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Abstract

Polymer matrix composites (PMCs) have become one of the most widely used engineering materials due to both the develop-
ments in polymers and advanced fillers. It is expected that polymer composites will take their final shape during the produc-
tion phase, which means that they are not required to undergo new processes. However, in some applications, machining
operations, such as turning, milling, grooving and hole drilling, cannot be avoided and thus, finishing operations must be
applied to these materials. Since these materials have complex microstructures, finishing operations may cause situations
that adversely affect engineering properties, such as matrix cracking, delamination, debonding, etc. In this study, micro-
milling operations were performed for recently developed ceramic reinforced polymer composites. Three different spindle
speeds were used while feed rate and cutting depth were kept constant in the operations. The composites were produced
from powdered UHMWPE and silicon carbide particles. Several parameters were varied in the production of the compos-
ites, such as molding pressure, filler loading and filler size. The investigated outputs were cutting temperature and surface
roughness, whereas machined surfaces and chip morphologies were also investigated via microscopy analyses. In the final
stage, regression analyses were performed to investigate the relationships between the process parameters. According to the
results, ceramic reinforced polymer composites exhibit different machinability properties than fiber-reinforced ones due to
hard fillers and low melting point of UHMWPE.
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Abbreviations 1 Introduction

ANOVA Analysis of variance

CFRP Carbon fiber-reinforced polymer Micro-machining plays a significant role in the miniaturi-
EDS Energy-dispersive spectrometry zation of products. Micro-manufacturing aims to produce
PMC Polymer matrix composite small-sized parts that shrink the entire production pro-
SEM Scanning electron microscopy cess, taking up less space and consuming fewer resources
SiC Silicon carbide and energy [1]. This results in lower energy consumption,
UHMWPE Ultra-high molecular weight polyethylene fewer material requirements, less noise and pollution, and

ultimately facilitating a more environmentally friendly
machining process [2]. The topic of micro-manufacturing
has been discussed by numerous authors, as reported in pre-
vious studies [3]. It is stated that the effect of miniaturization
and a 1/10 reduction of the production plant could lead to a
1/100 decrease in energy consumption [4]. The most strik-
ing improvement in micro-manufacturing is the ability to
54 Selim Giirgen produce components with a characteristic size of 100 pm

sgurgen @ogu.edu.tr close to human hair size [5].

In recent years, the use of polymer matrix composites
has increased in several fields of science and technology
due to their advanced physical and mechanical properties.
These composites are characterized by the hybridization of
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lightweight, very high strength and stiffness, so they have
replaced traditional metallic materials [6]. Because of these
features and potential applications in aerospace, automo-
tive and biomedical industries, there is a need to be under-
stood in areas such as machining. Machining of composites
is essential to finish the products to the desired tolerances
and prepare them for subsequent assemblies. Traditional
machining operations are used to produce complex features
by removing material. Unlike metals, polymer-based com-
posites are generally non-homogeneous materials, which
show anisotropic properties. For this reason, metal machin-
ing is different than the machining of polymer composites
in great measure. Surface quality and cutting forces are pro-
foundly affected by filler ratio, shape and orientation [7].
In the requirements of polymer composites for machining,
low material removal rates and lower cutting temperatures
are desired. In general, composite machining is considered a
finishing operation and, uncut chip thickness, chip removal
rates and cutting forces are lower than metal machining
operations [8].

