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ABSTRACT: The ordinary cutting tools used in the traditional turning machines have low wear resistance
during the cutting process, especially in their tips, and therefore low or medium life of tools results in a high
cost in replacing and consumptions of time. The present work provides a new and good suggestion with a high
quality of the tooltip material made from a composite material consisting of alumina as a matrix and different
amounts by weight of MWCNTs with 0.5 %, 1.0%, 1.5 %, 2.0 %, and 2.5 % as filler. The experimental
investigations were carried out in the current work to study and assess the performance of new material of
different compositions in comparison with ordinary tools. The experimental part included several stages; from
preparing the nanocomposite powder, sampling, characterization (the structural and morphology properties by
XRD and SEM), and compression test to investigate the mechanical properties of all new composites. The
XRD manifested the principal peak of the plane (440) due to alumina and the peaks of planes (101) and (110)
belong to MWCNT. The XRD confirmed the nanostructure of the composite. Moreover, FESEM evidenced the
regular texture morphology that elucidated the localized filler over the matrix. The compression test provided
lower modulus of elasticity values with a higher addition of nanocarbon, and then a higher wear resistance is
gained. The numerical part was investigated by simulation of a cutting tool using ANSYS PROGRAM v.11
which based on the finite element method. The numerical results depend mainly on the mechanical properties
of the experimental part. A significant reduction in the wear reached to 9.24%, 20.75%, 39.2%, and 71.50% for
1%, 1.5%, 2.0%, and 2.5% after the addition of nanocarbon, respectively for 1 mm cutting tool feeding, as a
result of maximizing the elastic deformation in the expense of lowering plastic (wear) deformation.
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INTRODUCTION
Machining is a universal technique of removing chips from a workpiece by using tool having a hard and strong
tip [1]. The single-point cutting tool (SPCT) generates symmetrical surfaces from the turning cylindrical
shapes. The symmetrical surfaces are determined by removing unwanted material to reach finally the desired
shape and size of a workpiece in lathes which is rotating about a fixed axis [2]. Not only the lathe machines but
also the other machining processes, like boring, planning, and shaping use SPCT as a cutting tool in borer,
planers, and shaper machines, respectively [3]. The cutting process is developed by three perpendicular forces
(Fx, Fy, and Fz), wherefore the study and analysis of these forces in addition to cutting parameters ( speed, feed,
and depth of cut ) are represented the core of cutting process [4]. Ceramics composites are favorite in cutting
tool due to ceramics properties such as heat shock resistance, chemical stability, and wear resistance [5]. High
performance of ceramics composite was obtained by material properties designing to enhance heat resistance
keeping the influential hardness. Many materials assumed as an insert material, classically carbides are the most
common material used in the cutting tool, it reaches up to 45 % in the year 2000 contrasting with high-speed
steel which is used less than 35 %, as shown in Figure 1. New materials entranced to this application with
rapidly usage grown to 8 % for cermet ( TiC or TiN or both with nickel as binders), 5 % for ceramics, and 4 %
for PCD, while 3 % for other materials from the year 2000 to 2018[6]. Many ceramics composites were
prepared to improve physical and mechanical properties, such as Al 2O3/SiC [7, 8], mixed ceramic of
Al2O3/TiCN that coated to decrease the friction of cutting tool [9]. The sintering of Al2O3/ZrO2 composite at
1400o C a accompanies with soaking increased the density and hardness that effective on the cutting tool
performance [10]. The MWCNTs improved the mechanical properties of the cutting tool to a wide range when
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added to composite or as coating material with excellent performance in tribology with lower friction between
the contact surfaces and higher resistance to wear [11]. The density and mechanical properties of
nanocomposite alumina / MWCNTs depends directly on the weight percentage of MWCNTs due to their
excellent wear and friction characteristics [12]. The only low amount of MWCNTs (at least 5 %) could lower
both coefficient of friction and penetration of cutting tool depth [13].

