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Abstract

Binderless tungsten carbide (WC) is preferred for manufacturing tools, mould, and wear-resistant components. However, due
to its high brittleness and hardness, the machined binderless WC surface is prone to generate microcracks and the machin-
ing efficiency is extremely low. Aiming at this difficulty, a clean and eco-friendly dry electrical discharge assisted grinding
(DEDAG) method without any liquid medium was proposed for the processing of binderless WC. DEDAG principle was
revealed and the DEDAG platform was first developed. A series of DEDAG, conventional dry grinding (CDG), and conven-
tional wet grinding (CWG) experiments were conducted on binderless WC under different processing parameters. The current
and voltage waveforms during the DEDAG process were observed, and the discharge properties were analyzed. The chip
morphologies, surface hardness, residual stress, as well as surface and subsurface morphologies were analyzed. The results
show that the surface hardness and roughness obtained by DEDAG are smaller than that by CDG or CWG. The measured
residual tensile stress after CDG is larger against DEDAG. The ground surface by DEDAG has better crystal integrity than
that by CDG. DEDAG can soften/melt workpiece material and diminish grinding chips, thereby promoting plastic removal
and increasing processing efficiency. The influences of DEDAG parameters on the ground surface quality are also investi-
gated, and the optimal DEDAG parameters are determined. With the increase of open-circuit voltage or grinding depth, the
surface quality improves first and then worsens. The optimal open-circuit voltage is 40 V and the grinding depth ranges from
10 um to 15 um. This research provides a new idea for promoting the efficient and low-damage processing of binderless WC.

Keywords Electrical discharge assisted grinding - Binderless WC - Surface integrity - Surface roughness - Subsurface
damage

1 Introduction manufacturing tools, mould, and wear-resistant semiconduc-

tor components [1]. For example, binderless WC tool has high

As a typical cemented carbide, binderless tungsten carbide
(WC) has excellent mechanical and physical properties as
well as chemical stability, which is the preferred material for
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toughness, good cutting performance, and long service life,
which is suitable for machining hard metal materials, such as
titanium alloy [2]. Binderless WC mould has higher hardness
and better wear resistance compared with a traditional one with
metal binding phases [3]. Moreover, it can avoid the degrada-
tion of the mould quality caused by the difference in the ther-
mal diffusion coefficient between metal binding phases and
cemented carbide particles [4]. However, during the machining
process of binderless WC, it is prone to generate microcracks
due to its high brittleness, as well as rupture and fragmenta-
tion of WC grains [5], which tremendously reduces the service
performance and life [6]. Meanwhile, the tool used for machin-
ing binderless WC is easy to wear due to its high hardness,
which greatly influences production efficiency. Therefore, how
to machine binderless WC with high surface quality and effi-
ciency has always been a research hotspot.
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At present, the machining techniques of binderless WC
mainly include ultra-precision turning and grinding. The
ultra-precision turning can be used to machine the surface
with sub-nanometer roughness. For example, Bulla et al.
[7] demonstrated that the ductile-mode diamond turning of
binderless WC was feasible. You et al. [8] used high effec-
tive laser assisted diamond turning to machine binderless
WC, and a surface roughness of 0.92 nm (§,) was achieved.
However, some problems still need to be addressed, such as
tool wear, chip adhesion, and diamond graphitization, which
deteriorate the surface quality. The ultra-precision grinding
is often used to process the functional and micro-structured
surfaces of binderless WC. It is the most widely used preci-
sion machining method in product manufacturing [9]. For
example, Zhang et al. [10] adopted single-point diamond
grinding with a specialized dressing method to machine
the water-drop surface of binderless WC with a form accu-
racy of 0.64 pm (PV) and a surface roughness of 6 nm (S,).
Guo et al. [11] used up-cut grinding to machine the micro-
structured surface of binderless WC, the bottom and side of
which had an average surface roughness of 78 nm and 60 nm
(S,), respectively. They also proposed a novel ultrasonic

Fig. 1 Schematics for (a) elec-
trical discharge grinding (EDG),
and (b) electrical discharge
diamond grinding (EDDG)

(a)

vibration-assisted grinding method to manufacture a lin-
ear microcylinder array with a surface roughness less than
50 nm and an edge radius less than 1 pm [12]. Yan et al. [13]
proposed a three-linear-axis ultra-precision grinding with
wheel path generation, tool interference checking and profile
compensation. And an aspheric mould insert on binderless
WC was processed with a mirror surface with surface rough-
ness of less than 8 nm (S,). Although ultra-precision grind-
ing has a larger material removal rate (MRR) than ultra-
precision turning, the high abrasive wear, wheel clogging,
and frequent dressing and truing have not been effectively
solved, extremely limiting the processing efficiency.

