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Abstract

This paper presents an experimental investigation on the effects of soluble cutting fluid-based CuO-nanofluid with boric
acid-nanoparticles additives on machining force, surface roughness, and tool wear in high-speed turning operation of hard-
ened AISI 4340 tool steel. In this research, a lubricant supply system has been designed for utilizing nanofluid in machining
operation. Experiments are carried out with various proportions of boric acid 0.25, 0.5, and 1% by weight as nanoparticles
additives in different cutting conditions. The results are also compared with the outputs of similar tests through dry cutting
condition and turning under soluble cutting fluid. The results show that the use of nanoparticle suspensions improves the
machining conditions in a way that the machining force, the surface roughness, and the tool wear have considerably reduced
under different cutting conditions. Accordingly, the obtained results lead to decrease in machining time and tool consump-
tion that directly influence the energy consumption in machining operation.

Keywords CuO nanofluid - Boric acid - High-speed machining - Machining force - Surface roughness - Tool wear

1 Introduction

Tool steels are of importance in modern production industry.
The production of tools has various machining difficulties
such as production cost, tool, and energy consumption, and
surface quality problems. In order to reduce the cost of pro-
duction and improve the quality of surface, lots of research-
ers focus on this zone which is one of the vital scopes in
practical investigations. Use of nanofluids and nanoparticle
additives, and high-speed cutting in machining of tool steels
could solve the mentioned problems which is the gap in the
reported literature in this field of study. This study focuses
on different cutting fluids which are used in high-speed
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turning of AISI 4340 tool steel to fulfill the existing gap in
this field.

High-speed turning process is one of the more practi-
cal and immense operations in modern production industry.
Machining force, surface roughness, and tool wear are all
crucial and appreciable factors throughout the turning opera-
tion which are mostly assessed to ascertain the turning per-
formance (Reddy and Rao 2005). These factors depend on
plenty of items such as tool material and geometry, machin-
ing input parameters such as cutting speed, feed rate, back
engagement, pressure of cutting fluid, etc. As these items
have been altered by creation of heat and friction from the
cutting area, finding a method to reduce the temperature
and friction by using coolants and lubricants is probed in
recent investigations (Klocke and Kratz 2005; Chou and
Song 2004). Although comprehensive investigations have
been done to achieve higher productivity and better sur-
face integrity by using different cutting fluids (Yildiz and
Nalbant 2008), soluble cutting fluid-based CuO-nanofluid,
with and without boric acid-nanoparticles additives, has not
been exploited as cutting fluid in the reported literature. It is
also of note that nano-boric acid suspensions add four dif-
ferent distinct specifics to fluid-based lubrication. First of
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all, it reduces flow rate of cutting fluid. Secondly, it makes
CuO-Nanofluid more stable by lessening the pH of suspen-
sion (Vamsi Krishna et al. 2010). This, however, is because
boric acid decreases the soluble cutting fluid pH; hence it
increases difference between the pH of soluble cutting fluid
and electric point pH of CuO Nanofluid. This action not only
triggers the distribution of nanoparticles, but also prevents
the subsidence of specks (Hwang et al. 2008). The third is
the rise of lubricating properties because the added solid
lubricant reduces friction and decreases wear to a minimum
besides providing an easy slide between sliding interfaces.
Acid boric also increases corrosion properties (Diizciikoglu
and Acaroglu 2009).

