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Short fiber/ceramic composites with a relatively low price and facile preparation procedure have been widely used, and waterjet
is commonly used to machine hard materials because of its high efficiency. However, there is a limited number of works on the
waterjet-machining behavior of ceramic incorporated with short fibers. In this study, an in-situ C¢/Al,O3 composite was prepared
by in-situ transforming pre-oxidized poly-acrylonitrile fibers into carbon fibers during uni-axial hot-pressed sintering of an
alumina matrix. Under the uni-axial pressure, the fibers were preferably orientated parallel to the hot-pressed surface. Pristine
AL Os ceramic was selected to be compared with the composite. Experimental results demonstrated that the machined surface
with most of its fibers being parallel to it exhibited a satisfactory machining behavior. In this situation, the average piercing
depth of the composite was approximately 1.5 and 57 times higher than that of the Al,O3 ceramic machined with pure waterjet
and abrasive waterjet, respectively. Erosion mechanisms associated with the pure-waterjet piercing of the composite were
alumina-matrix intergranular or transgranular fractures and fiber spalling or fracture. For the abrasive waterjet, micro-fracture of
the alumina grains and fibers together with a grain plastic deformation and abrasive micro-melting were discovered to be the
dominant erosion mechanisms. It was concluded that waterjet is an effective method for piercing short fiber/ceramic composites
but the piercing behavior is closely related to the fiber orientation.

Keywords: ceramic-matrix composite, carbon fiber, waterjet, piercing

Kompoziti s kerami¢no matrico in kratkimi vlakni kot ojacitveno fazo so relativno poceni, ker jih je mozno izdelovati z enostav-
nim postopkom. Rezanje oz. mehanska obdelava zelo trdih materialov se pogosto izvaja z vodnim curkom, ki je zelo u¢inkovit
postopek. Vendar pa je bilo do sedaj izvedeno zelo majhno Stevilo Studij, ki obravnavajo obnaSanje vodnega curka med
prodiranjem skozi kerami¢ne materiale v katerih se nahajajo kratka vlakna. V $tudiji so avtorji izdelali Ci/Al,O3 kompozit z
in-situ pretvorbo predoksidiranih poliakrilonitrilnih vlaken v ogljikova (Cs) vlakna, med enoosnim vro¢im sintranjem pod
tlakom Al,Os; matrice. Pod enoosnim tlakom so se vlakna prednostno orientirala vzporedno z vroce stiskano povrsino. Za
primerjavo z izdelanim kompozitom so izbrali izhodno Al,O; keramiko. Eksperimentalni rezultati so pokazali, da je mehansko
obdelana povrSina z vec€ino paralelnih vlaken, ustrezna. Povpre¢na globina prodiranja vodnega curka v kompozit je bila
priblizno 1,5-krat vecja pri uporabi Cistega vodnega curka in 5- do 7-krat vecja pri uporabi vodnega curka z dodatkom abraziv-
nega sredstva, kot pri primerjalni ¢isti Al,O; keramiki. Mehanizmi erozije prodiranja s Cistim vodnim curkom so v keramic¢ni
matrici imeli znacilnosti inter- in trans-granularnega preloma ter drobljenja vlaken. Pri uporabi vodnega curka z dodatkom
abrazivnega sredstva je priSlo do mikro-prelomov kerami¢nih zrn skupaj z vlakni. Pri abrazivhem vodnem curku so bili
prednostni erozijski mehanizmi mikro-lomljenje zrn Al,O; in vlaken skupaj s plasticno deformacijo in mikrotaljenjem delcev
abrazivnega sredstva. Avtorji v ¢lanku zakljucujejo, da je vodni curek ucinkovito sredstvo za mehansko rezanje keramic¢nih
kompozitov, ojacanih s kratkimi vlakni, toda nacin prodiranja vodnega curka v material je ozko povezan z orientacijo vlaken.

Klju¢ne besede: kompoziti s kerami¢no matrico, ogljikova vlakna, vodni curek, prebadanje

1 INTRODUCTION Hamatani et al.” explored the machinability of TiB,
particulate-reinforced SiC exposed to an abrasive
waterjet. The depth of slot decreased as the cutting-head
speed increased and a piercing hole with a better cutting
edge and minimal damage was produced at a small
standoff distance. K. Balamurugan et al.®® explored the
abrasive-waterjet cutting performance of LaPO, doped
with Y,O; particles. The repetitive cyclic impact load of
hard SiC abrasives and water-cooling effect induced a
thermal stress, which weakened the grain boundary and
caused the propagation of microcracks. M. Ramulu et
al.!? reported on the abrasive-waterjet machining mecha-
nism of continuous Si-C-O fiber-reinforced 3-SiC. The
*Corresponding author's e-mail: piercing process of a composite could be considered as
iamgiaoxu@163.com (Xu Qiao) many micro-crack-initiation and erosion cycles. Erosion