To improve the processing efficiency, some research-
ers used electrolytic in-process dressing (ELID) grinding
to machine cemented carbide. For example, Kim et al.
[14] developed an ELID system to realize the mirror-like
grinding of WC—-Co with a surface roughness of 20 nm
(R,), leading to the decrease in grinding force and reduc-
tion in wheel breakage. Stephenson et al. [15] processed the
Ni—Cr-B-Si/10vo 1%WC with a minimum surface roughness
of 6 nm (R,) by ELID grinding. Some researchers also used
electrical discharge grinding (EDG) and electrical discharge
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Fig.2 Schematics of DEDAG (a) platform and (b) principle

diamond grinding (EDDG). As shown in Fig. 1, conven-
tional EDG method utilized the electrode wheel (usually
graphite) to process the workpiece. However, the method
is often accompanied by post-treatments like polishing and
shot peening to remove the heat-affected zone (HAZ) and
its attendant defects. To avoid the problem, the EDDG,
combining electrical erosion and mechanical removal, was
proposed. For example, Koshy et al. [16] investigated the
influences of gap current and impulse width on the MRR
of WC-TiC-(TaNb)C—Co during EDDG. Singh et al. [17]
demonstrated that MRR is positively correlated with current
or wheel speed while it is negatively correlated with impulse
width during the electro-discharge diamond face grinding
(EDDFG) of WC—Co (10wt.% Co). Yadav et al. [18] studied
the influences of wheel speed, gap current, impulse width,
and duty cycle on MRR during the electrical discharge dia-
mond cutoff grinding (EDDCG) of WC—Co (6wt.% Co).
However, most ELID grinding and EDDG methods use a
liquid medium as the dielectric, which is toxic to the human
body [19], and can cause resource waste and environmen-
tal pollution to a certain extent [20]. Besides, subsurface
damages (SSDs) have not been effectively solved during the
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Pulse
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Softened layers Grinding chip T
Binderless WC

machining of cemented carbide [21]. Although there have
been reports of using dry electrical discharge for dressing
and truing grinding wheels [22, 23], as well as dry wire
EDM [24], dry electrical discharge milling [25], and dry
micro-EDM [26], it has not been utilized for the surface
grinding of binderless WC.

To solve the above problems, comprehensively consid-
ering the machining quality, efficiency, and environmental
protection, a clean and eco-friendly dry electrical discharge
assisted grinding (DEDAG) method is proposed in this
paper. The method has rarely been reported previously, and
was firstly utilized in the surface grinding of binderless WC.
The proposed method can restrain the generation of SSDs
since the involve of the electrical discharge promotes the
plastic removal of workpiece material. Meanwhile, it can
melt and diminish the grinding chips and maintain a certain
chip holding space.

In this paper, DEDAG principle is revealed and DEDAG
platform is developed. A series of DEDAG, conventional
dry grinding (CDG), and conventional wet grinding (CWG)
experiments are conducted on binderless WC workpieces
under different processing parameters. The current and
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Fig.3 a DEDAG platform for binderless WC; b partial enlarged view of (a); ¢ direct current (DC) power supply and field programmable gate

array (FPGA); and d the final machined binderless WC workpieces

Table 1 Specifications

Type Bond Diameter Thickness Grain size Concentration
parameters of metal-bonded
diamond grinding wheel D150-T5-X10-H31.75  Cu-Snalloy ®150mm 8 mm SD400 (38 um)  100%
Table 2 Materiz:ll propertie.:s ‘?f Density Hardness  Specific Heat Thermal Conductivity ~Melting point
metal-bonded diamond grinding
wheel Diamond abrasive 2.515 g/mm® 10,000 Hv 1827 J/kgK 2000 W/m-K 3700-4000 C°
Metal bond (Cu-Sn) 8.9 g/mm? >620Hv 384 J/kg-K 105 W/m-K 950 C°
Table 3 Material properties of binderless WC
Density Hardness  Transverse Rup- Toughness Specific Heat Thermal Con-  Thermal Expan- Electrical Melting point
ture Strength ductivity sion Resistivity
>15.4 g/mm> >2700 Hv >830 MPa 5.9 MPa/m?> 180.9 J/kgK 120 W/m-K 45x10°/C°  17x10°Q-cm 2870 C°

voltage waveforms during the DEDAG process were
observed, and the discharge properties were analyzed. The
chip morphology, workpiece hardness, residual stress, sur-
face and subsurface morphologies by CDG, DEDAG, and
CWG are compared. The effects of open-circuit voltage and
grinding depth on the machined surface quality are investi-
gated, and their optimal values are determined.
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2 Principle of DEDAG