Nanofluids are made of nano-sized solid particles dispersed
into soluble cutting fluid and they are often used to increase
heat transfer in industries that friction and high levels of tem-
perature possess harmful effects on tools and workpieces (Choi
et al. 1995). In recent years, many studies have been done to
assess the characteristics of different nanofluids and find their
practical application in various industries (Carslaw and Jae-
ger 1947; Acrivos 1980; Leal 1992; Whitaker 1972; Mashood
Khan et al. 2020a, 2020b). Verma et al. (Verma et al. 2008)
studied the effect of soluble cutting fluid-based MoS2-nano-
fluid. They considered three oils including paraffin oil, triglyc-
erides (canola oil), and lecithin and tested in ball bearing as a
cutting fluid-based and it caused sharp reduction in the coef-
ficient of friction and the wear rate. Zhou and Wang (Zhou and
Wang 2002) reached to the point with the study of the thermal
properties of CuO-nanofluid that 0.4% volume fraction of CuO
nanoparticles added to water rose the thermal conductivity of
water by 17%. Hwang et al. (Hwang et al. 2007) investigated
the increase of thermal conductivity in various liquids by mix-
ing them with CuO nanoparticles. They measured the thermal
conductivity increase by adding nanoparticle size 33 (nm) to
water and ethylene glycol fluid. The result of their experiments
showed that thermal conductivity of suspension increased by
50% and 90% respectively. Hernandez Battez et al. (Herndndez
Battez et al. 2008) discussed the anti-wear behavior of CuO,
Zn0, and ZrO2 nanoparticles suspensions in a polyalphaole-
fin (PAO 6) under mixed lubrication using a block-on-ring
tribometer which is made of AISI 1045 and AISI D3. Their
research proved cutting fluid-based CuO-nanofluid got the
most decrease in the wear surface and friction by 48% and 19%
in contrast with soluble cutting fluid. Avila and Abrao (Avila
and Abrao 2001) compared the performance of three types of
cutting fluids (an emulsion without mineral oil, one synthetic
fluid, and an emulsion containing mineral oil) to dry cutting
when continuous turning hardened AISI 4340 steel using
mixed alumina insert. The result showed that the use of cut-
ting fluid was responsible for reducing the scatter in the surface
roughness values at high cutting speed, but the use of emulsion
consisting of mineral oil had a positive influence on surface
integrity. Nam et al. (Nam et al. 2011) conducted experiments
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for micro-drilling under nanofluid minimum quantity lubri-
cation. They deduced that the nanofluid minimum quantity
lubrication (MQL) decreases the drilling thrust forces and tor-
ques. Zgang and Li (Zhang et al. 2015), evaluated the lubri-
cating performance of MoS2/CNT nanofluid for minimum
quantity lubrication in grinding. Setti et al. (Setti et al. 2015)
also investigated Ti—6Al-4 V grinding and friction coefficient
of under the nanofluid influence. In their study, nanofluid is
made by water and Al203 and CuOnano-particles additives.
Hegab et al. (Hegab et al. 2018) studied the influence of nano-
cutting fluids on chip morphology and tool performance. Alu-
minum oxide nanoparticles and Multi-walled carbon nano-
tubes (AI203) were used as nano-additives, in their research.
In another study, Hegab et al. (Hegab et al. 2019), developed
a model for cutting under nano-additives-based MQL. The
influence of micro-textures on lubrication of cemented carbide
tools under cutting fluids has been investigated by Ge et al.
(Ge et al. 2019). Jamil et al. (Jamil et al. 2019) studied the
influences of hybrid AI203—CNT nanofluids on machining of
Ti—6Al—4 V. The main focus of their experiments is to com-
pare the effect of cryogenic CO2 and hybrid nanofluid—based
MOQL methods for machining Ti—6Al—4 V. Sen et al. (Sen et al.
2019) investigated the effect of A1203 and palm oil-mixed
nanofluid on cutting performance of Inconel-690 in milling.
Mashood khan et al. (Mashood Khan et al. 2020c) investi-
gated cost integrated energy-based modeling of Al-GnP hybrid
nanofluid-assisted machining of AISI52100 steel. Zaman et al.
(Zaman et al. 2020) employed full factorial DOE to study the
effects of tool type, cooling condition, and machining parame-
ters on AISI 4140 steel. Mia et al. (Mia et al. 2020) utilized six
sigma method to optimize hard turning characteristics under
dry, solid, and MQL lubrication.

In this paper, the influence of soluble cutting fluid-based
CuO-nanofluid with boric acid-nanoparticles additives on
machining force and surface roughness in turning in high-
speed machining of hardened AISI 4340 tool steel has
been explored. Primarily, materials and methods have been
explained and experiments are designed and performed. The
results obtained by experimental method under various con-
ditions are illustrated and compared. The results show that 1
wt. % volume fraction of boric acid-nanoparticles added to
soluble oil as cutting fluid reduces surface roughness, and
tool wear considerably and decreases machining force by a
quarter in comparison with dry cutting condition.

