
Vol.:(0123456789)1 3

The International Journal of Advanced Manufacturing Technology 
https://doi.org/10.1007/s00170-021-08471-8

ORIGINAL ARTICLE

Machinability investigation of polymer/GNP nanocomposites 
in micro‑milling

Guoyu Fu1 · Dehong Huo1   · Islam Shyha2 · Fuzhong Sun3 · Qiang Gao4

Received: 19 July 2021 / Accepted: 26 November 2021 
© The Author(s) 2021

Abstract
Nanoparticles such as graphene have been added to various polymer matrices to enhance the mechanical, thermal, and 
electrical properties of polymer materials that require complex designs on a microscopic scale. Micro-machining is used to 
process these nanocomposite materials to achieve high surface quality and dimensional accuracy while maintaining high 
productivity. In this study, a systematic micro-milling experiment was performed on polymer/graphene nanoplatelet (GNP) 
nanocomposites to advance knowledge of the micro-machinability of these materials. It evaluates the effect of the addition 
of 0.1wt% GNP nanoparticles on machined surface morphology, chip formation, cutting forces, and tool wear. It is found 
that the addition of GNP nanoparticles changes the slot edge formation mode from burring mode to chipping mode.
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1  Introduction

A graphene nanoplatelet (GNP) is a flat sheet composed of a 
single layer of sp2 bonded carbon atoms, which is considered 
to be the original structural element of other carbon allo-
tropes, and it exhibits extraordinary mechanical, electrical, 
and thermal properties [1]. The two-dimensional (2D) struc-
ture provides GNP with a much larger specific surface area 
of ∼ 2600 m2/g compared to other graphene-derived materi-
als [2]. GNP nanoparticles have been experimentally added 
to various types of polymers such as epoxy, poly(styrene), 
poly(acrylonitrile) and poly (methyl methacrylate) (PMMA) 
matrices. Adding GNP to the polymer matrix will cause 
changes in fracture strain and toughness. In the case of 
thermoplastic/GNP nanocomposites, the strain at break is 

significantly reduced, while for thermoset plastics with low 
GNP loading, performance is improved [3]. Rafiee et al. [4] 
showed that GNP exhibits better mechanical reinforcement, 
including Young’s modulus, tensile strength, and toughness, 
than other graphene-derived nanoparticles. Domun et al. [5] 
showed that GNP exhibits a higher enhancement of fracture 
toughness in epoxy-based nanocomposites, mostly at low 
filler loadings (< 1 wt%). Other mechanical tests such as 
critical buckling load tests and friction tests also show that 
the addition of GNP nanoparticles can significantly improve 
mechanical properties [6]. Atif et al. [7] found that the maxi-
mum increase in Young’s modulus was observed from 609.6 
to 766 MPa (25.7% increase) in the case of 0.1 wt% GNP, 
while Saharudin et al. [8] demonstrated that the addition of 
GNP nanoparticles (below 1.0 wt%) can increase the glass 
transition temperature of matrix material, and Aitf et al. 
[9] found that the addition of GNP can give a maximum 
increase in hardness up to 18.3% compared with the matrix 
polymer material. Thus, various improvements in mechani-
cal properties when reinforcing polymers with GNP have 
been verified.

Based on these properties, polymer/GNP nanocompos-
ites have shown promise for various industrial applications 
such as in the automobile, mobile phone, and power sec-
tors [10–13]. Although nanocomposite materials can be 
manufactured close to the final shape, they usually require 
subsequent machining to achieve the required tolerance and 
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surface finish [14]. However, research on the machinability 
of polymer nanocomposites is still ongoing [15]. To accel-
erate the industrial application of these new materials, the 
machinability of polymer/GNP nanocomposites needs to be 
better understood.

