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ABSTRACT 

Low machinability and high cutting temperature generated from cutting zone when  machining difficult-to-cut 

material are still the huge challenges that are necessary to be solved to improve economic and technical 

effectiveness but still have to retain the environmental friendliness. The utilization of nano cutting fluid for MQCL 

(NFMQCL) technique has been considered a novel solution to overcome these problems and has gained the growing 

interests among the researchers all over the world, and this method is also suitable for the sustainable modern 

industry. This work aims to study the hard milling efficiency of Hardox 500 steel under MQCL conditions using 

Al2O3 nano cutting oil. Analysis of variance (ANOVA) was used to study the influence of the nanoparticle 

concentration, cutting speed and feed rate on surface roughness Rq. The obtained results indicated that the uses of 

NFMQCL can significantly improve the machinability of Hardox 500 steel and carbide inserts. The application of 

vegetable oil in hard machining can be enlarged by suspending appropriate nanoparticles. The effects of the input 

machining parameters and their interactions were also studied to provide technical guides for further studies.  
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INTRODUCTION 

Nowadays, hard milling technology is commonly used in the metal cutting industry to replace many of grinding 

operations, especially in mold industry due to the higher productivity [1]. Hardox 500 stell is a multipurpose steel, 

fully heat-treated steel, with high hardness, high strength, high ductility, and good wear resistance. Hence, it has 

been widely used in many applications [2]. Due to its good plastic deformation properties, plastic deformation is a 

popular solution, but the conventional cutting processes face the huge challenge because Hardox 500 steel is 

grouped in difficult-to-cut materials. The very high cutting temperature generated from the contact zone accelerates 

the wear rate, causing the early worn tools and strongly decreasing the tool life [3,4], so the cooling and lubricating 

performance in the cutting zone will play the key component to determine the machining efficiency. Among the 

newly proposed approaches,  the use of nanofluids (NF) in minimum quantity lubrication (MQL) and minimum 

quantity cooling lubrication (MQCL) technology has been the promising solutions for improving the cutting 

performance, especially for difficult-to-cut materials. MQL method uses a very small amount of cutting oil directly 

sprayed  into the cutting area in the form of oil mist. Many studies have shown the significant improvement of 

lubricating effect of MQL method in terms of the reduction of cutting forces, cutting temperature, and surface 
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roughness values [5-7]. Because of only a minimal amount of used cutting oil, MQL is considered an 

environmentally friendly method and can potentially replace the traditional dry and flood conditions [8]. MQL 

method can reduce the cutting oil consumption by more than 90% compared to flood coolant [9]. In addition, there 

have been many studies in optimizing MQL parameters such as air pressure, air flow rate, spraying method, and 

cutting condition to improve the cutting efficiency [10] [11]. However, the enormous amount of heat generated from 

contact zone in cutting difficult-to-cut materials such as alloy steel after heat treatment like Ni alloy, Ti alloy, etc. 

brings out the huge challenge, so the application of MQL is still limited due to the low cooling effect [12]. 

In recent years, the MQCL method has been studied and considered the solution to overcome the main drawback of 

MQL. The enhancement in cooling effect combined with the high lubricating performance of MQCL has been 

proven by many studies [10]. Parvaiz et al. analyzed and compared the efficiency of using MQCL in turning process 

of titanium alloy under the dry and flood conditions [13]. The obtained results show that using the MQCL method 

can reduce cutting forces and tool wear and improve surface quality compared to dry and wet cutting. The chip 

morphology under MQCL turning of stainless steel (austenitic stainless steel 316L) is more favorable [14]. 

Moreover, the surface quality and surface layer structure under MQCL condition are better than those under dry 

machining. The reason is that low-temperature oil droplets make the heat dissipation faster, thereby reducing surface 

deformation and heat deterioration. The diameter and number of oil droplets are strongly influenced by the distance 

of the nozzles, the flow rate, and the air pressure [15]. The main reason is that the emulsion oil having the cooling 

property causes a significant amount of heat to be released, thereby reducing the deformation of the machined 

surface. The nozzle distance strongly influences the diameter of oil droplets. The flow rate and the nozzle distance 

from the cutting zone can control the diameter and number of droplets. The study has selected a reasonable oil mist 

condition because all the cutting oil droplets that come into contact with the high-temperature faces  are evaporated 

from this surface in a short time [16,17]. Pradeep Krishnan et al. [18] studied the number of MQCL jets and nozzle 

angle for milling process of Ti-6Al-4V alloy. The obtained results indicated that the lower forces, temperature, 

surface roughness values and higher tool life were reported due to the higher cooling and lubricating performance of 

