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Abstract

Unlike metals, polymers are highly affected by the heat generation during the machining of the workpiece, because the ther-
mal conductivity of polymers are considerably lower than metals, and therefore heat is much more effective in the cutting
zone. If the appropriate cutting parameters are not selected, the polymers become excessively deformed and the final part has
high surface roughness, dimensionally large burr formation, or dimensional deviations. Machining of polymers ultra-high
molecular weight polyethylene (UHMWPE) is quite common in industrial applications. In this study, the effect of SiC fillers
on the machinability of UHMWPE polymer composite was investigated. First, different samples were produced using dif-
ferent filler sizes (1 um, 50 pm, and 100 pm) and different filler amounts (1%, 3%, 5%). Micro-milling tests were carried out
at a constant feed rate (70 mm/min), constant cutting depth (0.1 mm) and spindle speeds (1200, 2800, and 4400 rpm). Tool
overhang lengths were selected as 10, 15, and 20 mm. During the experiments, the surface/burr shapes, cutting temperatures
and cutting forces were observed. In general, it is observed that SiC filler reduces cutting forces and cutting temperatures.
In the further stage of the study, Taguchi analysis was performed in the light of different SiC filler sizes, filler amounts,

rotational speeds, and tool overhang lengths.
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1 Introduction

Composites are a highly preferred material system that
combine two or more physically separate materials with
much better properties than each material [1]. In composite
materials, the main phase consists of the matrix. Polymers
are used as matrix material in polymer matrix composites.
Polymers are the type of material that has the most common
and diverse application among composites. The cheapness of
the materials and the fact that even very complex and large
parts can be produced easily are the main reasons for this
situation. The use of polymer matrix composites in many
science and technology fields is increasing day by day due
to their advanced physical and mechanical properties. These
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composites are chosen due to their lightness, high strength,
and hardness properties. Ultra-high molecular weight poly-
ethylene (UHMWPE), a type of polymer composites, has
superior wear resistance, biocompatibility, high strength lev-
els, and low friction coefficient [2]. It has been the standard
material for joint replacement (JR) in the artificial knee and
hip replacements for more than half a century to date [3].
Due to its excellent mechanical properties, artificial joints
are also used in applications such as ballistic protection,
bulletproof vests, fishing rods, and fishing nets [4]. On the
other hand, UHMWPE is used in different fields such as
aerospace, automotive, biomedical, and various machine
elements [5]. For these application areas, machining opera-
tions are used to produce UHMWPE parts [6]. Due to the
high viscosity of UHMWPE, it is not possible to mold parts
with complex geometries, therefore, there is a need to inves-
tigate the manufacturability capabilities of the composites
by machining operations.

UHMWPE is a polyethylene group material produced in
low-pressure polymerization [7]. In the 1970s, UHMWPE
fibers were obtained from directly mixed solutions with a
tensile strength of 2.9 GPa and Young's modulus of 101
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GPa [8]. The discovery of the gel spinning process ena-
bled the commercial-scale production of high-strength and
high-modulus UHMWPE fibers [9]. Its molecular weight is
between 1 x 10° and 4.5 x 10° g/mol [10]. Thanks to early
studies, it has also been seen that a natural substance found
has been successfully used instead of petrochemicals to pro-
duce spun UHMWPE fibers. This eliminates some processes
in the production phase, reduces labor and energy costs, and
most importantly contributes to sustainability [11]. Silicon
carbide (SiC), on the other hand, is a type of ceramics that
is added to further increase the superior wear resistance in
the structure and is frequently used in recent years. In this
type of composite, the soft matrix, which has ductile and
energy-absorbing properties, is supported by hard and highly
brittle particles. Therefore, the difference between these two
phases has revealed an issue worth investigating in terms of
machining.

