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ARTICLE INFO ABSTRACT

Keywords: A comprehensive experimental investigation on thermomechanical properties and micro-machinability of carbon
Nanocomposites nanofibre reinforced epoxy nanocomposites (EP/CNF) is presented in this study. The machinability indicators
Thermomechanical

including cutting force and surface roughness have been investigated. Tensile properties, morphology of tensile
fracture surfaces, glass transition temperature, machined chip morphology, and machined surface morphology
were also characterised. To investigate the effect of both workpiece material properties and operating conditions
on the machinability of EP/CNF, three controlled quantitative factors were selected at different levels, namely
CNF loading, cutting speed and feed per tooth (FPT). Micromilling experiments were performed on an ultra-
precision desktop micro-machine tool using titanium-carbon-nitride (TiCN) coated micro-end mills. Among all
compositions with CNF concentration ranging from 0.3 to 1 wt%, EP/1 wt% CNF exhibited the best machin-
ability among other nanocomposites with its lowest cutting force of approximately 0.5 N and surface roughness
of 0.18 pm. Size effect appeared at FPT below minimum uncut chip thickness (MUCT) indicated by the strong

Micro end milling
Carbon nanofibre
Machinability

deterioration of surface quality owing to the dominant ploughing effect.

1. Introduction

Carbon nanofibres (CNFs) can be defined as spz—based linear fila-
ments [1]. Their diameters can be in the range of 50-500 nm with
lengths around a few tens of micron, giving these fibres high aspect
ratios of length/diameter (>100) [2]. CNFs can be distinguished from
other carbon fibres or carbon nanotubes (CNTs) with their typical
structure such as regular stacked, truncated conical or planar layers
[3-5], as shown in Fig. 1. Due to their high aspect ratio combined with
excellent mechanical and physical properties such as Young's modulus
~500 GPa, tensile strength ~3 GPa, electrical conductivity ~10°S/cm,
thermal conductivity ~1900 W m~! K™}, CNFs show great potential as
reinforcing fillers in polymer nanocomposites [6].

Following the new demand of modern manufacturing in miniatur-
ising products/components to optimise working efficiency as well as
producing micro-components in various applications such as electronics,
and medical [7], polymer composites have shown great potential as
structural materials such as micro-gears [8], micro-robotic cell trans-
porters (MCTs) [9], micro-pillars [10], or micro-transporters [11].
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Although many methods such as micro-moulding, lithography, or 3D
printing have been employed to manufacture these micro-parts, me-
chanical micromachining techniques like micro-milling should be
applied to obtain higher surface quality and dimensional accuracy.
However, most of the relevant studies have been recently focusing on
the mechanical and physical characterisation of pre-machined EP/CNF
nanocomposites [2,7,12,13]. To the best of our knowledge, in-
vestigations of machinability of EP/CNF nanocomposites using micro-
machining has yet to be addressed. Therefore, this study presents a
comprehensive experimental investigation on the machinability of EP/
CNF nanocomposites through micromilling process taken into consid-
eration cutting force and surface roughness as the key process indicators.
Additionally, chip morphology and machined surface morphology were
also investigated to support the analysis of these two main machinability
indicators. To consider the effect of the workpiece materials on the
micromachining performance at different filler contents, various me-
chanical and physical properties characterisations were also conducted
before the microcutting trials.
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2. Materials and methods
2.1. Materials

A two-component Bisphenol A-epichlorohydrin (BPA) based epoxy
was used in this study. Epoxy resin (EL5) and hardener (EHA571) were
supplied by Polyfibre (Birmingham, UK). CNFs (CNF-110) were pro-
vided by GNM (Las Cruces, USA) with diameters from 200 to 600 nm
and lengths from 5 to 50 pm. Epoxy/CNF composites containing
different weight contents (0.1 to 1.0 wt%) were prepared using a two-
step method. In the first step, CNFs and epoxy hardener were hand
mixed for 5 min inside the glove box to avoid any air transmission and
nanofiller exposure. The hand-mixed solution was then moved out from
the glove box and further mixed using ultrasonication for 10 min at
room temperature to attain a homogenous mixture. To avoid over-
heating that can cause damage to the nanofibres, an ice bath was used to
cover outside the beaker and the sonication was performed at 60 % of
the maximum power (643 W) at a frequency of 250 kHz. Moreover, a
setting with a five-second break was applied after each ten-second
operation. After obtaining a homogeneous mixture, epoxy resin was
added to this solution using hand mixing for 5 min. The final solution
was degassed in a vacuum chamber at room temperature before
moulding. The samples were cured at room temperature for 24 h fol-
lowed by oven curing at 80 °C for 2 h for full crosslinking of EP. The
fabrication process of EP/CNF nanocomposites is shown in Fig. 2.