Figure 1. Cutting tools percentage usage.
A weight ratio 0.5 % of MWCNTs in SiC/MWCNTs nanocomposite enhanced both bending strength and
hardness compared to the sintered silicon carbide, which increases in fracture toughness to approximately 10 %
[14]. The increase in fracture toughness reached to 32 % when only 0.1 % by weight of MWCNTs was used in
Al2O3/MWCNTs [15], also the scratch resistance and fracture toughness are improved when adding (0.5 % by
volume) of graphene to alumina in addition to minimizing the brittleness [16].
This work aims to synthesis a nanocomposite of Al2O3/MWCNTs as an insert part (edge of cutting tool) to the
main cutting tool body (HSS) to produce a tooltip that has high mechanical properties and superior wear
resistance, and then study their properties. Numerical simulation and analysis of thermal, stresses
and deformations are performed in order to examined and assessed the optimum composition of the cutting
tool.
METHODOLOGY
The main process that carried out in the present work can be seen in a block diagram as follow:
Start
Numerical Part

Experimental Part

Nano-composite Preparing

Structural & Morphology

XRD & SEM

Pressing &
sintering
Test
Compression
Test

ANSYS Program
Results

Thermal

THEORY
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The cutting forces that are applied from the cutting tool to the workpiece in the three dimensional axes can be
listed as follows [17]:
Py = Cp x tx x Sy x K

(1)

Px = 0.3 Py

(2)

Pz = 0.2 Py

(3)

Where,
K = K c x KØ x Kσ x K m
In the present work, the five depths of cut (0.2, 0.5, 1.0, 2.0, and 2.5 mm) are considered, and by substitution
into equations (1), (2), and (3), the three components of cutting forces are determined, as listed in Table 1.
Table 1. The applied cutting forces for different cutting depths [17].
Cutting
forces
(N)
Px
Py
Pz

0.2

0.5

S (mm)
1.0

2.0

2.5

4.94
16.45
3.29

12.34
41.13
8.23

24.68
82.28
16.45

49.36
164.55
32.91

61.70
205
41.13

The power is developed due to the axial movement of cutting tool through a mild steel workpiece of 10 cm
diameter and 300 rpm spindle mean speed in the y-direction, it can be estimated from the formula:
Power = Py x Vy

(4)

Where, Vy = ω x R =

2𝜋𝑁𝑅
60

The heat generated from the frictional contact of the cutting tool face and workpiece shown in Figure 2 is
determined as follow:
Q=

𝑃𝑜𝑤𝑒𝑟

(5)

𝐴

The heat flux is subjected to contact area (43 mm2), which is taken in the present work, and the initial surface
temperature for the thermal investigation can be summarized in Table 2 for 300 rpm spindle speed.

Figure 2. Mechanism of cutting process
Table 2. Heat flux and surface temperature for different cutting depths [17].
Item
0.2

S (mm)
1.0

0.5
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2.0

2.5
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Q
(W/m2)
T (oC)

1408

3520

7043

14083

17552

120

160

200

450

550

During wear process in the workpiece, the relationship connected the moduli of elasticity with hardness is as
follows [18]:
he = h - hp =
Where,

1
𝐸𝑟

𝐻∗𝜋∗𝑎

=

(6)

𝐸𝑟
1− 𝜗𝑖2
𝐸𝑖

+

1−𝜗2

(7)

𝐸

Hence, it can be said the wear resistance = K

𝐻

(8)

𝐸𝑖

Where, k is a constant.
The dimensions of h, he, and hp are clearly shown in Figure 3. The principal idea is investigated in current work
depends on the fact that total penetration of cutting tool (h) is constant, so any further increase in the elastic
depth (he) produces a good minimizing of plastic depth (hp); therefore less amount of wear is gained finally.

Figure 3. Schematic of wear region in the workpiece [18]
CASE STUDY
The dimensions of cutting tools, which are made mainly from high speed-steel and a cutting tip of alumina –
MWCNTs nano composite, are shown in Figure 4.