UHMWPE is a material that is difficult to shape due to
its high viscosity feature. It is not easy to be shaped in a
mold like other plastics used in engineering. Machining is
often involved in the forming process of some engineering
plastics. UHMWPE is also one of these types of plastics. It
is essential to use machining methods in the manufacture of
UHMWPE parts with complex geometries. In the machin-
ing of UHMWPE, the parameters are expressed as cutting
speed, feed and the cutting tool to be used. Surface rough-
ness, tool life, cutting forces are of great importance in the
machining of metal parts. The same is valid for the machin-
ing of plastic materials. As a result of plastic deformation
on the edges of the material, burrs can be observed and this
affects the surface quality negatively. In addition, burrs on
the surface may cause injury to the person who comes into
contact with the part. It is also undesirable to remove the
burrs that may occur from the material surface, as it is a loss
in terms of both cost and time. Unlike metals, polymers are
highly affected by the heat generated during the cutting of
the workpiece while machining, because the heat thermal
conductivity of polymers is considerably lower than metals,
and therefore the resulting heat is much more effective in
the cutting zone [12].

As reported in previous studies, micromanufacturing is
a concept embraced by a large number of researchers and
industrial workers [13]. By downsizing the entire manufac-
turing process, micromanufacturing produces small-sized
parts that take up less space and consume fewer resources
and energy. As the equipment size is reduced, the mass of
the system can be greatly reduced. This results in lower
energy consumption, fewer material requirements, less
noise, and pollution, ultimately facilitating a more environ-
mentally friendly process. Due to the lower production cycle
and higher tool speed, it leads to higher production speeds.
Okazaki et al. [14] showed the effect of miniaturization and
stated that a reduction of 1/10 of the production facility
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can result in a reduction of energy consumption of 1/100
compared to the energy consumption. The most remarkable
development in micromachining is the ability to produce
components with a characteristic size of 100 um, close to
the size of human hair [15]. Micromanufacturing applica-
tions for micromachining are divided into micromilling [16],
microturning [17], and microdrilling [18].

Although composite materials are machined close to the
final shape, further machining is often unavoidable. As the
machining mechanism of composite materials is not yet
fully understood, it requires experimental tests that reveal
the nature of the machining behavior of composite mate-
rials. In order to increase the adequacy of experimental
studies and to extract more information, the machinability
of composite materials was investigated with the help of
experimental methods. Several optimization methods were
used. The Taguchi method was used during the processing
of aluminum [19] and hybrid metal matrix composites [20].
Another optimization approach is response surface meth-
odology [21].

Although there are few studies on the machining opera-
tion of polymer composites, most of these studies focus on
fiber-reinforced polymer composites. However, in recent
studies, ceramic-reinforced reinforced polymer matrix
composites have attracted attention due to their improved
mechanical, thermal, and electrical properties. The machin-
ing of these composites can be considered a new subject.
In literature, there are relatively few studies on microma-
chining of ceramic particle reinforced UHMWPE. In this
context, it is crucial to examine the micromachinability of
SiC reinforced UHMWPE. In addition, the effect of SiC
reinforcement on parameters such as surface/burr shape, cut-
ting temperatures, and cutting forces should be investigated.
The SiC reinforcement is aimed to minimize the mechani-
cal problems encountered hence allowing the UHMWPE to
produce the final part shape. In this way, molding costs will
be significantly reduced by machining the composites.

UHMWPE is a difficult-to-mold material due to its high
viscosity therefore, it is necessary to determine whether the
composites can be manufactured by machining for com-
plex geometries. Moreover, particle fillers are included
into the polymer matrix to enhance the mechanical prop-
erties. For this reason, the effect of fillers on the machin-
ing behavior of UHMWPE is an important issue to study.
The literature lacks this field since most of the researches
focus on the mechanical properties of particle reinforced
polymers instead of machinability side. In this context, it is
vital to investigate the micromachinability of SiC reinforced
UHMWPE.
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2 Experimental details

UHMWPE and SiC powders were mixed by using a high
speed homogenizer. After the mixing stage, powder blends
were molded at 150 ‘C and 200 bar. Generally, molding
temperature is chosen between melting and decomposition
point of polymers to ensure the molten state without deg-
radation. For this reason, previous studies suggest 150 °C,
which is just above the melting point of UHMWPE. SiC
filler amounts ranged from 0 to 5% by weight. The filler size
was chosen between 1 and 100 um to observe the size effect.
These sizes were chosen in order to produce cost-effective
composites for molding materials. In addition, micron-size
ceramic fillers are widely studied in polymer composites.