The addition of GNP nanoparticles can change the 
machining performance of the matrix material [16, 17]. 
Jiao and Cheng [18] demonstrated that the micro-milling 
strategy for polymer material, which can generate good 
surface roughness in slot micro-milling, can produce the 
expected surface roughness on such micro areas, and here, 
machining dynamics play an important role. Samuel et al. 
[19] presented a study of the micro-machining of polymer/
carbon nanotube nanocomposites which investigated the 
cutting forces, tool wear, surface roughness, and chip mor-
phology. Xiao and Zhang [16] asserted that the machinabil-
ity of polymer nanocomposites could be analysed in terms 
of surface roughness, chip formation, tool wear, gumming 
and burning. Kobayashi [20] proposed approaches to the 
study of the cutting performance of polymers, and Patel 
et al. [21] presented an analysis of the forces on polymer 
involved in orthogonal cutting or machining in which yield-
ing on a shear plane is assumed. Jiang et al. [22] investi-
gated the relationships among material parameters, such as 
glass transition temperature, melting temperature, viscous 
effects and specimen surface finish in polymer machining. 
Yan et al. [23] conducted micro-milling experiments with 
various polymers based on surface roughness, burrs and 
cutting chip characteristics, and it was found that the surface 
quality of brittle removal is generally better than that of the 
viscoelasticity state. Aramcharoen et al. [24] demonstrated 
that that the micro-milling method can be used to manu-
facture microfluidic chips of polymer materials, resulting 
in good mechanical processing surface quality and a high 
aspect ratio of about three. Crabtree et al. [25] demonstrated 
that mechanical processing of polymer materials below the 
glass transition temperature produces a glass surface gener-
ated by the glassy response. Davies and Burns [26] found 
that shear bands of polymer materials have a significant 
impact on the mechanical properties and morphology of the 
machined surface as well as damaging cutting tools.

Dikshit et al. [27] and Samuel et al. [28] demonstrated 
that material failure during the machining of nanocompos-
ites is an interface-dominated phenomenon that can change 
the surface morphology. Kobayashi and Saito [29] showed 
that GNP nanoparticles can change the friction properties of 
nanocomposite materials, and these changes directly affect 
the forming quality of the machined surface. Xu et al. [30] 
investigated the machinability of CFRP composites using a 
drilling method, and Le et al. [31] studied the machinabil-
ity of polymer/carbon nanotube nanocomposites by observ-
ing chip formation, surface morphology and cutting force 
profiles as well as calculating specific cutting energy. For 

polymer/GNP nanocomposites, Shakoori et al. [32] pre-
sented results showing the effect of tool wear and tool types 
on machined surface accuracy, while Fu et al. [33] studied 
the effect of feed per tooth on machined surface accuracy of 
nanocomposites, and Shyha et al. [34] presented experimen-
tal results from the micro-machining of polyester/halloysite 
nano-clay nanocomposites. The evaluations conducted 
include the quality of machined surfaces characterised by 
scanning electron microscopy (SEM), the monitoring of cut-
ting forces using force dynamometry and surface roughness 
measurement using both contact and non-contact techniques.

The mechanical micro-machining of nanocomposites is a 
complicated process due to the microstructures of polymer 
materials. However, research on polymer nanocomposites is 
still incomplete, particularly in terms of the machinability 
of polymer/graphene-derived or polymer/GNP nanocom-
posites. Thus, this study aims to experimentally determine 
the effect of GNP nanoparticles on the machinability of 
polymer nanocomposites to fill this gap in knowledge. The 
micro-machinability of polymer/GNP nanocomposites in 
this research is characterised by six factors: cutting force, 
shear stress, surface morphology, chip deformation, slot 
width accuracy and tool wear.

2 � Experimental set‑up

2.1 � Machining set‑up and procedure

The micro-milling experiment was accomplished on an 
ultra-precision desktop machine (Nanowave MTS5R) with 
continuous power of 100 W (240 V) and a maximum spin-
dle speed of 80,000 rpm under dry conditions. The device 
consists of 3 axes (X, Y, Z) with a resolution of 0.1 μm and 
is controlled by a DC servo motor. A Kistler cutting force 
dynamometer (9256C2) was used to measure cutting force, 
as shown in Fig. 1. A light microscope and a scanning elec-
tron microscope (Hitachi TM30300) were used to observe 
the machined surface, slot edge and chip morphology after 
processing. A Mitutoyo SJ-410 contact style profilometer 
was used to measure the surface roughness (Ra) of the 
machined surface. Uncoated flat-end milling tools with a 
diameter of 1 mm were used in full slot milling. Table 1 lists 
the specification of the micro end milling tool. To ensure the 
accuracy of the results, machining trials for each condition 
were repeated twice.