Hocheng [9] carried out milling operation of carbon
fiber-reinforced polymer (CFRP) composites and inves-
tigated tool-wear performance of uncoated and diamond-
coated carbide end mills. Sheikh-Ahmad et al. [10] pro-
posed a mechanistic modeling method to calculate cutting
forces and simulate the milling operation of unidirectional/
multidirectional polymer composites. Multiple regres-
sion and neural network techniques were benefitted using
milling force data. A new cutting model was proposed to
calculate the cutting forces at different fiber orientations.
Gara et al. [11] investigated the slotting of polymer com-
posites via knurled tools and suggested a model in terms of
surface roughness. It was stated that the feed per tooth has
a significant effect on surface quality. A knurled tool with
fine teeth is appropriate for the slotting since less dam-
age was observed. An empirical study for the machining
of laminated composites was conducted in an early work
[12] to find the surface quality and cutting temperatures.
Different empirical models were developed to investigate
the effects of cutting parameters on cutting temperature.
Azmi et al. [13] investigated an end milling operation to
determine the machinability of polymer composites. A
hybrid method was studied and multiple regression analy-
sis was used to determine the effects of process inputs
on the machinability. They concluded that feed rate and
spindle speed have significant impacts on surface quality.
Ghafarizadeh et al. [14] developed a numerical model to
study the flat end milling of CFRP composites. The model
was validated in terms of cutting forces and machined
surfaces. It was stated that fiber orientation affects the
extension of machining damage. He et al. [15] carried
out the slot milling of laminated composites to propose
a mechanistic milling force model. They found that the
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effect of instantaneous fiber orientation angle and chip
thickness on tangential/radial forces are significant. Pecat
et al. [16] conducted research on milling of CFRP com-
posites at high machining speeds to investigate the cut-
ting process for specific fiber orientation angles. Iskandar
et al. [17] investigated the lubrication role in the milling of
polymeric laminates. From this study, wear on the cutting
tool is suppressed by a ratio of 22% in lubricating condi-
tions. Hintze et al. [18] studied the material integrity of
laminated composites in milling operations. Delamination
and fiber protrusions are the typical damages that can be
observed at several ranges of the fiber orientation angle.
Szallies et al. [19] conducted a low-frequency oscillated
milling for CFRP composites using a special carbide tool.
It was stated that delamination is lower in oscillatory mill-
ing comparing to conventional milling.

Although there are several studies on the machining oper-
ation of polymer composites, the majority of these works
focus on fiber-reinforced polymer composites. However, in
recent studies, polymer matrix composites reinforced with
ceramic fillers have been attracted much attention due to
their advanced mechanical, thermal, electrical and tribo-
logical properties [20]. For example, these composites are
designed for covering or casing materials in micro-electron-
ics applications. Although the primary function of covering
is to protect electronic devices from various environmen-
tal conditions, such as moisture, dust, chemical agents and
light, miniaturization of micro-electronics demands multi-
functional materials such as being capable of heat dissipa-
tion while insulating electricity in addition to conventional
protection properties. For this reason, ceramic reinforced
polymer composites are highly demanded by the microelec-
tronics industry [21]. Machining of this group of composites
is a novel subject and therefore, we investigated the micro-
milling behavior of silicon carbide (SiC) filled ultra-high
molecular weight polyethylene (UHMWPE) composites in
this study. The machined composites were produced from
powdered UHMWPE and particulate carbide fillers in a
compression molding chamber. Compression pressure was
varied in the molding process to investigate the influence of
molding pressure on machinability performance. The com-
position of specimens was also changed using different filler
amount and filler size to observe their roles in the milling
operation. Each of the specimens was machined at three dif-
ferent spindle speeds while feed rate and depth of cut were
kept constant. Cutting temperature and surface roughness
were measured and evaluated as the process outputs. In the
final stage, a non-linear regression analysis was performed
to investigate the relation between these parameters. From
the results, ceramic reinforced polymer composites exhibit
different machinability properties than fiber-reinforced ones
because soft polymer matrix has ductile properties; how-
ever, hard ceramic fillers develop frictional interactions in
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the soft matrix. Moreover, UHMWPE shows melting rather
than thermal softening in some machining cases since the
melting point of this polymer is quite low.

2 Experimental details
2.1 Materials and specimen preparation

In this study, powdered UHMWPE (43,951, Alfa Aesar)
with a molecular weight of 3—6 million g/mol was used as
the polymer matrix in the specimens. Three different particle
sizes (0.3, 0.5 and 1.0 pm) of SiC were added in the matrix
as particulate fillers. Figure 1 shows the scanning electron
microscopy (SEM) images for the components.

