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Abstract
Ti6Al4V is widely used in industry due to its outstanding mechanical properties. However, the severe
abrasion and high temperature at tool/chip and tool/workpiece interfaces cause various types of tool
wear in machining Ti6Al4V. To ensure high machining efficiency and high quality of machined surface,
cooling fluid is often used to reduce the cutting temperature and friction. In this paper, the cooling and
lubricating effects of coolant with graphene oxide nanosheet suspension were investigated
experimentally and theoretically. Cutting experiments were conducted to compare the performance of
conventional coolant with that of the coolant with graphene oxide nanosheets of different weight
percentages (0.1% and 0.5%). Cutting force and temperature on the rake face were measured in each
cutting pass. A theoretical model based on computational fluid dynamics (CFD) was developed to
investigate the temperature distribution and cooling efficiency quantitatively. Friction force and
coefficient of friction at tool/chip interface and tool/workpiece interface were calculated to analyse the
lubrication effects of different types of coolant. The results showed that the performance of cooling and
lubrication of the coolant became better with the addition of graphene oxide nanosheets. Results from
the analysis of flank wear and crater wear and the morphological characteristics proved that there was
a significant further reduction in cutting temperature and friction force when coolant with graphene
oxide nanosheets was used.
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1. Introduction
Ti6Al4V is the most widely-used titanium alloy in industry due to its outstanding properties including
low density, high strength and exceptional corrosion resistance (Oosthuizen et al., 2010). However, in
machining Ti6Al4V, the harsh cutting conditions at the tool/chip and tool/workpiece interfaces result
in various types of severe tool wear, which significantly reduce tool life and eventually cause the failure
of the cutting tool. Furthermore, due to the low thermal conductivity (6.7 Wm−1 K −1 ) and high strain
rate, a huge amount of heat is generated in cutting Ti6Al4V (Amin et al., 2007); the high cutting
temperature at tool/chip interface and tool/workpiece interface leads to thermal-induced damages on
the cutting tool and machined surfaces. To increase the machining efficiency and ensure the quality of
machined surface, coolant or metalworking fluid with excellent cooling and lubricating properties has
to be used to reduce the cutting temperature as well as the friction at tool/chip and tool/workpiece
interfaces.
Researches on developing new approaches to improve cooling and lubrication effects have been
conducted for many years in both academia and industry. Oil was the most widely-used cutting fluid in
metal cutting processes decades ago (El Baradie, 1996a). Owing to their better performance in highspeed cutting, water-based cutting fluids replaced cutting oil later on (El Baradie, 1996b). Nowadays,
various cooling methods including cryogenic cooling, minimum quantity lubrication (MQL) and
coolant with nanoparticle suspension have been developed to achieve better cooling and lubrication
effects (Debnath et al., 2014).
Cryogenic cooling uses liquid gas (generally liquid nitrogen LN2 ) to create an extremely-lowtemperature environment (-150 ℃ to -180 ℃) to reduce the temperature in metal cutting processes
(Yildiz and Nalbant, 2008). Dhananchezian et al. (Dhananchezian and Kumar, 2011) found, by
comparing with that of using conventional coolant, the surface roughness was reduced by 35% and the
tool life became 39% longer with the application of cryogenic cooling in turning Ti6Al4V. With the
application of cryogenic cooling, Ahmed et al. (Ahmed and Kumar, 2016) found that surface roughness,
cutting force and cutting temperature were reduced by 52%, 10% and 61% respectively in drilling
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Ti6Al4V. However, the complicated cooling devices and the strict safety requirement on storing a huge
amount of liquid LN2 are the obstacles hindering the wide application of cryogenic machining in
industry (Jayal et al., 2010). To meet the requirement of cleaner production, MQL was developed to
avert the environment problem caused by the massive use of oil-based metalwork fluids. Compared
with conventional coolant, the amount of cooling liquid used in MQL was significantly reduced but the
ability of lubrication was increased. This made MQL a promising and eco-friendly cooling method in
metal-cutting works (Sharma et al., 2016). However, it was also found by some researchers that the
performance of MQL in cutting hard-to-machine materials was not as good as expected. For example,
Su et al. reported that the cooling efficiency of MQL was limited in machining superalloys due to its
low cooling capacity (Su et al., 2007); whereas in the turning experiment conducted by Leppert et al.,
it was found that the reduction of cutting force when using MQL was not obvious, compared with that
of using conventional cutting fluids (Leppert and Peng, 2012).
Since the pioneering work made by Choi et al in 1995 (Choi, 2009), extensive research has been
conducted on applying nanofluids as a new heat transfer fluid (Taylor et al., 2013). Commercial

products of nanofluids for machining including turning, milling and drilling have already been
available in the global market. These products have been applied by various companies in
manufacturing industry and resulted in significant reductions of manufacturing costs (Derek,
K., 2014). Nanofluids are applied in metal cutting works because of their better capability on enhancing
the performance of heat transfer (Sidik et al., 2017). The thermal properties of the nanofluids are
influenced by the types of nanoparticles and the volume or mass fraction (Phuoc et al., 2011). Among
different metallic oxides, Al2 O3 nanoparticles were the widely-used compound in making nanofluids
(Chandrasekar et al., 2012). It was found that Al2 O3 of 13 nm with the volume fraction of 13% increased
the thermal conductivity of water by 30% (Sharma et al., 2015). By adding nanoparticles of CuO, Al2 O3
and ZnO2 with the weight fraction 40% (Vajjha and Das, 2009), Vajjha and Das found that the thermal
conductivities of the nanofluids were increased by 60%, 69% and 48.5% respectively. In addition to
metallic oxides, nanoparticles of other compounds have been attempted as well to make nanofluids with
better physical and mechanical properties. For example, Li et al. (Li et al., 2014) added MoSe2 powders
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into oil-based coolant liquid to make mixed nanofluids in friction tests and found that the new
nanofluids showed better friction-and-wear properties because of the formation of a tribofilm at the
sliding interface. Gajrani et al. (Gajrani et al., 2019) investigated the nanofluids consisting of
commercial mineral oil and 0.3 % nanoparticles (MoS2 and CaF2 ), and an average increase of 15% in
the overall thermo-conductivity of the cutting fluid was achieved. Sridharan and Malkin (Sridharan and
Malkin, 2009) compared the performance of nanofluids which consisted of oil and two kinds of
nanoparticles, carbon nanotubes (CNT) and MoS2 respectively, and found CNT nanofluids had better
performance on lubrication compared with that of MoS2 nanofluids. CNT nanofluids were often applied
combinedly with MQL to improve the cooling and lubrication effects. In the experiment conducted by
Prabhu and Vinayagam (Prabhu and Vinayagam, 2011), better surface finishing was obtained with the
hybrid strategy (CNT nanofluids+MQL) in comparison with that of single MQL.
The nanosheets of graphite have a unique lattice structure. This structure increases the contact area
between the nanosheets and the friction pair, and provides better lubrication effect in metal-cutting
processes (Lv et al., 2018). Huang et al. (Huang et al., 2006) pointed out that adding graphite into oil
and using it as cutting fluids could reduce cutting force and tool wear. The reduction in cutting
temperature was 58 % in the study conducted by Samuel et al. (Samuel et al., 2011), and the
improvement of lubrication and the reduction of cutting force were 59 % and 26 % respectively. Similar
to graphite nanosheets, graphene oxide is a kind of nano-material consisting of two-dimensional sheets.
This material is hydrophilic and can be dispersed in water to form stable colloidal suspensions
(Stankovich et al., 2007). Also, the graphene oxide nanosheets has a relative high thermal conductivity
ranging from 600 to 5000 W ⋅ m−1 ⋅ K −1 (Zhu et al., 2010). Both reasons made graphene oxide a type
of promising material as added suspension in cutting fluid in metal-cutting processes. In the
experimental research of Smith et al. (Smith et al., 2015), the temperature could be reduced by 50 % by
using the coolant with graphene oxide nanosheet suspension. Singh et al. (Singh et al., 2018)
investigated the influences of water-based graphene nanofluids with different mass concentration on
the cutting temperature and surface roughness (Ra) in milling processes, and it was found that the Ra
and temperature were significantly reduced with the increase in the mass concentration of graphene. In
5