The waterjet technology is one of the most powerful
cutting processes that can deal with basically all kinds of
materials without any limitations."> The behavior of
waterjet-machined ceramics has been reported by nume-
rous research works.>* But only a few research studies
focus on the machinability of ceramic-matrix composites
machined by waterjet.> E. Savrun et al.® reported on the
feasibility of finishing a SiC whisker/Al,O; composite
with an abrasive waterjet. As the machining speed in-
creased, the surface became rougher and plastic defor-
mation turned into the dominant erosion mechanism. G.
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mechanisms are micro-fractures of fiber cloth and SiC.
However, to the best of our knowledge, there are very
few works dealing with the waterjet machining behavior
of ceramics incorporated with short fibers.

Short fiber/ceramic composites with relatively low
prices and facile preparation procedures have been
widely used. They are a popular alternative to pristine
ceramics used in various areas, such as microwave-
absorbing materials'' or aircraft engine parts.'> An in-situ
Ci/Al,O5; composite is prepared with a novel technique
including sintering of alumina and synchronous in-situ
transformation of pre-oxidized poly-acrylonitrile (PAN)
precursor fibers into carbon fibers,!* reducing the syn-
thesis cost and protecting the carbon fibers against
damage during the preparation process.

In this work, the piercing behavior and erosion
mechanisms of the in-situ C/AlLO; exposed to a pure
waterjet and abrasive waterjet were investigated. This
research helped us improve and extend the usage of the
novel composite for different applications, and promote
the application of waterjet in the machining of ceramics
incorporated with short fibers.

2 EXPERIMENTAL PART
2.1 Materials

The in-situ C/AlL,O; was fabricated using uni-axial
hot-pressed sintering in a vacuum. Raw materials
included a 77 ¢% a-Al,O; powder (the average grain
size of 5.2 um), 20 ¢% PAN fibers (a density of
1.4 g/cm?® and a length of 3-5 mm) and a 3 ¢%
Ca0-MgO-SiO; fluxing agent. All of the raw materials
were uniformly mixed, and then the mixture was placed
into a graphite mold to be treated with hot-pressed
sintering in a vacuum chamber at 1550 °C. During the

(@)

P surface(Hot-pressed surface)

uni-axial hot-pressed sintering process, the PAN fibers
were in-situ transformed into carbon fibers and these
were preferably orientated parallel to the hot-pressed
surface. As shown in Figure 1, on the P surface, 90-95
% of the fibers were parallel to the surface, while on the
N surface, most of the fibers (90-95 %) were normal to
the surface. A homemade Al,O; ceramic was selected for
comparison with the in-situ C/Al,Os. The Al,O; ceramic
was composed of a 97 % a-Al,Os; powder and a 3 %
Ca0-MgO-SiO, fluxing agent and was also prepared
with hot-pressed sintering in a vacuum at 1550 °C. All
the test materials were cut into cuboids with dimensions
of 15 mm x 10 mm x 8 mm.

2.2 Pure waterjet

Experiments were conducted with an in-house deve-
loped waterjet system. The pure waterjet was generated
by forcing pressurized water through a nozzle with an
orifice of 100 pm in diameter. The water-supplied pres-
sure was 207 MPa, providing a stable and continuous
waterjet. Figure 2a depicts the structure of the pure
waterjet used in this work. In the core zone, the axial
stagnation pressure remains constant, which is equal to
the axial pressure at the exit of the nozzle. In the
transition zone, the axial stagnation pressure reduces
along the jet axis. With the aim of exploring the piercing
behavior of the composite at a low impingement power
first, the standoff distance was set to 68 mm. According
to Equations (1-2), the waterjet was in the transition
zone. The axial stagnation pressure and the diameter of
the waterjet before hitting a sample was estimated to be
approximately 52 MPa and 0.22-0.33 mm, respectively,
according to Equations (3—4).'%15 The test time was 300 s
to ensure that the pierced holes were easy to observe.
The relationship between the fiber orientation and

