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and Eshreb Dzhemilov3

1 Structures Research Laboratory (LS), University of Blida, Blida, Algeria
2 Yildiz Technical University, Beşiktaş, 34349 Istanbul, Turkey
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Abstract. MachiningAISI 304 austenitic stainless steel iswell-known as it is very
challenging due to its low thermal conductivity and hardening tendency. High-
cutting forces are one of the common problems encountered during the machin-
ing of this kind of hard-to-cut materials. An attempt to improve its machinability
while ensuring environmentally friendly conditions has been made. This experi-
mental study was conducted from the perspective of performance assessment of
machining parameters in turning AISI 304 under dry, minimum quantity lubri-
cation (MQL), and nanofluid MQL conditions with consideration of the cutting
forces. Additionally, as a methodology, the response surface methodology (RSM)
and quantitative evaluation based on the primary effects plot were used. The study
revealed that nanofluid MQL offered encouraging results compared to the MQL
and dry conditions. Ultimately, the desirability function optimizationmethod (DF)
has been successfully executed to determine the best optimal machining responses
under different cutting cooling conditions.

Keywords: Cutting forces · MQL · Nanofluid · Nano graphene · AISI 304 ·
Response surface methodology · ANOVA

1 Introduction

In recent years, the need to meet the machining field’s ecological and environmen-
tally friendly aspects has become an increasingly relevant theme in research trends.
Researchers have attempted a number of sustainable machining methods, such as dry,
minimum quantity lubrication (MQL), and nanofluid-MQL cooling. Therefore, some
investigations have been undertaken on this issue, particularly in the machining of
difficult-to-cut materials such as AISI 304 stainless steel, Ni-based alloys, and Ti-based
alloys. Based on the previous studies, eco-friendly sustainable machining has greatly
increased its importance in the metal-cutting industry, especially in difficult-to-cut mate-
rials. Apart from that, an experimental investigation was carried out in this paper on the
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straight turning of AISI 304 stainless steel to statistically investigate the effect of cutting
speed, feed, and cooling/lubricating conditions including dry,MQL, and nanofluidMQL
on the main cutting and thrust forces.

2 Literature Review

Elbah et al. [1] performedAISI 4140 high-strength-low-alloy (HSLA) steel turning tests.
Researchers studied the influence of cutting parameters such as cutting speed, feed, depth
of cut and cutting radius, and dry, wet, and MQL machining environments on cutting
force components. As a result, greater enhancement of the resulting cutting force was
achieved under MQL machining compared to wet and dry machining environments. In
their study, Rajmohan et al. [2] used a tow form of cutting fluids when turning of AISI
316L stainless steel. The authors observed that the cooling and lubricating properties
of cutting fluid had been enhanced due to the inclusion of nano-particles, and the feed
greatly impacted the cutting forces. Das et al. [3] carried out the hard turning experiments
of HSLA steel using three different nanofluids and compared the results in terms of
cutting force. The experimental findings concluded that copper oxide (CuO) nanofluid
performed better than other nanofluids in terms of cutting force. Nouioua et al. [4]
experimentally investigated the machinability issue of X210Cr12 steel under dry, wet,
and MQL cooling conditions. It was achieved that better results in terms of cutting
forces were observed for the MQL method than wet and dry machining. Bedi et al. [5]
studied the effect of cutting speed on machining performance of AISI 304 under MQL
conditions. Researchers examined the application potential of coconut oil and rice bran
oil as cutting fluids.

Response surface methodology (RSM) -modeling method- has been widely used in
the machining process. It has been proven to be effective for establishing productive
models. For instance, in the study reported by Nouioua et al. [4], cutting force models
were developed using the RSM approach. Based on the results, RSMmodels were found
to be suitable for predicting cutting forces with accurate goodness of fit. In another
investigation, Tebassi et al. [6] applied the RSM technique to predict cutting forces
during the turning of Inconel 718. Researchers found out that RSM-generated models
present a satisfactory agreement between actual values of cutting forces and estimated
ones.

Likewise, finding the optimum cutting parameters has been considered a necessity
in the machining process field to prevent poor quality characteristics. Therefore, var-
ious alternative computational methods such as Desirability Function (DF) have been
applied successfully to optimize process parameters. Touggui et al. [7] optimized the
cutting parameters during dry turning AISI 316L. The authors found that cutting speed
of 212.84 m/min, feed of 0.08 mm/rev, and depth of cut of 0.1 mm were determined to
minimize cutting force. Similarly, Selaimia et al. [8] experimentally explored the influ-
ence of design variables on cutting force in milling of AISI 304L and optimized the
DF method’s outcomes. From experimental results, a cutting force was impacted by the
depth of cut followed by feed. In their study, Laghari et al. [9] used the DF approach
to optimize cutting forces in turning hard-to-cut material. In literature [10, 11], it was
reported that the DF technique was successfully implemented to determine the ideal
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solutions under different nano-cutting cooling environments. Notably, Pavlenko et al.
[12, 13] applied artificial neural networks for parameter identification of cutting forces.
The influence of the contact zone’s parameters on the turning of stainless steels was
studied by Klimenko et al. [14]. Recently, the optimization of process parameters for
reducing cutting forces while turning of AISI 316L was investigated by Touggui et al.
[15].

