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A B S T R A C T 

Hard turning technology has received much attention and is becoming an 
alternative to the grinding process due to its high productivity, suitability for 
complex profiles, reduced use of cutting oil, and good surface quality. 
However, very severe cutting zone conditions such as very high friction, 
cutting forces and temperature in the cutting zone require special cutting 
tool materials and limited cutting modes. MQL and MQCL methods with 
nano-cutting oils are used to support hard-turning processes that improve 
cutting efficiency while ensuring environmentally friendly properties. 
Currently, the selection of suitable lubrication methods, base oil, and 
nanoparticle type is an issue that needs to be researched. Moreover, the trend 
of researching suitable lubricating technology so that conventional cutting 
tools (carbide inserts) can be used in hard machining is also an interesting 
research trend. This paper focuses on analyzing and evaluating the 
machining efficiency when turning 90CrSi (60 - 62 HRC) steel using MQL and 
MQCL by adding Al2O3 and MoS2 nanoparticles to the base liquid (soybean oil 
and emulsion). Analysis of variance (ANOVA) was used to evaluate the 
influence of the MQL and MQCL parameters on the total cutting force. At the 
same time, the trend and influence of the parameters MQL and MQCL on the 
total cutting force are also analyzed. The obtained results showed that the 
uses of MQL with nanofluid made from MoS2 and emulsion or MQCL with 
nanofluid made from Al2O3 and soybean can significantly reduce the total 
cutting force. The obtained results showed that the machinability of carbide 
inserts was improved and the highest machinable hardness was increased 
from 35 HRC to 60 ÷ 62 HRC (rising by approximately 75%) by using the 
nanofluid MQL and MQCL methods. Furthermore, MQCL gives better 
performance than MQL, and the MoS2 nanofluid exhibits a better result in 
terms of the total cutting force values than the Al2O3 nanofluid. From these 
results, technical guidance will be provided for further studies using Al2O3, 
MoS2 or hybrid Al2O3/MoS2 nanofluids for MQL and MQCL methods, as well 
as their application in machining practice. 
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1. INTRODUCTION  
 
In recent years, the hard turning process is being 
widely used to replace the grinding process in 
industrial production. However, the hard turning 
process still has many problems such as high 
cutting force and cutting heat, causing part 
deformation and reducing tool life [1,2]. 
 
High cutting force and high temperature at the 
cutting interface can affect the surface 
hardness [3], the distribution of residual 
stresses [4], workpiece material properties and 
microstructure, workpiece dimensions [5], and 
tool wear [6]. Therefore, the 
cooling/lubricating capabilities of the cutting 
fluids are essential for the productive chip 
removal operation in the hard machining 
process. However, this occupation of cutting 
fluids by customary flood cooling can cause 
thermal shock, and damage the tool and 
workpieces. Moreover, this method has also 
adversely altered environmental integrity, 
human health, and economy [7]. Therefore, in 
recent years, many new lubrication and cooling 
technologies have been researched and applied 
in hard machining processes such as minimum 
quantity lubrication (MQL), minimum quantity 
cooling lubrication (MQCL), Nanofluid 
minimum quantity lubrication (NFMQL). 
 
MQL technology is a new cooling lubrication 
technology used in hard machining to 
overcome the disadvantages of dry machining 
and flood cooling technology. In the MQL 
method, a small amount of lubricating fluid is 
introduced into the cutting zone in the form of 
oil droplets to improve frictional conditions. 
Research on the application of MQL technology 
in hard turning process has been studied by 
many authors. The studies mainly focus on and 
investigate the influence of the parameters of 
the MQL technology on the efficiency of the 
cutting process [8]. The results of the studies 
show that when using MQL technology, it is 
possible to improve the surface quality and 
increase tool life compared to dry machining 
and flood cooling technologies. Rajaguru and et 
al. have investigated the machining of super 
duplex stainless steel under different coolant 
environments to improve its machinability [9]. 
Turning experiments were performed under 
dry, flood, and MQL conditions to enhance the 
machinability in respect of Fc and Ra. Findings 