Figure 2a and b show the schematics of DEDAG platform
and principle. Since the discharge energy allocated to the
anode is higher than the cathode [27], the grinding wheel
and binderless WC workpiece are connected to the nega-
tive electrode and positive electrode of high-frequency
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Table 4 Processing parameters for CDG, DEDAG, and CWG of
binderless WC

Workpiece No  Open-circuit Grinding Grinding coolant
voltage E (V) depth a, (pm)

1 0 5 None

2 0 10 None

3 20 5 None

4 30 5 None

5 40 5 None

6 50 5 None

7 30 1 None

8 30 10 None

9 30 15 None

10 30 20 None

11 0 5 6.7 vol% emulsi-
fied oil and
93.3 vol%
distilled water

12 0 10 6.7 vol% emulsi-
fied oil and
93.3 vol%
distilled water

Time (us)

Fig.4 The current and voltage waveforms during the DEDAG pro-
cess of binderless WC workpieces

pulse power supply, respectively. The discharge medium
is air. DEDAG of binderless WC is feasible since it has
good electrical and thermal conductivity. Compared with
conventional WC with metal binder (usually Co), there
are no metal binding phases in binderless WC. There-
fore, the phase-difference-induced erosion sequence and

discharge gap do not change during the machining process.
This may reduce the abnormal discharge, and furthermore
reduce pits, pores, and cracks [4, 28]. Meanwhile, DEDAG
is clean and eco-friendly since it does not need a liquid
medium (such as spark oil). As the breakdown strength of
air is lower than that of a liquid medium, the discharge gap
is very short, easily leading to the generation of electrical
discharge [29]. There are three material removal modes
including diamond abrasive scratching, electrical discharge
erosion, and scratching-erosion combination in DEDAG,
which mainly depend on open-circuit voltage and grind-
ing depth [30]. In abrasive scratching, the abrasive grits
on grinding wheel surface cut binderless WC resulting in
the formation of scratch grooves, grinding chips, median
and lateral cracks [31]. In discharge erosion, the electric
sparks produce a high temperature of 8000 to 10,000 ‘C
at the discharge center which softens, melts, and vapor-
izes binderless WC, grinding chips, and metal bond in the
grinding wheel. Under the optimal parameters, this causes
softened layers and craters on the workpiece surface [32,
33], thereby promoting the plastic removal and suppress-
ing the generation of SSDs. This shrinks the chips and
maintains a certain chip holding space, thereby reduc-
ing the influences of chip adhesion and scratching on the
ground surface. In dry grinding process, thermal load is
the main factor contributing to abrasive wear [34]. How-
ever, by removing the metal bond, DEDAG can increase
the protrusion of abrasive grits, maintain the shape of the
abrasive grits and sharpness of the cutting edge, thereby
realizing the sharpening of grinding wheel and improving
the processing efficiency [35].

3 Experimental

According to DEDAG principal, DEDAG platform was
developed for processing binderless WC. As shown
in Fig. 3a and b, a three-axis CNC precision grinder
(CHEVALIER, SMART-B818III) with a metal-bonded
diamond grinding wheel was used to grind a series of
binderless WC workpieces. The specifications param-
eters and material properties of grinding wheel are shown
in Tables 1 and 2, respectively. The workpiece size was
10 mm X 20 mm X 5 mm, and its material properties are
shown in Table 3. The workpiece was fixed by a jig on
the electromagnetic worktable. There was an insulating
plate between the jig and the worktable. To produce the
high-frequency pulse power, the direct current (DC) power
supply and field programmable gate array (FPGA) were
used, as shown in Fig. 3c. The grinding wheel performed
the axial feeding and reciprocating motion on the work-
piece surface, and electric sparks were produced. The size
of the discharge gap is critical in controlling the degree
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Fig.5 SEM images of chip morphologies during (a) to (¢) CDG of workpiece 2 and (d) to (h) DEDAG of workpiece 8

of discharge erosion and material softening, therefore the
open circuit voltage E and grinding depth a, were the most
critical parameters, which were set as variables. CDG and
CWG experiments of binderless WC workpieces were
also designed as the control group. The detailed process-
ing parameters are shown in Table 4. Some grinding and
discharge parameters were set as follows: impulse width
T,,=4 ps, impulse interval T =4 ps, spindle speed
N=3000 r/min, and feed rate v=10 mm/min. The final
machined workpieces are shown in Fig. 3d.