the cutting experiment conducted by Li et al. (Li et al., 2019), the nanofluid consisting of graphene and
vegetable oil was applied in combination with MQL. They used Taguchi Method to investigate the
influence of the hybrid coolant on surface roughness, hardness, cutting temperature and cutting force,
and found that the improvement rates were 24.82%, 8.36% 13.59% and 18.13% respectively.
However, although the addition of nanoparticles in cutting fluids can improve the overall thermal
properties of the coolant, the application of fluid with metallic nanoparticles could cause scratches on
the machined surface due to the agglomeration of the hard nanoparticles. Zhang et al. applied MoSe2
nanoparticles in MQL when grinding Ni-based alloys (Zhang et al., 2016), and found that the roughness
of machined surface increased when the cutting fluid with larger concentration of nanoparticles was
applied. They concluded that the agglomeration of the hard nanoparticles could deteriorate the quality
of machined surface. Similarly, in the experiment conducted by Nam et al. (Nam et al., 2011), the
nanofluid consisting of 30 nm nanodiamond particles and oil were used in drilling Al6061. Scratches
were found on the hole surface although the torque and thrust force were reduced when using diamond
nanofluids.
Nanofluids can reduce both cutting temperature and cutting force; the types, sizes and concentration of
the nanoparticles influence the performance of nanofluids in the cutting process. However, current
research is limited to experimental investigations, most of the results on the performance of nanofluids
are obtained via experimental results, there is a lack of in-depth theoretical analysis of the cooling and
lubrication mechanisms of nanofluids. In this paper, the performance and mechanism of cooling and
lubrication of coolants with graphene oxide nanosheet suspension were investigated quantitatively. A
new hybrid FEM-analytical model was developed to describe the heat convection among the cutting
tool, workpiece and nanofluids. The lubricant mechanism at two different tribo-systems, tool/chip
interface and tool/workpiece interface, were analysed and discussed. Additional turning experiments
using conventional cutting fluids and graphene oxide suspended fluid were conducted. Titanium alloy
Ti6Al4V was machined with PCBN inserts with both conventional coolant and cutting fluids with
graphene oxide nanosheet suspension. The results of this research will provide useful information to
the industry and pave the way for further research in this area.
6

2. Experiment
2.1 Experimental setup
The experiment was conducted to investigate the cooling and lubrication effects of coolant with
graphene nanosheet suspension in cutting processes. Three types of coolant were used in the
experiment: conventional coolant (Con_Cool), coolant mixed with 0.1% weight percentage (w.t.)
nanosheets (GraO_0.1%) and coolant mixed with 0.5% weight percentage nanosheets (GraO_0.5%).
The base liquid for the nanofluids was industrial metalwork coolant (ROCOL Ultracut Clear) and the
addition was graphene oxide nanosheets made by Sigma Aldrich. The properties of the metalwork
coolant and added nanosheets were listed in Table 1 and Table 2 respectively. Fig. 1(a) shows the
morphology of graphene oxide nanosheets under transmission electron microscopy (TEM). To prepare
the new coolant mixed with graphene oxide nanosheets, the powder of nanosheets was weighed and
added into 1 kg conventional coolant. Firstly, the graphene oxide nanosheets of different weights were
mixed with 100 mL conventional coolant, and the 100 mL nanofluid was processed via ultrasonic
vibration at the frequency of 25 kHz in order to break large blocks of nanosheets in the liquid. The 100
mL nanofluid was poured into the 1 kg Con_Cool afterwards and the mixed liquid was pumped for 30
min to make the nanosheets dispersed thoroughly in the liquid. The whole mixing process was repeated
before every cutting test to ensure the uniform distribution of the nanosheets in the coolant. The samples
of the three kinds of coolant used in the cutting experiment are shown in Fig. 1(b).

Table 1 Property and composition of ROCOL Ultracut Clear
Density (g/cm3)
Mineral oil
Natural oil
Water
0.95
20%
20%
60%
Table 2 Properties of Sigma Aldrich graphene oxide nanosheets
Purity
Thickness (nm) Diameter (nm)
Layers
99%
1-1.77
0.5-5
1-5

Others
<1%

Specific surface area
300-450
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(a)

1. Con_Cool
2. GraO_0.1%

(b)

3. GraO_0.5%

1

2

3

Fig. 1 (a) Morphology of graphene oxide nanosheet under transmission electron microscopy (b) three kinds of
coolant

Ti6Al4V rods of the diameter of 20 mm were used as the workpiece, and CBN tools (SECO) with the
6° rake angle and 10° clearance angle were used in the experiments. Fig. 2(a) presents the experimental
setup for the cutting test. The experiment was to turn the titanium alloy on a CNC vertical machining
centre (HAAS VF1R160). To test the performance of the coolants at different cutting speeds and under
different pressures, cutting speeds of 80 m/min, 160 m/min and 240 m/min were selected as the low,
normal and high cutting speeds; whereas pressures of 1 bar and 10 bar were adopted as the low and
high coolant pressures to test the performance of the nanofluids under two extreme pressures. The
cutting depth and feed rate were 0.1 mm and 0.05 mm/rev and they were fixed throughout the
experiments.
In each cutting pass, the signals of main cutting force (Y direction/tangential direction), feed force (Z
direction/axial direction) and back force (X direction/radial direction) were obtained by the force
measurement system including a 3-axis dynamometer (Kistler 9257B), an amplifier (Kistler 5070A), a
DAQ card (National Instrument 6036E) and the software program SignalExpress. Also, a K-type
thermocouple (OMEGA 5TC-TT-K-40-36) was used to measure the average temperature in each
cutting pass. A slot was machined near the tool tip via wire electrical discharge machining to fix the
temperature sensor on the rake face. The thermocouple was then calibrated by using a thermocouple
calibrator (MS7220) to ensure the accuracy and reliability of the measurements. The forces and
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temperatures when they became steady during the cutting process (Fig. 2(b) and 2(c)) were recorded as
cutting force and cutting temperature for analysis in section 2.2.

