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Abstract
Tungsten carbides are typical difficult-to-cut materials due to their high hardness and brittleness, which cause severe tool wear
and shorten tool life when being machined during conventional processing methods, leading to a loss of quality and accuracy of
the machined parts. In this paper, a novel laser ultrasonically assisted turning technology for tungsten carbides was proposed, and
the primary objective of this study was to investigate the behavior of polycrystalline diamond (PCD) tools when turning tungsten
carbides with the application of ultrasonic vibration to tools and laser-induced heating to workpieces. To determine suitable
parameters, thermal modeling of laser ultrasonically assisted turning of tungsten carbide was employed. Through contrast
experiments carried out during conventional turning, ultrasonically elliptical vibration turning, laser-assisted turning, and laser
ultrasonically combined turning of tungsten carbides with PCD tools, the tool wear characteristics and dominant wear mecha-
nisms were investigated, and the relation between tool wear and surface quality of workpiece was determined by analyzing the
effects of tool wear on the surface roughness values and the microtopography of the machined surface. A significant reduction in
the cutting force and a substantial improvement in the tool life were obtained in laser ultrasonically combined turning of tungsten
carbides with PCD tools when compared with conventional turning, ultrasonically elliptical vibration turning, and laser-assisted
turning; therefore, lower surface roughness values and a good surface quality of the workpiece were obtained. During laser
ultrasonically combined turning of tungsten carbides with PCD tools, the wear on the rake face was characterized by micro
tipping and chipping, the flank face had shallow micro-grooves oriented along the cutting direction, and the dominant failure
mechanisms of the PCD tools were the synergistic interaction of diffusion, oxidation, tipping, and chipping. With the increase in
tool wear, the surface roughness values steadily increased in laser ultrasonically combined turning, and the cutting mode was
changed from ductile mode turning to brittle mode turning, which resulted inmany defects, including pits, voids, grooves, etc., on
the machined surfaces.
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1 Introduction

Tungsten carbides are widely used in industry as cutting and
forming tools due to their excellent physical and mechanical
properties, such as high hardness, superior strength, and high
toughness. Moreover, their relatively high wear resistance and
high chemical stability also make it more favorable compared
with other counterpart materials [1, 2]. However, tungsten

carbides are notoriously difficult to machine due to several
inherent properties including high brittleness and low facture
toughness, which leads to a poor surface finish, severe cutting
tool wear, and high processing cost [3]. Thus, conventional
machining of tungsten carbide often indicates to be uneco-
nomical. In addition, although the wear behavior and mecha-
nisms of tungsten carbide used as cutting tools and mould
have been widely investigated to become well known in the
past decades [4–7], little work has been done on the material
removal characteristics of tungsten carbide as a workpiece
machined by ultrahard tools, and only a few investigations
have focused on the precise and efficient machining of tung-
sten carbides.

Laser material processing, such as laser welding, laser
forming, laser drilling, and laser machining, has been studied
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bymany researchers [8–12]. Laser-assistedmachining is a prom-
ising technology, in which the difficult-to-machine workpiece
material is preheated to improve its machinability [13, 14]. In
this process, the workpiece is subjected to a focused laser beam
resulting in a localized heat flux,which significantly increases the
temperature of the workpiece in the vicinity of the cutting tool;
therefore, the material is thermally softened, which improves
material removal and reduces cutting tool wear. According to
Refs. [15–17], various types of localized and bulk heating
sources were used for thermal softening of workpiece materials
in hot machining. Laser-assisted machining has been successful-
ly applied to precision cutting difficult-to-machine materials due
to its superior performance such as flexible control, accurate
emission, and ability to adjust the laser spot size and shape.
Bejjania et al. [18] investigated the tool wear characteristics in
laser-assisted turning of titanium metal matrix composites and

found that laser-assisted machining could increase the tool life
by up to 180%. Anderson et al. [19] evaluated the machinability
of Inconel 718 under conventional machining and laser-assisted
machining with carbide and ceramic inserts. The results showed
that compared with conventional machining, the surface rough-
ness was improved 2–3-fold and the tool life increased 200–
300% in laser-assisted machining.

