS is 
finally revealed by combining simulated and experimen-
tal results, providing vital direction for high surface qual-
ity and low surface damage grinding of titanium alloy.

2 � Simulation of Thermal‑mechanical Coupling 
Moving PPLAS

The distinctiveness of the proposed method is that the 
stress field and temperature field distribution under dif-
ferent process parameter combinations are calculated, 
taking into account the characteristics of the pulsed laser 
and the dynamic properties of TC4 with temperature 
changes, thereby clarifying the material removal behav-
ior. Material properties and the pulsed laser heat source 
functions are elaborated in Section  2.1. The removal 
behavior under different process parameter combina-
tions is next investigated by simulation in Section  2.2, 
which provides a foundation for the selection of param-
eters for further PPLAS experiments.

2.1 � Materials and Laser Heating Models
TC4 alloy is a medium-strength α-β type two-phase tita-
nium alloy, and its main chemical compositions and physi-
cal properties are presented in Tables 1 [29] and 2 [30]. Eq. 
(1) [28] is used to characterize the dynamic mechanical 
characteristics of the material as simulated by the grinding 
process using the J-C viscoplastic intrinsic model.
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where σ is the equivalent stress; A is the quasi-static 
material yield strength; B is the strain hardening modu-
lus; n is the strain hardening index; C is the strain rate 
hardening coefficient; m is the thermal softening coef-
ficient; ε̇o is the reference strain rate; Td is the dynamic 
temperature of the material; Tm is the melting tempera-
ture of the material, and Tr is the environmental temper-
ature of the material.

The J-C damage model is also utilized to explain the 
damage and fracture behavior of the material to char-
acterize the damage parameters of TC4 alloy at high 
temperatures and high strain rates. When the failure 
parameter ξ in Eq. (2) is greater than or equal to 1, the 
material breaks and forms debris [28].

where �εp1 is the equivalent plastic strain increment; 

εp1 is the failure strain; 
·

ε̄
p1

 is the plastic strain rate; d1 
to d5 are the failure constants and the J-C damage model 
parameters corresponding to TC4 are shown in Table 3 
[31].
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A semiconductor fundamental mode Gaussian laser 
is what is being used. For YAG pulsed lasers, the power 
density of the laser beam follows a Gaussian function dis-
tribution, and the mathematical expression for the energy 
density in one cycle is shown in Eq. (4).

where α is the absorption rate of the laser by the material; 
P is the output power of the pulsed laser; τ is the pulse 
width; f is the laser frequency; r0 is the radius of the laser 
spot; r1 is the distance of the current position relative to 
the center of the laser source, and T is the period.

2.2 � Removal Behavior Simulation
To minimize the size of the finite element model, 
the dimension of the workpiece is taken to be 
0.15  mm × 0.06  mm × 0.04  mm, limiting the six degrees 
of freedom of the workpiece and making the bottom sur-
face completely fixed. To ensure the calculation accuracy 
and improve the calculation efficiency, the mesh density 
of the scratched area is set to be higher (mesh size about 
1 μm), and the mesh density of the other areas is set to be 
lower (mesh size about 3  μm), and the total number of 
cells after the division of the workpiece is 95200. The tip 
arc radius rθ is 4 μm, and the angle of the abrasive taper 
is set to 60° [32]. The single abrasive tool is limited to five 

directions at a predetermined horizontal speed vw. The 
tool mesh is a four-node linear thermally coupled tet-
rahedral cell (C3D4T), tapering from the tip outwards, 
with a tip mesh size of approximately 1  μm and a total 
cell size of 7634 after tool division. The temperature of 
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Table 1  Chemical compositions of TC4 [29]

Element Ti Al V Fe N+O

Content (%) Balance 4.83~6.85 2.31~4.2 0.17 0.29 (max)

Table 2  Physical and mechanical properties of TC4 and CBN [30]