Figure 4. Layout of the current cutting tool
MATERIALS AND PREPARATION
Started materials are commercially available are used without any further purification processes. The synthesis
of prepared procedure for Al2O3/MWCNT composite is based on the dispersion of the started materials and
mixing them into a colloidal solution without any additional complicated chemical treatments. Carbon
nanotubes were dispersed into 100 mL ethanol with the aid of ultrasonic agitation for 2 hours. The ultrasonic
vibration combined with heating to 60⁰C was sufficient to distribute the aggregation of MWCNT. The color of
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the suspension solution converted completely from transparent to black referring to diffuse the agglomerate
MWCNT. The aluminum oxides were collided in 200 mL ethanol and mechanically stirred for 1 hour. The
mixture of the two suspensions was collided together keeping the continuous stirring and exposing to the
vibration of the ultrasonic agitation waves to ensure the occurrence of the homogenous mixing. Filtering and
then washing via distilled water were repeated many times to remove the residual ethanol. Finally, drying in
the air and then in the oven at 70⁰C was done for 2 hours. The resultant powder composites with 0.5%, 1%,
1.5%, 2%, and 2.5% weight ratio of Al2O3/MWCNT were formed to the cylindrical shape using the punch – die
rig as shown in Figure 5-a. The final form of the sample size was obtained after applying 8-ton weight (730
MPA), which has a diameter of 11.7 mm and a height of 21 mm, as shown in Figure 5-b. The sintering process
was carried out for all samples in a digital controlled furnace at temperature 1450oC, as shown in Figure 6.
Firstly, the gradual increase in temperature was to 500 oC and staying at this degree for 30 minute time interval.
Then, the furnace temperature was further increased to 1000 oC and kept at this degree for about one hour.
Finally, further increasing to the sintering temperature of samples (1450 oC) was done before maintaining at this
degree for about 2 hours.
Punch
21

Die

11.7

(a)

(b)

Figure 5. Hydraulic press rig (a) Punch and die, and (b) Final sample shape in (mm) after pressing

Figure 6. The furnace.
RESULTS AND DISCUSSIONS
Structural and Morphology
The physical structural and morphology properties were investigated by x-ray diffraction (XRD) and field
emission scanning electron microscope (FESEM) analysis. X-ray diffraction was recorded by (Cu/Kα-1) source
radiation with wavelength (1.54059 nm) in angle range 10-80⁰. Figure 7 displays the XRD pattern of the
selected Al2O3/MWCNT composite comparing with the raw alumina ceramic. According to the JCPDS card no.
(41-1487), the principal peaks positioned at 2θ=67 0 correspond to the reflection of plane (440) due to alumina,
also many secondary peaks appeared belong to the reflections of planes (012), (022), (104), (400), (422) and
(620). The two main peaks lied at 2θ=42⁰ and 71⁰ are corresponding to the reflections from (101) and (110)
planes confirming the presence of MWCNT. The intensity reflections of peaks (101) and (110) planes increased
as the MWCNTs content. It seems that the Al2O3 embedded with nanotubes of carbon. The crystallite size (D),
the micro strain (ε) and dislocations density (δ) are calculated using Deby-Sherrer Equations (9) and (10) [19]:
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D=

𝐾𝜆

(9)

𝛽 cos 𝜃

Where, K is constant (0.89), 𝛌 is the wavelength of x-ray (1.54056 A), and β is the full width at half maximum
of a peak.
ε = β cos(θ/4)

and δ=1/D2

(10)

Table 3 lists the filler effects on the crystal size, micro strain and dislocations density that are estimated by
XRD. Alumina is a fragile ceramic, a feature causing splinter of micro crystals to nano crystal induced from the
ultrasonic waves during the preparation processing.
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Figure 7. The XRD analysis of pristine Al2O3 and selected Al2O3/MWCNT
Table 3. The average values of crystal size and micro strain
MWCNTs wt. ratio
1%
2%
2.5%