2.2. Thermomechanical characterisation of EP/CNF nanocomposites

Tensile tests were performed on a Universal Testing Machine (INS-
TRON 3382) based on ASTM standard D638. Type V specimens with
dimensions 63.5 x 9.53 x 4 mm (L x W x B) were used. Five specimens
were used for each composition with a displacement rate of 0.5 mm/
min. The morphology of these tensile fracture surfaces was also inves-
tigated using a scanning electron microscope (SEM) (TESCAN MIRA3) to
identify failure patterns and fibre distribution.

Dynamic Mechanical Analyzer (DMA) (Model 8000, Perkin Elmer)
was used to identify the glass transition temperature Tg of EP/CNF
nanocomposites. The details of DMA testing parameters are indicated in
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Table 1.

2.3. Micromachining experiments

An ultra-precision desktop micro-machine tool (Nanowave MTS5R)
was employed to perform micromilling experiments in this study. High-
speed cutting in micromachining was generated by a high-speed spindle
driven by a power of 100 W (240 V) that can reach 80,000 rpm. Also, an
air spindle was used to minimise cutting vibration. The high rigidity of
the machine base also helps the machine tool reach a high resolution of
0.1 pm. Full immersion micro-milling was applied for all cutting trials in
dry condition. The experimental setting is shown in Table 2. The setup is
shown in Fig. 3 which includes the nanocomposite specimen, the main
spindle, the micro-end mill and the dynamometer.

A piezoelectric dynamometer (Kistler 9256C2) with high frequency
(up to 4.8 kHz) was attached behind the fixture to measure the micro-
cutting forces. Kistler 5070A multichannel charge amplifier and Kistler
5697A1 DAQ with Dynoware software were used for signal processing
and data acquisition. Surface roughness Ra measurements were per-
formed on an Alicona Infinite Focus G4 at the central line of the
machined slot. Average values were obtained from five measurements at
different positions (entry, middle, and exit) in the feed direction. The
surface roughness Ra was also measured using Mitutoyo Surftest SJ-410
(0.25 mm and 2.5 mm cut-off and measurement length, respectively)
(Figure 3.20) at the centre line of each slot. Average values were similar
to those of Alicona Ra measurements. These Ra measurements were used
to validate the results from the contactless method (using the Alicona
microscope).

3. Results and discussion
3.1. Microstructural analysis of tensile fracture surfaces

The analysis of the fractured surfaces was performed to investigate
the toughening mechanisms as well as filler distribution when adding
different CNT loadings into the epoxy matrix (Fig. 4). Generally, the
fracture samples showed a river-like pattern of radiating crack lines,
regardless of the filler contents that indicated a typical failure pattern of
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Fig. 1. Various types of fibrous carbon materials from nano to microscale.
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Fig. 2. Schematic shows the fabrication of EP/CNF nanocomposites.

Table 1
DMA testing parameters.

20 x 5 x 1 (mm)
Single cantilever

Specimen (L x W x T)
Test mode

Test frequency 1Hz
Oscillation amplitude 0.05 % strain
Initial temperature 45°C
Heating rate Ramp 5 °C/min to 150 °C
Preload 0.01
Table 2

Experimental settings.

Specimen Material CNF reinforced epoxy and plain epoxy
Dimension (L x W x 70 x 13 x 3
T) (mm®)
Filler loading (wt%) 0,0.1,0.3,0.7 and 1

Cutting tool Material Titanium-carbon-nitride (TiCN) coated

micro-end mills
Number of flutes 2

Flute length (mm) 1.5
Cutting diameter 0.5
(mm)
Helix angle 20°
Cutting Cutting speed (m/min)  31.41, 78.54 and 125.67
conditions Feed per tooth (pm) 0.2,0.5,1,2,5
Axial depth of cut 100
(DoC) (pm)
Cutting width (pm) 0.5
Cutting length (mm) 13

brittle materials. However, a gradual change from rough and irregularly
dendritic (Fig. 6a, b, and e) to smooth and radially straight cracks
(Fig. 4c and d) could be observed when more CNF was added. It indi-
cated the toughening effect provided by CNF additions that restricted
the free crack propagation (as could be seen in neat epoxy samples).
Fig. 5 shows the tensile fracture surfaces of epoxy/CNF nano-
composite samples at high magnification to exhibit the filler
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distributions. The fracture morphology of 0.1 and 0.3 wt% nano-
composites appeared to be smooth with uniform distribution of CNFs
(Fig. 5a and b). Additionally, crack spinning, and crack deflection could
also be observed on the fracture surfaces of 0.1 and 0.3 wt% nano-
composites that indicated the highly efficient toughening mechanism of
these materials [14]. It resulted in the improvements of fracture strain at
these materials compared to the epoxy sample which was confirmed by
the mechanical results from Section 3.2 (Fig. 6). On the contrary, clear
CNF bundles and rough fracture surfaces were observed for 0.7 and 1.0
wt% CNF nanocomposites (Fig. 5¢, d) that implied the poor distribution
of the fillers at such high loadings. Additionally, coarse fracture surfaces,
large crack lines, and CNF agglomerates in this high-filler-content group
(Fig. 5¢, d).