Parameters Ti-6Al-4V CBN

Thermal conductivity (W/(m·K)) 6.8 (20 ℃) 7.4 (100 ℃)
9.8 (300 ℃) 11.8 (500 ℃)

1300

Density (kg/m3) 4430 3480

Young’s modulus (GPa) 109 (50 ℃) 91 (250 ℃) 75 (750 ℃) 720

Poisson’s ratio 0.34 0.16

Expansion coefficient (μm/m/K) 9.1 2.1

Specific heat (J/(kg·K)) 611 (20 ℃) 624 (100 ℃)
674 (300 ℃) 703 (500 ℃)

670

Table 3  J-C constitutive and damage model parameters of TC4 
[31]

Variable A (MPa) B (MPa) n C m

Parameter values 875 793 0.38 0.01 0.71

Variable d1 d2 d3 d4 d5

Parameter values −0.09 0.25 0.48 0.014 3.87
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the tool and the workpiece is first fixed to 20 °C at room 
temperature. A moving surface heat flow is loaded on the 
upper surface of the workpiece and the relevant param-
eters are defined by the VDFLUX subroutine, as shown 
in Figure 1.

The VDFLUX moving heat source subroutine is created 
in Fortran, and parameters like the laser absorption rate 
of the TC4 alloy (0.34 [22]), laser power, scanning speed, 
spot radius, and pulse width are set to ensure simultane-
ous loading of the moving laser heat source and a sin-
gle abrasive grain. The scratching speed vw is set from 
1 to 4 mm/s, the scratching depth ap from 10 to 30 μm, 
and the laser power P from 2 to 8 W to investigate the 
impacts of various process parameters on the removal 
behavior of TC4.

Figure 2 shows the simulation results of the stress and 
temperature fields for different process parameters. Dur-
ing the scratching process, a portion of the material is 
subjected to the cutting action of the abrasive grain to 
generate a strip-shaped chip, and a portion of the mate-
rial is squeezed to form a plastic bulge on both sides of 
the scratch. Besides, a different area of the material is 
affected by the high temperature between the tip of the 
abrasive grain and the material during the cutting pro-
cess, causing J-C damage, resulting in the formation of 
thin and long chips, as shown in Figures  2a and b. Fig-
ures 2c and d show that the frictional heat produced by 
the extrusion of abrasive grains and scribing the surface 
of the workpiece, as well as the chip heat produced by the 
cutting action of abrasive grains, are the primary sources 

Figure 1  Flowchart of simulation analysis including four main steps: (1) Finite element modeling, (2) Establishment of pulsed laser heat source 
subroutine, (3) PPLAS experiments based on simulation optimization parameters, (4) Model calibration with force results
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of heat during the scratching process. The high-tem-
perature areas are mainly distributed on the tips of the 
abrasive grains in contact with the workpiece, the strip-
shaped abrasive debris, and the slender debris generated 
during the scratching process.

From Figures 2e and f, it can be seen that the von Mises 
stress and unit temperature both gradually decrease 
with the increase of scratching speed, reaching the 
minimum values, 1198  MPa, and 473.5  °C, respectively, 
when the scratching speed is 4  mm/s, with a maxi-
mum decrease of 8.06% and 18.81%, respectively. As the 
scratching depth increases, both the von Mises stress 

and unit temperature gradually increase, reaching maxi-
mum values at a scratching depth of 28 μm, 1387 MPa, 
and 583.2  ℃, respectively, with a maximum increase 
of 15.20% and 24.27%. The von Mises stress gradually 
decreases as the laser power increases, reaching a mini-
mum value of 1076 MPa, at a laser power of 7.2 W, with 
a maximum decrease of 14.67%. The unit temperature 
increases with the increase of laser power, increasing by 
14.59%, 29.17%, and 34.66% during PPLAS compared 
with CS at the same scratching depth. The maximum 
value (637.6 ℃) is reached when the laser power is 7.2 W, 
which is below the melting point of TC4.