ε

D
(nm)
3.72
5.28
7.92

δ
(nm-2)
0.048
0.035
0.015

8.2 X10-3
6.5X10-3
4.3 X10-3

The microstructure of pristine alumina and alumina/MWCNT composite photographed at a high magnification
of FESEM is displayed in Figures 8 and 9. The FESEM images evidenced that the microstructure of the
composite totally differs from that of the pure ceramic of alumina. The comparison of Figure 8-a with Figure 9
indicated that the grains of the ceramic matrix embedded with the MWCNT, which is expected to be a
significant effect on the mechanical properties due to interface between the composite phases.
9000
8000

AlK
7000
6000
5000
4000
3000
2000
1000
keV

0
0

(a)

5

10

(b)

Figure 8. Pure alumina: (a) FESEM micrographics of structure and (b) EDX analysis
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Figure 9. FESEM and EDX analyzing of (a) 1%, (b) 2%, and (c) 2.5% of Al 2O3/MWCNT
It appears that the ceramic Al2O3 ordered in a monolith structure, and it is looked having smaller grains
compared to the grains in composites. This could be attributed to the ratio of grain diameter to MWCNTs
diameter difference in the raw alumina comparing to composites. The localized MWCNTs possess an average
diameter of 10 nm around the alumina matrix grains not inner the matrix giving rise the average grain diameter
that is in conformity with ref. [13]. This may agree with results indicating to the reduction in the micro strain,
Table 3. At higher additive content, the MWCNTs covered the ceramic grain and the MWCNTs located around
the ceramic grains, not within grains. This nano filler localized around the matrix will offer the mechanical
properties, significantly affected by the interfacial properties between matrix and filler. For Figure 10, the
morphology of nanocomposites 2 wt% MWCNT ensures the homogeneous distribution MWCNTs in the
alumina matrix. The carbon nanotube gives raise a soft textile. The elemental compositions and their
concentrations were measured by EDX analyzer, the spectrum peaks shown are due to the K electron shell of αline for Al element, as revealed in Figures 8 and 9. Al element peaks are higher than other; carbon peaks are
high at the higher MWCNTs sample content. All peaks kept in their positions without the occurrence of
shifting, and no other peaks of foreign elements were appeared.

Figure 10. The photographic FESEM of the nanocomposites 2 wt % MWCNT surfaces
The alumina has a high density as a result of the absence of pores and mass transport by diffusion, while the
MWCNTs additives provide a higher porosity to the composite [20]. Sintering will reduce the density of
alumina; led to a higher amount of MWCNT in a composite. The existence of MWCNTs in the grain interfaces
as concentrations masses works as dissolution immobility preposition the grains boundaries, as that the
MWCNTs acts an origin of obstruction of grain growing during high temperature treatment [21-22]. The
concentrations masses at more ratio adding of MWCNTs could lowered the grain boundaries adhesion
attributed to the MWCNTs existence, thus increasing the porosity [23].
Compression Test
The mechanical properties of different composites of alumina as matrix material and the percentage addition by
weight of MWCNTs of 0.5%, 1%, 1.5%, 2%, and 2.5% as filler were determined. The compression rig is
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shown in Figure11 which consists of stationary and moving discs. The constant speed of the upper moving disc
is maintained at 0.5 mm/min until fracture.

sampl
e

Figure 11. Compression rig.
The stress–strain curves for the selected alumina, alumina with 1% wt. and 2% wt. of MWCNTs are illustrated
in Figure 12. The alumina stress–strain response presents the ultimate stress without a clear yield point, while
after adding the nanocarbon to alumina, the yield points can be detected, which means that the new composite
material performance is like metals (especially steel) with a good convergence of the all mechanical
properties of Al2O3/2.5% wt. MWCNTs to steel. The MWCNTs, as filler material, occupied all the spaces
between the alumina grains which worked to reduce the elasticity of composite material as mentioned before,
except 0.5% wt. filler, improved the mechanical properties to 2.25%, 15.15%, and 3.38% for the modulus of
elasticity, yield stress, and ultimate compression stress, respectively, as illustrated in a Table 4. The comparison
of the alumina results with the ref. [24], giving a good convergence despite the different conditions of
production between the two cases. The second comparison was made between the moduli of elasticity of the
present work with the ref. [4] as shown in Figure 13, indicating a good convergence in the performance of the
two curves with different nanocarbon additions.

