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This work investigated electrical discharge machining (EDM) of carbon fiber reinforced
carbon composite material. The characteristics of composites machined by EDM were
studied in terms of machining parameters. An empirical model of the composites was also
proposed based on the experimental data. The composite material was produced by an
electrical discharge sinker using a graphite electrode. The workpiece surface and
resolidified layers were examined by scanning electron microscopy (SEM). Moreover,
surface roughness was determined with a surface profilometer. Experimental results
indicate that the extent of delamination, thickness of the recast layer, and surface
roughness are proportional to the power input. The EDM process effectively produces
excellent surface characteristics and high quality holes in composites under low discharge
energy conditions. © 2001 Kluwer Academic Publishers

1. Introduction holes in metal matrix composites. Hashish [12] found
Carbon fiber reinforced carbon composites are highlthat piercing holes in composite laminates with a high-
promising materials for applications in the aeronau-pressure water jet resulted in fracture, cracking and de-
tic and aerospace industry including rocket exit nozdamination. Ramulwet al. [13, 14] obtained machin-
zZles, nose caps, pistons for internal combustion enginespility data on SiCw/Al metal matrix composite and a
and fusion devices. These composites have advantagesramic composite TiBSiC for the electrical discharge
over other materials due to their superior strength-tomachining (EDM) processes.

weight and stiffness-to-weight ratios and high service Electrical discharge machining is a widely accepted
temperatures [1-5]. However, they are anisotropic anghrocess for producing complicated shapes and tiny
non-homogeneous, and their intrinsic brittleness an@pertures accurately. A major advantage of EDM is
hardness make machining difficult, thus limiting their that the tool and the workpiece do not come into con-
usefulness. Earlier investigations have discussed thiact, thus eliminating chatter and vibration problems
peculiarities of machining composites. Hochesigl.  and allowing small or thin components to be machined
[6, 7] described the feasibility of applying conventional without mechanical force. This method is considered
machining techniques to machining composites. Acsuitable for machining materials that are extremely
cording to their results, conventional methods damagéard, strong, and wear or temperature resistant [15, 16].
the workpiece through chipping, cracking, delamina-Although a few studies [17, 18] have examined this
tion and high wear on the cutting tools, but severalresearch field, clear correlation among processing vari-
nontraditional machining methods [8, 9] are applica-ables of EDM and the machinability of composite ma-
ble. Furthermore, Hamatagtial. [10, 11] experimented terials remain uncertain. Thus, this work investigates
with using abrasive water jets to produce slots andhe characteristics of EDM machined surfaces and the
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effects of processing variables on delamination, recas2.3. Surface examination

layer, surface roughness, and material removal rateThe structure of the EDM area was examined with scan-

Mechanisms for material removed are also proposeding electron microscopy (SEM) to determine the na-

herein. ture of damage. The thickness of the recast layer was
obtained by calculating the average of 25 readings mea-
sured at various locations on the cross section. A pro-