In the specimen fabrication, UHMWPE powder and SiC
fillers were distributed in an ethanol medium to obtain a
homogenous mixture. After a 20 min blending process, the
mixtures were rested at 79 °C in an oven to evaporate the
ethanol. The dried mixtures were subjected to a compres-
sion molding chamber in a Struers CitoPress-1 machine to
produce bulk composites. Molding temperature was fixed at
150 °C because the melting point of UHMWPE is around
136 °C [22, 23]. It is suggested that molding operation is
completed just above the melting point of polymers to avoid
decomposition in the polymer while ensuring a fully melted
microstructure [24]. Molding pressure was varied in three
levels, such as 50, 200 and 350 bar, and thereby investigating
its effects on the machining properties of the composites.
Furthermore, the amount and size of SiC additives were

Fig. 1 SEM images for a UHM-
WPE, b 0.3 um SiC, ¢ 0.5 um
SiCandd 1.0 um SiC

changed in the specimen fabrication stage to investigate the
influences of these two parameters in the experiments.

In the micro-machining tests, the composites were
machined in dry conditions using a flat, micro-end cutter
having eight flutes. Feed rate and axial depth of cut were
used as constant, such as 100 mm/min and 200 um, respec-
tively. For each case, the tests were completed by opening
three slots on the specimens. Figure 2 shows the details of
the specimens and cutter. Table 1 gives the design of the
specimens, which were machined at three different spindle
speeds: 8000, 16,000 and 28,000 rpm in the experiments.

2.2 Measurement equipment and techniques

Surface roughness measurements were carried out with a
Mitutoyo SJ-400 surface profilometer. Scanning electron

cutter l

Sl ?30

specimen

30°

Fig.2 Details of the specimens and cutter (dimensions in mm)
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Table 1 Design of the specimens

Specimen Molding pressure Filler loading Filler size (um)
code (bar) (wWt%)

1 350 0 -

2 350 2 1.0

3 350 5 1.0

4 350 10 1.0

5 200 10 1.0

6 50 10 1.0

7 350 10 0.5

8 350 10 0.3

microscopy (SEM) and energy-dispersive spectrometry
(EDS) analyses were conducted with a Hitachi Regulus 8230
system. Cutting temperatures were displayed using an Optris
PI400 thermography system.

3 Results and discussion

Figure 3 shows the EDS mapping images for 2, 4 and 8
coded specimens to identify the effects of filler amount and
size in the polymeric matrix. In the images, silicon (Si)
element corresponds to the presence of SiC in the matrix.
Comparing the images for the specimens with 2 and 4 codes,
SiC fillers exhibit a denser distribution in specimen 4 due
to the increased filler loading. On the other hand, Si density
is slightly higher in specimen 8 than that in specimen 4,
although the filler amounts are identical with each other.
This arises from the particle size of carbide fillers because
fillers with fine particles include a higher number of parti-
cles with respect to coarse ones even if the loading rate is
the same as each other. Figure 4 shows the surface rough-
ness results measured from the milling channels for each
specimen. Considering the effect of spindle speed, it is clear
that surface roughness reduces by increasing spindle speed
in the milling operations. This trend is also consistent with
previous studies [25, 26] that at high spindle speeds, thrust
force reduces in the cutting process and thereby leading to
a smoother surface finishing as such in metal cutting opera-
tions. Differently from metal cutting, material melting at cut-
ting zone may be observed in polymer machining operations
due to low melting points of polymers. After local melt-
ing at cutting zone, material surface solidifies while cutter
provides the ironing effect for this surface and therefore, a
smoother surface is achieved. As shown in the thermogra-
phy images in Fig. 12 in “Appendix”, cutting temperatures
exceed the melting point of UHMWPE, especially in the
operations at 28,000 rpm for the composites consolidated
with 10wt% fillers. Filler amount has a negative effect on
the surface roughness results, although carbide particles