Figure 12. Stress-Strain diagrams: (a) Pure alumina, (b) 1% wt. MWCNTs, (c) 2 % wt. MWCNTs
Table 4. The mechanical properties of alumina and its composites.
material

Ei
(GPa)

σy
(MPa)

σu
(MPa)

Alumina [24]

---

752

1038
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Alumina (present)
0.5% wt. MWCNTs
1.0% wt. MWCNTs

355
363
325

845
973
975

1300
1344
1025

1.5% wt. MWCNTs
2.0 % wt. MWCNTs

294
255

673
650

1036
1050

2.5 % wt. MWCNTs

207

550

753

Figure 13. Modulus of elasticities versus the percentage of carbon content.
The Equations (6), (7) and (8) proved that the lower modulus of elasticity and high hardness provide a higher
elastic dimension (he) and thus a higher resistance to wear. In the current work, a lower modulus of elasticity
was obtained by the further addition of nanocarbon by weight to alumina. A higher hardness achieved in the
tool tip due to the dispersion of nanocarbon in the spaces between the grains which resulted a stiff surface
against the cut.
Numerical Results
In the present investigation, the ANSYS v.11 program was taken as a numerical simulation technique of cutting
process. The mesh of cutting tools consisted of 594 elements and 1178 nodes, while the tooltip (nanocomposite
materials) refined its nodes, as depicted in Figure 14. The application of the three forces is compensated by a
single resultant force, which is converted later to constant pressure on the friction area (5 mm x 8.6 mm) as
shown with the boundary conditions of a cutting tool in Figure 15. It is supposed that the density and Poisson's
ratio are ρ = 3690 kg/m3 and νi = 0.22 for the all composite-materials.
The maximum deformations developed in the cutting tools are 0.02891, 0.01642, and 0.01794 µm for HSS,
pure alumina, and alumina with 1% wt. carbon, respectively as shown in Figure 16, indicates that using
alumina in the tooltip reduced the deformation to a large amount in comparison with HSS about 176%. It is
observed that the addition of 1% wt. of MWCNTs minimized the deformation to 161%.
The maximum von-Misses stress developed in the cutting tool, due to applying 2.033 MPa pressure results
from friction between tooltip and workpiece, is 11.953 MPa for HSS, while this value changed slightly to
11.897 MPa for pure alumina and 1% wt. of MWCNTs, as manifested in Figure 17. The factor of safety are 61,
71, and 82 after dividing the yield stresses 724, 845, and 975 MPa by the maximum von-Misses stress for HSS,
alumina, and alumina with 1% wt. of MWCNTs, respectively, where the adding 1% wt. of MWCNTs to
alumina leads to the increased in the factor of safety of composite to 15.5%. These values of safety factor are
sharply increased for cutting depth (feeding) more than 1mm.
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Figure 14. Meshing of cutting tool

Figure 15. Boundary conditions and loading of 1.0 mm feed for the applied mechanics solution

(a)

(b)
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Figure 16. Maximum deformation (in m) in the cutting tool for 1 mm feed (a) HSS, (b) Pure alumina, and (c)
Alumina with 1% wt. MWCNTs

(a)

(b)

(c)
Figure 17. Maximum von-Misses stress (in N/m2) in the cutting tool (a) HSS, (b) Pure alumina, and (c)
Alumina with 1% wt. MWCNTs