During the machining process, the voltage and cur-
rent signals were collected by an oscilloscope (DHOS800,
RIGOL) with a current probe (RP1001C, RIGOL). The
grinding chips were collected, and the scanning electron
microscope (SEM) (Quanta 450 FEG, FEI) was used to

observe their morphologies. The micro hardness tester
(FM-110, Future Tech) was used to measure the hardness
of ground workpieces, where a Vickers indenter with an
indentation load of 1000gf was used. The nanoindentation
instrument (TI-950, Hysitron) was utilized to measure the
residual stress of ground workpieces with Wang et al.’s
model [36]. The Berkovich indenter with an indentation
load of 50 mN was used. Five different positions were
selected randomly for each measured workpiece, the val-
ues of hardness and residual stress for which were aver-
aged. The SEM (Sigma300, ZEISS) was used to observe
surface morphology. The non-contact laser profilometer
(NH-3SPs, Mitaka Kohki Co.) was utilized to measure
surface roughness R,. The values of R, for ten positions
randomly selected from each workpiece were averaged.
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Fig.6 a Hardness and b residual stress for workpieces 2 (ground by CDG), 8 (ground by DEDAG), and 12 (ground by CWG)

To observe the microscale subsurface morphology, the
focused ion beam (FIB) (Helios6001, FEI) was first uti-
lized to mill a pit (40 pm X 20 pm X 20 pm) in workpieces
2, 8 and 12, and then the SEM (Sigma300, ZEISS) was
used for observation. The FIB parameters were set as fol-
lows: the acceleration voltage was 30 keV; the ion beam
current was set as 0.79 nA and 0.23 nA for rough and fine
milling, respectively. To observe the nanoscale subsurface
morphology, the same FIB was first used to cut a slice
(5 pm x5 pm X 120 to 150 nm) from workpieces 2, 8, and
12, and then the transmission electron microscope (TEM)
(JEM-3200FS, JEOL) was utilized for observation. The
FIB parameters were set as follows: the acceleration volt-
age and ion beam current were respectively set as 30 keV
and 80 pA for thinning, and they were respectively set as
2 keV and 23 pA for polishing.

4 Results and Discussions
4.1 Electrical Properties During DEDAG Process

Figure 4 shows the current (/) and voltage (E) waveforms
during the DEDAG process of binderless WC work-
pieces. Depending on the discharge gap, there are basi-
cally five states for a single pulse discharge waveform:

(1) Open circuit (z,): the no-load state. The voltage value is
equal to the pulse voltage provided by the pulse power
supply.

(2) Spark discharge (z4): the effective state. High-fre-
quency clutter components and breakdown delay phe-
nomena appear on the voltage waveform. At this time,
the energy of the spark discharge plasma channel is
highly concentrated and produces a sharp shock.

(3) Transient arc discharge (r,): the transitional state.
From the voltage pattern, the channel of transitional

discharge is easier to form than the channel of spark
discharge. It can be restored to spark discharge by servo
control or by changing the gap state.

(4) Arc discharge: a harmful discharge state. It is not
only easy to burn the workpiece but also has low
material etching. Since no violent thermal explosion
is formed during arc discharge, the surface material
will only be melted and recast, rather than vaporized
and removed.

(5) Short circuit: the voltage is very low and the current
waveform is smooth. There is no etching effect in a
short circuit, making it is easy to form harmful phe-
nomena such as arcing.

During the DEDAG process, the mechanism is different
from traditional EDM due to the influence of the rotating
tool electrode (the metal bond of the grinding wheel). On
one hand, there is a rotary movement between the work-
piece electrode and the tool electrode, causing the discharge
point to continuously change with the relative rotation of the
workpiece and the tool. On the other hand, the breakdown
strength of air is less than that of the dielectric fluid, result-
ing in a smaller discharge gap. The chips, electro-etching
residue, and other debris can be quickly removed from the
gap, as well as the heat generated by the discharge. It also
greatly reduces the possibility of arc discharge, thus ensur-
ing the quality of processing.