@ Springer

enhance the cutting temperature during the process. Car-
bide fillers lead to severe frictional interactions during cut-
ting and consequently increasing the heat generation in the
process. Carbide particles act as rigid anchors within the
UHMWPE matrix and they cause higher forces to shear the
polymer matrix. In addition, cutter surfaces are subjected
to harsh interaction with hard fillers within the UHMWPE
matrix. Another reason for increased surface roughness at
high filler amounts is a protrusion of carbide particles from
the specimen surfaces. Although polymer matrix provides
smoother surface finishes in high spindle speed processes,
carbide particles result in increased surface roughness due
to hard asperities on the composite surfaces. Figure 5 shows
the SEM images for the specimens, including different filler
amounts. The thermal effect is also obvious on the surfaces
that polymer matrices show lamellar topographies smearing
along the cutting direction, especially at high filler amounts
and high spindle speeds.

Considering the surface roughness results given in
Fig. 4c, it is possible to mention that filler size is impor-
tant in low spindle speed operations, however, the impact of
filler size gradually reduces by increasing spindle speed in
the milling operation. At 28,000 rpm, the surface roughness
results are in a very narrow band from Ra 2.58 to 2.62 for
the carbide size of 1.0-0.3 um. Finer size carbides provide
larger filler/matrix interfaces due to their larger surface areas
and thereby resulting in a stronger interaction between car-
bide particles and the UHMWPE matrix. For this reason,
the machinability of the composites gets difficult, which
requires higher forces for material removal. Hence, polymers
with fine fillers produce poorer surface finish after machin-
ing in comparison to polymers with coarse ones. However,
this effect gradually diminishes as spindle speed increases
in the process because high deformation rates are highly
sufficient for smoother cutting operations. Figure 6 shows
the SEM images for the specimens, including different filler
sizes. From these images, lamellar surface characteristics
are predominant due to the thermal softening and melting
of the polymer matrices. As cutting temperature increases in
the process, ductile elongations become more visible in the
microstructures as such in the specimens 7 and 8 machined
at 8000 rpm. At the same filler amounts, fine fillers have an
increased number of particles with respect to coarse fill-
ers. For this reason, fine fillers exhibit denser distributions
than coarse fillers in the polymer matrix, as shown in Fig. 3.
Hence, the anchoring effect in fine size carbides gets stronger
within the polymer matrix and therefore, material removal
grows difficult due to higher consolidation. Because of this
fact, high elongations of the UHMWPE matrix around the
carbide particles are observed during cutting. The cutting
mechanism turns into the tearing of layers from the mate-
rial. Hence, specimen surfaces exhibit excessive deforma-
tions, which result in increased surface roughness after the
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Fig. 3 EDS mapping for the
specimens
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Fig.4 Surface roughness with respect to a filler amount, b molding pressure and c filler size

operation. On the other hand, at 28,000 rpm, plastic flows
are shown on a small scale like small ridges or lamellas
on the specimen surfaces. Because cutting temperatures are
excessive such as> 148 °C in these operations, UHMWPE
matrices are more likely to melt locally in cutting zone and
thereby reducing the cutting forces. For this reason, the cut-
ting process is facilitated by thermal effect as well as pro-
viding lower surface roughness on the specimens. Due to
this mechanism, cutting channels show small plastic flow
patterns after the machining operations.