have indicated that the MQL method 
outperformed other conditions. Li and et al. 
studied and applied the MQL approach in 
micro-grinding process [10]. The results 
indicated that this approach provided an 
improvement in Ra and a reduction in Fc. 
Similarly, an enhancement by 15% in the 
matter of Ra and Fc was reported by the 
research of Singh et al. [11] in hard turning 
process under the MQL technique. Bedi et al. 
studied the impact of cutting speed on Ra and 
Fc when turning AISI 304 under dry and MQL 
conditions and they found that MQL provided 
better Ra and lower Fc than the dry turning 
process [12]. Also, Uysal investigated the 
milling process under MQL at flow rates of 20 
ml/h and 40 ml/h from the perspective of 
cutting temperature and flank wear [13-14]. 
The results showed that MQL at a flow rate of 
40 ml/h delivered acceptable results in 
comparison to MQL at a flow rate of 20 ml/h. 
The application of MQL approach in machining 
operations exhibited various benefits such as 
limited harmful effects on the environment 
caused by the abundant use of the conventional 
cutting fluid, less production cost, and 
increased worker safety [15]. Nevertheless, it 
has also its own restriction related to the 
mediocre cooling function because of 
incapability of the lesser oil flow rate to fully 
limit heat generation at both primary and 
secondary machining regions in the cutting of 
hard-to-machine materials [16]. Therefore, 
there appears to be a need to improve the 
cutting performance of MQL process. In this 
way, the applications of nanofluids assisted 
MQL [17,18] and hybrid nanofluids assisted 
MQL [19] have recently become important 
research trends in order to enhance the MQL 
efficiency. 
 
In recent years, the MQCL method has been 
studied and applied to the hard machining 
process by many authors. The MQCL method 
also delivers a small amount of lubricant into 
the cutting area in the form of a mist. However, 
in the MQCL method, that amount of lubricant 
is cooled so that in addition to the lubricating 
capacity it is possible to reduce the 
temperature of the cutting zone [20]. The 
results of the study by Pervaiz et al. on turning 
Ti6Al4V alloy using MQCL have shown the 
ability to lubricate and cool more effectively 
than the dry machining and flood method [21]. 
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Maruda et al. analyzed the efficiency of AISI 
1045 steel turning hardening process using 
MQCL with different technological parameters 
[22]. The research results of Maruda et al 
(2018) analyzed the formation of emulsion oil 
droplets in the form of mist during hard 
machining using MQCL. Research results have 
shown that the MQCL method improves cooling 
and lubrication efficiency, and reduces friction 
and tool wear. The influence of the MQCL 
method on chip deformation in the cutting zone 
is analyzed by Krolczyk [23].  
 
Moreover, the surface quality and surface layer 
structure are better under MQCL than those in 
dry condition. The reason is that low-
temperature oil droplets are formed, providing 
superior cooling effect, thereby reducing 
surface deformation. The diameter and number 
of oil droplets are strongly influenced by the 
nozzle distance, air flow rate and air pressure 
[24], and they can be controlled by air flow rate 
and the nozzle distance. Marudal studied 
effects of extreme pressure and anti-wear 
additives on surface topography and tool wear 
during MQCL turning of AISI 1045 steel [25]. 
The results shown that The application of the 
MQCL method with the extreme pressure and 
anti-wear additives led to a decrease in 
particular surface topography parameters in 
comparison with the effects of dry cutting and 
the effects of machining under MQCL 
conditions. Krishnan and et al proposed a low 
cost multijet minimum quantity cooling 
lubrication (MJMQCL) system with three jets 
for milling Ti-6Al-4V [26]. In this study, the 
cutting force is found to be lowest for the jet 
positions – jet 1−20° and jet 3–160° - as there 
is lubricant coverage of the cutting zone during 
the entire 180° of cutter contact for this 
position.  
 
However, most of the new research focuses on 
using cutting oils for the purpose of reducing 
friction and temperature in the cutting zone. 
Studies have shown that the characteristics of 
the oil change with temperature, so it is 
necessary to study to determine the 
appropriate cutting parameters and lubrication 
conditions when using the MQCL method. 
 
However, MQL and MQCL have limitations 
concerning the moderate cooling function 
owing to the insufficient oil flow rate to entirely 

restrict heat generation at chip removal zones 
in cutting hard-to-machine materials. Thus, 
there is a requirement to enhance the cooling 
capability of the MQL and MQCL techniques. 
Therefore, the applications of nanofluid-
assisted MQL (N-MQL) [27] and N-MQCL [28] 
have recently become the main study to 
increase MQL and MQCL performance. 
 