(a)

(b)

(c)

Fig. 2 (a) Experimental setup of the cutting test (b) measured cutting force (c) measured temperature

2.2 Experimental results
Fig. 3 presents the average cutting temperature measured at the position 1 mm away from the cutting
edge. It was found that the temperature decreased with the application of GraO_0.1% and GraO_0.5,
which proved the better cooling effect of graphene oxide nanofluids. Specifically, under 1 bar pressure,
9

the temperature reductions at different cutting speeds were averagely 15 ℃ and 35 ℃ when GraO_0.1
and GraO_0.5 were used. The larger reduction of temperature when using GraO_0.5 indicates that the
better heat transferring capability of the nanofluid with high-concentration nanoparticles, which was in
accordance with the result of Singh (Singh et al., 2018). Under the pressure of 10 bar, the cutting
temperatures were lower with the application of low coolant pressure because more amount of heat was
transferred away by the coolant with larger flow velocity. The pressure did not cause significant
influence on the temperature reduction of GraO_0.1%. In contrast, the average temperature reduction
under high pressure was 25 ℃ when using GraO_0.5%, which was smaller than that of under the
pressure of 1 bar. Furthermore, the influence of the concentration of graphene oxide nanosheets on
temperature was less obvious under 10 bar pressure, compared with the temperature reduction under 1
bar pressure. The reduction of temperature was within 10 ℃ when increasing the concentration of
graphene oxide nanosheets at the cutting speeds of 80 m/min and 160 m/min. This phenomenon is
consistent with the findings made by Smith et al. (Smith et al., 2015) because the cooling ability of the
nanofluids reached the threshold value when 0.5% graphene oxide nanosheets was added.

(a)

(b)

Fig. 3 Measured cutting temperature under different cutting conditions (a) temperatures under1 bar coolant
pressure (b) temperatures under 10 bar coolant pressure

Fig. 4 shows the measured values of main cutting force and feed force in each cutting pass. From Fig.
4(a) and Fig. 4(b), it is found that the main cutting force decreased with the increase of the concentration

10

of graphene oxide nanosheets in the cooling fluid, which agrees with the findings about nanofluids in
cutting processes made by Zhang et al. (Zhang et al., 2016)). The force reduction was around 30 N and
40 N when the concentration of the coolant was 0.1% w.t. and 0.5% w.t (1 bar pressure). The maximum
reduction was found when the cutting speed was 80 m/min, specifically, the main cutting force was
reduced by 56 N and 87 N respectively when coolants of GraO_0.1% and GraO_0.5% were adopted.
The main cutting force was smaller under the higher coolant pressure compared with that under the
normal pressure. The average force reduction when using GraO_0.1% and GraO_0.5% were 20 N to
40 N. The reduction of main cutting force could be ascribed to the lubrication effect of nanofluids at
the tool/workpiece interface. Based on the lubrication mechanism of Gajrani et al. (Gajrani et al., 2019),
the nanofluids could reach the friction interface due to the vibration of the tool and workpiece system.
A tribo-film consisting of liquid and nanoparticles reduced the abrasion between the cutting tool and
workpiece, which caused the reduction of main cutting force. In comparison, the influences of the type
and the pressure of coolant on feed force were insignificant. The change of feed force did not present
an obvious trend with the increase of the concentration of graphene oxide nanosheets. The forces under
different cooling conditions fluctuated around 63 N when cutting speeds were 80 m/min and 160 m/min.
Minor increments on feed forces could be found at the cutting speed of 240 m/min.

(a)

(b)
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(c)

(d)

Fig. 4 Cutting forces under different cutting conditions (a) main cutting forces under 1-bar coolant pressure (b)
main cutting forces under 10-bar coolant pressure (c) feed forces under 1-bar coolant pressure (d) feed forces
under10-bar coolant pressure

3. Analysis of cooling effects
3.1 Modelling of the cooling process
To further investigate the cooling effects of three kinds of coolant theoretically, a hybrid CFD-analytical
model was developed to describe the heat transfer during the cutting processes. It is known that the
status of liquid flow including temperature T and pressure p is governed by the continuity equation, the
momentum equation and energy equation (Tu et al., 2018). In this study, the cooling process in cutting
was solved as a two-dimensional problem; therefore, the governing equations of the dynamic coolant
are simplified as follows:

Continuous equation:

𝜕𝒖 𝜕𝒗
+
=0
𝜕𝑥 𝜕𝑦
𝜌 (𝒖

(1)

𝜕𝒖
𝜕𝒖
𝜕𝑝
𝜕2𝒖 𝜕2𝒖
+𝒗 )=−
+ 𝜇 ( 2 + 2)
𝜕𝑥
𝜕𝑦
𝜕𝑥
𝜕𝑥
𝜕𝑦

Momentum equation:

(2)
𝜕𝒗
𝜕𝒗
𝜕𝑝
𝜕2𝒗 𝜕2𝒗
𝜌 (𝒖
+𝒗 )= −
+ 𝜇 ( 2 + 2)
𝜕𝑥
𝜕𝑦
𝜕𝑦
𝜕𝑥
𝜕𝑦
{

𝜕𝑇
𝜕𝑇
𝜕2𝑇 𝜕2𝑇
𝜕𝒖 2
𝜕𝒗 2
𝜕𝒖 𝜕𝒗 2
Energy equation: 𝜌𝑐 (𝒖
+ 𝒗 ) = 𝐾 ( 2 + 2 ) + 𝜇 {2 [( ) + ( ) ] + ( + ) } (3)
𝜕𝑥
𝜕𝑦
𝜕𝑥
𝜕𝑦
𝜕𝑥
𝜕𝑦
𝜕𝑥 𝜕𝑦
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where u and v are the two orthogonal directions in Cartesian coordinate system.
The simulation of the cooling process was conducted in ANSYS Fluent, the sketch of workpiece, chip
flow, cutting tool and coolant fluid were modelled in SOLIDWORKS 2017, and then imported and
meshed in ANASYS Meshing. When developing the CFD model, the status of coolant fluid follows the
following assumption:
1. the liquid of coolant is incompressible and viscous;
2. the change in density, viscosity, and thermal conductivity of the coolant liquids are negligible;
3. the heat exchanges at the interfaces are stable.