This micro-milling process can be simplified as an 
orthogonal machining process, as proposed by Lai et al. 
[35] for a 2D micro-milling process, as shown in Fig. 1b, 
c. The maximum uncut chip thickness of 2.0 μm is much 
smaller than the tool diameter (1000 μm), which results in 
relatively small variations in uncut chip thickness (2.0 μm) 
when compared with the travel distance of the cutting edge 
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over 180° of tool rotation (about 1570 μm). Hence, it can 
be concluded that the change in chip thickness has no sig-
nificant effect on the impact of cutting force and chip for-
mation. Therefore, the small feed rate in the micro-milling 
process can be equivalent to the uncut chip thickness used 
in the orthogonal machining in this study.

The experimental variable in this study is cutting speed. 
It was set at eight levels (15.7, 31.4, 47.1, 62.8, 78.5, 94.2, 

109.9, and 125.6 m/min), and the feed per tooth (FPT) was 
fixed as 2.0 µm/tooth, as listed in Table 2.

2.2 � Workpiece material preparation

The process used in preparing the polymer/GNP material 
was as follows. Firstly, the GNP nanoparticles were placed 
in a curing agent by bath sonication at room temperature for 
30 min. The suspension and liquid epoxy resin were then 
mixed with a resin-to-curing agent ratio of 2:1 for 10 min 

Fig. 1   Micro-milling experiment: (a) machine set-up with cutting force dynamometer; (b) schematic diagram of the 2D milling process of tool 
rotation; (c) relationship between the 2D milling process and the orthogonal machining process

Table 1   Micro-end milling uncoated tool specifications

Properties Value

Tool diameter 1.0 mm
Number of flutes 2
Flute style Right-hand spiral/

medium helix
Finish/coating Uncoated
Helix angle 30°

Table 2   Experimental cutting parameters

Cutting speed 
(m/min)

Feed per tooth 
(µm/tooth)

Tool diameter 
(mm)

Depth of cut 
(mm)

15.7, 31.4, 47.1, 
62.8, 78.5, 
94.2, 109.9, 
125.6

2.0 1.0 0.1, 0.2
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and degassed under vacuum conditions to remove entrained 
air. Moulding and curing were subsequently conducted at 
room temperature for 6 h, then curing at 80 °C for 6 h [36]. 
Figure 2 shows the epoxy/GNP 0.1 wt% nanocomposite and 
the plain epoxy sample used in this experiment, with the 
latter as the control.

3 � Results and discussion

3.1 � Surface roughness (Ra) and surface morphology

Figure 3 shows the surface roughness (Ra) of plain epoxy 
and epoxy/GNP at cutting speeds from 15.7 to 125.6 m/min 
at 0.1 mm depth of cut. The experiment results represent 
the random selection of five points for each experimental 
condition and taking the average value. Samuel et al. [28] 
found that the surface roughness of plain polymer decreases 
with increasing cutting speed. Based on metal nanocompos-
ites, Teng et al. [37] demonstrated the surface roughness of 
plain Mg and Mg-based metal matrix composites with nano-
sized particles. Figure 3 shows that the surface roughness of 
epoxy/GNP decreases slightly with greater cutting speed. 
This phenomenon is consistent with the results of previous 
machining experiments with plain polymer material [38], 
and the addition of GNP nanoparticles does not change this 
trend. At the same time, compared with plain epoxy, epoxy/
GNP nanocomposites have higher surface roughness. Firstly, 
the GNP nanoparticles may limit the large long-range mobil-
ity of segments of matrix material during the cutting pro-
cess [39, 40]. As a result, the machined surface of epoxy/
GNP has more surface defects, and the surface roughness 
is higher. The second reason could be that the addition of 
GNP nanoparticles changes the toughening mechanism of 

the matrix material [41]. With the addition of GNP nanopar-
ticles, the fracture mode may change from mode I (tension) 
to mixed-mode (stretch/plane shear and stretch/anti-plane 
shear) conditions, resulting in higher fracture toughness and 
increased surface roughness [41, 42].

Figure 4a shows SEM images of the machined surfaces 
of plain epoxy and epoxy/GNP at cutting speeds of 15.7, 
78.5, and 125.6 m/min. The epoxy/GNP surface presents 
many tears and scaling and a rough pitted appearance. Plain 
epoxy and epoxy/GNP show different surface morphologi-
cal characteristics, because the plain epoxy shows signs of 
brittle fracture and the effect of crack propagation caused by 
stress concentration [34, 43]. As shown in Fig. 5, a river-like 
fracture pattern can be observed on the epoxy surface, which 
illustrates the brittle fracture nature of the material and its 
poor resistance to crack initiation and propagation [36]. For 
various epoxy/GNP materials, the fracture pattern changes 
to a sheet-sheet delaminating pattern [36].