Nanofluids are being studied for applications in 
machining because of their many advantages in 
terms of thermal properties and lubricating 
properties. The application of nano-cutting oil 
to lubricate and cool the cutting area has been 
studied by many authors [29-30]. Sharma et al. 
have analyzed and evaluated the effectiveness 
of the application of MQL with nano-cutting oil 
in the cutting process [31]. The research results 
have shown that the minimum quantity 
lubrication (NFMQL) method with nanofluids 
shows promising results compared with the 
MQL using normal oil in terms of cutting zone 
temperature and surface roughness. Shen et al 
studied the effect of nanofluids mixed with 
nanodiamonds, and nanoparticles Al2O3 and 
water on the grinding process of cast iron [32]. 
Research has shown higher grinding efficiency, 
lower tangential cutting force, better surface 
structure, and lower grinding temperature 
when using nanofluids for grinding. Ramanuj 
Kumar studied Application of Al2O3 and MoS2 
nanofluid through spray impingement 
technique in hard turning process. This 
research focuses on the analysis of flank wear 
(VBc), cutting temperature (T), average surface 
roughness (Ra), and chip morphology in the 
hard turning process using nanofluids. 
Abrasion is the dominant wear mechanism 
identified for both types of Al2O3 and MoS2 
nano cutting fluids [33]. Setti et al studied the 
effect of flow rate and concentration of Al2O3 
nanofluid in the grinding process of Ti-6Al-4 V 
alloy. Research results show that using Al2O3 
nanofluid reduces the cutting temperature in 
the grinding area, reducing friction and 
improving grinding ability [34]. Vasu and 
Reddy studied the performance of Al2O3 
nanofluids in the machining process of Inconel 
600 alloy [35]. Research results have shown 
that nanoparticle-enhanced MQCL can lead to 
significant reductions in cutting force, surface 
roughness, temperature, and tool wear. Xiufang 
Bai and et al. studied the effects of 
concentrations of Al2O3 nanoparticles on the 

https://cjme.springeropen.com/articles/10.1186/s10033-022-00830-0#auth-Xiufang-Bai
https://cjme.springeropen.com/articles/10.1186/s10033-022-00830-0#auth-Xiufang-Bai
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cutting force and the surface quality during 
minimum quantity lubrication (MQL) milling 
45 steel using cottonseed oil [36]. The result 
indicated that the specific energy is at the 
minimum (114 J/mm3), and the roughness 
value is the lowest (1.63 μm) when the 
concentration is 0.5 wt%. Oleksandr 
Gutnichenko and et al. study Influence of 
graphite nanoadditives to vegetable-based oil 
on machining performance when MQCL 
assisted hard turning process [37]. Nitesh 
Anand and et al. investigated the role of 
minimum quantity cooling-lubrication (MQCL) 
with soluble oil, aqueous alumina and hBN 
nanofluids in turning of Ti-6Al-4V [38]. This 
research indicated that Aqueous alumina and 
hBN nanofluids have failed to provide ac- 
ceptable performance as compared to soluble 
oil, all applied in MQCL mode. . Z. Dongkun et al. 
(2014) analyzed the effect on surface 
roughness and cutting force when applying 
three types of nanoparticles (MoS2, ZrO2, and 
Carbon nanotubes (CNTs)) [39]. The analysis 
results show that the cutting forces 
significantly reduced and surface roughness 
was better, in which MoS2 NFMQL was more 
effective than the other investigated ones. 
Moreover, the investigation of MQL hard 
turning process of ADI, a difficult-to-cut 
material, using Al2O3 nanoparticles suspended 
with vegetable oil compared to dry, flood, and 
MQL with pure oil was reported in [40]. The 
MQL machining performance using 4.0% Al2O3 
vegetable oil-based nano cutting oil showed the 
better results because the improvement of 
thermal conductivity and lubricating property 
of the based oil. Hence, the significant 
reduction of friction coefficient leads to 
decrease the cutting forces and extend the tool 
life [41,42]. 
 