In a metal cutting process, heat is generated by the shear deformation of workpiece material in primary
deformation zone and by the tool/chip friction in the secondary deformation zone, and a proportion of
the heat is transferred to the cutting tool via the tool/chip interface. The modelling of heat source was
based on the theory proposed by Komanduri and Hou (Komanduri and Hou, 2001). Specifically, the
temperature rise on the tool side was caused by the heat transfer from stationary rectangular heat source
to the tool rake face via the tool/chip contact region, and the boundary on the tool side (OD) is adiabatic
(Fig. 5(b)). As a result, a line heat source with the length of tool/chip contact should be modelled at the
tool/chip interface. To ensure the availability of the calculation in ANASYS, the heat source was
modelled as a narrow groove (1 µm) and the gap between the heat source and the tool rake face was
controlled to be close enough (Fig. 5(c)). The heat was transferred by convection processes at the
interfaces of coolant fluid and tool faces, and the boundary conditions on the faces of the tools (DA,
AB, BC and CO) can be presented by equations (5) to (7).

𝜕2𝑇
|
𝜕𝑣 𝑢=0,0≤𝑣≤𝑣

(4)

𝜕2𝑇
|
𝜕𝑣 𝑢=0,𝑣

(5)

𝐴𝐵: 𝑄𝑐𝑜𝑜𝑙𝑎𝑛𝑡_2 = 𝐻𝑐𝑜𝑜𝑙𝑎𝑛𝑡2

𝜕𝑇
|
𝜕𝑢𝜕𝑣 0≤𝑢≤𝑢𝐵, 𝑣=𝑣𝐴

(6)

𝐵𝐶: 𝑄𝑐𝑜𝑜𝑙𝑎𝑛𝑡_3 = 𝐻𝑐𝑜𝑜𝑙𝑎𝑛𝑡3

𝜕𝑇
|
𝜕𝑢𝜕𝑣 𝑢=𝑢𝐵, 0≤𝑣≤𝑣𝐵

(7)

𝑂𝐷: 𝑄𝑡𝑜𝑜𝑙−𝑐ℎ𝑖𝑝 = 𝐾𝑡𝑜𝑜𝑙

𝐷

𝐷𝐴: 𝑄𝑐𝑜𝑜𝑙𝑎𝑛𝑡_1 = 𝐻𝑐𝑜𝑜𝑙𝑎𝑛𝑡1

𝐷 ≤𝑣≤𝑣𝐴
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𝐶𝑂: 𝑄𝑐𝑜𝑜𝑙𝑎𝑛𝑡_4 = 𝐻𝑐𝑜𝑜𝑙𝑎𝑛𝑡4

𝜕2𝑇
|
𝜕𝑢 𝑣=0,0≤𝑢≤𝑢

(8)
𝐶

(a)

(b)

(c)

Fig. 5 (a) the CFD model of the cooling process in ANASYS R16.0 (b) boundary conditions at the faces of the
cutting tool (c) stationary plane heat source on the side of the chip

Density, thermal conductivity and specific heat of the coolant changed with the concentration of
graphene oxide nanosheets, which can be calculated with the following equations (Behroyan et al.,
2016; Hadadian et al., 2014; Zhou and Ni, 2008), and the results are listed in Table 3.
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𝐾𝐺𝑟𝑎𝑂 − 𝐾𝐶𝑜𝑛𝐶𝑜𝑜𝑙
𝐾𝐶𝑜𝑛𝐶𝑜𝑜𝑙
= 𝐾𝐶𝑜𝑛𝐶𝑜𝑜𝑙
𝐾𝐺𝑟𝑎𝑂 − 𝐾𝐶𝑜𝑛𝐶𝑜𝑜𝑙
3−𝜑
𝐾𝐺𝑟𝑎𝑂
[
]
3 + 2𝜑

Thermal conductivity (𝐾): 𝐾𝐺𝑟𝑎𝑂_𝐶𝑜𝑜𝑙

Density (𝜌): 𝜌𝐺𝑟𝑎𝑂_𝐶𝑜𝑜𝑙 = (1 − 𝜑)𝜌𝐶𝑜𝑛_𝐶𝑜𝑜𝑙 + 𝜑𝜌𝐺𝑟𝑎𝑂
Specific heat (𝐶): 𝐶𝐺𝑟𝑎𝑂_𝐶𝑜𝑜𝑙 =

(9)

(10)

𝜑(𝜌𝐺𝑟𝑎𝑂 ∙ 𝐶𝐺𝑟𝑎𝑂 ) + (1 − 𝜑)(𝐶𝐶𝑜𝑛_𝐶𝑜𝑜𝑙 ∙ 𝜌𝐶𝑜𝑛_𝐶𝑜𝑜𝑙 )
𝜌𝐺𝑟𝑎𝑂_𝐶𝑜𝑜𝑙

(11)

where φ is the weight percentage of the graphene oxide nanopowder.
Table 3 Physical and thermal properties of different kinds of coolant
Thermal conductivity
Coolant
Density
(𝑊 ∙ 𝑚−1 𝐾 −1 )
Con_Cool
0.94
0.249
GraO_0.1%
0.94
0.253
GraO_0.5%
0.94
0.267

Specific heat
(𝐽 ∙ 𝑔−1 ℃−1)
3.24
3.24
3.24

Heat flux to the cutting tool via the tool/chip interface was calculated by the established analytical
model. The heat flux q in the 2-D heat transfer problem is calculated with the following equation:

𝑞=

𝑄

(12)

𝐿𝑡𝑜𝑜𝑙−𝑐ℎ𝑖𝑝

𝑤ℎ𝑒𝑟𝑒 𝐿𝑡𝑜𝑜𝑙−𝑐ℎ𝑖𝑝 is the tool/chip contact length.
As introduced in the aforementioned section, the rise of tool temperature was caused by the heat
transferred from the stationary heat source via the tool/chip interface. Fig. 6(a) shows the heat transfer
to the cutting to via the tool/chip interface. The total amount of heat transferred to the cutting tool (Q)
was influenced by both the heat generated in primary deformation zone 𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦 and in secondary
deformation zone 𝑄𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 (Yan et al., 2014). 𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦 and 𝑄𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 can be calculated as follows:

𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦 = 𝐹𝑠 𝑉𝑠 = (𝐹𝑧 𝑐𝑜𝑠𝜃 − 𝐹𝑥 𝑠𝑖𝑛𝜃)

V cos  cos 
sin  sin   cos  cos 

𝑄𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 𝐹𝑓 𝑉𝑐 = (𝐹𝑥 𝑐𝑜𝑠𝛼 − 𝐹𝑧 𝑠𝑖𝑛𝛼)

V sin 
sin  sin   cos  cos 

(13)