2. Experimental procedures filometer was used to measure the surface roughness of

2.1. Preparation of the composites the specimens.

Plain weave carbon fabrics were impregnated with phe-

nolic resin using a wet dipping technique. The fabrics

were then placed in a circulation air oven at Wfor 3. Results and discussion

two hours to remove excess solvent. The raw materi3-1. Removal mechanisms

als used in this study are summarized in Table I. Thé=ig. 1 shows the machining surface from the EDM pro-
prepreg hand lay-up method was used to laminate eigt€ss. This scanning electron micrograph reveals that the
layers of impregnated fabrics. The stacked fabrics weréandomly distributed white layers and solid particles are
then p|aced ina picture frame mold and Compression[eSO”diﬁEd and remain attached to the eroded surface.
molded at 150 C under a pressure of 13.5 MPa for The micrograph displays that the particles formed by
half an hour. Post-cured process was performed iglectrical discharge are solid spheres, and range from
an air circulation oven at 175C for 36 hours. The 3—30/,Lm in diameter. The solid behavior attributed to
post-cured carbon/phenolic composites were cut intéhe discharge channel temperature is higher than that
50 x 10 x 1 mm specimens using a diamond saw undef molten particles ejected from the crater and nucle-
water cooling. The carbonization process was accomation generally starts internally. The perfectly spherical
plished at 2200C in a high temperature tube furnace particles were apparently re-solidified from the gaseous
for 1 hour under an argon atmosphere at a constant g&ate, whereas irregularly recast Iayers were solidified
flow rate of 6x 10~3m® hour-1, where the furnace was from the liquid state. Previous studies of the EDM sur-
heated at a rate of 3@ hour . The density of the fab- face morphology and debris have demonstrated that

ricated carbon fiber reinforced carbon composites wa§omposite material was removed in both the liquid and
1470 kg nt3. gaseous states [19, 20].

2.2. Parameters in EDM 3.2. Correlation between hole quality

An electrical discharge sinker machine equipped with_, and machining parameters

a servo-controlled head was employed to perform th ig. 2a and b summarize the effects of pulse current
machining experiments. Meanwhile, graphite was use(‘,’imd pulse-on durgtlon on the h.ole edge damage. pro-
as the tool electrode for cutting purposes. The electrodguced by 1 mm d|ame§er graphite electrode, and indi-
was cylindrical with a diameter of 1 mm. The tool elec- cate the SEM photomicrographs of .bOth the top and
trode was positively polarized and the workpiece served?©tom surfaces for holes produced in composite ma-

as negative polarity during the EDM process. Kerosenéerial' Clearly, unlike with conventional machining and

was used as the dielectric fluid. The working voltage!Vater jet drilling, the edges of the hole are completely
ee from burrs. During processing, working conditions

between the composite and the electrode was 35 V.~ . Y 1 ;
The pulse currentlf) varied from 1 to 5 A, with a can influence the |nC|dence_ of tear-like or delamina-
duty factor of 90%. The pulse-on duratioty{) from tion damages. When applying the smaller pulse cur-
20 to 220.s was employed. After each experiment, "€t 1 A and the pulse-on duration 205, the hole
quality was good and no machining damage was ob-

the change in volume of the workpiece, and the ma : . . )
chining time were recorded. The value of the materiaS€"Ved in composite laminate on either the top or bottom
surfaces. However, as the current and pulse-on dura-

removal rate was evaluated for each condition by di->~"'° d. the d I h 260 Such
viding the measured amount of material removal by thd'o" Increased, the damage could reach 0@ Suc
machining time.

TABLE | Resin and carbon fabrics materials . Y
Specification Code Supplier
Resin PF-650 Chung-Chun Plastics Co. Ltd
Resole type phenolic resin Taiwan
PH=8.0-8.5
Solid content: 62%
Viscosity at 25C:
0.10-0.25 Pa sec
Caron Fabries TR30KC oD o Reyon Co. Lid 8993 20KU  X1,809 19rm WD39
2000 kg nT?
Fiber diameter: 7.qum Figure 1 Scanning electron micrograph of the EDM surface (pulse cur-

rent 3 A, pulse-on duration 20s).
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I,=1A [bottom]
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(b)

Figure 2 (a) SEM photomicrographs of the top/bottom surfaegs£ 20 s, electrode diameter 1 mm). (b) SEM photomicrographs of the top/bottom
surfaces fp = 1 A, electrode diameter 1 mm).

damage extends far beyond the thermally influence®.3. Correlation between delamination

area and into the base material, causing stress concen- factor and machining parameters

tration along the holes, and eventually decreasing th®uring the EDM process, the extremely high temper-
service strength. These results also demonstrate that tléure produced by electrical discharge sparks rapidly
machining quality on the bottom surface is superior tovaporizes the dielectric fluid and creates pressure im-
that on the top surface. pulses around the tool electrode. The impact pressure
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and high thermal stresses generated by the dischardere, properly choosing operating parameters can elim-

produces the delamination in the machining surfaceinate the damage to the workpiece. Regression anal-