Figure 2  Simulation results of stress and temperature fields: a–d Different laser power (ap = 20 μm, vw = 2 mm/s), e Maximum values of S, Mises 
under different parameter combinations, f Maximum values of TEMP under different parameter combinations
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Through the above analysis, the impacts of scratch-
ing speed on the form of debris, scratching morphology, 
temperature field, and stress field distribution during 
TC4 material removal process are less than that of laser 
power and scratching depth. Therefore, the subsequent 
experimental validation mainly explores the effects of 
laser power and scratching depth on the removal behav-
ior of TC4 during PPLAS.

3 � Experiment Details and Methodology
PPLAS experiments are carried out to verify the simu-
lated results of material removal behavior under differ-
ent process parameters. In this section, the experimental 
setup, experimental parameters, and detection methods 
are described in detail. Meanwhile, the simulation results 
of TC4 material removal at corresponding scratching 
depths are verified by scratching experiments under dif-
ferent initial pressure.

3.1 � Experimental Setup
PPLAS experiments are conducted on a laser belt 
machining device developed by the team, as shown in 
Figure  3a. The abrasive grains used in the experiments 
are cubic boron nitride (CBN) abrasive grains with the 
physical property parameters shown in Table  2, which 
are welded to the bottom of the tool using metallurgical 
powder. The microscopic morphology of the CBN abra-
sive grain is obtained by the VHX-1000C ultra-deep field 
3D microscope system from KEYENCE, the 3D mor-
phology at 100× magnification is shown in Figure 3b, and 
the surface of the machined TC4 workpiece is shown in 
Figure 3c. The parameters of the picosecond pulse laser 
used for the experiments are shown in Table 4.

3.2 � Experimental Method
The indentation depth of a single abrasive grain can-
not be precisely controlled due to the repeatability 

Figure 3  Experimental platform for PPLAS: a Overall experiment setup, b CBN abrasive grain, c Machined workpiece, d 3D model 
of the experimental device, e Laser scanning path
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and positioning accuracy of the experimental setup of 
±18 μm and ±20 μm. Therefore, this experiment is car-
ried out by controlling the initial pressure of the single 
abrasive grain for different scratching depths. In com-
bination with the simulated results in Section 2.2, the 
initial pressure of 6 N, 9 N, 12 N, and 15 N are selected 
according to the grinding depths of the single abrasive 
grains used in the study by Liu et al. [33]. Additionally, 
the laser power of 0  W, 2.4  W, 4.8  W, and 7.2  W are 
selected, the scratching speed is 2 mm/s, the scanning 
speed is 1000  mm/s and the frequency is 2000  kHz. 
To ensure that the laser irradiation region completely 
covers the scratching area and that there is no contact 
between the scratches, the laser scanning path width is 
adjusted to 1 mm and the scratch spacing to 1.5 mm. 
The scanning path is shown in Figure 3e.

For the acquisition and examination of grinding 
force, a Kistler 9256C1 force measuring equipment 
with accuracy and sampling frequencies of 0.1  N and 
1000  Hz is used. A white light interferometer is used 
to observe the surface morphology of the scratch with 
a sampling area of 1.11 mm × 0.89  mm and three dif-
ferent areas before, during, and after the scratch 
are examined for each set of machining parameters. 
The surface morphology and debris distribution 
are observed using field emission scanning electron 
microscopy (SEM; Quattro S, America), the elemental 
content and distribution of the workpiece surface are 
measured using energy spectrometry (EDS; Quattro 
S, America), and the temperature field of the machin-
ing process is measured by the thermal imager (Fluke 
Ti90, America).

4 � Results and Discussion
Based on the above simulation analysis and experi-
mental setup, the dynamic material removal process 
of TC4 is clarified by the comparison of simulated 
and measured results. In addition, the impacts of 
process parameters on the removal behavior of TC4 

are analyzed in detail from five aspects: temperature 
field, grinding force, material removal degree, surface 
topography, and the form of debris, and corresponding 
discussions are carried out.

