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Abstract
Adopting orthogonal experiments, relevant machinability in wire cut electrical discharge machining (WEDM) of 2D C/SiC
composite was studied. The effects of electrical machining parameters (namely pulse width, pulse interval, and the number of
tubes) on machining speed and surface roughness were analyzed. In addition, the effect of fiber orientations on the machinability
was also studied. The main effect and interaction of the selected electrical machining parameters were also discussed. The key
results show that the fiber orientation effect on machining speed plays a weaker role in WEDM of this composite. For machining
speed, the number of tubes and the pulse interval have no interaction in both of machining directions A and B. For surface
roughness, the number of tubes and the pulse interval have obvious interaction in both of machining directions A and B. The fiber
orientation has a larger effect on the surface roughness than that onmachining speed inWEDMof this composite. After analyzing
the material removal mechanism, some new significant results show that the carbon fibers are removed in the form of transverse
and longitudinal fracture. Interfacial debonding between fiber carbon and SiC matrix, pit, and recast layer form on the machined
surface. Micro cracks are observed in the carbon fiber, and a part of the micro cracks are cross.
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1 Introduction

C/SiC composites are a kind of high-performance composite
materials that are manufactured by SiC ceramic as a matrix
with carbon fiber as reinforcement. [1]. In view of its excellent
properties, for instance, low specific gravity, high hardness,
small thermal expansion coefficient, etc., has a wide applica-
tion prospect in the aerospace field [2].

As a kind of difficult-to-machine material, C/SiC compos-
ites easily produce machining deficiency, such as layered fail-
ure, edge breakage, delamination, and machined surface dam-
age. For the past few years, there are some studies on the
conventional machining methods of C/SiC composite such
as grinding [3], milling [4, 5], and drilling [6, 7]. However,
due to the brittleness and hardness of the composites, the
aforementioned traditional machining has serious tool wear
and poor processing quality. There is no better solution for
machining small-diameter deep holes for grinding and/or dril-
ling this composites.

The non-traditional machining methods, such as elec-
tric spark machining, laser machining, and rotational ul-
trasonic machining, have been adopted to machine C/SiC
composites, which can avoid the disadvantages of some
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traditional machining methods and has unique advantages
in machining of feature structures. Some scholars have
studied the non-traditional methods and their performance
in the machining of C/SiC composites. Ha et al. studied
the energy-controlled micro-discharge machining of
Al2O3-carbon nanotube composites and analyzed the

relationship between hardness and electrical conductivity
[8]. Ninz et al. analyzed the correlation between the me-
tallic nanoscale inclusions and mechanical properties of
ED-machinability and zirconia-TiC-based ceramics by
means of EDM of nanocomposites [9]. Kumar et al. com-
pared the results of processing Al-SiCp MMC with con-
ventional electrical discharge machining (CEDM) and
cryogenic cooling EDM (CCEDM) and found that
CCEDM is superior to CEDM [10]. Saxena et al. studied
the material removal process, surface quality, and SiC
migration by studying the micro-EDM process [11].
Using rotary ultrasonic machining, Wang et al. analyzed
the change of fiber breakage with tool vibration for ma-
chining of C/SiC composites [12]. Saxena et al. studied
different machining parameters on the processability of
micro-EDM SiC and found that capacitance, voltage,
and threshold all had a significant influence on the exper-
iment objective, namely MRR, TWR, surface roughness,
and ROC [13]. Wu et al. performed a comparative analy-
sis of the micro surface morphology using laser-ablated
unidirectional fiber end orientation of C/SiCs [14]. Ding
et al. adopted a rotary ultrasonic and conventional drilling
of C/SiC composites to study the cutting force and ma-
chined surface quality [15]. Ji et al. had done electric
discharge milling experiments of SiC ceramic with a tool
electrode made by steel-toothed wheel [16]. Liu et al. ap-
plied single line and spiral scanning methods to analyze
the changes in the processing characteristics with laser
energy density in picosecond laser C/SiC composites
[17]. Zhang et al. probed that fiber orientations have in-
fluence when surface grinding 2D C/SiC composites [18].
A novel monitoring method was found by Diaz et al.,
which is helpful in analyzing the type of crack formation
appearing during machining of CMCs [19]. Wang et al.
investigated a new ultrasonic vibration filing (UVF) for
inner surface machining of C/SiC composites. The cutting
force and surface quality are analyzed and compared with
common grinding (CG) and common filing (CF) [20].
Liao et al. studied the effect of anisotropy of bone on
the chip formation in orthogonal cutting and explained