3.2. Mechanical properties

Fig. 6 shows the mechanical properties including tensile strength,
Young's modulus, and fracture strain of epoxy/CNF nanocomposites at
different CNF contents. The properties mentioned above appeared to
improve with the addition of 0.1 and 0.3 wt% CNF but, they began to
decline at larger filler loadings. For tensile strength (Fig. 6a), epoxy/0.1
wt% CNF outperformed epoxy/0.3 wt% CNF by 6.4 % and 5.3 %,
respectively compared to neat epoxy. The enhancement was attributed
to CNF fibres that could bear a fraction of the load from the epoxy
matrix, hence improving the tensile strength of the nanocomposites. The
degree of reinforcement, however, was determined by the dispersion of
fibres inside the matrix. The more uniform distribution increased the
probability of fibre-matrix interaction rather than fibre aggregation
(fibre-fibre interaction).

Based on that, these homogenously dispersed CNFs could form a
continuous network inside the epoxy matrix. It resulted in the efficient
transfer of the tensile load from the epoxy matrix, hence improving the
tensile strength of the nanocomposites [15]. However, the tensile
strength started to decrease as higher filler contents were incorporated
and reached the lowest value at 46.8 MPa for 1 wt% sample, nearly 28.6
% lower than neat epoxy. It was attributed to the uneven distribution of



B. Le et al.

Dynamometer Fixture Spindle

ANV OWWAV O

- TS5

abilra e M 7, BN

Journal of Manufacturing Processes 99 (2023) 781-793

Workpiece  Micro-end mill

Fig. 4. SEM micrographs of the tensile fracture surfaces of (a) epoxy/0.1 wt% CNF, (b) epoxy/0.3 wt% CNF, (c) epoxy/0.7 wt% CNF, (d) epoxy/1 wt% CNF,

(e) epoxy.

CNF in the epoxy matrix, indicated by more CNF agglomerates observed
in Fig. 5¢c and d that led to the presence of the stress concentration, hence
reducing the tensile strength at such high filler loadings [16,17].
Young's modulus showed a similar trend with the highest value of
1.1 GPa at 0.1 wt% and the lowest of 0.94 GPa at 1.0 wt% (Fig. 6b). This
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phenomenon could also be explained by the transformation from ho-
mogenous to the inhomogeneous distribution of CNFs as their loading
increased. A uniform network formed by CNF fibres at the low filler
loadings (0.1 wt% and 0.3 wt%) (Fig. 5a, b) could efficiently restrain the
movement of the polymer chains. As a consequence, Young's modulus or
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Fig. 5. SEM micrographs at high magnifications of the tensile fracture surfaces of (a) epoxy/0.1 wt% CNF, (b) epoxy/0.3 wt% CNF, (c) epoxy/0.7 wt% CNF, (d)

epoxy/1 wt% CNF.

the stiffness of these materials was also enhanced [18]. Similarly, the
fracture strain also showed a ductile-to-brittle transition as the filler
loading increased (Fig. 6¢), significantly observed at 0.7 and 1 wt% CNF
due to CNF agglomeration (Fig. 5c and d) that caused stress concen-
tration. The well-dispersed CNF nano-fibres at low filler contents
appeared to improve the fracture strain of the nanocomposites [17].
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3.3. Glass transition temperature

Fig. 7 illustrates a typical variation of epoxy/CNF nanocomposites'
tan § (ratio of loss modulus to storage modulus) as a function of tem-
perature. The average glass transition temperature was identified based
on the peak values of tan & and is shown in Table 3. The gradual growth
of the glass transition temperature at low filler was observed which
reached the peak of 70.6 °C at 0.3 wt% CNF. Tg dropped for the filler
content above 0.3 wt%. The homogenous distribution of CNF at 0.1 and
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Fig. 7. Tan & of epoxy/CNF nanocomposites at different filler contents from
DMA analysis.

Table 3
Glass transition temperature of epoxy/CNF nanocomposites at different filler
contents.

CNF concentration (wt%) Glass transition temperature Ty (°C)

0 69.5 (£0.55)
0.1 70.5 (+0.47)
0.3 70.6 (+0.76)
0.7 68.7 (£0.07)
1 67.3 (+£1.82)

0.1 wt.%
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0.3 wt.%

0.7wt% 1.0wt%

Tensile properties of epoxy/CNF nanocomposites at different filler contents: (a) tensile strength, (b) Young's modulus, (c) fracture strain.