2 Experiments and Methodology

This section describes the experimental setup, machine
tool, workpiece material, applied cutting conditions, and
the understudy parameters in brief.

The cutting fluid-based CuO-nanofluid consists of soluble
cutting fluid and CuO nanopowder. The volume percentage



Iranian Journal of Science and Technology, Transactions of Mechanical Engineering (2022) 46:335-345 337

of nanoparticle is 1 with solid lubricant of 50 (nm) particle
size. Three other different distinct suspensions have also
been made by adding 0.25, 0.5, and 1 wt. % of acid boric
to cutting fluid-based CuO-nanofluid which are employed
during different experiments. A lubricant supply system has
been designed and produced which is composed of a cylin-
drical tank, mixer, and fluid pump (see Fig. 1). For inhibition
of sedimentation and better distribution of nanoparticles,
pump has been situated underneath the tank. There is also
a mixer inside the tank for this purpose. The bottom of the
tank is conical, therefore, all nanoparticles are available to
enter to the pump.

The exit port of pump is connected to entrance port of
machine turret which has the spherical shape and base
holder. A CNC Lathe machine and a fluid nozzle which is
placed in the corner of the tool holder are shown in Fig. 2.

Workpiece is selected as hardened AISI 4340 with 50
(mm) diameter and 380 (mm) length. Table 1 lists the chemi-
cal composition of AISI 4340 steel.

Cermet carbide inserts of ISO designation DNMG
150,604-QM have been used for experimental tests. Further
details for cutting tools and holders are listed in Table 2.

Machining experiment has been carried out on a high-
speed CNC lathe (Leadwell LCP 30P Strands SMG)
equipped with its own straitpoint dynamometer for force
measurement. For the measurement of average surface
roughness (Ra) and the assessment of surface integrity, data
has been recorded by Mahr Perthometer M2 and IMM-420
SAIRAN Optical Microscope, respectively (see Fig. 3).

The experiments have been carried out to assess the
effects of soluble cutting fluid-based CuO-nanofluid with
boric acid-nanoparticles additives on machining force, sur-
face roughness, and tool wear in high-speed machining and
turning of hardened AISI 4340 tool steel, and the obtained
results are compared with dry machining and machining
under soluble cutting fluid.
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Workpiece: AlSI 4340 tool steel

Fig.2 High-speed CNC lathe cabin, tool, work piece, and nanofluid
nozzle

The most frequently used method in experimental inves-
tigations is full factorial approach, which consists fifty-four
factors in this study, due to the complex relations between
machining parameters. According to Table 2, experiments
have been conducted in three different cutting velocities of
100, 250 and 400 (m/min), three different feed rates of 0.1,
0.15, and 0.2 (mm/rev), and six environmental conditions
including dry, cutting fluid, soluble cutting fluid-based CuO-
nanofluid, 0.25 boric acid in 1% volume fraction of CuO
nanoparticles suspension, 0.5 boric acid in 1% volume frac-
tion of CuO nanoparticles suspension, and 0.1 boric acid
in 1% volume fraction of CuO nanoparticles suspension.
Back engagement was kept unchanged at 0.6 (mm) in all
the experiments. Table 2 lists the further details for experi-
mental tests.

™
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Fig. 1 High-speed CNC lathe (back view), a lubricant supply system with its details
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Table 1 Chemical composition

of AISI 4340 steel Material Mo Ni Cu Mn Cr Si C P
Percentage 0.25 1.6 0.1 0.6 1.61 0.28 0.35 0.01
Tablg 2 Experimental test Work specimen
condition
Material AISI 4340
Size (mm) 380 x 50 @
Hardness (HRC) 52+3
Cutting speed (m/min) V=100, 250, 400
Feed rate (mm/rev) f=0.1,0.15,0.2
Depth of cut (mm) t=0.6
Length of cut (mm) L=350

Suspensions

Suspensions type

Suspension flow rate (I/min)
Number of repetitions

Tool

Cutting tool

Holder

Surface roughness tester

Dynamometer

Dry, soluble cutting fluid, cutting fluid-based CuO nanofluid, cutting
fluid-based CuO-nanofluid with boric acid-nanoparticles additives
(0.25, 0.5 and 1 wt. %)