4.2 Chip Morphology, Surface Hardness
and Residual Stress

Figure 5a to ¢ show the strip, shear, and flow chips gener-
ated during CDG of workpiece 2, respectively, and Fig. 5d
to h show the strip, shear, flow, round, and broken chips
produced during DEDAG of workpiece 8, respectively.
Obviously, the chips during DEDAG have smaller size
than those during CDG. Due to the discharge erosion,



50 International Journal of Precision Engineering and Manufacturing-Green Technology (2025) 12:43-60

10 pm
—

10 um
R, =9 nm

Cracks Brittle fractures

Scratches

1 um
—

Brittle fractures

> Pits

Scratches

1 pm
—

Adhered debris

\ Brittle fractures

/ Pits

Scratches
Cracks =~

! 3
1 um
—

Fig.7 SEM images of surface morphologies for workpieces (a) 2 (ground by CDG), (b) 8 (ground by DEDAG), and (c¢) 12 (ground by CWG)

some chips become round after melting, and some chips
are broken during DEDAG, as shown in Fig. 5g and h,
respectively. Smaller chips help to reduce the chip adhe-
sion and maintain the enough space for holding chips,
thereby reducing the effect of chip scratching on the
ground surface, and improving the ground surface quality.
Both strip and shear chips are formed by microcutting of
abrasive grits, and abrasive grits with a negative rake angle
(average value of 60 degrees) play an important role in
microcutting workpieces. In the microcutting of the work-
piece, the chip formation mechanism of the shear chip to a
great extent is associated with the fracture of WC particles
and the material slipping along the shear plane. The flow
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ship is basically straight, indicating that there is no large
plastic deformation in the chip formation process [37].
Therefore, more cracks are generated during the chip for-
mation process. Smaller flow chips in DEDAG also imply
smaller brittle-plastic critical transition depths, demon-
strating that electrical erosion can reduce brittle removal
during the DEDAG process of binderless WC and improve
the ground surface quality.

Figure 6a and b show the hardness and residual
stress for workpieces 2 (ground by CDG), 8 (ground by
DEDAG), and 12 (ground by CWG), respectively. It can
be found that the hardness by DEDAG is smaller than that
by CDG or CWG, and the value of hardness by CDG is
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Fig.8 Cross-section FIB/SEM images of microscale subsurface morphologies for workpieces (a) 2 (ground by CDG), (b) 8 (ground by

DEDAG), and (c¢) 12 (ground by CWG)

12.1% larger than that by DEDAG, indicating that the dis-
charge erosion can reduce the work hardening and soften
the workpiece surface. In the grinding process, the factors
influencing work hardening include machining extrusion
caused by plastic deformation and microstructural changes
in the surface layer caused by cutting heat. During the
DEDAG process, the machined surface is subjected to
less impact and extrusion by the abrasive grits. The lattice

distortion, grain deformation, and fragmentation occurring
on the machined surface are minimal, which reduces the
work hardening on the ground surface.

It can be found that the residual stress by CDG or DEDAG
is tensile, while that by CWG is compressive, and the value
of residual stress by CDG is about 1.7 times than that by
DEDAG. The residual stress is generated due to the ther-
mal and mechanical coupling effects during the grinding.
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Fig.9 a TEM image of
nanoscale subsurface morpholo-
gies for workpiece 2 (ground by
CDG). Partially enlarged views
for (b) region (I) from (a), (c)
region (II) from (a), and (d)
region (III) from (c)

Fractures

Generally, the residual compressive stress is induced by
mechanical loads, while the residual tensile stress is caused
by thermal loads [38]. Since thermal loads play a dominant
role in the dry grinding [39], the residual tensile stress is
found during CDG or DEDAG. During DEDAG, although
many craters and recast layers with a high tensile stress may
be produced by discharge erosion [40], they can be removed
by abrasive scratching, resulting in a smaller tensile stress
compared to that by CDG. During CWG, since grinding
coolant changes heat distribution, the residual compres-
sive stress is generated. Overall, DEDAG can soften/melt
workpiece material and shrink grinding chips. Meanwhile,
since residual tensile stress can reduce the fatigue strength
of components, DEDAG has obvious advantage over CDG
in residual stress.