0.3 wt% (Fig. 5a, b) contributed to their high magnitudes of Tg. It was
due to the well-dispersed nano-fibres at such low contents that could
form a continuous network to restrict the polymer chains' mobility or
increased the immobilization of macromolecules [19], hence stabilising
the material structure in response to accelerated thermal energy.

On the contrary, more agglomerations of CNFs at higher filler con-
tents (Fig. 5c, d) led to the reduction of Ty by 3 % lower than neat epoxy
at 1 wt% CNF. These aggregations of the nano-fibres resulted in less
matrix-filler interaction and left the more free volume of polymer
chains, hence making the polymer's structure unstable at high temper-
atures. The poor dispersion of nano-fillers also contributed to the
degradation of the polymer's mechanical properties as it impeded the
curing and reduces the crosslinking density [20]. The effect of filler
concentration on the transition temperature of epoxy/CNF nano-
composites from Table 3 showed high agreement with other in-
vestigations on various polymer nanocomposites such as epoxy/
graphene [18] or PU/graphene oxide (PU/GO) [21]. This finding is also
in line with the tensile properties (Section 3.1) that reconfirmed the
obvious effect of fillers' distribution on the thermomechanical properties
of epoxy/CNF nanocomposites.

3.4. Chip morphology

Fig. 8 depicts the chip morphology for different polymer nano-
composites and neat epoxy at a cutting speed of 78.54 m/min. As a
general trend, chip morphology started to change from debris/discon-
tinuous to continuous form as FPT increased from 0.2 to 5 pm. These
transition points (denoted by horizontal arrows) were supposed to be the
MUCT and they depended on the mechanical properties of workpiece
materials. The chips when micromilling 0.1 wt% nanocomposite
(Fig. 8a) started to form from 0.2 pm of FPT which likely indicated the
lowest MUCT of 0.2 pm compared to other compositions (0.3 to 1 wt%).
Similarly, the MUCT of both 0.3 and 0.7 wt% CNF nanocomposites were
0.5 pm (Fig. 8b, c).
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Fig. 8. Chip morphology of epoxy/CNF nanocomposites at different filler
contents (cutting speed = 78.54 m/min) (scale bar is 200 pm).

The highest value of the MUCT was observed at 1 wt% CNF and neat
epoxy of 1 pm (Fig. 8d, e). The reduction of MUCT as the filler content
increased was likely due to the enhancement of the ductility. Based on
the tensile property results detailed in Section 3.2, the addition of 0.1 wt
% CNF provided the highest improvement of the fracture strain, fol-
lowed by 0.3 and 0.7 wt%. However, there was a ductile-to-brittle
transition as the filler content reached 1 wt% (Fig. 6¢).

This ductile-to-brittle transition of 1 wt% nanocomposite and epoxy
led to the chip formation only at higher FPT or higher MUCT compared
to those of ductile nanocomposites (0.1, 0.3, and 0.7 wt%). On closer
observation of chip morphology, Fig. 9 illustrates the effect of FPT and
filler content on the chip morphology at 78.54 m/min cutting speed. The
chip surface appeared to be coarser at high feed rates as the FPT in-
creases. The broad shear zone at high feed rates made the chip segments
larger hence roughening the chip surfaces. The chip morphology showed
a clear difference between various nanocomposites and epoxy at FPT of
1 pm. At this FPT, the chip thickness was low and likely to be deformed
due to the heat generated from the cutting process and physical cutting
force. Therefore, the chip formation, in this case, was affected by the
thermomechanical properties of the workpiece materials. The well-
enhanced thermomechanical properties of 0.1 and 0.3 wt% CNF nano-
composites exhibited high integrity chip formation with flat and smooth
surfaces and fewer cracks at FPT of 1 pm (Fig. 9a, b) compared to other
compositions (i.e., 0.7 and 1 wt% and epoxy). Moreover, the chips at 1
wt% and epoxy appeared to be wrinkled (Fig. 9d, e), especially for epoxy
(Fig. 9e). This was due to the thermal softening at the high cutting speed
that was attributed to the low transition temperature of these nano-
composites (Table 3).

3.5. Cutting force

ANOVA analysis was applied to statistically identify the importance
of input factors. Table 4 presents ANOVA results for the resultant cutting
force that analysed the impact of three main input factors. Although,
filler content, FPT, and cutting speed were found statistically significant
on cutting force, cutting speed was found the most significant factor
affecting the cutting force with a contribution of 74.5 %.