However, the heat stress generated in the process of laser-
assisted machining causes microcracks in the workpiece surface,
which reduce the surface quality and increase the processing cost
[20, 21]. And ultrasonically elliptical assisted machining can
offer a significant improvement in the machining of difficult-to-
machine materials by reducing the cutting force and cutting tem-
perature, extending the lifetime of the cutting tool and improving
the surface quality of the workpiece [22, 23]. Therefore, both
ultrasonically elliptical vibration machining and laser-assisted
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Fig. 1 Schematic of LUCT

Table 1 Material properties of
tungsten carbide Parameters Value before processing Value after processing

Co contents (%) 20 20

WC contents (%) 80 80

Hardness (HRA) 83 76

Bending strength (N mm−2) 2480 2168

Impact strength (J cm−2) 9.2 12.28

Elasticity modulus (GPa) 459 448

Expansion (10−6 K−1) 5.8 7.3

Thermal conductivity (W m−1 K−1) 95 79

Specific heat (KJ kg−1 K-1) 250 272

Poisson’s ratio 0.25 0.31
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machining were combined to develop a novel hybrid machining
technique called laser ultrasonically combined machining.
Figure 1 shows a schematic of laser ultrasonically combined face
turning of a cylindrical workpiece. The workpiece performs ro-
tary movement, and the cutting tool performs feed movement
along the radial direction with speeds ofnandvf. The high power
laser beam is focused on theworkpiece surface in front of the tool
edge, and the local surface is heated to a high temperature in a
short period of time, which changes the material machinability at
high temperature and softens the workpiece material. Moreover,
the cutting tool exerts ultrasonic vibration with the same frequen-
cy in tangential and radial directions; thus, ultrasonically elliptical

vibration turning of the softened workpiece is realized, which
avoids the long friction between the tool flank face and the ma-
chinedworkpiece surface, and breakage of the cutting tool and its
negative impact on the workpiece surface quality are reduced.
Therefore, the tool wear can be reduced, and the surface quality
of the workpiece can be improved by combining the advantages
of laser-assisted cutting and ultrasonically elliptical vibration cut-
ting techniques when used in combination with each other. Hsu
et al. [24] investigated the machining characteristics of Inconel
718 by using ultrasonic and high-temperature-aided cutting.
They found that when aided by ultrasonic vibration in the tan-
gential direction, the surface roughness of the workpiece and the
cutting force were reduced and the service life of the cutter was
extended. Muhammad et al. [25–27] experimentally and numer-
ically studied the hot ultrasonically assisted turning of Ti alloy
and demonstrated the benefits in terms of reduction in the cutting
forces and improvement in the surface roughness.

a

b

10 m

Fig. 2 Cutting tool. a PCD tool profile. bMicromorphology of the PCD
tool

Fig. 3 LUCT experimental set-up

Table 3 Cutting parameters

Parameters Value

Cutting speed (m min−1) 30

Depth of cut (μm) 15

Feed rate (mm rev−1) 0.014

Laser wavelength (μm) 1.06

Laser spot diameter (mm) 0.4

Laser incident angle (°) 60

Laser power (W) 350

Distance from laser spot and tool nose (mm) 1.8

Ultrasonic vibration frequency (kHz) 35

Ultrasonic tangential amplitude (μm) 1.4

Ultrasonic axial amplitude (μm) 2.1

Table 2 Cutting tool
parameters Parameters Value

Rake angle (°) 0

Clearance angle (°) 7

Inclination angle (°) 0

Edge angle (°) 62.5

Nose radius (mm) 0.4

Nose angle (°) 55
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Although tremendous studies involving cutting force and sur-
face quality have been published in hot ultrasonically assisted
machining difficult-to-machine materials, investigations of tool
wear in laser ultrasonically combined machining of tungsten car-
bide work materials have not been reported. In addition, the tool
wear is very severe and complex in laser ultrasonically combined
cutting of tungsten carbides, and slight tool wear would cause
large machining errors in the workpiece, which would greatly
affect the processing efficiency and machining cost [28].
Therefore, the study of the tool wear characteristics in laser ul-
trasonically combined machining of tungsten carbide is of sig-
nificance and necessity.