4.3 Ground Surface Morphology
Figure 7a to ¢ show the SEM images of surface morpholo-

gies for workpieces 2 (ground by CDG), 8 (ground by
DEDAG), and 12 (ground by CWG), respectively. It can be

@ Springer KE;E

5. TRETE T i
* %% ‘,-.’/;).‘ﬁ,"
. ml

B et

s’
gl

b

e

Blurring amorphous layer

seen from Fig. 7a and c that there are many brittle fractures,
cracks, pits, and scratches on the ground surface, indicating
a brittle removal. The scratches shown in Fig. 7a are deeper
than those shown in Fig. 7c, resulting in the surface rough-
ness for the former (R,=37 nm) being larger than that for
the latter (R,=16 nm). Only abrasive scratching is involved
in CDG while scratching-erosion combination is involved in
DEDAG, leading to that the brittle removal in CDG is more
severe than that in DEDAG. In CWG, some adhered debris
easily remains on the machined surface, as shown in Fig. 7c.
This may be because as more and more grinding chips are
accumulated and the chip holding space is decreased, part
of chips may be squeezed on the ground surface by grind-
ing wheel. Compared with Fig. 7a and c, Fig. 7b shows the
best-machined surface quality with the smallest fractures/
pits and the shallowest scratches, corresponding to a sur-
face roughness of R,=9 nm. This indicates that the brittle
fractures/pits and scratches can be reduced due to the unique
material removal mechanism of DEDAG, i.e., discharge ero-
sion and abrasive scratching. During the machining process
of DEDAG, electrical erosion softens the surface material,



International Journal of Precision Engineering and Manufacturing-Green Technology (2025) 12:43-60 53

Fig. 10 a TEM image of
nanoscale subsurface morpholo-
gies for workpiece 8 (ground

by DEDAG). Partially enlarged
views for (b) region (I) from
(a), (c) region (II) from (a), and =
(d) region (III) from (a)

306.3nm

b AN
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reduces the brittle-plastic critical transition depth and the
material brittle removal. Thus, DEDAG can reduce dam-
ages such as pits and cracks, and improve the quality of the
ground surface.

Although EDG and EDDG have been reported, there are
few cases in which it is applied to binderless WC or WC/
Co. Koshy et al. [16] studied EDDG on cemented carbide
(WC-TiC-TaNb-C—Co), but the processing parameters were
not optimized and the subsurface damage was not further
studied. Singh et al. [17] used the EDDFG to process WC/
Co (10wt.% Co) and obtained a machined surface with an
average surface roughness (ASR) of 3.07 pm. Under similar
grinding parameters, Kim et al. [14] used ELID grinding
to process WC/Co, and obtained machined surfaces with
surface roughness of R, of 20 nm. In contrast, the surface
roughness of the workpiece processed by DEDAG was 55%
lower than that of ELID grinding.

In recent years, some other grinding methods had been
proposed for processing binderless WC. For example, Guo
et al. [12] used the novel ultrasonic vibration assisted grind-
ing (UVAG) to process binderless WC with a 400# grinding
wheel, and obtained the machined surface with R, of 56 nm.
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Yu et al. [41] used the CuSnFeNi/diamond composite and
achieved the grinding of WC with R, =14.92+2.92 nm with
a diamond abrasive size of 16 pm. The surface roughness
R, obtained by DEDAG is 48.9% higher than that by UVAG
with the same diamond abrasive size, while it is close to that
with the fine diamond grits. Overall, compared with other
grinding methods of binderless WC or WC/Co cemented
carbide, DEDAG has the advantage of high machined sur-
face quality from the perspective of surface roughness.

4.4 Ground Subsurface Morphology

Figure 8a to ¢ show the representative cross-section FIB/
SEM images of microscale subsurface morphologies for
workpieces 2 (ground by CDG), 8 (ground by DEDAG), and
12 (ground by CWG), respectively. Each cross-section is per-
pendicular to the scratch groove direction. It can be observed
from Fig. 8a that there are many discontinuous median cracks
generated in the subsurface. The maximum crack depth is
8.5 pm, which is slightly smaller than the grinding depth of
10 pm, and the crack length is about 2.5 pm. It can be found
from Fig. 8b that there are many scattered subsurface median
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Fig. 11 a TEM image of
nanoscale subsurface morpholo-
gies for workpiece 12 (ground
by CWG). Partially enlarged
views for (b) region (I) from
(a), (c) region (II) from (a), and
(d) region (III) from (c)

Fig. 12 SEM images of

surface morphologies for
workpieces (a) 3 (E=20 V), (b)
4(E=30V),(c)5(E=40V),
and (d) 6 (E=50 V) ground by
DEDAG
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and lateral cracks. The maximum crack depth is 2.8 pm,
which is much smaller than the grinding depth of 10 pm,
and the crack length is less than 1 pm. Both the crack depth
and length induced by CDG are larger than those induced
by DEDAG. Considering the crack sizes and the grain size
(~600 nm) of binderless WC used, the crack propagation may
be transgranular [42]. According to the indentation fracture
mechanics of brittle materials, the median crack is usually
nucleated beneath the plastic zone, and the lateral crack is
usually initiated near the base of the plastic zone [43—45].
The plastic zone is generated due to the contact between the
abrasive grit and the workpiece. It can be seen from Fig. 8c
that there is no obvious subsurface crack. This indicates
that DEDAG can lead to a larger SSD depth compared to
CWG, while it can alleviate SSDs compared to CDG. Since
the grinding coolant introduces environmental pollution,
DEDAG has a certain advantage over CWG.