To achieve a successful molding process for UHMWPE,
two successive stages have to be completed adequately [24].
The first stage is related to heating of polymer powder above
the melting point while applying a sufficient compression to
the powder bulk. Under these conditions, polymer particles
physically touch each other and therefore, molecular inter-
actions between the particles are increased in the polymer
melt. Voids are eliminated from the medium by the effect
of compression. In the second stage, molecular contacts
turn into molecular bonds due to continuous diffusion in
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the polymer melt. Molecular bonds are established at some
chain ends. However, the bonding process is extended to the
whole body as the diffusion runs for a while. The molecular
bonding process results in completely entangled chains by
removing the particle boundaries within the polymer bulk,
which means that contacted polymer particles form a con-
tinuous structure with fully knitted molecular chains [27]. In
this light, it is possible to mention that molding pressure is
profoundly crucial for the molecular structure of the molded
specimens because higher pressures increase the number of
particle contacts in the first stage and thereby facilitating
the diffusion process in the second stage. For this reason,
specimens molded at higher pressures exhibit improved
microstructural consolidation, as stated in previous stud-
ies [28-30]. Considering the surface roughness results in
Fig. 4b, specimens molded at higher pressures provide
improved surface finish after machining. However, this effect
comes into prominence in the high spindle speed operations,
such as those at 16,000 and 28,000 rpm. At 8000 rpm, there
is almost no variation in the surface roughness results with
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(1-1) P350 8000rpm [ (1-2) P350

(2-1) P350/2%/1.0 8000rpm

(3-1) P350/5%/1.0

Fig.5 SEM images for the specimens including different filler amounts

respect to molding pressure. From the results, roughness
values are Ra 4.01, 3.92 and 3.84 for the specimens with
10wt% of carbide fillers having 0.3, 0.5 and 1.0 um, respec-
tively. At low spindle speeds, the cutter is more prone to
tearing of chips from the specimens rather than a pure shear-
ing and thereby resulting in poor surface finishes regardless
of a pressure effect. This is associated with that cross-linked
polymers are lack of deforming or flowing over long dis-
tances and thus, they are ruptured or torn during material

(2-2) P350/2%/1.0

- 8000rpm [(3-2)P350/5%/

16000rpm @ (1-3) P350 28000rpm

16000rpm [ (2-3) P350/2%/1.0" .. 28000rpm’

(3-3) P350/5%/1.0

o —

0 - 16000rpm 28000rpm

removal processes [31]. Figure 7 shows the chip morpholo-
gies produced from specimen 4 after the machining opera-
tions at different spindle speeds. As shown in these images,
there is an irregular shape with material elongations, which
correspond to tearing or rupturing in the cutting operation at
8000 rpm. However, at 16,000 and 28,000 rpm, the chips are
helical and continuous, which means there is an easy chip
flow in the cutting operations. Surface roughness gets lower
values at high spindle speeds, however, it is important to
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(4-1) P350/10%/1.0 - SIOOOrpm

(8-1) P350/10%/0.3  8000rpm

Fig. 6 SEM images for the specimens including different filler sizes

note that there is a drastic reduction in the surface roughness
results when the specimens change from 50 bar molding
to 200 bar molding in the 16,000 and 28,000 rpm machin-
ing operations (Fig. 4b). Despite this significant fall, the
specimens molded at 200 and 350 bar exhibit almost identi-
cal surface finishes for the 16,000 and 28,000 rpm cutting
operations. As stated by Wang et al. [32], UHMWPE hard-
ness exhibits an increase by increasing molding pressure;
however, this improvement in the polymer hardness becomes
negligible beyond 150 bar. For this reason, the specimens
molded at 200 and 350 bar show close surface qualities
after machining. It is also important to note that carbide
fillers are packed tightly in the specimens molded at higher
pressures, which results in improved microstructural con-
solidation. Hence, the detachment of particulate fillers from
the machined surface is suppressed and therefore, surface
quality is improved using higher pressures in the molding
stage. Figure 8 shows the SEM images for the specimens
molded at different pressures. It is shown that the machined
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(4-2) P350/10%/1.0 ' 16000rpm

1%

(4-3) P350/40%/4.0 | 28000rpm

o

(8-3) P350/10%/0:3 28000rpm

surfaces for the specimen molded at 50 bar include torn or
ruptured debris, especially in the machining operation at
8000 and 16,000 rpm. These debris are hardly visible due to
the increased cutting temperatures using the spindle speed
of 28,000 rpm.