Pressure direction during sintering

In-situ transformed
carbon fibers

N surface

Figure 1: a) Fiber orientation in in-situ C¢/Al>O3; microstructures of b) in-situ C¢/Al,O3-P, ¢) in-situ C¢/Al,03-N, d) Al,O3
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piercing behavior was studied by piercing both the P
surface and N surface of the composite. Al,O; was tested
under the same condition, as illustrated in Figure 2b.
Machinability of the materials was evaluated with the
piercing depth and material mass loss. Micromorphol-
ogies of the pierced holes were observed and analyzed
with a HITACHI-3400N and SU8030 field-emission
scanning electron microscope (SEM) using Oxford
energy-dispersive spectroscopy (EDS).
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Here, x. is the axial length of the core zone (m); p is
the pump pressure (Pa); x, is the axial length of the
transition zone (m); pm is the axial pressure of the
waterjet (Pa); ¢ is the discharge coefficient, which is
measured to be 0.97; x is the standoff distance (m); d is
the diameter of the waterjet in the transition zone (mm);
k is the coefficient in the range of 0.06-0.09; d, is the
orifice diameter (mm).

2.3 Abrasive waterjet

Investigation of the piercing behavior of the in-situ C¢
/AL, Os; machined with pure waterjet clarified the machin-
ability and mechanisms occurring under a low impinge-
ment power. To further study the piercing behavior of the
composite exposed to an abrasive waterjet, we explored
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Figure 2: a) Structure of pure waterjet, b) schematic diagrams of

piercing experiments with pure waterjet
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the machining efficiency and erosion mechanisms under
a high impingement power.

An abrasive-waterjet cutting system manufactured by
Flow, Inc. (model 2b) was employed. The water-supplied
pressure was also 207 MPa. Figure 3a depicts how an
abrasive waterjet is formed. The velocity and power of
the abrasive waterjet were roughly 476 m/s and 1807 W,
as calculated by Equations (5-6). The viability of drill-
ing the composite with abrasive waterjet was tested on
the P surface under high and low impingement energies
(energy here is the impingement power multiplied by the
test time). Al,O; was also tested under the same con-
dition (Figure 3b). Under the high energy, the standoff
distance was 18 mm and the test time was 6 s. An exten-
sion of the test time would have totally damaged our
specimens. Under the low energy, the standoff distance
was 40 mm and the test time was 4 s. Although the test
time was quite short, the impingement energy of the
abrasive waterjet was quite stable. The experimental
difference was only about 5 % for the same sample
pierced by the abrasive waterjet under the same con-
dition. 80 mesh garnet with a sharp and irregular shape
was chosen as the abrasive because it shows the optimum
machining ability in most cases.!®!

The machinability of the composite was evaluated
with piercing depths, top diameters of the piercing holes
and material mass losses. An Alicona® Infinite focus
microscope was adopted to obtain 3D profiles of the
holes. Mass losses of the specimens were acquired with a
high-precision electronic balance with an accuracy of
0.0001 g. Micromorphologies of the holes were observed
with the SEM and EDS mentioned in Section 2.2.
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Figure 3: a) schematic diagram of abrasive waterjet, b) piercing expe-
riments using abrasive waterjet
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Here, v. is the velocity of the abrasive waterjet (m/s);
vy is the velocity of the waterjet before its mixing with
the abrasive (m/s); w, is the abrasive flow rate (kg/s); pw
is the density of water (kg/m?); Q is the water flow rate
(m?/s); P, is the power of the abrasive waterjet (W); p is
the pump pressure (Pa).

(6)

3 RESULTS AND DISCUSSION
3.1 Machinability in the case of pure waterjet

In terms of the piercing depth (Figure 4a), the in-situ
Ci/Al,O; shows a comparable or larger piercing depth in
comparison to Al,O;. As for the influence of the fiber
orientation, most of the short fibers parallel to the
machined surface improve the machining efficiency. The
piercing hole of the in-situ C/Al,O;-P was, on average,
deeper than that of the in-situ C/AL,Os-N, and the diffe-
rence between them was about 50 um.

In terms of top diameters of the piercing holes, all of
the test materials displayed irregular shapes (Figure 4a).
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Figure 4: a) piercing depths and b) material mass losses of test
materials
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Therefore, the evaluation of the piercing rates by com-
paring the top diameters was not adopted. However, in
the Al,O; without the fibers, when it was hit by the
waterjet, cracks propagated relatively freely along the
grain boundary or through grains. Nevertheless, in the
in-situ C/Al,Os, the propagation of cracks was hampered
by the carbon fibers. Consequently, from the top view,
the piercing holes of the in-situ C/ALO; are relatively
regular and round compared to ALOs.

The other comparative criterion, the material mass
loss, exhibits a trend similar to that of the piercing depth.
The average mass loss of the in-situ C/Al,Os-P is the
highest among all the test materials (Figure 4b).
Material losses of Al,O; vary strongly due to its inherent
brittleness. The mass losses of the composite are there-
fore much more stable.