27
3 times

DNMG 150,604-QM

PDJNL 2525 M 15

Mahr Perthometer M2 and IMM-420 SAIRAN Optical Microscope
Straitpoint on CNC lathe machine-Leadwell LCP 30P Strands SMG

Fig.3 a Average surface
roughness (Ra) measurement
by Mahr Perthometer M2, b
surface integrity assessment
by IMM-420 SAIRAN optical
microscope

3 Results and Discussion

3.1 Machining Force under Different Cutting
Conditions

Machining force is the important technical parameter rel-
evant to the durability of tool and machined surface tex-
ture. It reflects the status of the lubricants performance and
cutting operation. Through experimentation, the machin-
ing force has decreased considerably by using soluble
cutting fluid-based CuO-nanofluid with boric acid-nano-
particles additives in comparison with dry cutting condi-
tion as well as machining under cutting fluid (See Fig. 4).
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With constant feed rate, by rising cutting speed, there is
a decrease in machining force in almost all of the experi-
ments. Considering Fig. 4d, 0.25 wt. % suspensions of
boric acid-nanoparticles additives have negative influence
on machining force than soluble cutting fluid-based CuO
nanofluid. The least machining force can be attributed
to 0.5 wt. % suspension of boric acid, Fig. 4e. However,
according to Fig. 4f, 1 wt. % of boric acid suspension does
not show a considerable variation in machining force.
The decrease in machining force is generally attributed
to Anti-friction and anti-wear properties in CuO-nano-
fluid (Acrivos 1980; Leal 1992; Whitaker 1972; Mashood
Khan et al. 2020a, 2020b). CuO-nanoparticles perme-
ate into the interface between the tool and chip which can
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0.1
Cutting speed (m/min)100 0.1 Feed rate (mm/rev)

Fig.4 Machining force under different cutting speed and feed rate: a
dry; b soluble cutting fluid; ¢ cutting fluid-based CuO-nanofluid; d
cutting fluid-based CuO-nanofluid with 0.25 wt. % boric acid-nano-

simultaneously reduce the distance between surfaces. Conse-
quently, the pressure in the interface between them goes up,
nanoparticles are tirbo-sintered on the surface and it makes a
foam layer. This layer resists the portion of applied force and
prevents the direct connections between surfaces. Therefore,
coefficient of friction between contact surfaces (tool-chip
and tool-workpiece) reduces and it results in the reduction of
friction force. Therefore, machining force is reduced accord-
ing to the following equation:

F, =/F2+F?+F? (1

in which F,,, is the machining force. F, Fj, and F| are, respec-
tively, the cutting force, friction force, and the thrust force.

In addition, thanks to the extremely high thermal conduc-
tivity of nanofluid suspension, the temperature of cutting
area decreases considerably. This, moreover, is one of the
causes for reduction of tool wear rate. As a result, the high
thermal conductivity of nanofluid suspension prevents the
increase of cutting force due to the slow tool wear rate. On
the other hand, experiments prove that soluble cutting fluid

100 0.1

100 0.1

particles additives; e cutting fluid-based CuO-nanofluid with 0.5 wt.
% boric acid-nanoparticles additives; f cutting fluid-based CuO-nano-
fluid with 1 wt. % boric acid-nanoparticles additives

is unlikely to reduce the machining force. This indicates the
low efficiency of conventional cutting fluid in cooling and
specially lubrication.

According to Fig. 4d, the negative impact of 0.25 wt. %
suspension of boric acid can be expressed in a way that the
additive boric acid reduces fluid flow and prevents absorbing
CuO-nanoparticles to the interface of tool-chip-workpiece,
hence the lubrication properties of CuO-nanofluid reduces.
In this case, due to the low portion of boric acid, the nega-
tive impact is much stronger than its positive effects such
as lubrication and stability. Nevertheless, these influences
totally change when the portion of boric acid is twice. In this
situation positive impacts dominate negatives, so machining
force reduces more than the machining under CuO-nano-
particles suspension. The results show that the machining
force doesn’t have considerable changes between 1 wt. %
suspension of boric acid and CuO-nanofluid.