In this work, laser ultrasonically combined turning (LUCT) is
proposed based on ultrasonically elliptical vibration turning
(UEVT) and laser-assisted turning (LAT). To determine suitable
parameters, especially laser parameters, the temperature numeri-
cal simulation of the workpiece was performed. Contrast exper-
iments of tool wear in conventional turning (CT), UEVT, LAT,
and LUCT tungsten carbides with polycrystalline diamond
(PCD) tools were carried out with an ultraprecision lathe, and

the tool wear performances and wear mechanisms were investi-
gated during LUCT of tungsten carbides with PCD tools.

2 Experimental work

2.1 Materials of workpiece and cutting tool

In this study, a cylindrical bar of tungsten carbide with an initial
diameter of 50 mm was used as the machined workpiece. The
mechanical properties of tungsten carbide before and after pro-
cessing are listed in Table 1. For all experiments, diamond-
shaped PCD cutting tools with a side length of 7 mmwere used.
The shape and micrograph of the PCD tool prior to the tests are
shown in Fig. 2 with the parameters given in Table 2.

a

b
Fig. 4 Temperature distributions of the workpiece. a On the surface. b In
the vertical section
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Fig. 5 Experimental and numerical temperature profiles. a On the
surface. b In the vertical section
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2.2 Experimental setup

The LUCT experimental setup consists of ultraprecision turn-
ing system, ultrasonic vibration system, and laser heating sys-
tem. As shown in Fig. 3, an ultraprecision CNC lathe, a YAG
laser, an H66M ultrasonic generator, and a homebuilt ultra-
sonic vibration system are used during the LUCT process. The
workpiece was mounted on the lathe and a tool autochecking
instrument was used during the experiments to reduce the
influence of tool setting errors on subsequent tool wear. In
LAT experiments, the laser heating system includes laser host,
laser power supply, cooling system, laser-positioning system,
optical fiber transmission system, and focusing system. The
laser-focusing device connected to the laser host through op-
tical fiber was fixed on the cross slide of the lathe utilizing the
bracket, and the laser spot and tool nose were kept apart a
certain space by adjusting the laser position and angle.
During UEVT experiments, the elliptical vibration of the tool
was realized with an ultrasonic system composed of an ultra-
sonic generator, transducer, and horn with chutes. The ultra-
sonic device and a dynamometer used to record the cutting
forces in real time were both fastened to the machine table,
which maintained a synchronization of the ultrasonic vibra-
tion device and the laser heating system.

In the process of turning tungsten carbides, three PCD tools
with the same geometric parameters were used in each of CT,
UEVT, LAT, and LUCT, and the tools were retracted when
feeding to 30 mm of the workpiece diameter. Then, the tool
wear was determined by using a three-dimensional digital
microscope (model KEYENC VHX-2000C) and scanning
electron microscope (SEM). The average tool flank wear of
the three cutting tools in CT, UEVT, LAT, and LUCT was
obtained and the energy spectrum of the worn areas was ana-
lyzed. In addition, the cutting forces were measured using a
three-component force dynamometer.

2.3 Experimental parameters

Some studies have shown that the hardness of tungsten car-
bide was reduced drastically and the workpiece material was
softened when the cutting temperature was higher than 400 °C
[29, 30]. With the experimental parameters in Table 3, by
using an infrared thermometer, the measured average temper-
ature of the laser spot center on the workpiece surface and the
average temperature of the cutting domain were approximate-
ly 686 °C and 425 °C, respectively. With these temperatures,
the cutting performances of tungsten carbide improved and
the tool life was not shortened because of the high temperature
of tool nose. Therefore, the CT and UEVT experiments were
carried out at room temperature, and the LAT and LUCT
experiments were carried out at a cutting zone temperature
of approximately 420 °C.