3.2 Erosion mechanisms due to pure waterjet

As a waterjet hits a sample surface, the free end
surface of the jet beam is compressed greatly because of
a sudden change of the waterjet velocity. The compres-
sion of the free jet beam forms a shock energy wave
absorbed by samples. A pristine ceramic usually absorbs
the external energy by means of crack generation and
propagation because its rigid structure leads to a lack of
plastic deformation.!® Cracks are easily formed on weak-
ness planes and grain boundaries. The waterjet beam
flows into the cracks and then this fluid "wedge" is
pressurized by the arrival of the subsequent slug of
water, creating a higher-pressure wedge, which lengthens
the existent cracks.!” The cracks propagate in the radial
and vertical directions and come across each other
causing material removal. It can be seen in Figure Sa
that Al,O; pierced by the pure waterjet displays an inter-
granular or transgranular fracture. As for the composite,
the alumina matrix displays similar morphologies with
Al O3, namely an intergranular or transgranular fracture.
In addition, fiber spalling or pullout are observed (Fig-
ures Sb to Sc). Fiber orientation has a significant effect
on the machinability and erosion mechanisms. Interfaces
between fibers and the alumina matrix are hetero-
geneous, having a lower strength than that of the alumina
grain boundary and intragrain region. For the in-situ
Ci/Al,05-P, 90%—-95%, fibers are parallel to the surface.
When the waterjet penetrates interfaces, fibers are easy
to spall so alumina grains around the fibers are relatively
easy to be removed, giving rise to a better machinability.
On the other hand, for the in-situ C/AlOs-N, 90-95 %
of the fibers are normal to the surface. When the waterjet
penetrates the interfaces, the fibers are hard to spall,
inhibiting the crack growth, so the material removal rate
is quite low. When alumina grains around the fibers are
removed, the fibers are pulled out and removed by the
water. The above erosion mechanisms are also illustrated
in Figure 5. The longer the fiber that is to be pulled out,
the more energy is needed. The ratio of the highest
fiber-pullout energy to the highest fiber-spalling energy
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Figure 5: Micromorphologies of: a) Al;03, b) in-situ C¢/Al,O3-P and
¢) in-situ Ci/AlLO3-N pierced by pure waterjet

is roughly three times the ratio of the elastic modulus to
the tensile fracture strength of a fiber,?° so in this case,
the highest fiber-pullout energy is about 180 times the
highest fiber-spalling energy. That is to say, the fiber
pullout consumes a significantly greater amount of the
waterjet energy than the fiber spalling. Therefore, the
material mass loss of the in-situ C/Al,Os-N is the lowest
among all the test materials.

The composite has a lower density and hardness
value compared with ALL,O; because of the carbon-fiber
addition. ' Densities, instead of hardness values, are
closely related to the piercing depth of the test materials
(Figure 6). The in-situ C/Al,O3-P is easier to be
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Figure 6: Relationship between material losses and a) microhardness
values, b) densities of test materials

machined than ALLOs;. However, the machinability of the
composite is very sensitive to the fiber orientation: when
most of the fibers are normal to the surface, the fiber
pullout absorbs plenty of machining energy and weakens
the piercing capacity.

3.3 Piercing behavior in the case of abrasive waterjet

When pure waterjet pierces the in-situ C/ALOs;, the
machined surface with most of its fibers being parallel
shows a better machinability than the surface with most
of its fibers being normal to it. Therefore, during the
following experiments with an abrasive waterjet, we only
focused on the piercing behavior of the in-situ
Ci/Al,Os-P and, correspondingly, chose AL,Os-P for com-
parison.

The in-situ C/Al,Os-P pierced by an abrasive water-
jet is super-efficient. Piercing holes of the composite are
deeper and narrower than those of the pristine alumina
(Figure 7). The piercing depth of the composite is
around 5-7 times higher than that of ALOs-P. Besides,
the piercing depth of the composite grows rapidly with
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an impingement-energy increase in comparison to the
pristine ceramic. Moreover, under both high and low
impingement energies, the average top diameters of the
piercing holes of the composite are smaller than that of
the pristine ceramic, being 1.9 mm and 1.5 mm, respect-
ively. With regard to material losses, the composite
displays a higher mass loss than the pristine ceramic.
The piercing behavior in the abrasive-waterjet machining
of the in-situ C/Al,Os-P is quite satisfactory, especially
under the high impingement energy.