MQCL environment. The formation of lubricant film contributed to generate the more favorable chip morphology 

and reduce the friction when compared to dry, flood, and MQL conditions. R. W. Maruda et al. [19] analyzed tool 

wear of cemented carbide inserts in finishing turning of AISI 1045 steel under MQCL conditions. The authors 

concluded that tool wear reduced about 40% compared to dry cutting due to higher cooling characteristics created 

from the tribofilm formation. Moreover, the droplet diameter greatly influences on the wear rate. However, the 

cooling effects in most studies were still from the oil-in-water emulsion, so the application of MQCL method for 

difficult-to-cut materials is limited. In order to improve the MQCL technique, the use of nano cutting fluids 

containing nanoparticles like ZnO2, MoS2, SiO2, diamond, CNTs (Carbon nanotubes), Al2O3, and so on is 

considered as a promising solution and have gained the growing research interest. Gupta et al. (2020) made a study 

on the MQL efficiency using Al2O3, MoS2, and graphite nano cutting oils in turning process of Ti alloy with CBN 

cutting tools [20]. The authors concluded that nano cutting fluids can effectively reduce the cutting forces, cutting 

heat, and improve surface quality due to the sufficient lubrication and higher thermal conductivity, which removes 

the heat from cutting zone faster. Setti et al. [21] studied the effects of flow rate and Al2O3 nanoparticle 

concentration in grinding process of Ti-6Al-4V alloy, a difficult-to-cut material. The results exhibited that the 

grinding heat and friction decreased, thereby improving the grinding performance. Vasu and his co-authors [22] 

studied the performance of Al2O3 nano cutting oil in MQCL machining Inconel 600 alloy. It can be drawn from the 

obtained results that nanofluid MQCL can significantly decrease the cutting forces, surface roughness values, 

cutting temperature, and tool wear. The reason is that Al2O3 nanoparticles have a near-spherical morphology, high 

hardness, good thermal conductivity, and chemical, thermal stability [23], so they attribute to enhance the thermal 

conductivity of the based oil and create the “ball roller” mechanism, which converts the slide friction to rolling 

friction [23,24]. However, it can be seen that there is very little information about the combination of MQCL 

technique based on Ranque-Hilsch vortex tube with Al2O3 nano cutting oil for hard milling, especially when 

processing difficult-to-machine materials like Hardox 500 steel. Hence, the authors are motivated to study the 

efficiency and surface quality in hard milling process under MQCL environment with Al2O3 nano cutting fluid. 
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MATERIAL AND METHODS 

Experiment set up 

In this research, Hardox 500 steel with a hardness of about 500HB was used. Hardox 500 steel chemical properties 

are shown in Table 1. The experiments were implemented on a Mazak 530C milling center. BAP 400R-50-22-4T 

face mill was used with Lamina's TIAlN coated carbide inserts with the designation of APMT 1604 PDTR LT30. 

Surface roughness was measured after each trial using Surftest SJ210 Mitutoyo (Japan). The MQCL named the 

Frigid-X Sub-Zero Vortex Tool Cooling Mist System made in Canada was used. In this study, Al2O3 nano cutting 

fluid was prepared by mixing Al2O3 nanoparticles with average size of 30nm into soybean oil. The soybean oil 

containing Al2O3 nanoparticles was ultrasonically vibrated in 45 minutes in Ultrasons-HD ultrasonicator (JP 

SELECTA, Abrera, Spain) with the power of 600W and  the frequency of 40 kHz. 

 

Figure 1. Experimental set up 

Table 1. Chemical composition of Hardox 500 steel 

C (%) Si (%) Mn (%) P (%) S (%) Cr (%) Ni (%) Mo (%) 

0.27 0.43 1.37 0.022 0.01 1.8 1.79 0.35 

Design of experiments 

The Box-Behnken experiment design was used to study the effects of three parameters including nanoparticle 

concentration, cutting speed, and feed rate on surface roughness Rq. Based on previous studies [2], the investigated 

ranges of the input parameters were selected (Table 2). The air flow rate and air pressure were fixed at 200 ml/min 

and 6 bar. The cutting depth is set at 0.12mm. 