3 Research Methodology

Straight turning experiments of AISI 304with an axial length of 300mm and diameter of
70mmwere carried out on a CNC lathe under dry, minimum quantity lubrication (MQL)
nanofluidMQLcutting conditions. The cutting insertswere used as coated carbide inserts
which are designated as ISO specification, namely TNMG 160408-MM 2025 supplied
by Sandvik. In the MQL method, a commercial vegetable cutting fluid was used. In the
nanofluid MQL method, graphene particles were added to the vegetable cutting fluid at
0.1% wt. During the turning operation, the metal-working lubricant was sprayed by a
nozzle to the rake face at a flow rate of 30 ml/h and a pressure of 0.5MPa using theMQL
system. Cutting forces measurements were performed by utilizing Kistler piezoelectric
dynamometer (type 9257B), which was attached to the charge amplifier, and LabVIEW
software for measuring the sampling frequency and recording the force’s database. The
experimental set-up is given in Fig. 1. Twenty-seven experimental tests were conducted
according to Taguchi’s L27 orthogonal array. The parameters tested and their levels are
given in Table 1.

Fig. 1. Experimental set-up.



516 Y. Touggui et al.

Table 1. The studied control factors and their levels.

Factors Level 1 Level 2 Level 3

Cooling and lubricating conditions Dry MQL Nanofluid MQL

Cutting speed (m/min) 160 190 220

Feed (mm/rev) 0.12 0.16 0.2

4 Results

Experimental findings associatedwith turningAISI 304 under various cutting conditions
are discussed in this section. The first set of 9 experiments was conducted under dry
conditions, the second set of 9 underMQL, and the next 9 under nanofluidMQLcondition
using nanographene as a cooling and lubricating agent. The results of main and thrust
cutting forces are depicted in Figs. 2 and 3.

Fig. 2. Main cutting force in dry, MQL, and nanofluid MQL straight turning.

It can be observed that the nanofluidMQLcondition provided the best results in terms
of cutting forces (Fy and Fz) compared to dry and MQL approaches. In comparison,
the MQL offered improved results than the dry machining tests. This is primarily due
to the cooling and lubricating capabilities of both nanofluid MQL and MQL methods to
significantly minimize the intense rubbing between the cutting and machined steel. In
addition, the mist used tends to prevent the thermal shock process and therefore balances
the thermal softening happening to the cutting tool [16, 17]. The lowest cutting force
values were found in the cutting test No. 21, which was conducted at a cutting speed of
220 m/min and feed of 0.12 mm/rev when nanofluid MQL was used, compared to MQL
and dry conditions with an improvement of 5.80% and 11.65%, respectively.



An Experimental and Statistical Investigation on Cutting Forces 517

Fig. 3. Thrust force in dry, MQL, and nanofluid MQL straight turning.

In this study, the RSM was used to formulate a regression model between turning
process responses and the design factors. The regression model for response parameters
is expressed by Eq. 1:

ϕ = a0 +
∑k

i=1
aiXi +

∑k
i=1
i �=j

aijXiXj +
∑k

i=1
aiiX

2
i + ε (1)

The established models for Fy (main cutting force) and Fz (thrust force) under dry,
MQL, and nanofluid MQL are given in Eqs. 2–4 and 5–7. The correlation coefficients
of all proposed models were greater than 0.98. Besides, these constructed models will
be used in the multi-objective optimization process case.

FyDry = + 438.05111 − 1.69222 ∗ Vc − 465.15972 ∗ f − 1.32153 ∗ Vc ∗ f

+ 4.18889E − 003 ∗ Vc2 + 8135.41667 ∗ f2 (2)

FyMQL = + 422.64722 − 1.69017 ∗ Vc − 465.40972 ∗ f − 1.32153 ∗ Vc ∗ f

+ 4.18889E − 003 ∗ Vc2 + 8135.41667 ∗ f 2 (3)

FyNanofluid MQL = + 425.29278 − 1.71206 ∗ Vc − 565.32639 ∗ f − 1.32153 ∗ Vc ∗ f

+ 4.18889E − 003 ∗ Vc2 + 8135.41667 ∗ f2 (4)

FzDry = + 217.98198 + 0.20170 ∗ Vc − 106.04861 ∗ f − 1.40069 ∗ Vc ∗ f

− 4.26543E − 004 ∗ Vc2 + 2209.02778 ∗ f2 (5)
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FzMQL = + 217.21698 + 0.20975 ∗ Vc − 147.13194 ∗ f − 1.40069 ∗ Vc ∗ f