3.4. Erosion mechanisms due to abrasive waterjet

Morphologies of the piercing holes of the in-situ
C¢/Al;,O3-P under the high impingement energy are

782

In-situ C/ALO,

mass losses of test materials pierced by abrasive waterjet

shown, from the top to the bottom, in Figure 8. At the
top, alumina grains reveal transgranular or intergranular
fractures and a plastic grain deformation. However, no
fibers are observed. The composite is repetitively im-
pinged by ultra-high-speed abrasives, generating a huge
amount of thermal energy. Because alumina has a low
thermal conductive coefficient, the localized thermal
energy is high enough to soften alumina grains or induce
an intergranular slip and thus the alumina matrix
displays plastic deformation.?! The heated zone then
suddenly cools down by following the excess water flow,
which creates the thermal stress promoting the crack
growth.?? The reason why no fibers or fiber spalling are
observed is because fibers detach from the alumina
matrix under an impact of an ultra-high-speed abrasive

Materiali in tehnologije / Materials and technology 53 (2019) 6, 777-784
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waterjet and then the alumina grains at the interface are
removed easily and quickly or some alumina grains
plastically deform, covering spalling spots. In addition,
localized micro-melting of abrasives is found in some
areas, marked by blue. Abrasives repetitively impact the
composite at an ultra-high speed generating a great
amount of thermal energy and frictional heat, which
produces the melting effect.?? According to the EDS
results, as illustrated in Figure 8d, the contents of the Fe
and Si elements at the plastic-deformation spots and
melting spots are higher than in the alumina matrix.
Garnet abrasives are composed of iron oxide and silicon
dioxide. This confirms the interaction between the abra-
sives and alumina. In addition, a few garnet abrasives are
found at the bottom of the piercing hole with a diameter
of 40-100 um, while the original size of the abrasives is
in a range of 150-360 um. This also proves the inter-
action between the abrasives and alumina grains.
Erosion mechanisms in the middle part of the
piercing hole are similar to those at the top, as shown in
Figure 8b. However, at the bottom, erosion mechanisms
are different (Figure 8c). Plastic deformation and alu-
mina-grain spalling are the dominant mechanisms.
Micro-melting of the garnet abrasives is not found.
Moreover, it can be seen that some in-situ transformed
carbon fibers fracture or spall at the bottom of the
piercing hole. When a material is pierced by abrasive
waterjet, the energy of water and abrasives is absorbed
by the material and it transforms into an internal energy
resulting in a material failure. Therefore, the energy of

Figure 8: Morphologies of test materials pierced by abrasive waterjet
under high impingement power: a) top, b) middle, ¢) bottom, d) EDS
results for in-situ Ci/Al,03-P, e) top, f) bottom of Al,O3 (micro-
melting is marked by blue)
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Figure 9: Micromorphologies of: a) in-situ C¢/Al,O03-P and b) Al,O3
pierced by abrasive waterjet under the low impingement energy

the waterjet dissipates with the piercing depth, resulting
in the erosion mechanisms at the top of the hole, which
are different from those at the bottom.

The micomorphology of Al,Os;-P under the high
impingement energy is similar to that of the matrix of the
composite. At the top of the piercing hole, an inter-
granular or transgranular fracture of alumina grains and
micro-melting are observed (Figure 8e). At the bottom,
deformed alumina grains are surrounded by fractured
grains (Figure 8f).

Under the low impingement energy, as shown in
Figure 9, for the composite, a fiber fracture or spalling
from the top to the bottom of the hole can be seen, and
for the pristine alumina, more alumina grains deform and
fewer grains spall. This is associated with the impinge-
ment-energy decrease.

4 CONCLUSIONS

1) Waterjet is an effective method for piercing
ceramics incorporated with short fibers. The average
piercing depth of the in-situ C/AlL,Os-P pierced by a pure
waterjet is by approximately 200 um higher in compa-
rison with Al,Os-P. Noticeably, in the case of an abrasive
waterjet, the piercing depth of the composite is around
5-7 times higher than that of pristine ceramic.
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2) When the in-situ C¢/Al,O5 is pierced by a pure
waterjet, the alumina matrix shows intergranular and
transgranular fractures. In comparison, when the in-situ
Ci/Al,O;5 is pierced by an abrasive waterjet, in addition to
alumina grain fractures, a grain plastic deformation and
micro-melting of the abrasives are also found.

3) The fiber orientation significantly influences the
piercing behavior of the composite. When the pure
waterjet pierces the machined surface with most of the
fibers being parallel to it, the hole is, on average, 50 um
deeper as compared to the machined surface with its
fibers mostly normal to it. This is because the fibers
parallel to the machined surface are easy to spall or
fracture, promoting the removal of the alumina grains
around the fibers. In contrast, when the fibers are normal
to the surface, they are hard to spall, inhibiting the crack
prorogation, and the fiber pull-out consumes plenty of
the machining energy, which weakens the piercing
ability.
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