Milling operations were carried out in a Proxon FF 500
milling system. An Optris PI400 infrared thermal camera
was used to observe cutting temperatures. In this system,
thermal sensitivity is 40 mK while having a real time fast
thermal imaging rate of 80 Hz and an optical resolution of
382 % 288 pixels. Prior to the measurements, emissivity set-
tings were completed by ensuring a thermal stabilization.
Thermal images were taken from a point close to the cutting
tool. The cutting zone was defined by framing the tool/chip
interface and therefore, the maximum temperatures were
visualized in this zone. The accuracy was about+ 1 °C after
a proper system setup. During the milling operations, cutting
forces were measured using a Kistler dynamometer (Kistler
9257BA with DynoWare software). The control unit is Kis-
tler 5233 A. Measurements were taken on a computer with a
NI measurement card. A carbide end milling tool (Dormer
S904) was used for material removal from the samples. The
cutter diameter is 10 mm and overall length is 72 mm. Cut-
ting depth and feed rate was kept constant at 0.1 mm and
70 mm/min, respectively. Each operation was repeated three
times for consistency. Each operation was repeated three
times for consistency. Table 1 gives the experimental design
of milling operations. In the further stage of the study, an
optimization was carried out for different filler sizes, filler
amounts, spindle speeds and tool overhang lengths. Main
effects plots were obtained using Taguchi's L9 experimental
design. The design was used for SiC reinforced polymers
while excluding neat UHMWPE samples.

3 Results and discussion

The experimental results in terms of maximum cutting
temperatures and resultant cutting forces are given in
Table 2. While calculating the resultant forces, the cutting
forces were used in x, y and z axes. The machined samples
with sample numbers are shown in Fig. 1.

Table 1 Experimental design

No  Filler Filler size (um) Spindle Tool over-
amount speed (rpm) hang length
(Wt%) (mm)
1 - - 1200 10
2800 10
4400 10
2 1 1 1200 10
3 3 100 1200 15
4 5 50 1200 20
5 1 100 2800 20
6 3 50 2800 10
7 5 1 2800 15
8 1 50 4400 15
9 3 1 4400 20
10 5 100 4400 10

Parameter levels

Filler amount: 1: 1%; 2: 3%; 3: 5%

Filler size: 1: 1 um; 2: 50 um; 3: 100 yum

Spindle speed: 1: 1200 rpm; 2: 2800 rpm; 3: 4400 rpm
Tool overhang length: 1: 10 mm; 2: 15 mm; 3: 20 mm

In Fig. 2, thermal camera images of the 1st and 8th exper-
iments are given. Figure 3 shows the main effects graph in
terms of maximum cutting temperatures. It is seen that the
cutting temperatures increased with respect to the spindle
speed. As the filler size and tool overhang length increased,
the maximum cutting temperatures decreased. By using
coarser SiC filler in the UHMWPE matrix, maximum cut-
ting temperatures were lowered. A contributing factor to this
trend is the use of fine-sized fillers in carbide particles. Fine-
sized particles exhibit a denser dispersion in the polymer
matrix and therefore, frictional interactions increase due to
the larger surface area of the filler phase in the composite.
In addition, this effect increases the contact points between
fillings and machining surfaces. It is seen that cutting tem-
perature gets lower by increasing tool overhang length in the
process. This can be associated with increasing oscillatory
motion of cutting tool in longer overhang conditions. Oscil-
lations during the machining lead to an intermittent contact
at the specimen/tool interface. For this reason, machining
surface is air-cooled at the non-contact states and thereby
lowering cutting temperatures.