Fig. 10 shows variation in cutting force as a function of cutting
speeds (from 31.41 to 125.67 m/min) and FPT. Generally, cutting force
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gradually increased along with FPT regardless of the workpiece mate-
rials. It implied the significant effect of FPT on cutting force. The in-
crease of FPT provided more chip load acting on the cutting tool, leading
to more resistance of workpiece material against the cutting path, and
consequently, high cutting forces generated [22].

At high cutting speeds, cutting forces for 1 wt% CNF nanocomposite
and epoxy samples fluctuated at the low range of FPT (0.2-2 pm) at
78.54 m/min (Fig. 10b) and 125.67 m/min (Fig. 10c). This phenomenon
indicated the effect of MUCT on cutting force variation at high cutting
speeds as evidence of the dominance of the size effect. As discussed in
Section 3.4 1 wt% CNF nanocomposites and epoxy showed the highest
MUCT (from 1 to 2 pm). It led to the occurrence of the ploughing effect
at the FPT below 2 pm, resulting in the high cutting force at the FPT of
0.2 pm. Cutting force decreased with the FPT (up to 1 pm) due to the
reduction of the ploughing mechanism. Due to the dominance of the
shearing effect at higher FPT (from 1 to 2 pm), the cutting force
increased because of the increased chip load. On the contrary, cutting
force at 0.1, 0.3, and 0.7 wt% CNF exhibited a gradual rise throughout
this range of FPT (0.2 to 2 pm), see Fig. 10b and c. It could be interpreted
by considering the fracture strain and Young's modulus of the workpiece
materials. As shown in Fig. 6b and c, both fracture strain and Young's
modulus of 0.1, 0.3, and 0.7 wt% nanocomposites were higher than
epoxy and 1 wt% composition. This resulted in the higher resistance of
the workpiece against the tool advance at higher cutting speeds (78.54
and 125.67 m/min), hence leading to the linear raise of cutting force at
FPT from 0.2 to 1 pm. The rising portion of cutting force variation at
higher feed rates (2 to 5 pm) for all compositions were attributed to the
increased chip load and shear area or larger plastic deformation [22,23].

From Fig. 10, it can be seen an obvious effect of filler content on
cutting force, exhibited by the highest cutting force possessed by 0.1 wt
% sample and decreased as the CNF percentage increased. Also, the neat
epoxy sample showed the smallest magnitudes at all cutting conditions
compared to its nanocomposite counterparts. It was likely to imply the
considerable effect of the thermomechanical properties of materials.
With the incorporation of CNFs, the epoxy-based nanocomposites
showed higher cutting force magnitudes than epoxy due to the
strengthening effect. From Fig. 10a—c, it appeared that the cutting force
for 0.1 wt% CNF nanocomposite were at the highest values, followed by
0.3 wt% counterparts. This could be attributed to the improvements of
Young's modulus (Fig. 6b) and the failure strain (Fig. 6¢), owing to the
uniform distribution of nano-fibres (Fig. 5a, b) of these materials. On the
contrary, the low cutting forces when micromilling high-filler-content
nanocomposites (0.7 and 1 wt% CNF) were contributed by the low
mechanical properties compared to 0.1 and 0.3 wt% CNF due to the
agglomeration of the nano-fibres (Fig. 5c, d). Also, 0.1 wt% nano-
composites exhibited significantly high cutting force magnitudes at the
highest cutting speed of 125.67 m/min that was distinct from those of
other compositions. At such high cutting speed, the thermal softening
effect seemed to appear due to high heat generated from the cutting
area. The high cutting force magnitudes when micromilling 0.1 wt%
nanocomposite were due to its high thermal stability that was contrib-
uted by the high glass transition temperature of this composition
(Table 3). It resulted in the stability of the mechanical properties of this
material at a high cutting speed, hence increasing the cutting force.

The effect of mechanical properties of the nanocomposite workpieces
and feed per tooth effect on the cutting force can be also theoretical
analysed based on the equations [24] that describe the elemental cutting
forces in the tool coordinate system (Fig. 11) as follows:

dF, = (keh + ke )dz
dF, = (kh + k,)dz
dF, = (kych + koo )dz

(€3]

where:dF,, dF,, dF, — tangential, radial, and axial element cutting forces,
respectivelyk, ki.,k,c — tangential, radial, and axial cutting co-
efficients, respectivelyki, k,k,e — tangential, radial, and axial edge



B. Le et al. Journal of Manufacturing Processes 99 (2023) 781-793

(a) 0.1 wt.% CNF

(e) Epoxy

Fig. 9. Chip morphology of epoxy/CNF nanocomposites at different filler contents (cutting speed = 78.54 m/min) (scale bar is 50 pm).