Recently, MoS2 nanoparticles are applied to mix 
with the cutting oil to form MoS2 nanofluid used 
in MQL for improving the cooling lubrication in 
machining [43], which has gained the great 
interest of many researchers. MoS2 NFMQL 
helped to reduce the specific energy and 
surface roughness in grinding process [44]. 
Parash Kalita studied and applied MoS2 NFMQL 
to grinding process of cast iron [45]. The results 
also indicated the reduction of specific energy 
and improvement of surface quality compared 
to wet grinding. Yanbin Zhang et al. analyzed 
the lubricating efficiency of MoS2/CNT hybrid 

nanofluid in grinding of Ti alloy [46]. The 
results show that hybrid nanofluid is more 
effective than using a single type of 
nanoparticle in the based oil. In 2015, the 
authors also studied the application of MoS2 
NFMQL in grinding. MoS2 nano cutting fluid 
contributes to increase the lubricating 
efficiency, thereby reducing cutting 
temperature and grinding force [47].  
 
A review of previous publications shows that the 
use of nanofluids in hard machining using MQL 
and MQCL brings positive effects on cutting 
force, surface roughness, tool wear, and tool life. 
The main reason is that the nanoparticles have 
improved the physical properties of 
conventional cutting oils, thereby improving the 
efficiency of the MQL and MQCL methods. 
However, each MQL and MQCL method gives 
different results when using different nanofluids 
and cutting parameters. Furthermore, the 
improvement of the efficiency of conventional 
cutting tools in hard machining by using new 
cooling lubricating technology is also of interest. 
For these reasons, the authors focused on 
conducting a study on the application of MQL 
and MQCL on hard turning 90CrSi steel (60–62 
HRC) using nanofluids (Al2O3 and MoS2) with the 
different based oils. The results of this study will 
not only provide important techniques to guide 
the use of Al2O3 and MoS2 nanoparticles in hard 
machining using NF-MQL and NF-MQCL, but also 
a premise to carry out further studies. Thesse 
research results also are the basis of hybrid 
nanofluids applications and development for 
sustainable production. 
 
 
2. EXPERIMENTAL DETAIL 
 
The experimental set up is shown in Figure 1. 
The experimental process was carried out on a 
lathe CS-460x1000 (Pin Shin Machinery Co., 
LTD, Taichung city, Taiwan) having a maximum 
spindle speed of 2000 (rev/min) at the 
experimental center of the Thai Nguyen 
University of Technology. All experiments were 
performed with the carbide inserts 
CNMG120404-TM T9125 mounted on the tool 
holder of KYOCERA (PCLNR 2020 K-16). In the 
study, the workpieces are 40mm diameter 
90CrSi steel with hardness HRC=60-62. The 
chemical composition of the workpiece are 
shown in Table 1.  
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Fig. 1. Experiment set up. 

 

Table 1. The chemical composition of 90CrSi.  

Elements C Si Mn Ni S P Cr Mo W V Ti Cu 

Wt (%) 0.85 

÷0.95 

1.20 

÷1.60 

0.30 

÷0.60 

Max 

0.40 

Max 

0.03 

Max 

0.03 

0.95 

÷1.25 

Max 

0.20 

Max 

0.20 

Max 

0.15 

Max 

0.03 

Max 

0.3 

MQL and MQCL units are used to transmit the 
cutting fluids to the cutting area. NOGA MQL nozzle 
and some accompanying equipment including an 
air compressor, pressure stabilizer, emulsion oil, 
soybean oil, Al2O3, and MoS2 nanoparticles. The 
MQL system uses NOGA's MQL injector (Noga 
minicool MC1700); The MQCL system uses Frigid-X 
Sub-Zero Vortex injectors (58LUBECOOL-1) from 
Nex Flow™ (Canada). Three component cutting 
force of all trials were measured by A Kistler 
9257BA dynamometer (Kistler Instruments (Pte) 
Ltd, Midview, Singapore) with data acquisition 
system A/D DQA N16210 (made by National 
instruments, USA), and DASYlab 10.0 software. 
Alumina nanoparticles with the average size of 30 
nm were made by Soochow Hengqiu Graphene 
Technology Co., Ltd., Suzhou, China (Figure 2). MoS2 
nanoparticles with the size of 30 nm (average) were 
made by Luoyang Tongrun Info Technology Co., 
Ltd., Luoyang, China (Figure 3).  
 