3 Thermal modeling of LUCT

It is necessary to precisely determine the temperature field in
the workpiece undergoing laser heating to maximize the ben-
efits of the thermal softening effects while ensuring proper
heating of the workpiece in the LUCT. To study the temper-
ature distribution in LUCT of tungsten carbide and obtain
reasonable process parameters, the finite element method of
ABAQUS implicit code was used in the thermal analysis of
LUCT. The surface heat flux distribution is defined as

qa ¼
2ηP
πrb2

EXP −2
r2

rb2

� �
ð1Þ

where P is the laser power, η is the absorption coefficient of
the irradiated surface and is approximately 0.32 in this re-
search, rb is the effective radius of the laser, and r is the
distance of a point away from the center of the laser.
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The conduction follows Fourier’s law, and the heat loss
rate per unit area in W m−2 due to conduction is

qd ¼ k
∂T
∂n

ð2Þ

where ∂T
∂n is the temperature gradient in the normal direction

and k is the thermal conductivity. The convection follows
Newton’s law, and the heat loss rate per unit area in W m−2

due to convection is

qc ¼ hc T s−T að Þ ð3Þ
where hc is the coefficient of convection heat transfer, Ts is the
temperature of the irradiated surface, and Ta is the ambient
temperature. In the LUCT of cemented carbides, the surround-
ing air flow is very slow and the coefficient of convection heat
transfer is very small, so thermal convection can be ignored.
The heat loss rate per unit area in W m−2 due to radiation is

qr ¼ 5:67� 10−8ε T s
4−T a

4
� � ð4Þ

where ε is the surface emissivity, whose value depends on the
surface conditions and the temperature of the workpiece. A
constant surface emissivity of ε = 0.35 is used for the estima-
tion of heat loss due to radiation.

In the thermal analysis, an eight-node element, DC3D8,
was used. Local seeds were used to control the grid density
with a minimum node size of 0.01 mm. For all simulations,
dense meshes were used near the heat source to obtain more
accurate results and coarse meshes were used far from the heat
source to reduce the run time. Figure 4 shows the predicted
temperature fields on the surface and in the vertical section of
the workpiece in the LUCT of tungsten carbides. In Fig. 4b,
the relationship between temperature and softening depth can
be obtained, which helps to choose a suitable cutting depth.

Additionally, to evaluate the true laser-induced heat flux,
the laser power, laser spot diameter, laser incident angle, and
scan velocity were adjusted as 350 W, 0.4 mm, 60°, and
0.5 mm s−1, respectively. The temperature of the top surface
and vertical section of the workpiece were measured using an
infrared thermometer. By comparing with the finite element
simulations, the corresponding heat flux distribution and the
temperature profile by adjustment of the heat flux parameters
(laser absorption coefficient, coefficient of convection heat
transfer, and surface emissivity) were obtained. Figure 5
shows the predicted temperature profiles of the numerical sim-
ulations and the experimental measurements. As shown in this
figure, good agreement between the experimental and numer-
ical measurements was obtained and the thermophysical

parameters of the materials and the heat flux parameters in
the simulation reflected the actual experimental conditions,
which validated the accuracy of the thermal model and pro-
vided guidance for selecting appropriate laser parameters in
the LUCT of tungsten carbides.

4 Results and analysis

4.1 Tool life

To understand the effects of ultrasonic vibration and laser
heating on improving the tool life, tool wear progression
was analyzed as shown in Fig. 6. It was found that there were
three worn stages, an initial worn stage, a normal worn stage,
and an acute worn stage in CT, UEVT, LAT, and LUCT, but
the node of each wear stage and the tool life were different.
Compared with the other three cutting modes, in LUCT, the
smallest tool flank wear could be obtained, the tool wear speed
reduced significantly, and the increase in tool life was 95.3%,
34.96%, and 25.76%, respectively. Moreover, a substantial
reduction of the flank wear was observed in CT, UEVT,
LAT, and LUCTwith the same cutting time, and as the cutting
time increased, the flank wear under each cutting mode also
increased, but the wear rate during each stage was different.
During the initial worn stage, there were few differences in the
wear rate among CT, UEVT, LAT, and LUCT because of the
sharpness and good thermal conductivity of the PCD tool and
the smaller cutting force. During the normal worn stage, the
wear rates in the UEVT and LATwere basically the same, and
in the LUCT, the cutting time was longer during the normal
worn stage. During the acute worn stage, the cutting forces in
CT and LAT significantly increased, which caused the wear
rates to increase rapidly and even led to breakage of the cutting
tool. A significant reduction by 24.6% and 20% in the average
thrust force was observed with the application of ultrasonic
vibration to the cutting tool and thermal softening to the work-
piece material in UEVT and LAT, respectively, as shown in
Fig. 7, resulting in the smaller difference and its significant
reduction in PCD tool flank wear when compared with CT.
During LUCT, with the advantages of ultrasonic vibration and
laser heating, a significant reduction by 67.5% in the average
thrust force compared with that in CT caused a dramatic re-
duction in the PCD tool flank wear and wear rate.