Fig. 1 SEM image of composite used [22]

Table 1 Main property of C/SiC composite [22]

Properties (at room temperature) Parameters

Density (g/cm3) 1.7

Flexural strength (MPa) 181

Compressive strength ∥ (MPa) 210

Compressive strength ⊥ (MPa) 245

Interlaminar shear strength (MPa) 19–21

Tensile strength at room temperature (MPa) 100

Thermal conductivity (W/m K) 5–6.3

Coefficient of thermal expansion (× 10−6 K) 1.1–2.5

Fig. 2 Sketch map of carbon fiber orientation relative to machining directions
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the chip morphologies in different bone fibers considered
in the model. This study can provide a reference for ma-
chining C/SiC composite [21].

At present, traditional machining methods have been
adopted to machining the 2D-C/SiC composite with wo-
ven structure. At each the same layer, the carbon fiber (0°
and 90°) are simultaneously orthogonally weaved.
Although ceramic and ceramic matrix composites have
been studied through non-traditional machining methods,

a few interesting conclusions are drawn out. However,
very little study has been made in the respect of the fiber
orientation’s effect on the machinability in wire cut elec-
trical discharge machining (WEDM) of 2D C/SiC com-
posites. It includes 0° and 90° carbon fiber that are
weaved at two different structure sheaf, respectively.
Based on related experiments in WEDM of 2D C/SiC
composite, this study focuses the fiber orientation and
electrical parameters’ effects on the machinability, name-
ly, machining speed and surface roughness. The influence
of machining direction relative to fiber orientations is
considered. Besides, the material removal mechanism in
WEDM, this C/SiC composite was also explained. This
study also attempts to obtain some novel and valuable
conclusions to promote the processing efficiency in
WEDM of this composite.

2 Experimental procedure

2.1 Experimental material

The adopted material fabricated by chemical vapor infiltration
in this study contains 65% carbon reinforcement of fiber and
30% silicon carbide matrix). Figure 1 shows the microstruc-
ture SEM image of the composite used that shows each layer
with a thickness of about 350 μm weaved with one direction
carbon fiber bundles. Around the carbon fibers is the matrix
material. The weaved 0° or 90° carbon fiber is spread over in
two different layers, respectively. Table 1 shows the main
property of C/SiC composite.

Table 2 Main parameters of wire electrical discharge machine

Parameters Range/values

Table travel 320 mm× 400 mm

Working fluid Mixed saponified liquid

Pulse width 10–300 us

Pulse interval 2–16 ns

Number of tubes 2–15

Pulse power supply GD-8

Maximum cutting thickness 300 mm

Table 4 Orthogonal experimental
arrangement Serial number A B C Peak current (A)

Pulse width (μs) Pulse interval (ns) Number of tubes

1 20 4 4 2.3

2 20 6 6 2.5

3 20 8 8 2.6

4 20 10 10 2.7

5 40 4 6 3.5

6 40 6 4 1.7

7 40 8 10 3.3

8 40 10 8 2.1

9 60 4 8 4.7

10 60 6 10 4.2

11 60 8 4 1.3

12 60 10 6 1.6

13 80 4 10 6.0

14 80 6 8 3.4

15 80 8 6 2.0

16 80 10 4 1.0

Table 3 Orthogonal factor level for WEDM

Factors Pulse width Pulse interval Number of tubes
A/(us) B/(ns) C

1 20 4 4

2 40 6 6

3 60 8 8

4 80 10 10

Int J Adv Manuf Technol (2019) 102:507–518 509



2.2 WEDM process

Given the woven structure of this material, the orientation of
carbon fiber in the two layers is orthogonal. Figure 2 shows
the sketch map of carbon fiber orientation relative to machining
directions. Due to adjacent two different layers of composites
exiting different orientation of the carbon fibers, machining
directions A and B as shown in Fig. 2 have different effects
on the machinability of WEDM in this material.