4.1 � Experimental Detection of Temperature Field
The temperature field during PPLAS is observed to 
fluctuate less when different parameter combinations 
are used with a thermal imaging camera, thus the same 
parameter combinations of the simulation are used to 
study the temperature field in laser-assisted belt grinding. 
An alumina abrasive belt with a grain size of 60 is used 
in a laser-assisted belt grinding experiment on a titanium 
alloy plate, and a belt line speed of 3.75 m/s is chosen to 
record the temperature in the center. The temperature at 
the edge of the contact wheel and workpiece contact area 
is taken as the test result, as shown in Figure 4.

As can be observed from Figure  4a, the temperature 
steadily drops as the feeding speed rises. And it reaches 
a minimum value of 67.4  °C when the feeding speed is 
4 mm/s. From Figure 4b, it can be seen that the tempera-
ture rises steadily with the increase of initial pressure, 
reaching a maximum value of 90.9 °C in the middle area 
at an initial pressure of 15 N. From Figure 4c, it can be 
found that the temperature increases continuously as the 
laser power increases, and the temperature under differ-
ent laser power of laser-assisted belt grinding increases 
by 10.79%, 16.38%, and 28.41%, respectively, compared 
with conventional belt grinding under the same initial 
pressure. When the laser power is 7.2  W, the tempera-
ture in the detected region reaches a maximum value 
of 103.5  °C. The trend is consistent with the simulated 
results in Figure 2f. As can be seen in Figure 4, the irra-
diation of the workpiece by the laser in front of the con-
tact wheel results in a larger area of high-temperature 
field distribution than under conventional belt grinding. 
One possible reason for this is that the thermal-mechan-
ical coupling effect is weakened with laser heating in the 
grinding area.

4.2 � Grinding Force
During the scratching process, the grinding force can be 
divided into three mutually perpendicular components: 
normal grinding force, tangential grinding force, and 
axial grinding force. The axial grinding force generally 
has a low value and is not considered in studies [34]. The 
measured and simulated results of the grinding force var-
iation curves for different laser power and initial pressure 
at a scratching speed of 2  mm/s and a scanning speed 
of 1000  mm/s are shown in Figure  5. It can be found 
that the amplitude of the simulated signal is greater 
than the experimentally measured signal, and the initial 

Table 4  Picosecond pulse laser performance parameters

Parameters Description

Wavelength (nm) 1064

Maximum power (W) 12

Pulse width (ps) 13

Spot diameter (μm) 30

Frequency (kHz) 100~2000

Beam quality factor (M2) < 1.3

Fundamental mode TEM00
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part of each curve, where the grinding force reaches its 
maximum value for a small period, corresponds to the 
transient phase of chip formation in the metal cutting 
process. When the grinding process settles, the grinding 
force fluctuates up and down within a certain range, and 
tends to be stable eventually. This is mostly due to the 
continuous fracture and formation of debris during the 
grinding process.

As shown in Table 5, the error rate is calculated as the 
ratio of the absolute value of the difference between the 
experimental grinding force and the simulated grinding 
force to the experimental grinding force. The error in 
the experimental and simulated grinding force signals, 

as demonstrated, is within 12%, indicating that the sim-
ulated force signal and the measured force signal are in 
good agreement.

The grinding force and error rates at different laser 
power and initial pressure are compared in Figure  6 
using experimental measurements and simulated results. 
Both CS and PPLAS results demonstrate that the grind-
ing force increases with the increase of initial pressure. 
An increase in the initial pressure causes the single abra-
sive’s depth of indentation to rise, which in turn leads to 
an increase in the rubbing depth, undeformed chip thick-
ness, and grinding force. At the same initial pressure, the 
grinding force during PPLAS is lower compared with 