The effect of MWCNTs content on the maximum deformation is elucidated in Figure 18 for different feed
penetration of cutting tools in a workpiece. The curves demonstrated an increasing in the elastic deformation
(he) as increasing MWCNT content, meaning that according to the Equation (6) and Figure 2, a super
minimizing in (hp) is obtained, which is determined from (hp = h – he). Hence, a good reduction in wear reached
to 9.24%, 20.75%, 39.2%, and 71.50% for 1%wt., 1.5%wt., 2.0%wt., and 2.5%wt. MWCNT, respectively for 1
mm cutting tool feeding. The general behavior that appeared in Figure 18 showed progress in deformation with
MWCNT content at specific feeding value. Also, the deformation is increased when feeding rising for fixed
Wight ratio MWCNT content.
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The von-Misses and shear stresses are increasing linearly versus feeding of a cut as shown in Figure19 for 1%
weight of MWCNTs adding to alumina. The increase in the feeding of cutting tool is demonstrated by higher
compression stress due to friction.

Figure 18. Maximum elastic deformation (in nm) versus the percentage of nanocarbon addition

Figure 19. Stress versus in (MPa) versus the cutting feed
For a thermal investigation, the boundary conditions for temperatures and the applied heat flux for 1.0 mm feed
are presented in Figure 20, while the gradient of heat flux and the temperature distribution on the cutting tool
are displayed in Figures 21 and 22, respectively which are identical for all Al 2O3/MWCNTs compositions. The
increment in the maximum temperature and heat flux values due to more cutting feeding are showing in Figure
23. The excessive friction between the adjacent surfaces of the cutting tool and workpiece occurs during the
further feed of cut is generated which causing increase both temperature and heat flux.

Figure 20. Boundary conditions and loading of 1.0 mm feed for heat solution
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Figure 21. Total heat flux (in W/m2) for the cutting tool

Figure 22. Temperature distribution (in oC) for the cutting tool

Figure 23. Thermal items versus cutting feed
CONCLUSION
1) The prepared nanocomposites Al2O3/MWCNTs exhibited a uniform distribution in the microstructure with
an average crystal size in the range of 3.72-7.92 nm, which benefits the uniform distribution of the load that
prevents dislocation and then the wear.
2) The MWCNTs localized around (not inner) the alumina grains, the MWCNTs acts as immobility of the
grains boundaries that enhanced the mechanical properties of the composite surface and prevent the
propagation of crack later.
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3) The value of wear is reduced to 9.24%, 20.75%, 39.2%, and 71.50% for 1%, 1.5%, 2.0%, and 2.5% after the
addition of MWCNTs to Al2O3 respectively for 1 mm cutting tool feeding, due to minimizing the plastic
deformation (wear) in the expense of an increasing in the elastic deformation.
4) A significant reduction in the moduli of elasticity for the all composite materials understudy is obtained,
where all composites of Al2O3/MWCNTs have higher mechanical properties than an ordinary cutting tool
made from HSS.
5) The von-Misses and shear stresses are increasing linearly versus the feeding of a cut for the selected
composition of Al2O3/MWCNTs with a higher factor of safety than an ordinary cutting tool made from Al 2O3
only and HSS reached to 15.5 % and 34.4 % respectively, and the improvment in mechanical properties is
obtained by the suggested material.
6) Similar values of maximum temperatures and heat fluxes of all composites of Al2O3/MWCNTs are obtained,
for specified feeding of cut, in comparison to a cutting tool made only from Al 2O3o or HSS which avoiding
more heat generation, therefore no excessive thermal stresses developed from suggested materials. Linear
increasing in mentioned thermal items with more feeding is noticed.
7) Increasing the content of nanocarbon in alumina serves to change the stress-strain curve response from
polymers to the metals, which next demonstrate the yield point clearly. This study proves that the low content
of MWCNTs as filler to Al2O3 makes mechanical properties similar to steel structures behavior.
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