The machining direction A (in machined surface A) repre-
sents that the feed direction of molybdenum wire is consistent
with the 0° carbon fiber orientation, and simultaneously perpen-
dicular to the 90° carbon fiber orientation. The machining direc-
tion B (in machined surface B) represents that the feed of mo-
lybdenumwire was perpendicular to both 0°and 90° carbon fiber
orientations. The effects of the electrical parameters (pulse width,
pulse interval, and a number of tubes) on the machining speed
(M.S.) and 3D surface roughness (Sa) were explained, and the
removal process of carbon fiber was also studied in conclusion.

2.3 Experiment design

AWEDM machine (DK7732E) was used to carry out exper-
imental tests. The main wire electrical discharge machine

parameters are given in Table 2. The used molybdenum wire
is with a diameter of about 0.18 mm.

The orthogonal design is adopted in this study because it is
an effective method that is used in the experimental study of
various factors and various levels. In this design, some repre-
sentative points that are evenly distributed are selected from
the comprehensive test for the experiment according to its
orthogonality. According to the machine tool used in these
experiments, the pulse width, pulse interval, and the number
of tubes were chosen as electrical machining parameters and
factors based on an extensive literature survey. The number of
tubes is one of the controlled input variables of the WEDM
machine tool used in this study. It represents the discharge
current as one of the common parameters. For this WEDM
machine tool, one number of tubes denote discharged current
of 1 A. The peak current is mainly decided by the pulse width,
pulse interval, and the number of tubes. Four levels of each of
the parameter were selected. The orthogonal experiment L9

(34) was arranged to carry out the experiments to study their
effects on machining speed and surface roughness. Table 3
gives the orthogonal factor level and Table 4 is the orthogonal
experimental arrangement for WEDM.

The machining speed is the area of the workpiece cutoff in
the unit time. The area of the workpiece is the same in all of

Fig. 3 Effect of peak current on
machining speed (M.S.)

Fig. 4 Main effect plot for
machining speed at machining
direction A
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the experiments. The machining time can be read out by the
electric spark control system. Because of the anisotropy of the
material, it is not accurate in characterizing a machined sur-
face feature of C/SiC composite with the two-dimensional
surface profile parameters (Ra). In contrast, the three-
dimensional surface roughness parameter (Sa) contains more
outline information, so the three-dimensional surface rough-
ness (Sa) was used to evaluate the surface profile. The white
light interferometer named Talysurf CCI 6000 from Taylor
Hobson Company is applied to collect contour data. The
WED machined surface morphology can be obtained from a

scanning electron microscope (Quanta 250FEG from FEI
Company).

3 Results and discussions

3.1 Cutting speed

The peak current is one of the major factors that determine the
single pulse energy. Figure 3 gives the influence of peak cur-
rent on machining speed (M.S.). It is observed that when the

Fig. 5 Main effect plot for
machining speed at machining
direction B

Fig. 6 The interaction plot of
machining speed at machining
direction A

Fig. 7 The interaction plot of
machining speed at machining
direction B
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peak current is increasing, the machining speeds increase for
two machining directions A and B. This is because increasing
the peak current can enlarge the single pulse energy. The dis-
charge mark increases and the machining speeds increase.
From Fig. 3, it is also observed that the slope of the machining
speed is faster at small peak current than that at large peak
current for both two machining directions A and B. The main
reasons can be attributed to the increase of the weeny debris
produced in electric spark discharge at large peak current. The
superabundant weeny debris is not removed in time. The ma-
chining speed is a little higher at large peak current at

machining direction A than that at machining direction B. At
small peak current, the fiber orientation effect on the machin-
ing speed plays a weaker role in WEDM of 2D C/SiC com-
posite. It is also observed that owning to the shielding effect of
SiC matrix, the machining speed is slower in WEDM of
C/SiC composite than that of the traditional metal material.