Figures 9ato d, 10a to d, and 11a to d show the representa-
tive TEM images of nanoscale subsurface morphologies for
workpieces 2 (ground by CDG), 8 (ground by DEDAG), and 12
(ground by CWG), respectively. Figures 9a, 10a, or 11a indicate
different grain sizes in binderless WC with an average grain
size of 600 nm. It can be found from Fig. 9a to d that there are
obvious surface fragments, subsurface fractures and cracks, and
blurring amorphous layers on the near-surface. The fragments
are generated due to the spalling of workpiece material with a
thickness of ~26.8 nm. The depth of the deepest fracture and
crack are about 396.7 nm and 263.8 nm, respectively. Due to the

high grinding force and temperature generated during the CDG
process, the crystalline structure of binderless WC is disrupted
seriously, leaving a dimly defined amorphous layer. There may
be many dense crystal defects on the near-surface due to the
severe grain deformation and stress release. The formation
mechanism of the amorphous layer in a ground component
can be interpreted as follows: The abrasion of the cutting edge
of abrasive grits results in an amorphous phase transforma-
tion, while the high-speed impact between the abrasive grits
and the workpiece enhances the penetration of oxygen [46].
As shown in Fig. 10a to d, there are many surface fragments,
pits, pulverization, subsurface cracks, and uniformly distrib-
uted amorphous layers. The thicknesses of the fragment and
amorphous layer are about 20.5 nm and 20.1 nm, respectively,
and the maximum depth of subsurface crack is about 306.3 nm.
It can be seen from Fig. 11a to d that the surface and subsur-
face characteristics are almost the same as those in Fig. 10a
to d, with a fragment thickness of ~28.1 nm, the maximum
crack depth of ~248.5 nm, and an amorphous layer thicknesses
of ~ 18.5 nm. The above analysis indicates that the workpiece
by DEDAG possesses a higher subsurface quality than that by
CDG, while it has a similar one to that by CWG.

4.5 Effects of DEDAG Parameters on Ground Surface
Quality

After verifying that DEDAG is an effective method of
processing the bindless WC from the perspective of chip
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Fig. 14 SEM images of surface
morphologies for workpieces
(@) 7 (a,=1um), (b) 3

(ap=5 pum), (c) 8 (ap= 10 pm),
(d) 9 (a,=15 um), (e) 10
(a,=20 ym) ground by DEDAG
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morphology, workpiece hardness, residual stress, surface
roughness, and SSDs, the effects of DEDAG parameters
(open-circuit voltage E, grinding depth a,)) on the machined
surface are investigated experimentally. Figure 12a to d show
the SEM images of surface morphologies for workpieces
3(E=20V),4(E=30V),5(E=40V),and 6 (E=50V),
respectively. As the circuit voltage E increases from 20
to 50 V, the surface quality becomes first better and then
worse. When E=20 V, there are many deep plastic scratches
on the ground surface. At this time, the workpiece mate-
rial may be softened slightly by discharge erosion and then
it is scratched by abrasive grits. When E=30 V or 40 V,
there are many shallow plastic scratches but almost no frac-
ture on the ground surface. At this time, the softened layer
becomes deep, and many craters may be generated while
being removed by abrasive scratching. When E increases
to 50 V, there are many large craters and recast layers on
the ground surface, which cannot be removed by abrasive
scratching. The recast layers are formed due to the rapid
cooling and solidification of the molten material, which
seem like built-up adhesion. It is not difficult to predict that
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the number of craters and recast layers would increase and
the surface quality would get worse with the increase of
E. Figure 13a to c show the changing trend of hardness,
residual stress, and surface roughness R, with open-circuit
voltage E (20 to 50 V). It can be found from Fig. 13a and
b that with an increasing E, the hardness decreases gradu-
ally, while the residual stress decreases slightly at first and
then increases gradually. When E=20 V, the softened layer
depth is shallow and the abrasive scratching dominates the
material removal, which leads to a very high hardness and a
little high residual tensile stress due to the hardening effect.
With an increasing E, the discharge erosion dominates the
material removal gradually, and the softening effect, craters,
and recast layers become more obvious, thereby decreasing
the hardness while increasing the residual tensile stress. It
can be seen from Fig. 13c that the lowest value of R,=8 nm
corresponds to the optimum value of E=40 V for DEDAG
of binderless WC.