It is also of note that the machining force reduction ratio
decreases more sharply by using nanoparticles suspension in
comparison with dry machining condition and cutting under
soluble fluid. This indicates that with increasing pressure
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and temperature in cutting area as a consequence of high-
speed machining, nanoparticles suspension can cooperate
in this process with its own tirbo-sintered on the cutting
surfaces, while soluble cutting fluid cannot resist this situa-
tion and it evaporates immediately in these circumstances.
Hence nanoparticle suspensions will be useful and valuable
in high-speed machining.

With constant cutting speed and varying feed rate, it is
quite apparent that the machining force reduces when nano-
particle suspensions have been used, as nanoparticles sus-
pensions can decrease the friction between the interface of
tool-workpiece and tool-chip as well as the temperature in
cutting area. In all experiments, with an increase in feed
rate, machining force has also increased. As the mentioned
factors increase the contact area between the tool and work-
piece that leads to an increase in friction force, machining
force is thereby increased.

\\’\\\ N
N
200

—~

. 0.12
Cutting speed (m/min)100 0.1 Feed rate (mm/rev) 100

Fig.5 Surface roughness under different cutting speed and feed rate:
a dry; b soluble cutting fluid; ¢ cutting fluid-based CuO-nanofluid; d
cutting fluid-based CuO-nanofluid with 0.25 wt. % boric acid-nano-
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3.2 Surface Roughness under Different cutting
Conditions

The average surface roughness, R, is the workpiece geo-
metrical quality index. A lower value of R, achieves better
corrosion, fatigue, and more accurate cooperation.

The variation of surface roughness in different cutting
speeds and feed rates under six machining conditions of dry,
cutting fluid and soluble cutting fluid-based CuO-nanofluid
with and without boric acid-nanoparticles additives have
been measured and illustrated in Fig. 5.

The values of surface roughness for the samples using
nanoparticles suspensions are much lower than cutting fluid
and also dry machining. This is justified by anti-friction and
anti-wear properties and high thermal conductivity of CuO-
nanofluid and also by lubricant properties and stabilization
of boric acid. CuO nanoparticles based in cutting fluid
causes reduction of friction coefficient between tool and
chip, so the built-up edge phenomenon becomes more dif-
ficult to happen (Boothroyd et al. 1999). Friction reduction
between tool and chip also improves chip flow and reduces
vibrations between workpiece and the tool, then rough-
ness resulting from aforementioned factors (natural surface

(c)

300 e
> P
200 S 0440‘16
=012
100 0.1

N

particles additives; e cutting fluid-based CuO-nanofluid with 0.5 wt.
% boric acid-nanoparticles additives; f cutting fluid-based CuO-nano-
fluid with 1 wt. % boric acid-nanoparticles additives
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roughness) decreases (Leppert 2011). Another reason for
this event is reducing the temperature of cutting area due to
the high heat transfer coefficient, and the reduction of heat
at noticed area can decrease the tool wear rate (Boothroyd
et al. 1999).

The reduction of tool wear rate prevents change of the
radius and the cutting edge geometry from increasing surface
roughness (ideal surface roughness). Besides, it decreases
the vibration of machine tools by reducing the machining
force. In brief, nanofluid suspensions reduce not only natu-
ral surface roughness, but also ideal surface roughness by
contributing in friction and heat at cutting area, and they all
reduce average surface roughness, Ra.

According to Fig. 5c and d, the average surface roughness
with suspension of 0.25 wt. % boric acid as nanoparticles
additives increases in contrast with CuO-nanofluid. Suspen-
sion with 0.5 wt. % boric acid has the least average surface
roughness.

In machining operation under CuO-nanofluid with 1 wt.
% boric acid additive, the significant change in the aver-
age surface roughness is not observed as well, regarding
Fig. 5f. The reasons for these changes can also be attributed
to the positive and negative impacts of boric acid which were
explained in Sect. 3 of the current research.

There is a slight drop in surface roughness by increasing
cutting speed between 100 and 250 (m/min). This indicates
that the surface roughness approaches to its ideal condition,
which is related to machining parameters and tool geometry
(Boothroyd et al. 1999) and can directly be attributed to
the rising temperature that leads to the softening of work-
piece which leads to the surface roughness reduction (Suresh
et al. 2012). However, the upward behavior of the curves
during machining under 250 and 400 (m/min) cutting speeds
denotes the negative effects of high temperature and friction.
The high temperature and friction between chip and tool
cause built-up edge phenomenon, tool wear, and inappropri-
ate chip flow (Boothroyd et al. 1999).