788



B. Le et al.

Journal of Manufacturing Processes 99 (2023) 781-793

Table 4
ANOVA results for the resultant cutting force when micromilling epoxy/CNF nanocomposites.
Source DF Seq SS Contribution Adj SS Adj MS F-value P-value
Filler content 4 2.146 11.09 % 2.146 0.53641 33.75 <0.001
Cutting speed 2 14.426 74.53 % 14.426 7.21316 453.86 <0.001
FPT 4 1.766 9.12% 1.766 0.44154 27.78 <0.001
Error 64 1.017 5.26 % 1.017 0.01589
Total 74 19.355 100.00 %
(a) - ®m- Epoxy (b) 244 ¢ = Epoxy
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Fig. 10. Cutting force when micromilling epoxy/CNF nanocomposites at different cutting speeds: (a) 31.41 m/min, (b) 78.54 m/min, and (c) 125.67 m/min.

coefficients, respectivelyh — chip thicknessd, — differential axial depth
of cut.

The chip thickness h from Eq. (1) can be identified based on the
model developed by Jun et al. [26] that considers the effect of elastic
recovery. Fig. 12 depicts the surface generation and chip thickness
computation for an arbitrary axial slice in the presence of elastic re-
covery, which is denoted by the shaded zone, for an arbitrary axial slice.
Points C and F are the tool centre and cutting edge locations, respec-
tively. Point I is the intersection between CF and the previous surface
profile. The tooth pass number is indicated by the superscript, while the
rotating angle is shown by the subscript. The chip thickness is identified
as follow:
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h = max(0,||C/F}|| - ||CE™]|) @

From Fig. 12, the chip thickness h value is a sum of FPT (DG) and the
height of the elastic recovery height h,,. Therefore, increasing FPT leads
to the increase of chip thickness that subsequently results in higher
cutting force that was shown by the experimental results from Fig. 10. In
terms of elastic recovery height h,,, it has been indicated that higher
nanofiller content results in lower fracture strain of polymer nano-
composites [27,28], hence decreases the elastic recovery of workpiece
materials or h,, and consequently reduces the chip thickness in micro-
end milling. In this study, the fracture strain results from Fig. 6
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Fig. 11. Elemental forces in micro end milling [25].
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Fig. 12. Chip thickness model considering the effect of elastic recovery [26].

indicated an enhancement of the fracture strain at 0.1 wt% but gradually
decreased at higher CNF concentrations. This ductile-to-brittle transi-
tion led to lower chip thickness generated when micro-milling more
brittles materials (i.e., epoxy, 1 wt%), resulted in lower cutting forces as
the CNF concentration increased.

3.6. Machined surface morphology

SEM images for the machined surface following the micromilling of

epoxy/CNF nanocomposites and epoxy at a cutting speed of 125.67 m/
min are shown in Fig. 13. SEM imaging has been performed in the
middle area of the machined slot. Generally, the feed marks became
clearer as the FPT increased, regardless of the material compositions
Among different compositions, 0.1 wt% nanocomposites samples
(Fig. 13a) had clear feed marks, even at the low FPT (0.5 pm). It was
attributed to the high MUCT of this material, which made the shearing
effect dominant at FPT of 0.5 pm, resulting in feed marks as the main
pattern of surface morphology. However, feed marks appeared to be
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Fig. 13. SEM images of the machined surfaces when micromilling EP/CNF
nanocomposites at 125.67 m/min cutting speed of (scale bar is 50 pm).

blurred at the higher filler content of 0.3 wt% CNF (Fig. 13b). As more
CNF content was added, the nano-fibres appeared to be bridging the
cracks along with the feed marks, hence smoothing the machined sur-
faces. For a further increase of filler content to 0.7 wt% CNF, the
machined surface appeared to be coarse with obvious cracks covered by
material adhesion (Fig. 13c). On the other hand, the machined surface of
1 wt% CNF samples (Fig. 13d) appeared to be relatively smooth that was
similar to that of neat epoxy (Fig. 13e). It was attributed to the bridging
and smearing effects of CNFs that smoothed the machined surfaces at
such a high filler content of 1 wt% sample. This phenomenon is in line
with other works with carbon nanotube (CNT) polymer nanocomposites
such as EP/CNT [29] or PC/CNT [30]. The machined surface of epoxy
also showed more chip adhesion at every FPT (Fig. 13e), owing to their
low thermal transition temperature that consequently leads to thermal
softening at high cutting speeds.

3.7. Surface roughness

Statistical analysis of ANOVA was used to identify the level of input
factor distributions on the surface roughness. The results from Table 5
revealed that all filler content, FPT, and cutting speed exhibited signif-
icant effects on Ra variation. A high contribution was found at around
29 % for the filler content, followed by FPT with around 25 %. However,
cutting speed appeared to show the least effect at only 9 %.