Table 2. Input machining parameters and their levels 

Input machining 

parameters 
Unit Symbol 

Level Response 

Low Medium High 

Surface roughness Rq 

Nanoparticle 

concentration 
wt% NC 0.5 1 1.5 

Cutting speed m/min NP 80 110 140 

Feed rate mm/tooth P 0.08 0.12 0.16 
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The experimental matrix of 30 experiments was designed on Minitab 19 software, shown in Table 3. The experiment 

was performed in the run order. The surface roughness value was measured three times for each experiment and 

taken and taken by the average value.  

Table 3. Experimental matrix and measurement results 

Std 

Order 

Run 

Order 

Input machining parameters Response 

NC (wt%) V (m/min) f (mm/tooth) 
Rq 

(µm) 

17 1 1.5 80 0.12 0.22 

19 2 1.5 140 0.12 0.173 

10 3 1 140 0.08 0.14 

12 4 1 140 0.16 0.172 

3 5 0.5 140 0.12 0.153 

16 6 0.5 80 0.12 0.191 

29 7 1 110 0.12 0.154 

14 8 1 110 0.12 0.141 

4 9 1.5 140 0.12 0.212 

22 10 0.5 110 0.16 0.171 

30 11 1 110 0.12 0.131 

18 12 0.5 140 0.12 0.142 

24 13 1 80 0.08 0.12 

2 14 1.5 80 0.12 0.161 

5 15 0.5 110 0.08 0.101 

13 16 1 110 0.12 0.162 

26 17 1 80 0.16 0.144 

8 18 1.5 110 0.16 0.253 

15 19 1 110 0.12 0.136 

28 20 1 110 0.12 0.147 

23 21 1.5 110 0.16 0.252 

21 22 1.5 110 0.08 0.184 

9 23 1 80 0.08 0.102 

7 24 0.5 110 0.16 0.177 

25 25 1 140 0.08 0.126 

6 26 1.5 110 0.08 0.148 

1 27 0.5 80 0.12 0.158 

20 28 0.5 110 0.08 0.116 

11 29 1 80 0.16 0.132 

27 30 1 140 0.16 0.168 
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RESULTS AND DISCUSSION 

ANOVA analysis with significance level α = 0.05 was performed for surface roughness Rq (Table 4). The results of 

ANOVA analysis showed that the system The Fisher numbers of the calculated model are quite large F=7.13 for 

surface roughness. The probability P-values of Rq are smaller than the significance level α = 0.05. It proves that the 

quadratic model is suitable for studying the influence on the responses. The evaluation results of the model fit are 

showed in Figure 2-4. The standard probability chart in Figure 2 shows that the residual values all follow the 

reference line (red line). The graphs of versus fit show the relation between the residuals and their respective values 

of the regression model (Figure 3). The Rq data are not influenced by any rule control factors other than the input 

variables because residual points are distributed very randomly around the 0 line, which is the same as the versus 

order graphs (Figure 4). The histogram graphs can be considered according to the normal distribution law (Figure 5), 

proving that the experimental data set is suitable and less affected by noise signals. 

Table 4. ANOVA results for surface roughness 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 0.031427 0.003492 7.13 0 

Linear 3 0.021577 0.007192 14.69 0 

NC 1 0.009702 0.009702 19.81 0 

V 1 0.00021 0.00021 0.43 0.52 

f 1 0.011664 0.011664 23.82 0 

Square 3 0.00916 0.003053 6.23 0.004 

NC *NC 1 0.008621 0.008621 17.6 0 

V *V 1 0.00007 0.00007 0.14 0.709 

f *f 1 0.000123 0.000123 0.25 0.622 

2-Way Interaction 3 0.000691 0.00023 0.47 0.706 

NC *V 1 0.000421 0.000421 0.86 0.365 

NC *f 1 0.00022 0.00022 0.45 0.51 

V *f 1 0.00005 0.00005 0.1 0.753 

Error 20 0.009794 0.00049 
  

Lack-of-Fit 3 0.004903 0.001634 5.68 0.007 

Pure Error 17 0.004892 0.000288 
  

Total 29 0.041221 
   

 

Figure 2. Normal Plot of Residuals for surface roughness Rq 
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Figure 3. Versus fits of Residuals for surface roughness Rq 

 

Figure 4. Versus order of Residuals for surface roughness Rq 

 

Figure 5. Histogram of Residuals for surface roughness Rq  
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The influence of survey parameters and their interactions on surface roughness Rq are showed in Tables 4-5. The 

Pareto chart in Figure 6 shows in the level of all the input variables and their interaction effects on Rq. Al2O3 

nanoparticle concentration (NC), feed rate (f), and the second-order interaction of the particle concentration 

(NC*NC) have significant F coefficients and small probability P values less than 0.05.  Hence, they have the strong 

effects on the surface roughness value, while other remaining factors and their interactions have a very little effect 

on surface roughness.  