(14)
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where, 𝐹𝑠 , 𝐹𝑓 , 𝑉𝑠 , 𝑉𝑐 stand for shear force in primary shear zone, friction force at tool/chip interface, the
shear velocity and the velocity of chip flow on rake face respectively (Fig. 6(b)). 𝑅𝑐ℎ𝑖𝑝 is the partition
of the heat to chip flow, and the value was set as 0.82 based on the empirical results of relevant
experiments (Egana et al., 2012). 𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦 and 𝑄𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 were calculated by adopting the measured
cutting forces, geometric parameters and the cutting speeds, and the results are listed in Table 4
Table 4 𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦 and 𝑄𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 (W) under different cooling conditions
𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦
Coolant pressure
Cutting speed
Con_Cool
GraO_0.1%
GraO_0.5%
𝑄𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
Coolant pressure
Cutting speed
Con_Cool
GraO_0.1%
GraO_0.5%

80 m/min
233.53
163.35
133.1

1 bar
160 m/min
330.17
248.23
180.75

240 m/min
388.41
290.4
228.69

80 m/min
51.87
61.18
49.21

1 bar
160 m/min
130.34
143.64
114.38

240 m/min
200
200
192

80 m/min
134.31
114.95
98.01

10 bar
160 m/min
231.36
163.88
139.78

240 m/min
268.62
203.28
145.2

80 m/min
67.83
73.15
58.52

10 bar
160 m/min
140.98
146.3
127.68

240 m/min
212
220
204

(b)

(a)

Fig. 6 (a) Heat generation and transfer in cutting processes (b) forces, velocities and geometric parameters in
orthogonal cutting
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The flow chart in Fig. 7 shows the processes of calculation and validation. The heat flux q, which is the
main input for CFD analysis, was calculated based on the analytical model with MatLab2016R by
adopting the cutting parameters and cutting forces measured in the experiments. Combining the precalculated properties of three kinds of coolant, the heat transfer model could be solved to obtain the
temperature distribution on the tool rake face. The calculated results were compared with the averages
of measured temperature to validate the hybrid analytical-CFD model.

Fig. 7 Calculation and validation processes

3.2 Calculated results
Fig. 8 presents the temperature distribution on tool/chip interface within the range of 0 to 2 mm along
the direction which is vertical to the cutting edge. To validate the model, the temperature at the position
of the thermal couple was extracted to compare with the measured data (Table 5). The error was within
20 %, which means that the calculated results of temperature are acceptable. From the distribution of
temperature, it was found that the temperature on tool rake faces reduced significantly at the position
away from the cutting edge, and the addition of graphene oxide nanosheets did not affect the trend of
temperature change. Furthermore, it can be found that the highest temperature at the tool/chip interface
decreased significantly with the addition of graphene oxide nanosheets. Specifically, the maximum
reduction in temperature at tool/interface can reach 100 ℃ when 0.5% w.t. graphene oxide was added
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into the coolant under the 1 bar coolant pressure although the temperature reduction at the measured
position was only 30 ℃. Under the higher pressure, the largest temperature reduction was 80 ℃when
the cutting speed was 240 m/min.
Table 5 Calculated temperature and experimental data
Pressure
Coolant
Con_Cool

GraO_0.1%

GraO_0.5%

V (m/min)
80
160
240
80
160
240
80
160
240

Exp (℃)
113
140
165
91
125
156
75
107
131

1 bar
Cal (℃)
96
128
153
79
109
133
64
89
113

Err (%)
15
8.6
7.3
13.2
12.8
14.7
14.7
16.8
13.7

Exp (℃)
86
112
143
73
99
129
66
93
109

10 bar
Cal (℃)
69
99
126
60
87
113
54
79
96

Err (%)
19.8
11.6
11.9
17.8
12.1
12.4
18.2
15
11.9

18

Fig. 8 Distribution of temperature on tool rake face at different cutting speeds and coolant pressure

To comprehensively investigate the cooling effect of different types of coolant, the ratio between the
heat transferred to the cutting tool (𝑄) and the heat transferred away by the coolant (𝑄𝑐 ) within the
range of 0 to 2 mm was calculated. In the following equation, 𝑄𝑐 and 𝑄 are the integration of the heat
flux 𝑞𝑖𝑛𝑡2 and 𝑞𝑖𝑛𝑡1 within their corresponding regions, 𝐿1 is the tool/chip contact length and 𝐿2 is the
length of the tool/coolant interface which equals to (2-𝐿1 ) mm.
𝐿

2
𝑄𝑐 ∫0 𝑞𝑖𝑛𝑡2 (𝑙) 𝑑𝑙
𝑅=
= 𝐿1
𝑄
∫0 𝑞𝑖𝑛𝑡1 (𝑙) 𝑑𝑙

(15)

The calculation was conducted via the post processor of ANASYS R16.0, and the results are presented
in Fig. 9. Different from the temperature which was influenced by the concentration of graphene oxide
nanosheets, the ratios are all around 7% without any obvious distinction. This means that the addition
of graphene oxide nanosheets does not increase the proportion of the heat transferred away by the
cutting fluids.
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(b)

(a)
Fig. 9 The ratio of heat transferred away by the coolant at different cutting speeds (a) under 1 bar coolant
pressure (b) under 10 bar coolant pressure

3.3 Cooling mechanism
It is believed that the cooling is the combined effects of different heat exchange processes including
conduction, convection, evaporation and very little radiation (Yan et al., 2015). Among these types of
heat transfer, the forced convection between the cutting tool and coolant is the dominant process that
transfers the heat away (M. Daniel et al., 1996). The heat transfer coefficient describing the heat
convection is the function of Nusselt number, Reynolds number and Prandtl number, which is presented
in the following form when machining cylindrical workpieces (Holman, 1989),

ℎ = 𝑓(𝑁𝑢, 𝑅𝑒, 𝑃𝑟) =

𝑁𝑢 (𝑅𝑒, 𝑃𝑟)𝐾
𝐷

(16)

In this study, the fluid flow of coolant was considered as coolant jet ejected to the cutting tool and
workpiece surface. With this flowing status, the Nusselt number 𝑁𝑢 could be determined with the values
of Reynolds number, Prandtl number and the geometric parameter G which is determined by the size
of workpiece and the position of jet stagnation point (Martin, 1977):
𝑁𝑢 = 2𝐺𝑅𝑒 0.5 𝑃𝑟 0.42 (1 + 0.005𝑅𝑒 0.55 )0.5

(17)
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For cylindrical workpieces, the Reynolds and Prandtl numbers are determined by the properties of the
coolant liquid (thermal conductivity K, density 𝜌, specific heat 𝑐𝑝 and the dynamic viscosity 𝜇) and the
size of workpiece material (D), which are presented in the following equations (Holman, 1989):

Reynolds number (𝑅𝑒):