The nanoparticle concentration was calculated by 
the following weight percent concentration (wt %). 
The Al2O3 and MoS2 nanoparticles do not dissolve in 
soybean oil and emulsion and will sink to the 
bottom after a short time. The non-uniform 
distribution of the nanoparticles will bring out very 
little effectiveness on MQL hard machining 
compared to the base fluids. Another important 

point is that the nanoparticles in the bottom also 
cause waste. To ensure uniform distribution of 
Al2O3 and MoS2 nanoparticles in fluids, the 
prepared nanofluids are kept in an Ultrasons-HD 
ultrasonicator; generating 600 W ultrasonic pulses 
at 40 kHz, and the time for different concentrations 
of 1.0% and 3.0 wt % is at least 40 min., 90 min. to 
ensure the uniform distribution of the 
nanoparticles respectively. In order to use the 
obtained nanofluids effectively and avoid the 
precipitation of agglomerated nanoparticles during 
a long time of machining, the nanofluids were 
placed in the 3000868-Ultrasons-HD and directly 
used for MQL/MQCL system. 
 

 

Fig. 2. The image of Al2O3 nanoparticles.  
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Fig. 3. The image of MoS2 nanoparticles. 

 
Within the scope of the study, The experimental 
method 2k-p was used with 06 survey variables to 
build an experimental planning diagram of the 
effect of fluid type (FT), lubricating method (LM), 
nanoparticle type (NP), nanoparticle concentration 
(NC); cutting speed (V) and feed rate (f) to total 
cutting force Fr. Each input factor is examined at 
two levels of value as shown in Table 2.  

Table 2. Input parameter and their values.  

No. 
Experimental 

variables 
Symbol 

Levels 

Low high 

1 
Fluid type 

(FT) 
A 

Emulsion 
(Em) 

Soybean 
oil (So) 

2 
Lubricating 

method (LM) 
B MQL MQCL 

3 
Nanoparticle 

(NP) 
C Al2O3 MoS2 

4 
Nanoparticle 
concentration 

(NC-wt%) 
D 1% 3% 

5 
Cutting speed 

(V-m/min) 
E 80 160 

6 
Feed rate  

(f-mm/rev) 
F 0.1 0.2 

 
Design expert 11 software was used for 
experimental design, the experimental matrix was 
built with 30 experiments. All experiments were 
performed in random order (run order), The total 
cutting force value is calculated from the value of 3 
components and is shown in Table 3.

 

Table 3. The experimental matrix and results.  

Std Run A:FT B:LM C:NP D:NC (%) E:V (m/min) F:f (mm/rev) Fr (N) 

13 1 Em MQCL MoS2 1 80 0,1 286.6 

12 2 So MQL MoS2 1 80 0,2 291.2 

8 3 So MQCL Al2O3 1 80 0,2 202.6 

23 4 So MQCL Al2O3 3 80 0,1 305.9 

28 5 So MQL MoS2 3 80 0,1 296.2 

21 6 Em MQCL Al2O3 3 160 0,1 150.5 

22 7 Em MQCL Al2O3 3 160 0,1 142.4 

18 8 Em MQL Al2O3 3 80 0,2 180.5 

3 9 So MQL Al2O3 1 160 0,1 388.4 

16 10 So MQCL MoS2 1 160 0,1 225.5 

14 11 Em MQCL MoS2 1 80 0,1 281.5 

9 12 Em MQL MoS2 1 160 0,2 302.0 

17 13 Em MQL Al2O3 3 80 0,2 184.1 

24 14 So MQCL Al2O3 3 80 0,1 290.6 

32 15 So MQCL MoS2 3 160 0,2 265.4 

27 16 So MQL MoS2 3 80 0,1 351.8 

20 17 So MQL Al2O3 3 160 0,2 369.0 

5 18 Em MQCL Al2O3 1 160 0,2 311.1 

31 19 So MQCL MoS2 3 160 0,2 266.8 

26 20 Em MQL MoS2 3 160 0,1 223.8 

7 21 So MQCL Al2O3 1 80 0,2 199.9 

1 22 Em MQL Al2O3 1 80 0,1 438.1 

30 23 Em MQCL MoS2 3 80 0,2 222.9 

6 24 Em MQCL Al2O3 1 160 0,2 311.1 

29 25 Em MQCL MoS2 3 80 0,2 219.1 

4 26 So MQL Al2O3 1 160 0,1 399.0 

2 27 Em MQL Al2O3 1 80 0,1 441.5 
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Std Run A:FT B:LM C:NP D:NC (%) E:V (m/min) F:f (mm/rev) Fr (N) 

15 28 So MQCL MoS2 1 160 0,1 236.0 

10 29 Em MQL MoS2 1 160 0,2 297.3 

11 30 So MQL MoS2 1 80 0,2 286.0 

25 31 Em MQL MoS2 3 160 0,1 223.9 

19 32 So MQL Al2O3 3 160 0,2 384.7 

 
3. RESULTS AND DISCUSSION 
 
ANOVA analysis for the total cutting force with 
significance level α = 0.05 was performed on 
Design expert software 11. The results of ANOVA 
analysis are shown in Table 4.  
 