In Fig. 4, the main effects graph is given in terms of
average resultant cutting forces. With an increase in rota-
tional speed, higher cutting forces are observed in the
machining zone. This can be associated with increas-
ing heat generation during cutting process. Recalling
Fig. 3, cutting temperatures increase at higher spindle
speeds and thereby leading to a thermal softening in the
polymer matrix. Hence, the softened polymer turns into

@ Springer



138 Page4of9 Archives of Civil and Mechanical Engineering (2022) 22:138

Table 2 Experimental results with error ranges

Sample no Filler amount  Filler size (um) Tool overhang Rotational speed  Average T,,,, (°C) Average resultant
(Wt%) length (mm) (rpm) cutting force (N)
1 - - 10 1200 82.83+3.11 24.42+1.32
10 2800 65.60+2.59 11.99+1.55
10 4400 118.43+2.42 25.61+0.98
2 1 1 10 1200 80.47+3.31 11.38+£1.01
3 3 100 15 1200 64.23+2.36 8.13+1.83
4 5 50 20 1200 44.17+2.24 5.34+£0.98
5 1 100 20 2800 86.37+2.89 8.51+2.01
6 3 50 10 2800 104.67+2.91 14.61+1.23
7 5 1 15 2800 101.43+3.42 13.15+1.56
8 1 50 15 4400 75.50+2.86 10.48 +1.98
9 3 1 20 4400 108.23+£2.12 15.06+0.79
10 5 100 10 4400 92.97+2.23 14.02+0.89

-
. v
>

1 (4400rpm) 2

Fig. 1 Machined samples
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Fig.2 Thermal camera images of samples (Sample no.1 and Sample no.8)
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Fig.3 Main effects plot in terms of maximum cutting temperatures

a sticky texture at the machining zone. For this reason,
material removal becomes difficult and consequently
requiring higher cutting forces in the process. The cut-
ting forces decreased as the filler size and tool overhang
length increased. Finer-sized carbides provide larger filler/
matrix interfaces due to their larger surface area, result-
ing in a stronger interaction between the SiC particles and

1 118,7°C

— (8-3)
%1/50uz /4400 rpem

Filler amount (=1%¢)

1 2 3
Tool overhang length (men)

the UHMWPE matrix. Therefore, the machinability of
these composites becomes difficult. It shows that higher
spindle speeds lead to higher cutting temperatures in the
machining zone. This trend can be explained by the plastic
deformation in the cutting zone and the increased energy
through friction. Therefore, increased heat generation
results in higher cutting temperatures and cutting forces
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Fig.4 Main effects plot in terms of average resultant cutting forces

at high rotational speeds. In metal cutting, heat genera-
tion can be spread over a large volume due to the higher
thermal conductivity of metals. However, polymers have
poor thermal conductivity leading to heat build-up in a
local area during machining. According to manufactur-
ers’ specifications, UHMWPE has a thermal conductivity
range of 0.42-0.51 W/mK, which is about five hundred
times lower than aluminum [22]. On the other hand, car-
bide tools have relatively higher thermal conductivities
such as 58 W/mK compared to polymers. For this reason,
heat is dissipated mostly through the cutting tool contrary
to metal cutting operations. Despite this, a large amount

(@150 ==0==1200 rpm
w2800 rpm
120 4400 rpm
C w0
x
1o}
£ 60
-
30
0
1 2

1-Non-reinforced
2-Reinforced

Filler amount (o)

Tool overhang length (mm)

of heat is accumulated in the cutting zone and thus, heat
effect is obviously seen in the polymer machining.