The main effect plot for machining speed is given in Figs. 4
and 5 at machining directions A and B, respectively. With that
plot, it can be drawn on how one or more categorical factors
influence the continuous response. If the curve is not parallel
to the x axial, there are main effects in the parameter variables.

Fig. 8 Change of surface
roughness (Sa) with peak current

Fig. 9 Main effect plot of surface
roughness at machining direction
A

Fig. 10 Main effect plot of
surface roughness at machining
direction B
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The main effect degree increases with the increase of steep-
ness of the curve.

From Figs. 4 and 5 in WEDM of this composite, it is here
seen that the pulse interval and the number of tubes are sig-
nificant for machining speed at machining directions A and B.
With regard to the pulse power supply used in this study, when
pulse interval decreases or the number of tubes increases, the
peak current directly rises. And then the machining speed
increases. The smaller the pulse interval, the more the number
of discharge machining in unit time is. As the number of the
tubes increases, the current and voltage also increase. For all
the above reasons, the machining speed also increases. At the
machining direction of A, at the pulse width of 60 us, the pulse
interval of 4 ns, and the number of tubes of 10, the machining
speed can get a larger value. At the machining direction B, the
electrical parameters are the pulse width of 20 us, pulse inter-
val of 4 ns, and number of tubes of 10.

Figures 6 and 7 give the interaction plot in WEDM of 2D
C/SiC composite, respectively. The interaction plots are used
to describe the dynamic cooperative relationships between
one factor and another actor. The parallel line in the interaction

plot indicates that there does is no exit interaction. If the dif-
ference slope between lines is greater, the interaction degree is
also higher. From Figs. 6 and 7, it can be seen that the rela-
tionship between the pulse interval andmachining speed relies
on the pulse width. The relationship between the number of
tubes and machining speed relies on the pulse width for both
of the machining directions A and B. That is to say, using
pulse interval of 4 ns, pulse width of 80 us can obtain the
highest value of the machining speed. However, using the
pulse interval of 10 ns, the pulse width of 20 us is also asso-
ciated with the highest mean machining speed. The significant
interaction occurs between the number of tubes and the pulse
width. However, the number of tubes and the pulse interval
have no obvious interaction for both of the machining directions
A and B.

3.2 Surface roughness

Figure 8 gives the change of surface roughness (Sa) with peak
current on at machining directions A and B, which revealed
that as a whole, the surface roughness firstly increases at a

Fig. 11 The interaction plot of
machining speed at machining
direction A

Fig. 12 The interaction plot of
machining speed at machining
direction B
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small peak current and then decreases as the peak current
increases for both machining directions A and B. When the
peak current increases, the single pulse energy enlarges, lead-
ing to a larger discharge mark and recast layer forming in the
machined surface, so the surface roughness increases. When
the peak current exceeds 4.0 A, the surface roughness begins
to decline. As the peak current increases, the part of the
formed recast layer would be gasified. The majority of Sa
gained at machining direction A is higher than that gained at

direction B. It is also observed from Fig. 13 of the surface
topography in WEDM of 2D C/SiC composite at machining
directions A and B, and also it can be seen that there exits
obvious discharge trench in the 0° carbon fiber bundle of the
machined surface.

Figures 9 and 10 represent the main effects plot of surface
roughness at machining directions A and B, respectively.
Unlike the main effect of the machining speed, pulse width
has the most significant influence on surface roughness. With

Fig. 13 Surface topography in
WEDM of 2D C/SiC composite
at the pulse width of 20 us, the
pulse interval of 4 ns, and the
number of tubes of 4