𝑅𝑒 =

𝜌𝑉𝐷
𝜇

(18)

Prandtl number (𝑃𝑟):

𝑃𝑟 =

𝜇𝑐𝑝
𝐾

(19)

Based on Eqs. 16 to 19, it is found that the addition of graphene oxide nanosheets in coolant can hardly
cause obvious changes to the status of heat convection (h) as the difference in the properties of the three
types of coolant is insignificant, and this is in consistence with the results presented in Fig. 9. As a result,
the heat transferred away by the coolant was not the only reason contributing to the reduction of cutting
temperature. It is well known that the heat in metal cutting processes is generated by the chip formation
(shear deformation of workpiece in material primary deformation zone) and the tool/chip abrasion in
the secondary deformation zone (Abukhshim et al., 2006). According to the calculated results in Table
5(a), obvious reduction in the amount of heat generated in the primary deformation zone was found
with the increase of the concentration of graphene oxide nanosheets, leading to the decrease of
temperature at tool/chip interface. The energy of shear deformation was strongly influenced by the shear
force which is a component of the main cutting force. For this reason, it can be concluded that the
reduction in cutting temperature was caused by the decrease of main cutting force due to the better
lubrication of coolant with graphene oxide nanosheets, which will be introduced and discussed further
in the following section.

4. Analysis of lubrication effect
4.1 Calculation of friction force and friction coefficient
In a cutting process, friction happens on the rake face and flank face due to the tool/chip and
tool/workpiece abrasion. To investigate the lubrication effects on tool surfaces, the friction forces and
friction coefficients on flank face and rake face were calculated when using different types of coolant.
As presented in Fig. 10(a), to calculate the friction coefficients on different faces, the three components
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of the resultant cutting force F in the global coordinate system (XYZ) were firstly transferred into the
oblique cutting system. In the new coordinate system, the m axis and n axis form the plane which is
vertical to the cutting edge, and l axis is parallel to the cutting edge. Mathematically, the transformation
of cutting forces from the global coordinate system to the oblique coordinate system was conducted by
using the rotating matrix [TM], as presented in the following equations:
𝐹𝑥
𝐹𝑙
[𝐹𝑚 ] = [𝑇𝑀] [𝐹𝑦 ]
𝐹𝑛
𝐹𝑧
𝑐𝑜𝑠𝜃𝑛
[𝑇𝑀] = [−𝑠𝑖𝑛𝜃𝑠 𝑠𝑖𝑛𝜃𝑛
𝑐𝑜𝑠𝜃𝑠 𝑠𝑖𝑛𝜃0

0
𝑐𝑜𝑠𝜃𝑠
𝑠𝑖𝑛𝜃𝑠

−𝑠𝑖𝑛𝜃𝑛
−𝑠𝑖𝑛𝜃𝑠 𝑐𝑜𝑠𝜃𝑛 ]
𝑐𝑜𝑠𝜃𝑠 𝑐𝑜𝑠𝜃𝑛

(20)

(21)

Therefore, the three force components in the new coordinate system are calculated as follows:
Fl = −Fx sinθs sinθn + Fy cosθs − Fz sinθs cosθn
{Fm = Fx cosθs sinθ0 + Fy sinθs + Fz cosθs cosθn
Fn = Fx cosθn − Fz sinθn

(22)

As shown in Fig. 10(b), on the rake face, the friction force and the force normal to the rake face are
equal to Fn and Fm respectively; as a result, the friction coefficient 𝜇𝑟𝑎𝑘𝑒 is presented as follows:

𝜇𝑟𝑎𝑘𝑒 =

𝑓𝑟𝑎𝑘𝑒
𝐹𝑛
𝐹𝑥 𝑐𝑜𝑠𝜃𝑛 − 𝐹𝑧 𝑠𝑖𝑛𝜃𝑛
=
=
𝑁𝑟𝑎𝑘𝑒 𝐹𝑚 𝐹𝑥 𝑐𝑜𝑠𝜃𝑠 𝑠𝑖𝑛𝜃0 + 𝐹𝑦 𝑠𝑖𝑛𝜃𝑠 + 𝐹𝑧 𝑐𝑜𝑠𝜃𝑠 𝑐𝑜𝑠𝜃𝑛

(23)

Similarly, the friction coefficient on flank face 𝜇𝑓𝑙𝑎𝑛𝑘 can be calculated using the following equation:
𝜇𝑓𝑙𝑎𝑛𝑘 =

𝑓𝑓𝑙𝑎𝑛𝑘 𝐹𝑧 𝑐𝑜𝑠𝛼𝑛 − 𝐹𝑥 𝑠𝑖𝑛𝛼𝑛
=
𝑁𝑓𝑙𝑎𝑛𝑘 𝐹𝑧 𝑠𝑖𝑛𝛼𝑛 + 𝐹𝑥 𝑐𝑜𝑠𝛼𝑛

(24)
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𝐹

𝑚

𝐹𝑧

𝜃𝑛

𝐹𝑥

𝜃𝑠

𝑁𝑟𝑎𝑘𝑒

𝐹𝑦

α 𝑓𝑟𝑎𝑘𝑒

𝑓𝑓𝑙𝑎𝑛𝑘

𝑙

θ
Workpiece

𝐹𝑧
𝑛

(a)

Cutting Tool

𝑁𝑓𝑙𝑎𝑛𝑘

𝐹𝑥

(b)

Fig. 10 (a) The global coordinate system and oblique cutting coordinate system (b) Forces in oblique plane

Fig. 11 shows the calculated friction forces and friction coefficients on flank faces under different cutting
conditions. A reduction in friction force on flank face in the range of 25% to 50% could be found when
the coolant with graphene nanosheet was applied. Specifically, the friction forces in using GraO_0.1%
were reduced by 56 N, 32 N and 35 N compared with that of using conventional coolant when the
pressure was 1 bar. The friction force was reduced by over 40% with the application of coolant GraO_0.5%
indicating better lubrication effect of the coolant with larger concentration of graphene oxide nanosheets.
Under higher coolant pressure, the reduction in friction forces was significant as the application of high
pressure coolant increased the amount of lubricating liquid at the friction area (da Silva et al., 2013).
Also, friction force decreased with the increase of the concentration of graphene nanosheets in the
coolant, and the percentage of reduction was around 35% to 50% at different cutting speeds and coolant
pressures when GraO_0.5% was applied. Similar to the change of friction force, friction coefficient
decreased with the application of graphene nanosheets as well in the coolant under different cutting
conditions (Fig. 11(c) and Fig. 11(d)). However, the concentration of graphene nanosheet did not cause
significant difference in friction coefficient; the reduction was basically within 0.1 when the
concentration of graphene oxide nanosheets was increased from 0.1% to 0.5%.
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(a)

(b)

(c)

(d)