The change in feed rate shows the minimal impact on
the surface roughness when CuO-nanofluid and its various
suspensions are used. As the obtained surface roughness in
machining conditions under nanofluids is much lower than in
dry and soluble oil machining in high feed rates. This is due
to the sharp drop in temperature and friction coefficient on
the interface between tool-workpiece and tool-chip. Moreo-
ver, the average surface roughness grows when feed rate
increases (Boothroyd et al. 1999), which can be explained
as the following:

0.0321 x f2
Rj= ———— @)

e

in which R; is ideal surface roughness. f and r, are, respec-
tively, feed rate, and the tool tip radius.

As residual stress change from compressive to tensile
when feed rate is raised, when using nanoparticle suspen-
sions at high feed rate, Eq. (2) is not useful for predicting
the surface roughness value in different cutting conditions.
(Ozel et al. 2005). This, however, is because that the hard-
ness of the workpiece reduces during machining operation,
and makes the cutting conditions improved by reducing
chip bonding tool, improving chip flow, reducing cutting
force and vibration (Guo and Liu 2002). Therefore, when
using CuO-nanofluids due to the high heat transfer coef-
ficient, anti-friction, and anti-wear properties, the impact of
mentioned factors increases and surface roughness reduces.

The optical camera details for machined surfaces under
dry, cutting fluid, and nanoparticle suspensions have been
presented in Fig. 6. At all, the surface damage that occurs
during machining process and how it forms is critical infor-
mation, since they are used in the crucial parts of product.
Machined surfaces include cracks, cavity, and grooves. The
fine-scale damage, cracks and cavities have been marked in
this figure, which is related to the discontinuous chip for-
mation and the interaction between the tool and the work-
piece. The cracks in the finished surface can be induced by
a combination of thermal processes, while cavity has a close
relationship with built-up edge phenomenon and lubricant
between workpiece and tool. Furthermore, the amount and
depth of scratches in dry machining condition which are due
to the built-up edge (BUE), blunted edge tool, and surge of
machining force as the main reasons for vibration, are more
than the machining conditions where nanofluids are applied.

3.3 Tool Wear under Different Cutting Conditions

The average tool wear is associated with the cutting tool
failure as a result of the friction between the workpiece and
tool. The tool wear measurement in different cutting speeds
and feed rates for six machining conditions of dry, cutting
fluid and soluble cutting fluid-based CuO-nanofluid with
and without boric acid-nanoparticles additives have been
performed and presented in Fig. 7.

According to Fig. 7, the experiment shows that the applica-
tion of boric acid-nanoparticles additives is an effective way
for tool wear minimization in turning operation under fluid-
based CuO-nanofluid. The best cutting fluid performance in
terms of the least tool wear can be considered, respectively, in
the machining with cutting fluid-based CuO-nanofiuid with 0.5
wt. % boric acid-nanoparticles additives. As mentioned in the
previous sections of the current research paper, this effect can
be attributed to the contribution of lubricating characteristics
of boric acid-nanoparticles that causes friction reduction and
coherency of nanoparticles distribution in boric acid. However,
under cutting condition with fluid-based CuO-nanofluid with
0.25 wt. % boric acid-nanoparticles additives, tool wear has
been more than the cutting condition under CuO-nanofluid.
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Fig.6 The optical camera images of the machined surfaces: a dry; b
soluble cutting fluid; ¢ cutting fluid-based CuO-nanofluid; d cutting
fluid-based CuO-nanofluid with 0.25 wt. % boric acid-nanoparticles

The results could be relevant to the inefficiency of CuO-
nanofluid with 0.25 wt. % boric acid-nanoparticles additives
in lubricating compared to the CuO-nanofluid with 0.5 and 1
wt. % boric acid-nanoparticles additives. As boric acid reduces
fluidity, it prevents the cutting fluid to thoroughly flow in cut-
ting interface and lowers the effectiveness of CuO-nanofluid.
The other characteristics of borc acid-nanofluids are their
chemical instability that causes more tool wear in 1 wt. %
additives in comparison with 0.5 wt. % one.