Figure 9 shows the maximum cutting temperatures with
respect to different parameters, such as spindle speed, mold-
ing pressure, filler amount and filler size. From these results,
there are some systematic variations in the cutting tem-
peratures, which are associated with heat generation in the
machining operation. Regarding the spindle speed, all charts
in Fig. 9 show that higher spindle speeds lead to higher cut-
ting temperatures in the machining zone. This trend can be
explained by the increased dissipated energy through plastic
deformation and friction in the cutting zone. For this rea-
son, increased heat generation results in excessive cutting
temperatures at high spindle speeds [33—-35]. In metal cut-
ting, heat generation can be dissipated over a large volume
due to the higher thermal conductivity of metals. However,
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8000rpm

(4-2) P350/10%/1.0

16000rpm

100 um

28000rpm

Fig.7 Chip morphologies in the machining operations at different spindle speeds

polymers have poor thermal conductivity, which leads to
heat accumulation in a local area during cutting. According
to the manufacturers’ specifications, UHMWPE has a ther-
mal conductivity range of 0.42-0.51 W/mK, which is nearly
five-100-fold lower than that for aluminum. It is possible to
mention that heat accumulation results in the local melt-
ing of the specimens, especially in the high spindle speed
operations, where cutting temperatures are above the melting
point of UHMWPE. Considering the effect of filler amount
in Fig. 9a, cutting temperatures show an increasing trend
by including more carbide fillers in the UHMWPE matrix
regardless of spindle speed. Although the results are in a
close band up to 5 wt% carbide loadings, the jumps in the
cutting temperatures are drastic for the specimens consoli-
dated with 10 wt% fillers. Despite relatively higher thermal
conductivity of SiC particles (140-120 W/mK for the range
of 20-150 °C [36]), the carbide reinforced specimens exhibit
higher temperatures than the neat specimens during machin-
ing. Higher cutting temperatures arise from the increased
frictional interactions in the polymers, including fillers.
During cutting operation, hard carbide particles cannot be
deformed plastically in the soft polymer medium and there-
fore, these particles are pushed and stirred in the thermally

softened or melted polymer pool. During this process, filler/
matrix interfaces result in high frictional effects, which gen-
erate excessive heat in the cutting zone. Also, carbide parti-
cles lead to an abrasive effect on the cutter surfaces, which is
an additional heat generation mechanism in the SiC included
specimens. For this reason, cutting temperature increases
by including more particles in the polymer matrix, espe-
cially above the loading rate of 5 wt%. Figure 9c shows the
relationship between cutting temperature and filler size for
the operations conducted at different spindle speeds. From
this chart, it is obvious that there is a suppression in the
cutting temperatures using coarser carbide particles in the
UHMWPE matrix. This trend is attributed to the increased
number of carbide particles using fine size fillers. Smaller
size particles exhibit denser distribution in the polymer
matrix and therefore, frictional interactions are enhanced
due to larger surface area of filler phase in the composite.
In addition, this effect increases the contact points between
fillers and cutter surfaces. Considering Fig. 9b, specimens
molded at higher pressures show higher cutting tempera-
tures during machining. This is related to the consolidation
of microstructure, which gets stronger at higher molding
pressures. As stated by Wu et al. [27], particle contacts in
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(4-1) P350/10%/1.0 - 8000rpm

sy

Fig.8 SEM images for the specimens molded at different pressures

the powdered polymer are increased by the effect of higher
molding pressure and heating this bulk, molecular bond-
ing is initiated due to the diffusion process. For this reason,
higher pressure in the molding stage leads to an increased
number of particle contacts and thereby facilitating the dif-
fusion process, which results in a highly entangled molecular
bonding within the material. Hence, strong and entangled
molecular bonds provide microstructural consolidation and
thus, material removal becomes difficult where the shearing
process results in higher cutting temperatures.