It is believed that this change can produce significantly 
increased fracture toughness. The addition of 0.1wt% GNP 
particles does significantly increase the fracture toughness of 
the matrix material [39], as shown in Fig. 6. As a result, the 
fracture mode of the machined surface changes from mode I 
to mixed mode [7], eventually leading to changes in the sur-
face morphology of the machined surface. Figure 4b shows 
optical images of the machined surfaces of plain epoxy and 
epoxy/GNP at cutting speeds of 15.7, 78.5, and 125.6 m/
min. This further indicates that the addition of GNP nano-
particles changes the surface morphology.

Figure 7 shows SEM images of the different slot edge 
formation of plain epoxy and epoxy/GNP at cutting speeds 
of 15.7, 78.5, and 125.6 m/min. Edge chipping defects 
are observed in epoxy/GNP slots and edge burrs in the 
plain epoxy samples. This may be because the GNP 

Fig. 2   Epoxy/GNP 0.1wt% nanocomposites and plain epoxy samples 
for micro-milling experiments

Fig. 3   Surface roughness of plain epoxy and epoxy/GNP at cutting 
speeds from 15.7 to 125.6 m/min at depth of cut of 0.1 mm
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nanoparticles provide a physical barrier to fractures during 
the cutting process [7]. Their addition means that the slot 
edge suffers highly concentrated stress and crack growth, 
and the slot edge formation changes from burred to chip-
ping edges. The change in the mode of breakage of the 
slot edge is observed at all different cutting speeds tested.

Slot width can directly reflect a component’s dimen-
sional accuracy. Therefore, this study investigated the 
effect of GNP nanoparticle content on slot width. To 
ensure the accuracy of the results, five points are ran-
domly selected in each slot, the width of the slot is 
measured, and the average value is calculated. Figure 8 

Fig. 4   Machined surfaces of plain epoxy and epoxy/GNP at cutting speeds of 15.7, 78.5, and 125.6 m/min and 125.6 m/min at 0.1 mm unde-
formed chip thickness: (a) SEM images; (b) optical images
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presents optical images of micro-machined slots for plain 
epoxy and epoxy/GNP nanocomposites at different cut-
ting speeds, and Fig. 9 shows the variations in slot width 
for both materials at the same cutting speeds at a cutting 
depth of 0.1 mm. The addition of GNP nanoparticles leads 
to only a slight decrease in slot width. This small differ-
ence will not significantly improve machining accuracy 
and may occur because the addition of GNP nanoparticles 
reduces the friction coefficient during processing so that 
less frictional heat is generated, thereby leading to small 
changes in shape during machining.

Another reason is that the 0.1 wt% GNP nanoparticles 
in the epoxy matrix can improve the thermal conductivity 
[36] of the matrix material during the entire cutting process, 

thereby increasing the dimensional accuracy of the features 
produced. Schaller et al. [44] concluded that the increase 
in thermal conductivity can provide better dimensional 
accuracy.

3.2 � Chip formation

Figure 10a shows SEM images of plain epoxy and epoxy/
GNP chips collected after cutting at speeds of 15.7, 78.5, 
and 125.6 m/min, while Fig. 10b shows SEM images of the 
surface of the chips. Both materials exhibit continuous chips 
at all cutting speeds, with no noticeable differences between 
them. As the cutting speed increases, the chip lengths for 
both materials increase. This may be due to the phenomenon 
of the cross-linking of bonds in the thermosetting epoxy 
which softens with increasing cutting speed [29, 45], thus 
helping to form complete chips during the cutting process.

However, this study did not find a rubbery plateau region 
in the cutting process, which has been reported to occur 
when the cutting temperature exceeds the glass transition 
temperature Tg , and the epoxy becomes a rubber-like mate-
rial characterised by high elongation and elasticity at break 
and a low modulus, with tiny chips almost like dust [46]. 
Below Tg , good surface quality can be obtained.