Figure 4  Temperature field detection results under different process parameters: a Different feeding speed (Fp = 9 N, P = 0 W), b Different initial 
pressure (vw = 2 mm/s, P = 0 W), c Different laser power (Fp = 9 N, vw = 2 mm/s)
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Figure 5  Comparison of grinding force signal measurements and simulations at different laser power and different initial pressure: a, b Measured 
signal; c, d Simulated signal

Table 5  Comparative analysis of tangential grinding force detection and simulation results at different laser power and different initial 
pressure

Initial pressure (N) Laser power (W) Tangential force Ft (N)

Measured results (Averaged value for 
three times)

Simulated results Error rate (%)

6 0 8.90 9.82 10.33

6 2.4 6.74 7.52 11.57

6 4.8 4.36 4.73 8.49

6 7.2 2.97 3.14 5.72

9 0 11.49 11.04 3.92

9 2.4 8.41 9.03 7.37

9 4.8 5.57 4.98 10.59

9 7.2 4.05 3.93 2.96

12 0 15.60 16.20 3.85

12 2.4 11.24 10.04 10.68

12 4.8 6.92 6.75 2.46

12 7.2 5.21 5.05 3.07

15 0 17.88 19.09 6.77

15 2.4 13.35 14.84 11.16

15 4.8 8.89 9.22 3.71

15 7.2 6.61 5.98 9.53
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CS, and the grinding force decreases with the increase 
of laser power. A similar phenomenon is also found in 
the study by Zhang et al. [35]. When the laser power is 
7.2 W, the tangential grinding force under different initial 
pressure drops to the lowest value, from 8.90 N, 11.49 N, 
15.60 N, and 17.88 N during CS to 2.97 N, 4.05 N, 5.21 N, 
and 6.61  N, respectively, a decrease of 66.62%, 64.75%, 
66.60%, and 63.03%. From the previous analysis of the 
temperature distribution, it is clear that the higher the 
laser power, the higher the surface temperature of the 
material. Moreover, the softening effect is enhanced, and 
both the surface hardness of the material and the grind-
ing force decrease.

4.3 � Material Removal Degree
The cross-sectional profile of CS at different initial pres-
sure is shown in Figure 7. The scratching width and depth 
grow as the initial pressure rises, with widths of 0.07 mm, 
0.08 mm, 0.09 mm, and 0.10 mm and depths of 15 μm, 
20 μm, 25 μm, and 28 μm, respectively.

As shown in Figure 8, the cross-sectional area of mate-
rial accumulation on both sides of the scratch is S1 and 
the cross-sectional area of the scratch is S2. According 

to the method from Hokkirigawa et al. [36], the material 
removal degree λ during single abrasive grinding can be 
calculated by the equation λ = (S2 - S1)/S2.

Figure 6  Comparison of experimental measurements and simulated results of grinding force at different laser power and initial pressure and their 
error rates: a 0 W, b 2.4 W, c 4.8 W, d 7.2 W

Figure 7  Cross-sectional profile of CS at different initial pressure
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Figure  9 shows the trend of the material removal 
degree λ with laser power for different initial pressure 
with a scratching speed of 2 mm/s and a laser scanning 
speed of 1000 mm/s. As can be seen from Figure 9, the 
value λ becomes larger with the increase of the initial 
pressure for both CS and PPLAS. This indicates that 
the material removal capability of the single abra-
sive grain becomes stronger as the scratching depth 
increases. The single-grit material removal process can 
be divided into the following three stages: slip rubbing, 
ploughing, and cutting. Under the squeezing effect of 
the abrasive grains, the workpiece material generates 
plastic flow. Meanwhile, the ploughing effect gradu-
ally decreases with the increase of the initial pressure, 
which enhances the material removal capacity under 
single-grit cutting.