Fig. 14 Surface morphology and
material removal progress using
machining direction A
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the increases of pulse width, the surface roughness shows a
decreasing trend. The increase of the pulse width can make the
discharge time of the single pulse becomes longer, which re-
sults in the local temperature rising. The amount of the ma-
chining for side edge increases and the produced heat ema-
nates fast. With the pulse interval increasing, the surface
roughness also decreases. This can be attributed to the reduc-
tion of pulse frequency and the decrease of discharge machin-
ing number per unit time. For both of directions A and B, the
effect of the number of tubes on smaller roughness has a lot of
volatility, which also indicates that the orientation of carbon
fiber has an important influence on the material removal in
WEDM of this composites. It can be also figured out that
smaller roughness values can be gained under the pulse width
of 80 us, the pulse interval of 10 ns, and the number of tubes of
six. Figures 11 and 12 show the interaction plot of different
electrical parameters at the directions A and B in the machin-
ing of this composite, respectively. Unlike the interaction plot
of the machining speed, the data lines are all nonparallel lines,
which means interaction is occurring. The number of tubes
and pulse interval has an obvious interaction for both of the
machining directions. The fiber orientation has a larger

influence degree on the surface roughness than that on the
machining speed in machining this composite.

3.3 Material removal mechanism

The anisotropy of this 2D composite results in different mate-
rial removal mechanism from ordinary metal materials. Some
special machining features will appear on the machined sur-
face. Figure 13 shows the surface topography in WEDM of
these composites at machining directions A and B using the
pulse width of 20 us, pulse interval of 4 ns, and the number of
tubes of four. It can be observed that there are many discharge
traces in the machined surface at machining direction A. This
is because WEDM composite at direction A can lead to the
discharge traces left along the fiber direction. It also further
explains that the majority of Sa gained at machining direction
A is higher than that gained at the machining direction B in
Fig. 8.

According to Fig. 2 and Zhang’s study [18], there are three
relative position relationships between machining direction
and 0°/90° carbon fiber given in Figs. 14d, 15d, and 16d.
Figure 14 gives surface morphology and material removal

Fig. 15 Surface morphology and
material removal progress using
machining direction A
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progress using machining direction A. It can be seen that the
cut direction of the wire electrode is parallel to the 0° fiber
bundle. As shown in Fig. 14a, during the spark discharge
process, the carbon fiber produces the transverse fracture
and then breaks off from a whole carbon fiber due to the action
of pulse interval. And this also implies that the relative posi-
tional relation between the wire electrode and fiber has an
important effect on the material removal mechanism. When
the wire electrode cuts off a large proportion of the carbon
fiber along its radial direction such as carbon fiber 1 in
Fig. 14d, the action of the impact force and gasification pro-
duces by the microburst in the process of discharge. So, at the
moment, the carbon fiber easily occurs transverse fracture,
and the carbon fiber/SiC interface is damaged simultaneously.
When the fractured carbon fiber falls off from a whole one
then the pit forms, as shown in Fig. 14a. Figure 14b illustrates
that carbon fiber is removed in the form of a longitudinal
fracture. The reason may be is the wire electrode keeps mov-
ing forward and continuously discharging on the workpiece
surface. Figure 14c shows that the recast layer forms on the
machined surface. Its analysis is in the subsequent sections.

From Fig. 15a, it can be seen that some columnar structure
forms in the machined surface. Figure 15b implies that trans-
verse and longitudinal fracture of carbon fiber occurs in the
process of material removal. Because the cut direction of the
wire electrode is perpendicular to 0° fiber, the wire electrode is
always in contact with carbon fiber along its length direction,
as shown in Fig. 15d. In this case, the longitudinal fracture of
carbon fiber plays a dominant role, but transverse fracture
plays a secondary role in the material removal process. From
Fig. 15c, it is observed that interfacial debonding comes into
being and the recast layer is generated. The formation of in-
terfacial debonding can be attributed to that wire electrode that
first comes into contact with the SiC in preference to the car-
bon fiber during the process of spark discharge. This two
different attribute material can lead to a slightly out-of-step
deformation. When the stress produced by the discordant
micro-deformation exceeds the interfacial strength of fiber/
SiC matrix, the initial interfacial debonding starts to occur.

Figure 16 represents the surface morphology and material
removal progress using machining direction B. It can be seen
that the direction B is perpendicular to the fiber orientation.