The analysis results show that the Fisher coefficient 
value for the model is quite large 19.39 and the P 
value is very small compared to 0.05, which proves 
that the predictive model is suitable and less 
affected by noise. In which the survey factors A, B, 
C, D, F and interactions AB, AD, AE, BD, BF mainly 
affect the objective function Fr. In addition, the 
coefficient R2 (93%) and the coefficient adj R2 
(88.5%) are large, also demonstrating the 
appropriateness of the survey model. 
 
The influence of the survey variables and their 
interactions on the total cutting force Fr is also 
shown on the Pareto chart, figure 4. The 
Bonferronium limit line has a value of 4.122 (red) 
and the T limit line has a value of 3.01 (black). All 
the variables and their interactions that are 
above the Bonferroni limit line inevitably affect 
the objective function value Fr. While the factors 
above the limit line T have a high probability of 
affecting the objective function value Fr. 

 

 
Fig 4. Pareto chart for Fr. 

 
The independent influence of the survey factors on 
the total cutting force is shown in Figure 5. The 
interaction effect between the investigated factors 
on the total cutting force Fr is shown in Figure 6. 
The results shown in Figure 3a show that when 
machining the hardened steel 90CrSi using 
nanofluids with Emulsion oil has a smaller cutting 
force than using nanofluids with soybean oil.  

Table 4. The results ANOVA analysis for Fr.  

Source Sum of df Mean F-value p-value 

Model 178060.8 13 13696.98 19.39 5.91E-08 

A-FT 9205.893 1 9205.893 13.04 0.002 

B-LM 40582.32 1 40582.32 57.46 5.23E-07 

C-NP 5599.635 1 5599.635 7.93 0.011442 

D-NC (%) 21024.16 1 21024.16 29.77 3.5E-05 

E-V (m/min) 10.48815 1 10.48815 0.014 0.904357 

F-f(mm/ rev) 4705.019 1 4705.019 6.66 0.018832 

AB 5192.014 1 5192.014 7.35 0.014301 

AC 1500.983 1 1500.983 2.13 0.162109 

AD 63336.5 1 63336.5 89.68 2.05E-08 

AE 11361.56 1 11361.56 16.09 0.00082 

AF 143.3587 1 143.3587 0.20 0.657698 

BD 6020.322 1 6020.322 8.52 0.009148 

BF 9378.541 1 9378.541 13.28 0.001856 

Residual 12712.28 18 706.2377   
Lack of Fit 10719.63 2 5359.814 43.04 3.64E-07 

Pure Error 1992.65 16 124.5407   
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The reason is that when the cutting temperature 
is high, soybean oil is more flammable (due to its 
lower combustion temperature), reduces the 
lubricating capacity, and makes the cutting force 
higher [48]. Especially when cutting with high 
cutting speed (160m/min), the cutting heat 
increases, which is the main reason why the 
cutting force when using nano oil with emulsion 
is much smaller than when using soybean oil 
(figure 6d). The addition of nanoparticles 
increases the viscosity and thermal conductivity, 
thereby improving the lubricating and cooling 
capacity of the base oil, and reducing the cutting 
force of the machining process. 
 
Figure 5b shows that the MQCL method gives a 
smaller total cutting force than the MQL method. 
However, when using MQL, Emulsion oil gives a 
much smaller cutting force than soybean oil. And 
when using MQCL, the total cutting force Fr is less 
affected by the type of oil, Figure 5a.  
 
In addition, Figure 6e depicts the interaction 
between the nanoparticle concentration and the 
cooling lubrication method. When the nanoparticle 
concentration is small, the MQCL method gives a 
much smaller cutting force than the MQL method 
because the nanoparticle solution quickly enters 
the cutting area, having both a lubricating and 
cooling effect. However, the MQCL method cools the 
air using the Ranque-Hilsch effect [49], thereby 
reducing the pressure and flow rate of the 
refrigerant air stream compared to the inlet stream. 
The nanofluids' viscosity increases with a large 
concentration of nanoparticles, so when using 
MQCL, the nanoparticle droplets penetrate the 
cutting region less. Therefore, despite the addition 
of cooling capacity with MQCL, the cutting force is 
not reduced much compared to the MQL method. 