4.2 Tool wear characteristics

The digital microscope images of the PCD tool wear on the
rake face and flank face when the cutting time increased grad-
ually in CT, UEVT, LAT, and LUCT tungsten carbides are
shown in Fig. 8. It was found that during the initial and normal
worn stages, peeling of the PCD tool was generated near the
tool edge on the rake face, especially in UEVT, and sheet

�Fig. 8 Tool wear morphologies at different tool wear times of 3.49,
15.708, 45.345, and 66.285 min from left to right. a Rake face. b Flank
face
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delamination occurred due to the high-frequency intermittent
impact. In CT, UEVT, and LAT, the flank wear region of the
PCD tool was covered with obvious micro-grooves oriented
along the cutting direction, especially in LAT. The depth of
the micro-groove in the flank wear region increased notably
after cutting for 90.69 min, and tool breakage occurred as the
cutting time increased to 132.57 min, which was mainly at-
tributed to the abrasion, diffusion, and oxidation wear of the
cutting tool generated by the cutting force, and to the temper-
ature which reduced the strength and hardness of the cutting
tool, resulting in repeated scratching of the workpiece on the
tool flank face. In addition, serious wear of the PCD tool could
be observed during the acute wear stage in LUCT because the
high hardness of the workpiece material magnified the contact
pressure and friction between the workpiece and the tool edge
and the actual rake angle of the tool changed from zero to
positive, with the complex alternating stress and the vibration
impact between the tool and workpiece in the process of re-
ciprocating vibration causing the chipping and tipping of the
PCD tool.

4.3 Tool wear mechanism

Figure 9 shows the worn surfaces of the PCD tools in CT,
UEVT, LAT, and LUCT of tungsten carbides. The cutting
tool showed peeling, tipping, and chipping wear during tung-
sten carbide turning, with and without ultrasonic vibration and
laser heating. Moreover, evidence of adhesion of the work-
piece material can be found, especially in the process of CT

and LAT of tungsten carbides. The high cutting force and
temperature at the chip-tool interface can promote adhesion
on the tool rake and flank face, as indicated by the plastic flow
of the workpiece material, and a continuous layer of adhered
workpiece material was apparent on the flank face. These
material pieces, which adhere unsteadily, get worn off and
carry away material adhered through bonds weakened by the
thermally activated processes in the surface layer of the PCD
tools; as a result, the diamond particles near the tool edge are
removed due to the instability in the chip formation, high
cutting force, and oscillations in the cutting process, which
result in the tipping and chipping of PCD tools during the
machining of tungsten carbides [31]. In addition, Fig. 10
shows the chemical composition of zones A and B in the flank
wear area shown in Fig. 9 during CT and LAT of tungsten
carbides with PCD tools. The C elements not being detected
on the tool flank face indicated that the detected zone was
covered with the workpiece material and that adhesion wear
of PCD tools occurred.

Table 4 lists the element composition of the tool nose when
CT, UEVT, LAT, and LUCT of tungsten carbides. The pres-
ence of W elements, which are not part of the PCD material,
and evidence of diffusion of other elements into the PCD tool
and vice versa (Co, Ni, and Si), especially in LAT and LUCT,
reduced the inertia of PCD and increased the affinity of PCD
to alloy constituents. When the cutting force and temperature
among the tool, chip, and workpiece reached a the certain
value, adhesion wear of the tools was generated, and the in-
crease in Ni elements further enhanced the adhesion strength

Fig. 9 SEM micrographs of the
cutting tools
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and promoted adhesion wear, resulting in tipping and
chipping of the tool edge and graphitization of the diamond
particles. Therefore, during LAT of tungsten carbides with
PCD tools, diffusion into the workpiece accelerates the graph-
itizing process of the PCD tool because of the high

El AN  Series  unn. C norm. C Atom. C Error (1 Sigma)

[wt.%]  [wt.%]  [at.%]          [wt.%]