The extent of delamination can be determined accordysis of the experimental data produces the empirical

ing to the maximum hole diameter in the damage zondormula

(Fig. 3). Herein, the delamination factor is proposed

to facilitate analysis of the delamination degree and Dt = 0.8151 0081327 2)

comparison with different machining conditions. The

delamination factor is defined as wherel, denotes the pulse current ang represents
the pulse-on duration. Equation 2 gives average error

D = dmax/d (1)  of 6.3% with respect to the experimental results.

where D¢ denotes the delamination factofax repre- 4 C lation bet t]
sents the maximum diameter of the damage zone, an%i‘ : o(;re a 'ﬁ.n petween recast layer

d is the hole diameter. Fig. 4 shows the correlation be—The :Sfatrzgagf th;r\Z\?oﬁ(a:dectl?)rsZst 1o the electrode
tween the delamination factor and machining parame:- P

. : .. in EDM is subjected to a temperature rise of up to
ters for the drilling of the composites. The delammatlon40000 K [21]. The upper material in the extremely high

factor clearly increases with the energy supply. This mperature region will vaporize, while the lower ma-

increase occurs because the impulse force increasi%nal will melt. The present investigation attempted to
with increasing discharge energy, thus increasing th : P 9 P

delamination degree. The variation in the maximumevaluate the effect of process parameters on the recast

diameter of the damage zone under coarse conditior@ye.r of the composite mat'erlal by examining a cross
section of the specimen. Fig. 5 depicts scanning elec-

was higher than under fine cutting conditions. There- . . . :
tron microscopy observation of the composites. Obvi-

ously, two regions are present in the composites: one

is the original material and the other is the recast layer
— (which has a white color). A smaller thermal gradi-
ent occurs at the lower pulse current, thus forming a
thinner recast layer. The recast layers appear thicker
as pulse current increases, since at a higher pulse cur-
rent, a steeper thermal gradient builds up in the com-
posites, possibly causing a thermal effect beneath the
melting zone. This phenomenon leads to a greater resid-
ual melted layer that is not flushed out by the dielectric
fluid, and that then resolidifies and remains attached
to the machined surface. Fig. 6 shows the thickness of
the recast layer on the machined surface under various
d machined conditions. The figure shows that the pulse
Delamination factor = —max current has a greater effect on the surface roughness
than the pulse-on duration. The correlation between the
thickness of the recast layeatk) and machining condi-
tions using regression analysis yields

8858 20KV %50 100Fm WD39

Figure 3 Estimation of the delamination factdi,(= 3 A, Ton = 100us,

d=1mm).
4 o = 136961 %570 (3)
] where the constants depend on electrode materials, the
- A A type of dielectric, and the flushing conditions. Equa-
13 . dh 3A tion 3 gives average error of 6.3% with respect to the
5 experimental results.
g 1 ¢
8 § 3.5. Correlation between material removal
= 12 1 rate and machining parameters
E ] Flg. 7 presents the material remqval rakéRR dur-
> ] ing the EDM process as a function of pulse-on du-
SR ration and pulse current. Clearly, the value MRR
7 initially increases with pulse-on duration owing to the
] greater energy input rate. At a small pulse-on dura-
10 . tion, the discharge energy is insufficient and BR
. T T 1 1 1 1 I { I I i I I I

is unable to rise. A pulse-on duration of 10& re-

0 100 200 300 moves material more effectively than other times, but
beyond this level the high energy input becomes inef-
ficient and theMRR decreases. Additionally, the sur-
Figure 4 The correlation between delamination factor and machiningfa‘ce temperature mcrease; with the pulse-on duration
conditions. and consequently the melting boundary deepens and

Pulse-on duration (us)
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Figure 6 Thickness of the recast layer under various machined condi-

tions.
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Figure 5 SEM photomicrographs of the recast layer of the composites
after EDM at () 1 A, (b) 3 A, and (c) 5 A. The pulse-on duration is Figure 7 Variation of the material removal rates of the composites dur-
100 us. ing EDM process as functions of pulse current and on duration.