At different initial pressure, the value λ tends to 
increase and then decrease as the laser power increases. 
At a laser power of 4.8 W, the value λ reaches a maximum 
of 0.948. When the laser power is low, the laser radiation 
is applied to the material surface to soften the material 
and improve its machinability, thus improving the mate-
rial removal and increasing the value λ. With the further 
increase of laser power, the “softening effect” of the mate-
rial becomes more pronounced and the degree of plas-
ticity is further increased, but due to the negative front 
angle of the abrasive grain cutting, the abrasive grain is 
extruded on the surface of the workpiece and the pro-
cessing grooves are scored. The plastic deformation of 
the material at the front of the grain results in the mate-
rial being squeezed and flowing to both sides of the grain, 
resulting in a gradual reduction of the value λ. When the 
laser power reaches 7.2 W, the value λ during PPLAS is 
reduced by a maximum of 14.60% compared with CS.

According to the examination of the preceding data 
for grinding force and material removal degree, both the 
grinding force and the material removal degree decrease 
as the laser power increases. Therefore, when selecting 
the values of laser power, attention needs to be paid to 
the mutually limiting relationship between the grinding 
force and the material removal degree.

4.4 � Material Removal Profile
Figure  10 shows the results of the 3D morphological 
inspection and simulation of CS at different initial pres-
sure. It can be seen that during the scratching process, 
the titanium alloy plastic flow occurs and rises slightly 
on both sides of the scratch, and a portion of the mate-
rial is extruded due to the plastic shear flow, which is 
removed or flattened at the edge of the scratch by the 
abrasive grains. With the increase of the initial pressure, 
the distance from the highest point to the lowest point of 

Figure 8  Scratch cross-sectional profile: a three-dimensional 
topography of white light detection, b the middle section profile 
of a, where S1 is the cross-sectional area of material accumulation 
on both sides of the scratch, and S2 is the cross-sectional area 
of the scratch

Figure 9  Variation of material removal degree with laser power 
at different initial pressure
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the scratch surface gradually increases, and the equiva-
lent plastic strain also shows a gradually increasing trend. 
This is mainly because the increase of the initial pressure 

leads to an increase in the indentation depth of the abra-
sive grains. The scratching depth also increases, the plas-
tic flow phenomenon and the plastic shearing effect of 

Figure 10  Detected and simulated results of CS surface topography under different initial pressure: a 6 N, b 9 N, c 12 N, d 15 N
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the abrasive grains on the material are enhanced, and the 
degree of wear on the scratch surface increases, produc-
ing small grooves.

Taking the initial pressure as 9 N, the 3D morpho-
logical inspection and simulation results of the scratch 
surface under different laser power are compared, 
as shown in Figure  11. It can be seen that with the 
increase of laser power, the distance from the highest 
point to the lowest point of the scratched surface shows 
a trend of first increasing and then decreasing, which is 
consistent with the trend of the equivalent plastic strain 
during the simulation. This indicates that the plastic 
deformation capacity of the material increases after 
laser irradiation, and the plastic upheaval on both sides 

of the scratch increases. However, the bulge on both 
sides of the scratch decreases compared with the laser 
power of 4.8 W when the laser power reaches 7.2 W. 
One of the possible reasons for this is that the material 
is softened with laser heating and is cut off before sig-
nificant deformation occurs.

4.5 � Removal Behavior Analysis
Figure 12 shows the results of scratch morphology inspec-
tion of CS at a scratching speed of 2 mm/s and an initial 
pressure of 9 N. From Figure 12a, it can be seen that under 
the action of the abrasive grains, the material undergoes 
plastic deformation, part of which forms debris through 
the extrusion of the front end of the abrasive grains, and 

Figure 11  Scratch surface topography and simulation results at different laser power: a 2.4 W, b 4.8 W, c 7.2 W
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part of which flows to the sides of the scratch to form plas-
tic upheaval. During the abrasive grain cutting process, the 
TC4 material is separated from the titanium alloy surface in 
the form of flakes under the extrusion of the abrasive. Due 
to the ductility of the TC4 material and the high tempera-
ture generated by the abrasive scratch, the material softens 
so that as the abrasive grains move forward, these “flakes” 
bond together layer by layer, eventually forming a curved 

strip of abrasive chips. A similar phenomenon was seen in 
the studies [37, 38]. Before the abrasive grain cutting, the 
relatively smooth side of the workpiece surface is located 
below the “fish scale” surface and is in direct contact with 
the abrasive grain during the cutting process. The upper 
“fish scale” surface is scratched by the abrasive grains, and 
there are multiple scratches on the surface, which explains 
the unevenness of the “flakes” edges shown in Figures 12b–f.