 

Figure 6. Pareto Charts of the effects of input machining parameters for surface roughness Rq 

The regression model for Rq is built and shown in Equation 1. The coefficient of determination R
2
 is equal to 76.2%, 

which is much larger than 50%, demonstrating that the model is suitable to predict and evaluate the influence of the 

survey factors on the objective functions. 

Rq =0.172 - 0.3087 NC + 0.00014 V + 0.80 f + 0.1367 NC *NC - 0.000003 V*V           

- 2.55 f*f + 0.000483 NC*V + 0.262 NC*f  + 0.00208 V*f  (1) 

The independent influence of the investigated factors on the surface roughness value is shown in Figure 7. The 

graphs of nanoparticle concentration effect on surface roughness value Rq having a inflection point proves that the 

survey range is appropriate. When increasing the concentration of Al2O3 nanoparticles, the surface roughness value 

Rq decreases and reaches the smallest at NC=0.8%, and it rapidly goes up with the increase of the concentration of 

Al2O3 nanoparticles. The reason behind is that Al2O3 nanoparticles have high hardness and spherical morphology, so 

they will act as “ball roller” in the cutting area to reduce friction, tool scratches when using proper concentration. 

For high Al2O3 nanoparticle concentrations, the impedance and compression among these nanoparticles will occur to 

cause the scratches on machined surface, which increases the Rq values [25]. Furthermore, the feed rate strongly 

impact on the surface roughness values, which significantly rises with the growing feed rate. On the other hand, the 

cutting speed has a little influence in the investigated range. 
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Figure 7. Effect of input machining parameters on surface roughness 

Interaction effects of cutting speed and nanoparticle concentration on surface roughness value Rq with different feed 

rate values are shown in Figure 8. It is possible to choose the cutting speed and nanoparticle concentration to obtain 

a given roughness value. In general, the surface roughness reached the smallest value when the nanoparticle 

concentration was in the range of 0.65-0.9 wt%. For semi-finishing and finishing conditions with the low feed rate 

of 0.08 mm/tooth, the surface roughness is less than 0.12 µm with nanoparticle concentration of 0.8-1.1wt% and 

cutting speed of 80-85 m/min or nanoparticle concentration of 0.7-0.9wt% and cutting speed of 130-140 m/min. 

   

(a) f = 0.08 mm/tooth (b) f = 0.12 mm/tooth (c) f = 0.16 mm/tooth 

Figure 8. The effects of the nanoparticle concentration and cutting speed on the surface roughness Rq with the 

different feed rates: (a) f = 0.08 mm/tooth, (b) f = 0.12 mm/tooth, (c) f = 0.16 mm/tooth 

CONCLUSIONS 

This research deals with improving the machinability of Hardox 500 steel submitted to hard milling process under 

Al2O3 nanofluid MQCL. The nanofluid-assisted MQCL was investigated to prove better machinability of coated 

carbide inserts and achieve good surface roughness due to the superior cooling and lubricating performance coming 

from MQCL and Al2O3 nano cutting oil. The effects and the interactions of nanoparticle concentration, cutting 

speed, and feed rate on the surface roughness Rq were investigated, in which Al2O3 nanoparticle concentration (NC), 

feed rate, and second-order interaction of Al2O3 nanoparticle concentration cause the most influence on surface 

roughness value Rq.  
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The application of soybean oil, a type of vegetable oil, is enlarged in hard milling process because the improvement 

of viscosity index and thermal conductivity, which effectively reduces the deformation and negative effect of heat 

deterioration. Moreover, the technical guides will be provided for next studies and applications in sustainable 

production. 

In further work, more investigations should be focused on the surface microstructure to deeply understand the 

cooling and lubricating mechanism of nano cutting oil. Also, the optimization is needed to find out the optimal set of 

input parameters. 
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