-----------------------------------------------------

W  74 L-series  11.63   37.92    8.01            0.53

Si 14 K-series   7.03   22.91   31.66            0.36

O  8  K-series   5.37   17.52   42.49            1.39

Co 27 K-series   4.33   14.12    9.30            0.22

Ni 28 K-series   1.24    4.05    2.68            0.10

Na 11 K-series   1.07    3.48    5.87    0.14

-----------------------------------------------------

Total:  30.68  100.00  100.00
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El AN  Series  unn. C norm. C Atom. C Error (1 Sigma)

[wt.%]  [wt.%]  [at.%]          [wt.%]

-----------------------------------------------------

W  74 L-series  17.68   45.93   13.04            0.58

Si 14 K-series  10.89   28.29   52.56            0.50

Co 27 K-series   4.75  12.34   10.92            0.18

Ni 28 K-series   3.30    8.58    7.63            0.14

O  8  K-series   1.87    4.86   15.86            0.50

-----------------------------------------------------
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Fig. 10 EDS energy spectrum of
the adhered layer in CT and LAT
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Table 4 Chemical composition of the tool nose worn zone

Cutting modes Atomic (%)

C W Co O Si Na Ni

Virgin tool 90.3 6.45 1.28 1.97

CT 65.8 13 5.28 3.57 8.21 0.77 3.36

UEVT 65.63 14.44 6.77 4.33 6.30 0.60 1.92

LAT 73.47 7.72 5.90 5.19 4.43 1.25 2.06

LUCT 82.59 4.03 1.63 7.60 1.30 1.34
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CT UEVT

LAT LUCT

Fig. 12 Surface morphology of
the machined workpiece

30 m 30 m

30 m 30 m

(a) 10.008min (b) 44.313min

(c) 62.856min (d) 71.301min

Fig. 13 SEM micrographs of the
machined surface in LUCT. a
10.008 min. b 44.313 min. c
62.856 min. d 71.301 min
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compressive stress and high cutting temperature, which pro-
moted the PCD tool wear and reduced the tool life.

In addition, the increase in O elements in Table 4 shows
evidence of oxidation wear in the event of graphitization dur-
ing the turning of tungsten carbides with PCD tools, especially
in LAT and LUCT. At a high cutting temperature, the Co
elements can react chemically with the O elements, and the
C elements are replaced, decreasing the strength of the PCD
tool and resulting in the removal of the diamond particles,
thereby promoting PCD tool wear. Moreover, oxidation also
causes the formation of an oxide film extruded and rubbed
continuously by the chip and workpiece on the edge of the
tool wear zone, which promotes tool wear.

5 Effects of tool wear on surface quality

During tungsten carbide turning with PCD tools, an optical
fiber white interferometer (CCI600) and SEM (Quanta
250FEG) were used to examine the roughness and
microtopography of the machined surfaces. The degree of tool
wear has a direct effect on the surface roughness produced in
the cutting process. The Ra surface roughness values of the
workpiece as a function of the tool wear times are shown in
Fig. 11.

The surface roughness values in CT, UEVT, LAT, and
LUCT increased with increasing cutting time, which was con-
sistent with the trend observed in the cutting force and tool
flank wear curves, and better surface roughness values were
obtained in LUCT. When compared with CT, UEVT, and
LAT, a significant reduction in the surface roughness by
79%, 60%, and 64%, respectively, was observed in LUCT.
A small increase in the surface roughness values was found
before the cutting time reached 44 min in CT and 58 min in
UEVT and LAT, which indicated that a higher surface quality
of the workpiece could be obtained when the tool was in a
stable normal wear stage; subsequently, the surface roughness
values increased dramatically. As the cutting time reached 82
min, when compared with the minimum in CT, UEVT, and
LAT, the surface roughness values of the workpiece increased
7, 4.5, and 10 times, respectively, which showed that the PCD
tools underwent unstable acute wear and the surface quality of
the workpiece decreased. However, during LUCT of tungsten
carbides with PCD tools, taking advantage of the laser-
induced softening of the workpiece material and ultrasonic
intermittent vibration machining, the material performance
of the workpiece improved and the cutting force and tool wear
decreased, resulting in a surface roughness value of the work-
piece of 0.029 μm when the cutting time was 82 min, and
increased by less than 2 times of the minimum surface rough-
ness value. At this time, the PCD tool was still in a normal
wear stage, and a higher surface quality of the workpiece
could still be obtained.