To evaluate the relationship between the inputs and
responses, non-linear regression analysis was carried out
based on 24 data, as given in Table 2. From the analyses,
the determination coefficient of the regression model, R? is
0.89 and 0.94 for surface roughness and cutting temperature,
respectively. Also, the adjusted determination coefficient of
the regression model, adjusted R? is 0.83 and 0.91 for sur-
face roughness and cutting temperature, respectively. Hence,
it is possible to mention that the regression models are able
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(4-2) P350/10%/1.0. ' 16000rpm J| (4-3) P350/10%/1,0  28000rpm

i

|

to capture most of the relationships between the responses
and the inputs because determination coefficients are higher
than the limit of 0.80. Tables 3 and 4 show the analysis
of variance (ANOVA) results to specify both reactive and
non-reactive effects of experimental parameter reactions.
From the ANOVA analyses, the results satisfy the reliabil-
ity interval of 95% by considering the significance level,
which is lower than 5% (p <0.05). Equation 1 and Eq. 2
give the regression models for surface roughness and cutting
temperature, respectively. Regarding the surface roughness
(Y}) model, it is seen that molding pressure (X)), filler size
(X3) and spindle speed (X,) show inverse proportionality.
However, surface roughness (Y;) shows an increasing rela-
tionship with increasing filler loading (X,). Figure 10 shows
the contribution of variables to the surface roughness results
in terms of SS values from ANOVA. From this chart, spindle
speed (X,) has the highest impact on the surface roughness.
On the other hand, the only negative relationship in the cut-
ting temperature (¥,) model is with filler size (X5). However,
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Fig. 9 Maximum cutting temperatures with respect to a filler amount, b molding pressure and c filler size

cutting temperature (Y,) shows an increasing relationship
with increasing molding pressure (X)), filler loading (X,)
and spindle speed (X,). According to the contribution of
variables to cutting temperature as given in Fig. 11, filler
loading (X,) has the highest impact while spindle speed (X,)
is the next input having considerable influence on cutting
temperature. Conversely, molding pressure (X)) and filler
size (X3) have relatively lower effects on the rising of cut-
ting temperature during the machining operation. For both
models, interaction effects are not significant considering
their P-levels in ANOVA results (Tables 3, 4),

Y, =2.66 — 0.127X, + 1.28X, — 0.067X; — 0.023X,

—0.105X,X, — 0.185X,X; — 0.191X,X, + 0.123X,X,

(S =0.297626 R - Sq = 88.6% R - Sq(adj) = 82.5%),
(D

Y, = —24.1 + 447X, + 39.2X, — 14.2X,
+20.2X, + 0.76X, X, + 0.004X, X,
— 6.04X,X, +4.99X,X,
(S =10.1437 R-Sq=94.1% R - Sq(adj) = 90.9%).
(2)

4 Conclusion

In the present work, micro-milling operations were carried
out for newly developed ceramic reinforced polymer com-
posite materials. The composites were molded from the
mixture of powdered UHMWPE and particulate carbide
fillers. To investigate the effects of material based param-
eters on the machining results, molding pressure, filler
amount and filler size were varied in the molding stage.
In addition, various spindle speeds were used while feed
rate and cutting depth were kept constant in the machining
operations. The outputs of cutting temperature and surface
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Table 2 Inputs and responses in
the regression analyses

2
23
2
2

Y, o

295 394
3.00 49.6
3.06 516
3.84 1138
392 103.5
4.02 938
4.01 120.7
5.09 1248
235 484
2.63 838
271 894
279 1282
2.89 127.7
370 1147
297 131.6
3.77 1352
2.19 83.6
230 101.1
2.55 1149
2.58 1484
2.60 143.7
3.37 1248
2.61 1485
2.62 152.0

W W = N W W W W W W= DWW W W W W= DWW W W
S N N N T T S N N N O U O R NG SO N O SO OC I e
[ YOO T G T U Y NG N O S U NSO G O O T T U O SO N N
W W W W W W W W W W NN NN NN = e e e e e e e

X, is the Molding pressure: 50,
200, 350 bar (levels: 1, 2, 3)