Fig. 16 Surface morphology and
material removal progress using
machining direction B
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That is to say, the wire electrode cuts 90° carbon fiber along a
radial direction which is also illustrated from Fig. 14d. In view
of this, transverse fracture of this 90° carbon fiber plays a
dominant role during the material removal process. It can be
seen from Fig. 16a–c that the interfacial debonding of fiber/
SiC also produces due to the discordant micro-deformation
between fiber and SiC. Figure 16a also shows that there are
pits and melt formed during discharging on the machined
surface. The melt has not completely covered on the whole
surface. An obvious phenomenon can be observed in Fig. 16b
that there are many micro cracks occurring in the carbon fiber,

and part of the micro cracks was cross. A few cracks also
produce in the matrix surface. The formation of the micro
cracks can also be explained from the thermal expansion and
local microburst due to the discharged energy, which produces
strong shock waves that spread around from the carbon fiber
center when the wire electrode moves into the middle of the
90° carbon fiber along radial direction during discharge. Then,
very high temperatures are generated at the discharged micro-
region. In addition, micro cracks in the carbon fiber are also
attributed to the uneven contraction of fiber along the radial
direction during high-temperature carbonization of the fiber.
Then the radial stress is generated which will constrain cracks
producing to eliminate the concentrated stress. As shown in
Fig. 16c, the alveolate recast layer forms.

Figure 17a represents the morphology machined surface in
WEDM of C/SiC composite. It is observed that machined
surface is carpeted with the recast layer which broadly pre-
sents a nipple shape. The cause might be that carbon dioxide is
produced in the recast layer by the action of carbonization.
Figure 17b and c show the EDS analysis of region A of recast
layer and region B of the machined surface without the recast
layer, respectively. By comparing Fig. 17b and c, it can be
seen that the Fe and Ba are detected on the recast layer and
not on the machined surface without a recast layer. The pos-
sible reason is that some Fe and Ba from molybdenum wire
diffuse into the recast layer during the WEDM process. It also
can be seen that the mass percentage of Si and O on the recast
layer is higher than that on the machined surface without the
recast layer. It can be inferred that iron silicide and oxygen
compounds may be produced in the recast layer by the com-
bination reaction in WEDM process. In addition to this, it is
observed in Fig. 17b that partially removed carbon fiber is left
in the recast layer.

4 Conclusions

(1) As the peak current increases, the machining speeds in-
crease for two machining directions A and B. The ma-
chining speed is slower in WEDM of C/SiC composite
than that of a traditional metal material. The fiber orien-
tation effect on machining speed plays a weaker role in
the WEDM of a 2D C/SiC composite.

(2) Under machining direction A, at the pulse width of 60 us,
the pulse interval of 4 ns, and the number of tubes of 10,
the machining speed can get a larger value. For the ma-
chining direction B, the electrical parameters are the
pulse width of 20 us, the pulse interval of 4 ns, and the
number of tubes of 10. For machining speed, the number
of tubes and the pulse interval have no interaction for
both of the machining directions A and B.

(3) In general, the surface roughness firstly increases at a
small peak current and then decreases as the peak current

(a) SEM of the machined surface

(b) EDS for region A

(c) EDS for region B

Fig 17 SEM of the machined surface and related EDS in WEDM of
C/SiC composite. a SEM of the machined surface. b EDS for region A.
c EDS for region B
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increases at both machining directions (A, B). The pulse
width has a significant effect on the surface roughness.
For the surface roughness, the number of tubes and the
pulse interval have an obvious interaction at both ma-
chining directions (A, B). The fiber orientation has a
larger influence degree on the surface roughness than
that on machining speed in WEDM of this composite.

(4) The carbon fibers are removed in the form of transverse
and longitudinal fracture. Whether the longitudinal frac-
ture or the transverse fracture of carbon fiber plays a
dominant role depends on the machining direction rela-
tive to 0°or 90° fiber orientations in the material removal
process. Interfacial debonding of carbon fiber/SiCmatrix
also produces. Pit and recast layer generate on the
WEDM surface. There are many micro cracks occurring
in the carbon fiber, and part of the micro cracks was
cross.
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