Fig. 11 Calculated frictional forces and friction coefficients on flank faces: (a) friction force at 1 bar coolant
pressure (b) friction force at 10 bar coolant pressure (c) friction coefficient at 1 bar coolant pressure (d) friction
coefficient at 10 bar coolant pressure

The change of friction force and friction coefficient on rake face was different from that on flank face
(Fig. 12). Generally, both friction force and friction coefficient on flank face were relatively larger when
the coolant with graphene oxide nanosheets was used. Under the 1 bar coolant pressure, the friction
force increased with the increase of the concentration of graphene oxide nanosheets, however, the
increment was within 10 N. Also, the effect of coolant pressure on the friction forces of rake face was
insignificant. The friction forces fluctuated around 50 N when using conventional coolant under the
pressure of 10 bar, and it was around 45 N when using GraN-0.1 under both 1 bar and 10 bar pressures.
The difference in friction forces caused by using three types of coolant was insignificant. As for the
coefficient of friction on the rake face, the concentration of graphene oxide nanosheets did not cause too
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much difference at the low and normal cutting speeds. Smaller friction coefficients were found when
conventional coolant was applied, and the reduction was 0.34 (240 m/min, 10 bar).

(a)

(b)

(c)

(d)

Fig. 12 Calculated frictional forces and friction coefficients on rake faces: (a) friction force under 1 bar coolant
pressure (b) friction force under 10 bar coolant pressure (c) friction coefficient under 1 bar coolant pressure (d)
friction coefficient under 10 bar coolant pressure

4.2 Lubrication mechanism
Based on the calculated results, it is obvious that the lubrication effects were not the same at the two
interfaces (the tool/chip interface and the tool/workpiece interface). On the flank face, the significant
reduction in friction forces when GraO_0.1% and GraO_0.5 were used reflects that the addition of
graphene improved the lubricating effects of coolant. However, on the rake face, the minor difference
of friction force indicates that the addition of graphene oxide nanosheets did not reduce the tool/chip
friction. To explain the difference of lubricating performance, the mechanism of lubrication on the two
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faces has to be analysed. Sharma et al. studied the lubrication mechanism of graphene nanosheets (Fig.
13) and concluded that graphene oxide nanosheets penetrated into the interfaces with the coolant liquid,
and the laminate structure of graphene oxide was easily exfoliated by the shear forces forming a tribofilm at the sliding interfaces (Sharma et al., 2018). This conclusion was proved by the reduction on the
development of flank wear with the application of coolant with graphene nanosheets when cutting speed
was low (around 70 m/min). However, considering the characteristic of different sliding interfaces as
well as the ability of penetration of the cooling fluid, according to the findings made by Childs (Childs,
2006), the liquid films cannot be formed along the tool/chip interface when cutting speed is high due to
the intensive tool/chip contact and high cutting speeds. Moreover, the stress distribution on the rake face
and flank face are different. As shown in Fig. 13(b), the normal stress on rake face 𝜎𝑟𝑎𝑘𝑒 was larger than
the normal stress on flank face 𝜎𝑓𝑙𝑎𝑛𝑘 (Grzesik et al., 2014), which made the coolant jet hardly penetrate
into the tool/chip interface. Therefore, the coolant can only reach to the end of tool/chip contact area
due to the intensive interaction between tool rake face and chip back surface. This explained why the
coolant pressure and concentration had minor influence on the friction force on rake faces. In
comparison, the coolant can reach the tip position and results in better lubrication effects on flank face,
which is reflected by the significant reduction in friction forces. When coolant pressure was increased
or the coolant with higher concentration of graphene nanosheet was applied, the lubrication effect on
flank face was significantly improved because both higher coolant pressure and larger concentration
increased the amount of nanosheets in the lubricating process.

(a)

(b)
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Fig. 13 Lubrication mechanism (a) the proposed lubrication mechanism (Sharma et al., 2018) (b) the lubrication
mechanism in this study

5. Tool wear analysis
Tool wear can directly reflect the effects of cooling and lubrication as the adhesive-abrasive process is
strongly influenced by the cutting temperature and chip-tool-workpiece friction (Li et al., 2017). As
presented in Fig. 14, tool wear caused by abrasion and adhesion was found on the rake face and major
flank face, the conditions of the flank wear and crater wear of the tools with different kinds of coolant
were different.

Rake face

Major
flank face

Minor
flank face
Cutting edge

(a)

(b)

(c)
Fig. 14 Flank wear of the cutting tools under different coolant conditions (a) Con_Cool (b) GraO_0.1% (c)
GraO_0.5%
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Flank wear is the material loss on the flank face mainly caused by the tool/workpiece abrasion. The
condition of flank wear was investigated by analysing the width of flank wear (VB) and the roughness
of machined surface (Ra), both of which were measured by the Alicona microscope (Measurement
Suite). The VBs of the three tools were 96 µm, 81 µm and 78 µm respectively when conventional coolant
and coolants with graphene nanosheets of different concentrations were applied (Fig. 14). The reduction
of 15% and 20% in VB proved the better lubrication ability of coolants with graphene oxide nanosheet
suspension, which is in consistence with the reduction of friction force and friction coefficient in Section
4.1. Also, the lubrication condition when using different types of coolant was reflected by the roughness
of machined surface (Ra). As shown in Fig. 15, values of Ra were smaller with the using of GraO_0.1%
and GraO_0.5%, this was in consistent with the experimental results on nanofluids of graphite-based
nanoparticles (e.g. (Li et al., 2019)). The Ras of the surface with Con_Cool were generally over 120 nm
under different pressures. In contrast, the surface roughness of GraO_0.1% and GraO_0.5% were below
120 nm under different cutting conditions and this that the tool/workpiece abrasion was reduced with
the addition of graphene nanosheet. Especially, when using GraO_0.5%, the largest roughness was
merely higher than 100 nm, and the reduction on Ra was 30-60 nm (over 30%) compared with that of
Con_Cool. This is similar to the findings made by Singh et al. (Singh et al., 2018) because more lattice
structured graphene were conveyed to the interface between flank face and workpiece surface,
lubricating the tool/workpiece abrasion during the cutting processes.