3.3 � Cutting force

Resultant average cutting force is the primary metric in the 
analysis of material machinability. The cutting tool’s rela-
tive motion directly generates a cutting force on the work-
piece during machining. It occurs in the same direction as 
the movement of the cutting tool. Using the computed thrust 

Fig. 5   SEM images of fracture 
surfaces: (a) plain epoxy; (b) 
epoxy/GNP 0.1wt%; (c) epoxy/
GNP 0.3wt%; (d) epoxy/GNP 
0.5wt%; and (e) epoxy/GNP 
1.0wt%. Reproduced from [36]

Fig. 6   Fracture toughness plotted as a function of GNP (wt%) in the 
epoxy matrix, adapted from [39]
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force, Ft , and the cutting force, Fc , the resultant cutting force 
Fr can be calculated using Eq. 1 [47]:

Figure 11 shows the effect of cutting speeds on the cut-
ting force of plain epoxy and epoxy/GNP at depths of cut of 
0.1 mm and 0.2 mm. For both plain epoxy and epoxy/GNP 

(1)Fr =

√

F2

t + F2

c

nanocomposites, the cutting force is observed to fall from 
15.7 to 47.1 m/min as cutting speed increases. A further 
increase in cutting speed appears to boost and then reduce 
the cutting force for both materials. This ‘fall-rise-fall’ trend 
of cutting force against cutting speed is similar to the behav-
iour of thermosetting polymer in macro milling [48, 49]. 
Increased cutting speed raises the strain rate of deforma-
tion, where the strain hardening and thermal softening of 

Fig. 7   SEM images of slot 
edges of plain epoxy and epoxy/
GNP at cutting speeds of 15.7, 
78.5, and 125.6 m/min at 
0.1mmdepth of cut

Fig. 8   Optical images of whole 
slots in plain epoxy and epoxy/
GNP nanocomposites at cut-
ting speeds of 15.7, 78.5, and 
125.6 m/min at 0.1 mm unde-
formed chip thickness
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the thermosetting polymer are two competing mechanisms. 
The first ‘fall’ trend indicates that strain hardening is the 
dominant effect at the initial cutting speed, while the effects 
of thermal softening gradually come to dominate the cut-
ting process as the speed increases. The ‘rise’ trend suggests 
that the epoxy chains reach the slip maximum and increase 
the cutting force, and strain hardening predominates again 
[28]. The addition of GNP nanoparticles will not affect this 
phenomenon.

Figure 11 also shows that the cutting force of epoxy/GNP 
is higher than that of plain epoxy. This may be two reasons for 
this. Firstly, the addition of GNP nanoparticles means that the 
matrix material will produce greater crack deformation dur-
ing processing. Compared with plain epoxy, this will increase 
the total fracture surface area and thereby absorb more energy, 
leading to greater cutting force on the epoxy/GNP [50]. Sec-
ondly, the overall strength and modulus of the epoxy/GNP 
nanocomposite is greater, which also raises the cutting force 
[50]. However, there is little difference in cutting force between 
the two materials, possibly because the GNP nanoparticles act 
as a lubricant in the machining process and reduce the friction 
between the cutting edge and the workpiece [46]. This increase 
in lubrication performance could offset the effect of the greater 
overall strength and modulus of epoxy/GNP nanocomposite.

3.4 � Shear stress

Due to the viscous behaviour of polymer materials, the 
mechanical properties of the polymer change significantly 
during the cutting process. Xiao and Zhang [16] demon-
strated that the shear stress of the polymer increases with 
strain rate and cutting speed but decreases with tempera-
ture. Shear stress is a good indicator of the ultimate influ-
ence of strain rate and cutting speed. However, the impact 

of nanoparticles on the shear stress of polymer has not 
been sufficiently investigated. The aim of this part of the 
study is to fill this gap.

According to the orthogonal model, shear stress may be 
expressed as in Eq. 2 [16]:

where �t is the average shear stress along the chip shear 
plane, Ac is the cross-sectional area of the uncut chip, and 
∅ is the shear angle.

Figure 12 shows a schematic of the orthogonal machin-
ing process, in which Fr is the resultant tool force, Fc is 
the cutting force, Ft is the thrust force, Fs is the shear force 
on the shear plane, ∅ is the shear angle, γ is the normal 
working rake, ac is the undeformed chip thickness, a

0
 is the 

chip thickness, and ls is the shear plane length. By using 
an optical microscope, the chip thickness was measured 
in this study.