Figure 12  Surface characterizations after CS under vw = 2 mm/s and Fp = 9 N: a Conventional scratches and shapes, b–f are enlarged views 
of the areas indicated in a 
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Figure  13 shows the results of PPLAS scratch pro-
file at a scratching speed of 2 mm/s, a scanning speed of 
1000 mm/s, an initial pressure of 9 N, and a laser power 
of 7.2  W. Figure  13a shows the overall schematic of the 
shape and its abrasive chips during PPLAS. It can be seen 
that the workpiece material is plastically deformed by the 
action of the abrasive grains and plastic flow is generated 
on the surface, but the plastic upheaval on both sides of 

the scratch is reduced compared with that generated by 
the single abrasive scratch in Figure 12. In addition, dur-
ing the PPLAS process, fractured serrated chips appear at 
the end of the scratch, unlike the stacked chips that appear 
during the CS process. The possible reason for this is that 
the material is softened by laser heating and the material 
becomes easier to remove. As can be seen from the pre-
vious analysis of the grinding force results, the tangential 

Figure 13  Surface characterizations after PPLAS under vw = 2 mm/s, Fp = 9 N, and P = 0 W: a laser-assisted scratches and morphology, b–f are 
enlarged views of the areas indicated in a 
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force at this point is 4.05 N, which is 64.75% lower than 
that of the single abrasive scratching (tangential force of 
11.49  N) with the same parameters. Figures  13b–f show 
a partial magnification of the abrasive chip, from which it 
can be seen that the root of the chip can be divided into 
three parts: the bottom of the chip, the chip-substrate 
separation zone and the scratching surface. During the 
separation process, the abrasive chips will rub against the 

front surface of the tool of the abrasive grains, thus pro-
ducing irregular abrasive marks on the chip surface and 
distributing uneven fracture structures in the separation 
area, from which morphological features such as tear-
ing of the workpiece material and tough nests of material 
toughness fracture can be observed. This result indicates 
that the removal form of TC4 alloy in the PPLAS process 
is still plastic extrusion removal.

Figure 14  Scratched end detection results under different initial pressure and different laser power: a 6 N, b 6 N 4.8 W, c 12 N, d 12 N 4.8 W, e 15 N, 
f 15 N 4.8 W
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It is found that the plastic deformation of the workpiece 
material under the effect of the laser irradiation is reduced 
and the chip-substrate separation zone at the scratch end 
is different from the CS. To further investigate the effect 
of different initial pressure and the presence or absence of 
laser power on the chip-substrate separation zone, a laser 
power of 4.8 W at the maximum material removal degree 
is selected, and six different combinations of parameters 
are used to examine the shape of the scratch end. As can 
be seen from Figures 14a, c and e, as the initial pressure 
increases, the indentation depth of the single abrasive 
grain increases, which leads to an increase in the scratch 
depth and the degree of plastic deformation. This in turn 
causes an increase in the degree of plastic flow and plastic 
deformation, and morphological features such as tearing 
of the material and tough nests of the material fracture 
appear in the chip-substrate separation zone. It can be 
seen from Figures  14b, d and f that the surface of the 
workpiece material is heated by the laser, which softens 
the material and makes it easy to remove, resulting in less 
plastic flow and less ductile tearing in the chip-substrate 
separation zone.