Figure 8 also depicts the scanning electron microscopy
(SEM) images of tool wear under different cutting fluids.
The depth of tool wear in the cutting condition under differ-
ent suspensions of CuO-based cutting nanofluid is consider-
ably lower compared to the dry cutting condition and cutting
under soluble cutting fluid. This can be considered as the
influences of the friction reduction between the interface
of tool-workpiece and tool-chip as well as the temperature
reduction in cutting area in machining under nanoparticles
suspensions.

4 Conclusions
The results show that the use of nanoparticle suspensions

used in this study improved machining conditions. Use of
Cutting fluid-based CuO-nanofluid in all the machining

.............

additives; e cutting fluid-based CuO-nanofluid with 0.5 wt. % boric
acid-nanoparticles additives; f cutting fluid-based CuO-nanofluid
with 1 wt. % boric acid-nanoparticles additives

conditions reduced machining force around 24 and 20%
compared to the dry cutting and machining with soluble
oil, respectively. The decrease in machining force is gener-
ally attributed to Anti-friction and anti-wear properties in
CuO-nanofluid, and coefficient of friction between contact
surfaces reduces and it results in the reduction of friction
and machining forces. Moreover, the high thermal conduc-
tivity of nanofluid suspension prevents the increase of cut-
ting force due to the slow tool wear rate. The use of cutting
fluid-based CuO-nanofluid in all circumstances of machin-
ing AISI 4340 steel had a significant impact on the quality
of the workpiece surface with 49 and 45% reduction on aver-
age surface roughness compared to the dry and cutting fluid
machining, respectively. This is justified by anti-friction
and anti-wear properties and high thermal conductivity of
CuO-nanofluid and also by lubricant properties and stabi-
lization of boric acid. CuO nanoparticles based in cutting
fluid causes reduction of friction coefficient between tool
and chip, so the built-up edge phenomenon becomes more
difficult to happen. Friction reduction improves chip flow
and reduces vibrations between workpiece and the tool, so
the natural surface roughness decreases. The results for the
0.5 wt. % suspensions of boric acid-nanoparticles additives
indicated the best consequence for decreasing machining
force with 34 and 31% reduction contrasted to dry and solu-
ble oil machining, respectively. This suspension had also
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Fig.7 Tool wear under different cutting speed and feed rate: a dry; b additives; e cutting fluid-based CuO-nanofluid with 0.5 wt. % boric
soluble cutting fluid; ¢ cutting fluid-based CuO-nanofluid; d cutting acid-nanoparticles additives; f cutting fluid-based CuO-nanofluid
fluid-based CuO-nanofluid with 0.25 wt. % boric acid-nanoparticles with 1 wt. % boric acid-nanoparticles additives

Fig.8 The SEM images of tool wear under f=0.15 (mm/rev), cutting fluid-based CuO-nanofluid with 0.5 wt. % boric acid-nano-
V=250 (m/min), and 0.6 (m) depth of cut: a dry; b soluble cutting particles additives; f cutting fluid-based CuO-nanofluid with 1 wt. %
fluid; ¢ cutting fluid-based CuO-nanofluid; d cutting fluid-based boric acid-nanoparticles additives

CuO-nanofluid with 0.25 wt. % boric acid-nanoparticles additives; e
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the best surface integrity with the reduction ratio of 59%
and 58% in comparison with dry and soluble o0il machining,
respectively. This effect can be attributed to the contribu-
tion of lubricating characteristics of boric acid-nanoparticles
that causes friction reduction and coherency of nanoparticles
distribution in boric acid. The lowest amount of tool wear
was also in the machining condition under CuO-nanofluid
with 0.5 wt. % boric acid-nanoparticles additives, with 0.1
of (mm/rev) and cutting speed of 400 (m/min). Nanofluid
suspension has an extremely high thermal conductivity
which causes considerable decrease in temperature of cut-
ting area and consequently reduces tool wear rate. Among all
the experimental tests under different cutting conditions, the
least machining force occurred in feed rate 0.1 of (mm/rev)
and cutting speed of 400 (m/min), and the lowest surface
roughness was also obtained with the same feed rate, and
cutting velocity of 250 (m/min) when 0.5 wt. % suspensions
of boric acid-nanoparticles additives were used.
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