widens. This phenomenon prevents the melted mate3.6. Correlation between surface roughness
rial from being completely flushed out by the dielec- and machining parameters
tric fluid and disturbs the gap condition for the next Fig. 8 displays the SEM micrographs of the machined
discharge due to the eroded chips filling the gap. Theurfaces formed at a normal discharge. Wét 1 A
MRR for a larger pulse current with a higher energy pulse current, the surface characteristics are relatively
input rate also exceeds that for a smaller pulse currengmooth. However, when the discharge energy increases
A pulse current b5 A and duration of 10@ts produces to 5 A, the machined surface shows irregular valleys,
the highest removal rate, of 0.768 rimin—?. and deeper and longer grooves craters are formed by the
Using regression analysis to reveal correlation be€lectrical discharge channel. Carbon fiber reinforced
tween the material removal rate and machining paramcarbon composites are anisotropic, and thus the strength
eters produces: and thermal conductivity of the composite material de-
pends on the fiber direction. Therefore, crater shape re-
MRR= 0.378 3216 r(?ho“l aston < 100us  (4) latesstrongly to fiber direction and the discharge chan-
nel position. If the axial direction of the adjacent fibers
MRR= 4.400l ,?‘134 75,0428 aste, > 100us  (5)  runsatatangentto the region of the discharge crater, the
crater is narrow. The narrow crater is aresult of less heat
Equations 4 and 5 give average errors of 6.2% and 4.8%onduction along the transverse direction of the fiber.
respectively correspond to the experimental results. When the fibers are positioned at the crater margin,
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Figure 9 Surface roughness of the EDM surface under various machined
conditions.

be obtained by setting the machine parameters at low
pulse currents and a small pulse-on duration, but this
approach is more time consuming. The surface rough-
ness Ry) is affected by the process parameters of pulse
current and pulse-on duration. Regression analysis of
the experimental data produces the empirical model

8134 2@KV “20@ 18@rm WD33

Ra = 1.3261 2245210 (6)

Equation 6 gives average error of 6.1% with respect to
the experimental results.

4. Conclusions
The experimental investigation of the carbon fiber rein-
forced carbon composite material has led to empirical
(©)5 A formulae at various machining conditions and obtained
the following conclusions. Smaller pulse energy can
Figure 8 Surface morphology of the faces after EDM with (a) 1 A, prevent delamination defects around holes in compos-
(b) 3 A, and (c) 5 A pulse current, observed by SEM. The pulse-onjtes on both the top and the bottom surfaces. Moreover,
duration s 10Qus. increasing the discharge energy causes high tempera-
tures. This phenomenon increases surface roughness,
creates a much larger recast layer and more delamina-
the delamination propagation occurs more easily alongion on the cutting edge. The optimum material removal
the longitudinal direction than the transverse directionrate for the composites is at a pulse currefré & and
This phenomenon causes the crater to extend along tiéepulse-on duration of 10@s. Meanwhile, composites
fiber direction. Therefore, material surface formationare removed by melting and vaporization. Based on the
by the EDM process in this composite material differsexperimental results obtained herein, EDM can be suc-
from that of metals. Notably, the increase of crater deptteessfully applied to machine carbon fiber reinforced
with the applied pulse current appears minimal under &arbon composite material.
small input energy.
EDM erodes surfaces randomly. To determine the
effect of the EDM on the surface roughness of com-Acknowledgment
posites, this study measured the surface profiles of th&he authors would like to thank the Lien-Ho Educa-
topography of the EDM surfaces. Fig. 9 shows the meational Foundation for financially supporting this re-
surement results. Clearly, a poorer surface finish is obsearch under Contract No. 87-0-B1-E1-03.
tained with higher pulse current, since a higher pulse
current causes more frequent cracking of the dielec-
tric fluid, hence more frequent melt expulsion, and aReferences
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