The average surface roughness of the machined surfaces exhibited a
generally upward trend as FPT increased, regardless of the cutting speed
and the filler content (Fig. 14). However, an initial drop in the surface
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roughness could be observed at the low FPTs. Given such a low chip
load, this phenomenon was attributed to the presence of ploughing at
this stage due to the MUCT effect. The ploughing effect led to large
compressive residual stress of the top layer of the workpiece (machined
surface) [31], resulting in a highly rugged machined surface (at FPT of
0.2 pm). Due to the different MUCTs (Section 3.4), this drop portion of
surface roughness varied between various compositions. For the 0.1 wt
% sample, there was no drop portion in the surface roughness trend. It
was due to the lowest value of MUCT possessed by this composition (0.2
pm) that resulted in a minor effect of ploughing within this FPT range.
For other samples with 0.3 and 0.7 wt% CNF, the drop portion of surface
roughness appeared from 0.2 to 0.5 pm FPT which was identical to their
MUCT value identified from Section 3.4 (0.5 pm). Similarly for neat
epoxy and 1 wt% samples with their MUCT of 1 pm and their drop
portion of surface roughness stopped at FPT of 1 pm.

As the FPT exceeded the MUCT boundary, the machined surface
roughness values increased with FPT (Fig. 14). This trend indicated the
considerable effect of FPT on the surface roughness These results are in
line with the observed feed marks at high FPTs, especially at 5 pm
(Fig. 13).

Also, higher feed rates caused more plastic deformation due to higher
cutting load, consequently deteriorating the machined surface quality
due to increasing the high of residual area. The machined surface
roughness mainly depends on the height of residual area that is identi-
fied by the geometric relationship as shown in Fig. 15 [32-34].

When FPT is larger than cutting edge radius, the height of residual
area h; is obtained from the equation:

2 218 2
- (_3°Vf> =r(1=VI=sints) 22 > E{L 3)
rE

Nn 2

where r, is the cutting edge radius, f; is FPT, v is the feed rate of the
micro end mill, N is the number of cutter flutes, n is the spindle speed,
and § is the overlapping angle of the cutting edge radius. From Eq. (3),
when tool wear is neglected (corner radius r, unchanged), the height of
residual area h; is primarily determined by the feed per tooth f,.
Increasing FPT causes higher surface roughness, and this trend was
validated by the experimental results shown in Fig. 14.

When FPT is smaller than cutting edge radius, the size effect appears.
The height of residual area is identified from hy, and MUCT ¢, is
considered as follow:

2 !
N :f7z+tmin <1+ tmm)

h 8, 2 2

4

The theoretical value of surface roughness from Eq. (4) primarily de-
pends on FPT f, and the MUCT ¢,,, and validated from the experimental
results shown in Fig. 14. As neat epoxy and 1 wt% CNF nanocomposite
possessed the highest value of MUCT, the surface roughness of these two
materials exhibited high values at low FPTs (at 0.2 pm) and rapidly
decreased at higher FPTs. Similarly, this drop portion of surface
roughness also appeared at 0.3 and 0.7 wt% but in a narrower range (up
to 0.5 pm). For 0.1 wt% with the lowest MUCT (0.2 pm), the effect of
MUCT on h; is negligible, and mainly depend on FPT effect like h;, and

Table 5

ANOVA results for surface roughness when micromilling epoxy/CNF nanocomposites.
Source DF Seq SS Contribution Adj SS Adj MS F-value P-value
Filler content 4 0.016096 29.21 % 0.016096 0.004024 12.82 <0.001
Cutting speed 2 0.005011 9.10 % 0.005011 0.002506 7.98 0.001
FPT 4 0.013896 25.22 % 0.013896 0.003474 11.06 <0.001
Error 64 0.020096 36.47 % 0.020096 0.000314
Total 74 0.055100 100.00 %

791



B. Le et al.

a) 0271
( l 0.26

5 025
o 024

— &= Epoxy

- & 0.1wt% CNF
- A 0.3 wt% CNF
- v~ 0.7 wt.% CNF
-4 1.0wt.% CNF

8 023
5, 022 ]
0.21 1
® 020
0.194
@ 018
2 017
0.16 -
0.15 -

hn

Rou

urfac

Avera

0.14 ]

Journal of Manufacturing Processes 99 (2023) 781-793

(b) 0.32

0.30 4
0.28
0.26
0.24 4
0.22 4
0.20 1
0.18
0.16
0.14 4

Average Surface Roughness (um)