The analysis results also show that using MoS2 
particles, the cutting force is smaller than using 
Al2O3 particles (Figure 5c). This results are also 
clearly shown in the figure 6b. From the obtained 
results, to achieve the small total cutting force, 
the emulsion and MoS2 nanoparticles should be 
used. The reason is that Nanoparticles MoS2 has a 
sheet shape and a large Van der Waals force, so it 
is easy to form adhesion layers on the surface and 
reduce friction in the shear zone [50].  
 
The nanoparticle concentration also affects the 
total cutting force, when increasing nanoparticle 
concentration, While the total cutting force Fr also 
decreased with (Figure 5d). This was more evident 
when using emulsion oil, the total cutting force 
decreased from 350 N to 200 N with increasing 
particle concentration from 1% to 3% (figure 6c). 
While using soybean oil, the cutting force increased 
slightly with increasing seed concentration. The 
reason is that soybean oil has a higher viscosity, so 
when using a large concentration of nanoparticles, 
it can cause clustering and cause compression to 
increase the cutting force [51].  
 
The results in Figure 5e show that in the survey 
range, the mean cutting force is less affected by the 
cutting speed. However, With each type of base oil, 
the cutting speed affects the cutting force value 
differently. When using emulsion oil, the cutting 
force decreases with increasing cutting speed, 
while with soybean oil the cutting force increases 
with increasing cutting speed. However, the cutting 
force decreases with increasing feed rate from 0.1 
to 0.2 mm/rev (figure 5f), especially with the MQL 
method (figure 6f). The reason may be that, when 
increasing the feed rate, it is favorable for the 
nanofluid to penetrate into the cutting area and 
reduce the cutting force Fr. 

 

   
(a) Fluid type (A-FT) (b) Lubricant method (B:LM) (c) Nanoparticle (C-NP) 
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(d) Nanoparticle concentration(D-NC) (e) Cutting speed (E-V) (f) Feed rate (F-f) 

Fig. 5. The influence of the survey variables on the total cutting force Fr. 
 

   
(a) FT* LM (A*B) (b) FT*NP (D-NC) (c) FT*NC (A*D) 

   
(d) FT*V (A*E) (e) LM*NC (B*D) (f) LM*F (B*F) 

Fig. 6. Interaction effect between the investigated variable on the total cutting force Fr. 

 
4. CONCLUSION 
 
In this study, the influences of fluid type, 
lubrication method, nanoparticle type, 
nanoparticle concentration, cutting speed and 
feed rate on surface roughness are investigated 
by ANOVA analysis with the help of Design 
Expert 11 software. The 2FI model is suitable 
for analyzing the level and trend of the 

influence of the investigated factors on the total 
cutting force. The effects of input variables and 
their interaction on the objective function are 
also studied. To enhance the cooling and 
lubricating performance for the hard turning 
process, the MQL and MQCL techniques using 
Al2O3 and MoS2 nano cutting fluids were 
utilized. The main contributions of this study 
can be summarized as follows. 
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The machinability of carbide inserts has been 
greatly improved and extended for hard turning 
by using the MQL and MQCL methods combined 
with the use of nanofluids. Research results show 
that this insert is recommended by the 
manufacturer for machining before heat 
treatment with a hardness of 35HRC, but can be 
effectively used for hard machining with a 
hardness of 60-62 HRC under the same conditions 
recommended by the manufacturer. This will lead 
to alternatives and economic benefits. 
 
The MQCL method shows a higher cooling 
efficiency, which enhances heat dissipation in the 
cutting zone compared to the MQL technique, 
thereby reducing the total cutting force Fr. When 
using MoS2 Nanofluid, the total cutting force is 
lower than that of Al2O3 nanofluid. However, using 
the appropriate nanoparticle concentration for 
each nanofluid is a very important factor and has a 
great influence on the total cutting force Fr. 
Therefore, further studies are needed to 
investigate and optimize this parameter. Also, the 
Interaction of fluid type and lubrication method 
(FT*LM); liquid type and nanoparticle type 
(FT*NP); liquid type and nanoparticle 
concentration (FT*NC); and the lubrication 
method and feed rate (LM*f) have a significant 
influence on the total cutting force, thereby 
suggesting research directions for further studies. 
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