The workpiece surface topographies in CT, UEVT, LAT,
and LUCT are shown in Fig. 12. Deep micro grooves on the
machined surface with obvious brittleness removal character-
istics were found in CT; however, the grooves were narrower
and shallower, and micro plastic deformation was observed in
UEVT. In LAT and LUCT, notable plastic deformation oc-
curred, and the micro grooves mostly disappeared; especially
in LUCT, good surface quality was obtained, and the ma-
chined surface was smoother.

Figure 13 shows the microtopography of the machined
surface of tungsten carbide with different cutting times in
LUCT. The workpiece surfaces showed many defects, includ-
ing pits, voids, and grooves (scratches), and these defects had
an intimate effect on the process of tool wear. As shown in
Fig. 13a, cutting occurred through a ductile mode, and the
workpiece surface was very smooth in the beginning of the
LUCT. The micro topography of the workpiece surface after a
cutting time of 44.313 min is shown in Fig. 13b. The removal
method of tungsten carbide still mostly occurred through a
ductile removal mode, but many obvious grooves plowed on
the workpiece surface in response to the applied cutting force
and increased temperature on the machined surface. In addi-
tion, material swelling occurred and was obvious from the
plastic side flow of the matrix, which remained on the cutting
edge and was subjected to sufficiently high pressure causing
the matrix to flow to the side of the active cutting edge [32].
Moreover, the cutting force along the main cutting edge of the
tool pushed the workpiece material towards the tool nose,
causing it to flow to the free surface. In Fig. 13c, some defects
appeared on the workpiece surface after a cutting time of
62.856 min, and the workpiece material began to be brittle
removed. With high cutting force and temperature, the severe
tool wear and vibration impact result in some particles being
pulled out of the machined surface; therefore, many pits and
voids were left in the surface. Moreover, during the course of
some particles being pulled out or crushed, the matrix around
them might also be broken up. When the cutting time reached
71.301 min, the workpiece surface breakage accelerated, and
the material was completely brittle, which dominated the ma-
terial removal mode, as shown in Fig. 13d.

6 Conclusions

In this work, a new hybrid machining process called laser
ultrasonically combined turning (LUCT) is proposed. The
temperature numerical simulation of the workpiece and exper-
imental verification were performed. And the PCD tool wear
and its effect on the machined surface of a workpiece of tung-
sten carbides were experimentally evaluated and compared
with three other techniques, including conventional turning
(CT), ultrasonically elliptical vibration turning (UEVT) and
laser-assisted turning (LAT). The following can be concluded:
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1. Good agreement between the experimental and numerical
results of temperature distribution of the workpiece was
obtained; the accuracy of the thermal model was validat-
ed, which provided guidance for selecting appropriate la-
ser parameters in the LUCT of tungsten carbides.

2. When compared with CT, UEVT, and LUCT, a signifi-
cant reduction in cutting forces by 67.5%, 24.6%, and
20%, respectively, can be observed in LUCT, and a sub-
stantial improvement in the tool life by 95.3%, 34.96%,
and 25.76%, respectively, can be obtained in LUCT of
tungsten carbides with PCD tools.

3. The wear of the rake and flank faces are the dominant
failure modes when turning tungsten carbides with PCD
tools. The tool wear on the rake face is characterized by
micro tipping and chipping during the later stage in
LUCT; the flank face shows micro-grooves oriented
along the cutting direction, and the grooves are narrower
and shallower during LUCT.

4. Diffusion and oxidation are the dominant wear mecha-
nisms in LUCT of tungsten carbides with PCD tools,
and tipping and chipping are the abnormal wear patterns
of PCD tools.

5. Application of ultrasonic vibration and laser heating re-
duces the surface roughness of the machined workpiece,
and the change in the roughness values is stable in LUCT.
During the process of LUCT of tungsten carbides with
PCD tools, the machined surfaces show many defects of
pits, voids, grooves, etc., and a poor surface quality can be
observed at the end of tool wear.
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