Shear angle may be calculated as in Eq. 3 [16]:

where � is the rake angle of the cutting tool, rc is the cutting 
ratio, ac is the undeformed chip thickness, and a

0
 is the chip 

thickness.
Figure 13 presents SEM micrographs of the chip thickness, 

which was measured using ImageJ software, and each data 
point is obtained by randomly selecting five different positions 
on the same chip and averaging them. Figure 14 presents the 
chip thickness values from plain epoxy and epoxy/GNP in 
this study. Figure 15 shows the relationship between the shear 
stresses of plain epoxy and epoxy/GNP. Both present a trend 
of the shear stress observed to increase with cutting speed. 
Previous studies have concluded that the shear stress of plain 
polymer also increases with cutting speed [36], while metal 
machining research has shown that shear stress decreases 
slightly or is constant over a wide range of cutting speeds 
[35]. Therefore, the addition of GNP nanoparticles cannot 
significantly affect shear stress compared with that of plain 
epoxy. This means that the surface quality of both plain epoxy 
and epoxy/GNP will improve with increasing cutting speed. 
This conclusion is consistent with the experimental results 
shown in Fig. 8 and the findings of previous research [51, 52].

3.5 � Tool wear

To provide more detailed information for industrial applica-
tions, tool wear needs to be measured. Previous studies have 
demonstrated a typical tool wear pattern occurring on the 
flank face of the milling tool [53]. Figure 16 shows the effect 
of GNP nanoparticles on the flank wear of uncoated tools. 

(2)�t =
[(Fccos∅) − (Ftsin∅)]sin∅

Ac

(3)tan∅ =
(a

c
∕a

0
) cos �

1 − (a
c
∕a

0
) sin �

Fig. 9   Slot width value of plain epoxy and epoxy/GNP at cutting 
speeds from 15.7 to 125.6 m/min at 0.1 mm depth of cut
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Tool wear is quantified based on the distance between the 
two red lines and measured using ImageJ. By adding GNP 
nanoparticles, the tool wear of uncoated tools is increased. 
The uncoated tool becomes gradually rounded, and there 
is no edge chipping at its edge. The flank wear for epoxy/
GNP is 5 µm, and for plain epoxy 3 µm. In this study, two 
tools for removing workpiece material with a volume of 

130 mm3 were used. Finally, the tool that has been used 
in this experiment was employed to cut a slot to study the 
impact of new and old tools on cutting accuracy at a cutting 
speed of 78.5 m/min. Figure 17 shows the effect of tool life 
on the surface roughness of epoxy/GNP and plain epoxy, 
and Fig. 18 shows the effect of tool life on slot width when 
machining epoxy/GNP and plain epoxy. However, compared 

Fig. 10   SEM images of chips and chip surfaces at cutting speeds of 15.7, 78.5, and 125.6 m/min at 0.1 mm undeformed chip thickness: (a) 
chips; (b) chip surfaces
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(a) (b)

Fig. 11   Effect of GNP loading on cutting force at a depth of cut of (a) 0.1 mm and (b) 0.2 mm

Fig. 12   Schematic of the orthogonal machining process

Fig. 13   SEM micrographs of 
chip thickness

Fig. 14   Chip thickness values of plain epoxy and epoxy/GNP
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Fig. 15   Calculated shear stress of plain epoxy and epoxy/GNP at cut-
ting speeds from 15.7 to 125.6 m/min at 0.1 mm depth of cut

Fig. 16   SEM micrographs of 
tool flank wear

Fig. 17   Effect of tool life on the surface roughness of epoxy/GNP and 
plain epoxy
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with metal nanocomposites [53], the addition of GNP parti-
cles is thus considered insufficient to significantly affect the 
accuracy of the machined surface and the extra tool wear 
when micro-machining epoxy/GNP materials.

4 � Conclusions

The micro-machinability of plain epoxy and epoxy/GNP 
nanocomposites has been investigated in micro-milling 
experiments with various cutting speeds. The results of 
machining for both materials are characterised in terms of 
surface roughness, surface morphology, cutting forces, shear 
stress, chip formation, slot width accuracy and tool wear. 
The following conclusions can be drawn:

•	 This fall-rise-fall trend of cutting force against cutting 
speed is like the behaviour of thermosetting polymer in 
macro-milling. The addition of GNP nanoparticles will 
not affect this phenomenon.

•	 The shear stress of epoxy/GNP and plain epoxy increases 
with the increase in the cutting speeds. A relatively large 
shear stress corresponds to a smoother machining surface 
of plain epoxy and epoxy/GNP.

•	 With the addition of GNP nanoparticles, the slot edge 
formation mode of the matrix material changes from 
burring mode to chipping mode. Both plain epoxy and 
epoxy/GNP show continuous chips with no significant 
difference between them.
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