The results of the surface energy spectroscopy analysis 
of the scratched area at the laser power of 7.2 W in Fig-
ure 13a are shown in Figure 15. Compared with the origi-
nal elemental distribution of TC4 alloy in Table  1, the 
laser-assisted single-grit scratching area shows a signifi-
cant increase in carbon and nitrogen elements, a small 
increase in oxygen and iron elements, and uniform dis-
tribution of alloying elements. This result indicates that 
the increase in elemental content is due to the oxidation 
of titanium and aluminum elements in TC4 alloy in air, 

rather than the oxidative modification [39, 40] or abla-
tion [41, 42] of the material surface by the high-energy 
laser irradiation, which indicates lower damage to the 
unscratched area during PPLAS.

Combined with the results of the above analysis, the 
material removal mechanism of TC4 alloy under CS and 
PPLAS is clearly illustrated in Figure  16. As the initial 
pressure increases, the abrasive grain is pressed further 
into the workpiece, and the sidewalls of the grooves are 
raised as a result of the material’s plastic slip, forming 
the plastic upheaval. As the squeezing depth of the abra-
sive grain continues to increase, the area being squeezed 
by the grain slips significantly, and chips are formed to 
flow out of the front tool face of the grain to form the 
cutting stage. During the CS process, a portion of the 
material is squeezed due to the plastic shear flow, which 
is removed or flattened at the edge of the scratch by the 
abrasive grinding, and a portion of the material is cut by 
the abrasive to form a thin strip of chips. The material 
is subjected to abrasive grain cutting during the PPLAS 
process, resulting in the formation of fine ribbon chips. 
This is mainly due to the effect of laser irradiation, which 
increases the surface temperature of the workpiece mate-
rial, softening the material and increasing the degree of 
plastic deformation. Under high temperatures, the raised 
material is crushed finer, eventually forming thin and 
long flakes.

5 � Conclusions
In this study, a PPLAS method considering both the 
temperature-dependent material properties and the 
ultrashort pulse laser’s characteristics is proposed. The 

Figure 15  Energy spectral results of Figure 13a: a Scratching end, b Surface energy spectral results and element content, c Element distribution
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distribution of the stress field, temperature field, and 
equivalent plastic strain during CS and PPLAS are then 
analyzed with simulated results. Furthermore, the grind-
ing force and material removal behavior are evaluated by 
PPLAS experiments compared with CS. The conclusions 
of the study can be summarized as follows:

(1)	 In PPLAS of TC4, the von Mises stress has a posi-
tive correlation with scratching depth and a nega-
tive correlation with laser power and scratching 
speed. When the laser power is 2.4, 4.8, and 7.2 W, 
the maximum temperature increases by 14.59%, 
29.17%, and 34.66%, respectively, compared with 
that of CS at the same scratching depth. The results 

of the laser belt grinding temperature field inspec-
tion also verify the temperature trends in the simu-
lation results.

(2)	 Compared with the experimental results of CS, 
the grinding force of PPLAS decreases with the 
increase of laser power, and when the laser power 
is 7.2 W, the grinding force decreases most, at least 
60%. The material removal degree becomes higher 
during PPLAS within a certain range of laser power. 
Excessive laser power not only reduces the grinding 
force but also weakens the material removal degree.

(3)	 The removal behavior of both CS and PPLAS is 
plastic removal, and there are tough nests and 
material tearing features in the chip-substrate sep-

Figure 16  Schematic diagram of the TC4 alloy removal mechanism: a CS, b PPLAS
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aration zone. The debris of CS has a stacked flake 
shape with a “fish scale” surface, while it has a frac-
tured and serrated shape during PPLAS. Moreover, 
the results of the energy spectrum analysis show 
that there is less damage to the unscratched area 
during PPLAS.

(4)	 The measured and simulated results of PPLAS 
show that this method can reduce grinding force, 
increase grinding temperature and improve surface 
quality. It has potential applications in high-quality 
and low-damage machining of difficult-to-machine 
materials such as titanium alloys.
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