− 4.26543E − 004 ∗ Vc2 + 2209.02778 ∗ f2 (6)

FzNanofluid MQL = + 208.31586 + 0.20364 ∗ Vc − 173.34028 ∗ f − 1.40069 ∗ Vc ∗ f

− 4.26543E − 004 ∗ Vc2 + 2209.02778 ∗ f2 (7)

The main effects plot shows each control factor’s importance, such as cutting speed,
feed, and cooling/lubricating condition on Fy and Fz. The effects of the studied turning
process parameters on the main cutting and thrust forces are seen in Figs. 4 and 5 and
discussed as follows:

The Effect of Cutting Speed
The cutting speed affects the cutting forces (Fy and Fz), particularly the main cutting
force (Fy). The increase in cutting speed results in the reduction of Fy and Fz. It was
observed that the lowest cutting forces could be attained by turning AISI 304 with
the highest cutting speed (220 m/min). With the increase in cutting speed, a higher
temperature is generated in the chip contact area. As a consequence of this, thermal
softening takes place in the cutting area [18]. As a result, the chip becomes thinner and
reduces the cutting forces [19].

The Effect of the Feed
The feed shows a strong effect on the cutting forces Fy and Fz. It is evident that, with
the rise in feed, the cutting force tends to increase. This can be clarified as due to the
long-chip contact region on the rake face [18]. Hence, an increase in the tool-chip section
is a function of increased feed, leading to increased cutting forces. Other researchers
have also outlined that feed is the most contributing parameter for cutting force [2, 20].

The Effect of Cooling and Lubricating Condition
The cooling and lubricating conditions also substantially affect cutting forces, especially
on the thrust force (Fz) (shown in Figs. 6 and 7). Interestingly, the findings demonstrate
that graphene-based nanofluid MQL exhibits efficiency in reducing main cutting and
thrust forces. The explanation for this was attributed to the nanoscale structure (platelets)
and lubrication properties of graphene, which could reduce friction between the tool
and the workpiece [21], thus minimizing cutting forces and improving the dimensional
accuracy of the workpiece.

Among the studied factors, including cutting speed, feed, and cutting condition, the
feed has the most significant effect on Fy and Fz, followed by cooling and lubricating
conditions.

The normal probability plots of RSM-derived Fy and Fzmodels were given in Fig. 6.
It was clear thatmost data pointswere fallen close to the straight-line trend. Itmay also be
suggested that the assumptions of normality have been verified [22]. The estimated RSM
values were compared with the experimental values and obtained in good agreement, as
shown in Fig. 7.
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Fig. 4. Main effect plots for main cutting force (Fy).

Fig. 5. Main effect plots for thrust force (Fz).

In this study, the desirability function (DF) is performed using Design-Expert (10)
software to accomplish the multi-objective purpose.

The best optimum cutting setting determined by multi-objective optimization using
DF tominimize Fy and Fzwas also found to be similar to the cutting setting in cutting test
No. 21, when the lowest Fy and Fz were achieved during turning with the highest cutting
speed (220 m/min) and smallest feed (0.12 mm/rev) under nanofluid MQL condition as
shown in Fig. 8. Thus, there is no need to do a confirmation test.
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Fig. 6. Normal probability plots for a) Fy and b) Fz.

Fig. 7. Cutting force comparisons between experimental and RSM estimated values of Fy and
Fz.

Fig. 8. Ramp function graph of the combined optimization.
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5 Conclusions

In the current experimental research, an attempt was made to investigate the effects of
turning process parameters on the main cutting and thrust forces when turning AISI 304
stainless steel. The considered turning process parameters were taken as cutting speed,
feed, and cooling/lubricating condition. The RSM and main effects plots were used
to develop the mathematical predictive models and assess the effect of various factor
variables on responses. The desirability function was employed for the optimization of
the responses. Based on the results, the following conclusions can be drawn:

• The nanofluid MQL gave promising results for the reduction of cutting forces relative
to dry and MQL techniques. This is mainly accredited to the cooling/lubricating
capability of the nanofluid MQL to reduce the intensity of the high heat produced in
the shear plan region.

• The rise in cutting speed contributes to a decrease in cutting forces (Fy and Fz). This
is due to the rise in cutting temperature in the cutting zone, which leads to the thermal
softening of the manufactured material.

• The cutting forces (Fy and Fz) tend to increase with the increase in feed attributed to
a large tool-chip contact area due to increased feed.

• The lowest Fy and Fz were obtained while turning at the highest cutting speed
(220 m/min) and smallest feed (0.12 mm/rev) under nanofluid MQL.

In further research, more focus will be given to investigate and compare the effect
of different solid lubricants concentration and their hybrids on machining AISI 304
stainless steel in terms of surface roughness, temperature, and chip morphology.
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