X, is the Filler loading: 0, 2, 5,
10wt% (levels: 1, 2, 3, 4)

Xj: Filler size: 0, 0.3, 0.5, 1 um
(levels: 1,2,3,4)

X, is the Spindle speed: 8000,
16,000, 28,000 rpm (levels: 1,
2,3)

Y, is the Surface roughness (Ra)

Y, is the Cutting temperature
0

Table 3 ANOVA results for surface roughness

Source df SS MS F p
Regression 8 10.2953 1.2869 14.53 <0.05
X, 1 1.1429 1.1429 12.90 <0.05
X, 1 2.0644 2.0644 23.30 <0.05
X; 1 0.7764 0.7764 8.76 <0.05
X, 1 4.8615 4.8615 54.87 <0.05
X, X, 1 0.0374 0.0374 0.42 >0.05
X, X, 1 0.7863 0.7863 8.87 <0.05
X, X, 1 0.3978 0.3978 4.49 >0.05
XX, 1 0.2287 0.2287 2.58 >0.05
Error 15 1.3287 0.0886

Total 23 11.6240

@ Springer

Table 4 ANOVA results for cutting temperature

Source daf SS MS F p
Regression 8 24,515.7 3064.5 29.78 0.000
X, 1 504.1 504.1 4.90 <0.05
X, 1 16,995.9 16,995.9 165.17 <0.05
X; 1 533.6 533.6 5.18 <0.05
X, 1 5751.1 5751.1 559 <0.05
X, X, 1 5.6 5.6 0.05 >0.05
X, X, 1 8.9 8.9 0.09 >0.05
X, X, 1 337.7 337.7 3.28 >0.05
X;X, 1 378.8 378.8 3.68 >0.05
Error 15 1543.4 102.9

Total 23 26,059.1

X2X3 y> X4 x3 x4

Fig. 10 Contribution of variables in terms of SS values (surface
roughness)

Fig. 11 Contribution of variables in terms of SS values (cutting tem-
perature)

roughness were considered in the results. Moreover, chip
morphology and machined surfaces were analyzed using
scanning electron microscopy. To evaluate the relation-
ships between the process parameters, regression analyses
were carried out based on the experimental data. Accord-
ing to the results, the following conclusions can be drawn:
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Fig. 12 Thermography images for each specimen

¢ Surface roughness reduces by increasing spindle speed
because material removal is realized through tearing
or rupturing mechanisms at low speeds while shearing
develops in high speed operations.

e Specimens produced at higher molding pressures
exhibit smoother surface finishes after machining
operations however, this trend is pronounced at high
spindle speeds.

e Higher filler amounts in the composites lead to lower
surface qualities after milling operations however, this
effect is suppressed at high spindle speeds.

e Composites with coarser fillers reduce surface roughness
after machining however, filler size effect fades away at
high spindle speeds.

e UHMWPE matrix may exhibit local melting rather
than thermal softening in cutting zone. Matrix melt-

ing is more likely to develop at high filler loadings and
high spindle speeds.

e Composites molded at higher pressures lead to higher
cutting temperatures during machining operations
because higher molding pressures enhances the micro-
structural consolidation that requires higher energy for
material removal.

e Cutting temperatures are lowered using coarser fillers
in the composites however, filler size effect is important
in low spindle speed operations.

e Lamellar surface morphology is predominant after
machining because thermal softening and/or melting
of the polymer matrix create wavy formations in cut-
ting zone.

e Chips exhibit irregular shapes at low spindle speeds
due to predominant tearing mechanisms in machining
operations. However, shearing mechanism prevails over
tearing at higher speeds and chip formation turns into
helical and continuous phase.

This work mainly focusses on the effects of material
variables (molding pressure, filler amount and filler size)
in micro-milling operations rather than the machining
parameters. To investigate the machining characteristics
of hard filler reinforced polymer composites, the role of
machining parameters will be studied in the future works.

Appendix

Full set of thermography images are given in Fig. 12.
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