VB = 96 µm

VB = 81 µm

(a)

VB = 78 µm

(b)

(c)

Fig. 15 Flank wear of the cutting tools under different coolant conditions (a) Con_Cool (b) GraO_0.1% (c)
GraO_0.5%
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(a)

(b)

Fig. 16 Roughness of machined surface under different cutting conditions (a) 1-bar coolant pressure (b) 10-bar
coolant pressure

Crater wear is stimulated by the high stress and temperature at tool/chip interface resulting in the loss
of tool material and the adhesion of workpiece material on the rake face (Li et al., 2018). The worn areas
on rake faces were examined by Alicona (Measurement Suite), as shown in Fig. 16, it was found that
the size of the worn area was reduced with the increase of the concentration of graphene oxide
nanosheets. The depth of the crater ( 𝐾𝑐 ) and the tool/chip contact length (𝐿𝑡𝑐 ) were two factors
describing the condition of tool wear on rake face. Based on established models, 𝐾𝑐 was the function of
temperature (Huang and Dawson, 2005) and 𝐿𝑡𝑐 mainly reflected the status of tool/chip abrasion (Bahi
et al., 2012). In our experiments, it was found that 𝐾𝑐 decreased with the addition of graphene oxide
nanosheet in coolants, which indicated the reduction of the temperature at tool/chip interface. The
tool/chip contact lengths (𝐿𝑡𝑐 ) of the three tools are similar (around 180 µm). This indicates that the
influence of graphene oxide nanosheet on abrasion at tool/chip interface was insignificant because the
graphene oxide nanosheets could hardly penetrate into the interface due to the intensive tool/chip
contact.
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Con_Cool

GraO_0.1%

GraO_0.5%

𝑲𝒄 = 𝟐𝟏 𝝁𝒎
𝑲𝒄 = 𝟒𝟐 𝝁𝒎

𝑳𝒕𝒄 = 𝟏𝟖𝟑 𝝁𝒎

𝑲𝒄 = 𝟑𝟕 𝝁𝒎

𝑳𝒕𝒄 = 𝟏𝟕𝟒 𝝁𝒎
𝑳𝒕𝒄 = 𝟏𝟕𝟕 𝝁𝒎

Fig. 17 Crater wear of the cutting tools under different coolant conditions

Fig. 17 shows the morphological characters of worn area when using different types of coolant; defects
caused by the adhesive-abrasive process were found on rake faces of tools. BUE were found on all three
tools because of the blunt cutting edges. The abrasive areas within the worn areas show that the tool/chip
abrasion on the three faces was severe. Surface near the tool/chip contact area was burned, which means
the temperature of chip flow when using conventional coolant was much higher than that of using the
coolant with graphene oxide nanosheets. Also, the adhesion layer was found near the cutting edge of
the tool with the coolant GraO_0.5%. In contrast, the adhesion layer on the other tools was not obvious.
Because of the higher temperature at the tool/chip interface, the removal of the adhesion layer as well
as the part of adhered material by the chip flow became easier.

30

BUE

BUE

Abrasive area
Abrasive area
Burning

(a)

(b)
BUE
Adhesive layer

Abrasive area

(c)
Fig. 18 Worn areas of tools under different types of coolant: (a) Con_Cool (b) GraO_0.1% (c) GraO_0.5
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6. Conclusion
The cooling and lubrication effects of three types of metalworking fluid were investigated: Con_Cool,
GraO_0.1%, and GraO_0.5%. Experiments of turning Ti6Al4V were conducted under different cutting
conditions, and a new CFD-analytical model was developed to analyse the distribution of cutting
temperature. Friction force and friction coefficient were calculated to quantify the lubrication effect at
the tool/chip interface and the tool/workpiece interface. The worn areas on tool surface were examined
to investigate the cooling and lubrication mechanisms. By analysing the change of cutting temperature,
friction force, friction coefficient and the morphological characters of tool wear, the effects of cooling
and lubrication at different interfaces were discovered.
The cutting temperature measured in experiments was reduced when the coolants of GraO_0.1% and
GraO_0.5% were applied. Also, the temperature at tool/chip interface decreased significantly with the
increase of the concentration of graphene oxide nanosheets in the fluids. Near the tool/chip interface,
7% of the total heat was transferred away by the heat convection between tool surface and the coolant,
and the influence of the addition of graphene oxide nanosheets on heat convection process was limited.
Both friction force and friction coefficient on flank face were reduced significantly with the addition of
graphene oxide nanosheets because the smaller normal pressure made the nanosheets easier to penetrate
into the tool/workpiece interface reducing the tool/workpiece abrasion. On tool rake face, the change of
friction force under different types of cooling conditions were insignificant as the coolant can hardly
reach the tool/chip interface due to the intensive tool/chip interaction.
Morphological characters on the worn areas reflect the cooling and lubrication effects of the three
coolants. The improved lubrication ability and cooling effect of coolant when using the graphene oxide
nanosheets were shown by the reduced VB and 𝐾𝑐 respectively. However, similar values of 𝐿𝑡𝑐 proved
the minor influence of graphene oxide nanosheet on abrasion at tool/chip interface.
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Table 1 Property and composition of ROCOL Ultracut Clear
Density (g/cm3) Mineral oil
Natural oil
Water
0.95
20%
20%
60%

Others
<1%

Table 2 Properties of Sigma Aldrich graphene oxide nanosheets
Purity
Thickness
Diameter (nm)
Layers
(nm)
99%
1-1.77
0.5-5
1-5

Specific surface
area
300-450

Table 3 Physical and thermal properties of different kinds of coolant
Thermal
conductivity
Coolant
Density
(𝑊 ∙ 𝑚−1 𝐾 −1 )
Con_Cool
0.94
0.249
GraO_0.1%
0.94
0.253
GraO_0.5%
0.94
0.267

Specific heat
(𝐽 ∙ 𝑔−1 ℃−1)
3.24
3.24
3.24

Table 4 𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦 and 𝑄𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 (W) under different cooling conditions
𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦
Coolant
pressure

1 bar

Cutting speed
Con_Cool
GraO_0.1%
GraO_0.5%

80
m/min
233.53
163.35
133.1

𝑄𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
Coolant
pressure

160
m/min
330.17
248.23
180.75

240
m/min
388.41
290.4
228.69

80
m/min
134.31
114.95
98.01

1 bar

Cutting speed
Con_Cool
GraO_0.1%
GraO_0.5%

10 bar

80
m/min
51.87
61.18
49.21

160
m/min
231.36
163.88
139.78

240
m/min
268.62
203.28
145.2

10 bar

160
m/min
130.34
143.64
114.38

240
m/min
200
200
192

80
m/min
67.83
73.15
58.52

160
m/min
140.98
146.3
127.68

240
m/min
212
220
204

Table 5 Calculated temperature and experimental data
Pressure
Coolant
Con_Cool

GraO_0.1%
GraO_0.5%

V (m/min)
80
160
240
80
160
240
80

Exp (℃)

1 bar
Cal (℃)

Err (%)

113
140
165
91
125
156
75

96
128
153
79
109
133
64

15
8.6
7.3
13.2
12.8
14.7
14.7

Exp (℃
)
86
112
143
73
99
129
66

10 bar
Cal (℃)

Err (%)

69
99
126
60
87
113
54

19.8
11.6
11.9
17.8
12.1
12.4
18.2
38

160
240

107
131

89
113

16.8
13.7

93
109

79
96

15
11.9
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