Figure 14a to e show the SEM images of surface mor-
phologies for workpieces 7 (ap= 1 um), 3 (ap= 5 um),
8 (ap= 10 pm), 9 (ap= 15 pm), and 10 (ap=20 um),
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respectively. It can be found that as the grinding depth
a, increases from 1 um to 20 pum, the machined sur-
face quality becomes first better and then worse. When
a,=1 um, there are many craters, recast layers, and
plastic zones on the ground surface when the material
is mainly removed by discharge erosion. Currently, most
abrasive grits do not contact the workpiece surface, and
the material is removed by discharge erosion. The final
workpiece surface profile is formed by craters. With the
increase of a,,, most abrasive grits participate in the mate-
rial removal, and the craters are gradually removed by
abrasive scratching. Currently, the material is removed
by scratching-erosion combination. When the craters are
completely removed by abrasive scratching, the machined
quality is considered the best. With the further increase
of a,, the abrasive grits will remove the material below
the craters directly, and the machined quality is very
poor. Figure 15a to ¢ show the changing trend of hard-
ness, residual stress, and surface roughness R, with grind-
ing depth a,, (1 to 20 pm). It can be found from Fig. 15a
and b that when a,= 1 um, the hardness is smallest and
the residual stress is largest due to the softening effect
and the generation of craters and recast layers; With the
increase of a,, the hardness changes slightly while the
residual stress decreases gradually due to the removal of
craters; When a,= 20 um, the hardness increases sud-
denly and the residual stress increases slightly due to the
dominant role of abrasive scratching. Figure 15¢ shows
that the best value of R, can reach up to 9 nm. Therefore,

for DEDAG of binderless WC, the optimal value of a,
ranges from 10 um to 15 um. It is worth noting that at
when a,=1 pm, electrical erosion dominates the mate-
rial removal and the surface morphology is similar to that
of conventional EDM, with some typical defects such as

craters and cracks appearing in the HAZ [26].

5 Conclusions

Targeting on high quality and efficiency grinding of
binderless tungsten carbide (WC), a clean and eco-
friendly dry electrical discharge assisted grinding
(DEDAG) method is proposed in this paper. The princi-
ple of DEDAG is revealed and the platform of DEDAG
is developed. The current and voltage waveforms during
the DEDAG process were observed, and the discharge
properties were analyzed. By comparing the chip mor-
phologies, workpiece hardness, residual stress, surface
morphologies, and subsurface morphologies by CDG,
DEDAG, and CWG, the effectiveness of DEDAG method
is verified. By investigating the effects of DEDAG
parameters on the machined surface quality, the optimal
DEDAG parameters are determined. The main findings
include:

(1) Due to the unique material removal mechanism,

i.e., diamond abrasive scratching, electrical dis-
charge erosion, and scratching-erosion combination,
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DEDAG can soften/melt the workpiece material,
thereby promoting the plastic removal and sup-
pressing the generation of SSDs. DEDAG can also
shrink the grinding chips and realize the sharpening
of grinding wheel.

(2) Lower residual tensile stress is generated during
DEDAG of binderless WC compared with CDG. In
terms of surface roughness R,, the surface quality
of binderless WC by DEDAG is better than that by
CDG or CWG. In terms of SSDs, the crystal structure
deteriorates, and a fuzzy amorphous layer is left in
binderless WC by CDG. In contrast, binderless WC
by DEDAG has better crystal integrity, and its sub-
surface quality is close to that by CWG.

(3) The workpiece surface quality greatly depends on open-
circuit voltage and grinding depth. With the increase of
open-circuit voltage or grinding depth, the ground sur-
face quality is first better and then worse. The optimal
open-circuit voltage is 40 V and the optimal grinding
depth ranges from 10 ym to 15 pm.

In the future, more processing parameters, such as spin-
dle speed, feed rate, impulse width, and impulse interval
will be considered for optimizing the DEDAG of binderless
WC. More characterization, such as elemental composition/
proportion generated on the machined surface, will be con-
ducted for revealing the DEDAG mechanism of binderless
WC.
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