0.12 4

- m- Epoxy

- & 0.1wt% CNF
- A- 0.3 wt.% CNF
= wv= 0.7wt% CNF
-4 1.0wt% CNF

0 1 2 3 4 5 0 1 2 3 4 5
FPT (um) FPT (um)
0.30
(c) 029_. - |- EpOXy
| - e 01wt%cne
T 08 -4 oswtnCnF
= 027 | - 0.7wt%CNF
1L - 1.0wt%CNF
@0.26-_ .
_E 025-.' y i —’__—"
S 0.24 R NS
3 0.23.] F 2 o
o ] g 3 L o
Q 0.22 \ ,’ P ”,’
fonl w1 -
- A -
S o o Sl I
® 0.18 ] \ L PP
:%0,17— """
0.16 4

FPT (um)

o

Fig. 14. Effect of the filler content and feed rate on the average surface roughness when micromilling epoxy/CNF nanocomposites at different cutting speeds: (a)
31.41 m/min, (b) 78.54 m/min, (c) 125.67 m/min.

(a)

no drop portion of surface roughness can be seen for this material

(Fig. 14).

Fig. 14 also shows the effect of filler content and subsequently, me-
chanical properties on the surface roughness results at the different
cutting speeds despite the disorder of this trend at the lower feed rates
due to the MUCT effect. Samples with 0.1 wt% CNF had the highest
surface roughness values, followed by 0.7 and 0.3 wt% whereas the 1 wt

(b)

Fig. 15. Machined surface generation in micro-milling: (a) cutting edge radius is smaller than FPT, (b) cutting edge radius is larger than FPT (size effect) [34].

% sample had the highest surface quality among all nanocomposites.
The effect of CNF concentration on surface roughness was found to be in
line with the mechanical properties (Young's modulus) of different
compositions (Fig. 6) that indicated the significance of the strengthening
effect on surface roughness.

In addition, in micromachining, machined surface roughness pos-
sesses high sensitivity to tool vibration owing to the high cutting speed
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and small tool used. This tool vibration also negatively affects the
quality of the machined surface [35]. From the tensile testing results,
0.1 wt% CNF samples exhibited the highest impact of strengthening
effect, owing to its high tensile strength compared to other compositions
(Fig. 6). Also, this material exhibited the highest cutting forces at all
cutting conditions (Fig. 10). These two factors indicated the presence of
tool vibration that consequently led to the highest surface roughness of
this material (Fig. 14). Similarly, this explanation can be used to support
the order of Ra magnitudes for other compositions and epoxy.

The surface roughness of 0.7 wt% CNF nanocomposite samples,
however, were higher than that of 0.3 wt% counterparts (Fig. 14). For
0.3 and 0.7 wt% CNF samples, their Young's modulus and fracture strain
were comparable with a slight reduction for 0.7 wt% CNF. This seemed
insignificantly affect the surface roughness when considering mechani-
cal properties. Instead, the microstructure effect of 0.7 wt% CNF sample
that can be seen with more CNF agglomeration found on the fracture
surface of this material (Fig. 5¢) was likely the reason for its higher
surface roughness compared to 0.3 wt% CNF. These filler agglomera-
tions resulted in more CNF pull-out and led to rougher machined sur-
faces at 0.7 wt% compared to those of 0.3 wt% material. Also, a low
transition temperature of 0.7 wt% CNF material contributed to more
chip adhesion and smearing on the machined surfaces that could be
visually recognised from the SEM images in Fig. 13. It resulted in higher
surface roughness of this material compared to 0.3 wt% CNF.

4. Conclusions

This study presents an experimental investigation of the machin-
ability of CNF reinforced epoxy nanocomposites using micromilling
tools aiming to extract the impact of cutting conditions and thermo-
mechanical properties of workpiece material on key indicators including
cutting force and surface roughness. Generally, cutting speed was the
most significant factor affecting cutting force whereas FPT significantly
affected surface roughness. Furthermore, the machinability of EP/CNF
nanocomposites in terms of cutting force and surface roughness was
significantly affected by the filler content, and consequently, the ther-
momechanical properties of the workpiece materials with only small
addition of CNFs (from 0.3 to 1 wt%). The high sensitivity of the
machinability of EP/CNF nanocomposites with changing thermo-
mechanical properties of workpiece materials indicated a typical feature
of micromachining of nanocomposites. Nanocomposite samples rein-
forced with a filler content of 1 wt% CNF exhibited the highest
machinability performance in terms of lower cutting force and high
surface finish. On the other hand, 0.1 wt% samples had the worst per-
formance. Additionally, nanocomposite samples reinforced with CNF
had lower machinability compared with the neat epoxy counterpart. For
micromachining at low FPTs below MUCT, the size effect exhibited by
the deterioration of the surface finish due to the ploughing effect. This
phenomenon was in line with the identification of MUCT value from
chip morphology analysis.
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