The comparison of reinforced and non-reinforced samples
in terms of cutting temperatures and cutting forces is given
in Fig. 5. SiC filler generally reduced cutting temperatures
and cutting forces. As is known, the thermal conductivity
of SiC particles is about 120 W/mK, which is quite higher
than that of UHMWPE. By including more SiC particles in
the microstructure, overall thermal conductivity is increased
in the cutting zone. For this reason, heat transfer is acceler-
ated through the filler particles and consequently, cutting
temperatures show a decrease in the composites. Consider-
ing cutting forces, SiC reinforced polymers showed lower

(b)

w800 rpm
25 4400 rpm

20
15
10

1 2

1-Non-reinforced
2-Reinforced

Average resultant cutting force (N)

Fig. 5 Comparison of reinforced and non-reinforced samples in terms of a cutting temperatures and b cutting force

@ Springer



Archives of Civil and Mechanical Engineering (2022) 22:138

Page70f9 138

levels in comparison to neat UHMWPE. Because carbides
are extremely harder than polymer matrix, these particles
contribute to the material removal process in the cutting
zone. When a layer of material is cut during machining,
carbide particles at the interface lead to an abrasive effect
on the machined polymer surface by relatively moving on
the surface.

FE-SEM microscope images of the machined samples
are shown in Fig. 6. From the neat polymer surfaces (sam-
ple-1), it can be mentioned that burr formations are reduced
by using higher spindle speeds. This can be associated with
the enhanced shearing mechanism at higher speeds. At lower
speeds, plastic deformations in terms of elongations may

(1) 1200 rpm/  “Na (1) 2800 rpm

(3) 3%, 100 pr, 1200 rpm

Fig.6 FE-SEM images for surfaces

develop on the surfaces and thereby deteriorating the shear-
ing mechanism in the cutting operation. In some SiC rein-
forced specimens, it was observed that layered structures are
formed due to thermal softening at high cutting temperatures
and this situation disappears at low cutting temperatures.
Ruptures resulted in irregular burr formation. When the FE-
SEM images are evaluated with the help of Fig. 1, reveals
that the burr formation decreased in SiC reinforced sam-
ples 4 and 8. The creep and recovery behaviors that occur
in the machining of polymers affect the amount of burrs
formed. It is thought that the lower cutting temperatures in
the 4th and 8th samples due to the high thermal conductiv-
ity of SiC particles revealed this situation. In addition to

(1) 4400 rpm

(10) 5%, 100 pm, 4400 rpm
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this, filler included polymers show lower ductility. For this
reason, excessive elongations are avoided in the SiC rein-
forced UHMWPE during the machining operations. This
leads to a suppression of burr formation since the chips are
more prone to be broken rather than plastically flowing to
excessive lengths due to the increased brittle characteristics
in the material.

4 Conclusions

In the present work, micromachining properties of SiC rein-
forced UHMWPE composites were investigated. Polymer
composites were produced by using three different filler
sizes (1, 50, 100 um) and filler amounts (1%, 3%, 5%). After
producing the composites, micromilling tests were carried
out at dry machining conditions with a constant feed rate
of 70 mm/min and a depth of cut of 0.1 mm. The effect of
spindle speed was investigated by using three different levels
(1200, 2800, 4400 rpm) in the tests. Tool overhang lengths
were selected as 10, 15, 20 mm. The surface/burr shapes on
the samples were analyzed while cutting temperatures and
cutting forces were recorded in the experiments. In general,
it was seen that SiC filler lowers the maximum cutting tem-
peratures and cutting forces. For the same tool overhangs
(10 mm) and rotational speeds (1200 and 4400 rpm), the
maximum temperature and cutting force are decreased by
3-28% and 44-55% respectively. On the machined surface of
the composites, some layered structures are observed due to
the thermal softening of polymer matrix especially at higher
cutting temperatures. Spindle speed is an important factor on
cutting temperature. At high spindle speeds, higher tempera-
tures are observed due to increased heat generation in the
cutting zone. Similarly, cutting forces increase by increasing
spindle speed. According to these results, it can be stated
that micromachining operation of polymer composites is
heavily dependent on several factors. To design a proper
process, machining parameters should be precisely selected.
In the future studies, it might be useful to investigate the
effects of the other process parameters such as cutting depth
and feed rate to fully understand the cutting mechanism in
polymer composites.
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