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Abstract 

The main objective of this paper is to investigate the influence of parameters including lubrication/cooling conditions 
(MQL and MQL using nano cutting oil), cutting speed, and feed rate on the surface roughness value Ra during the milling 
process of Hastelloy C276. The influence of input parameters was studied by using the factorial experimental design. 
Experimental results show that feed rate has the greatest influence on surface roughness, while cutting speed and 
lubrication/cooling modes have little influence. Furthermore, the interaction between lubrication/cooling conditions 
and cutting speed has a significant impact on surface roughness Ra. Based on the obtained experimental results, MQL 
condition using nano cutting oil brings out the better results when compared to pure MQL method. The cutting speed v 
= 70 m/min, and feed rate f = 0.08 mm/tooth is a reasonable set of parameters and should be selected to achieve the 
smaller values of surface roughness Ra under Al2O3 nanofluid MQL environment. 
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1. Introduction

In recent years, the materials industry has developed rapidly and brought out many special alloys that possess many 
good mechanical, physical, and chemical properties to meet the increasing demand in industrial applications [1]. Nickel 
alloys are metallic materials formed when nickel combines with one or more other elements such as Chromium, Iron, 
Copper, or Aluminum. These alloys usually have high mechanical strength, good heat resistance, wear resistance, and 
corrosion resistance, so they are widely used in industries such as chemical industry, aerospace, machine 
manufacturing, and heat-resistant material production [2,3]. Hastelloy is a typical Ni-based alloy in this group. This 
material has a high yield strength and low thermal conductivity, so it is classified as a difficult-to-machine material [4]. 
When machining this alloy, tool wear is observed to be more severe than when machining soft materials. This is because 
this alloy has high strength, high ductility, and the ability to harden upon deformation, so during the cutting process, it 
easily increases the cutting force and temperature in the contact zone [5]. In addition, Ni alloys have poor thermal 
conductivity, causing heat to concentrate at the tool tip, accelerating tool wear. During the cutting process, materials 
also easily adhere to the tool surface (BUE phenomenon), causing wear and reducing tool life [3]. Therefore, in order to 
effectively machine Ni alloys, cutting tools need to possess high hardness and heat resistance [6], and the lower cutting 
speed and cooling lubrication conditions are needed to reduce heat and friction in the cutting zone [1,7]. Flood coolant 
is a traditional method and has been widely used in the metal cutting industry. However, due to the low spraying 
pressure, the ability to deliver cutting oil deeply into the cutting zone is limited and a large amount of cutting oil is used 
[7]. The high cost of processing the used cutting oils has become a major problem, increasing machining costs and 
making this technology unsuitable for green and sustainable development trends [8]. To overcome this problem, several 
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advanced cooling and lubrication technologies have been researched and developed such as minimum quantity cooling 
(MQC), minimum quantity lubrication (MQL), MQL using nano cutting oil, and so on. 

In particular, the use of nano cutting oil as the based cutting oil for MQL technology has become a new technological 
solution, attracting much attention of researchers worldwide. The additives of nanoparticles into base cutting oil has 
improved the lubricating and cooling properties of the base cutting oil [9]. This helps improve the hard machining 
efficiency of the AISI D2 tool steel [10]. Directly introducing cutting oil containing nanoparticles into the cutting zone 
not only improves the lubricating efficiency resulted from the properties of the cutting oil but also the 
lubricating/cooling properties from the nanoparticles [11]. Tool wear and cutting force reduction during the milling 
process were noted in the studies [8,12]. At the same time, surface quality was improved in machining with MQL mode 
using nano cutting oil when compared to dry and MQL conditions [8]. However, there is little information on the milling 
performance of Hastelloy C276 alloy under MQL condition using nano cutting oil, so the authors conducted the study on 
the effect of cutting parameters on surface roughness Ra under MQL and MQL environment using Al2O3 nano cutting oil. 

2. Material and Method 

The experimental setup is shown in Figure 1. Smart 530C vertical milling center (Mazak, Japan) was used to conduct the 
milling experiments. The chemical composition and mechanical properties of Hastelloy C276 alloy samples are 
presented in Tables 1 and 2. Surface roughness Ra was measured three times after each cutting trial by using Mitutoyo 
SJ-210 surface roughness tester and the average value was taken. The factorial experimental design was used to study 
the influence of input machining parameters (lubrication/cooling mode, cutting speed and feed rate) on the surface 
roughness Ra values. The input variables and investigated values are presented in Table 3. The experimental trials were 
conducted according to the run order in the experimental matrix. 

Table 1 Chemical composition of Hastelloy C276 

Ni Co Cr Mo Fe W Mn Mo V Si C 

57  

balance 

2.5 

max 

16 16 5 4 1.0 

max 

0.6 0.35 max 0.08 

max 

0.01 max 

 

Table 2 Mechanical properties of Hastelloy C276  

Yield strength 
(Mpa) 

Tensile 
strength, (Mpa) 

Elongation 
(%) 

Hardness range 
(HRB) 

Modulus of 
Elasticity (Gpa) 

Poison’s 
ratio 

355 760 40 88 200 0.32 
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Figure 1 Setup for milling experiments 

Table 3 Input variables and their levels 

Input parameters Low level High level Output parameter 

Cooling lubricating mode MQL NF MQL Surface roughness Ra (µm) 

 Cutting speed (m/min) 30 70 

Feed rate (mm/tooth) 0.08 0.16 

3. Results and discussion 

The Pareto plot in Figure 2 shows the influence of each parameter and the interaction of input parameters on the surface 
roughness Ra. The factors with a significant influence on the output variable are located to the right of the reference line 
with a value of 0.02258, while those to the left of the reference line have negligible influence. In Figure 2, it can be seen 
that feed rate has the strongest influence on the surface roughness Ra, while cutting speed and lubrication/cooling mode 
are located to the left of the reference line. In addition, the interaction of input variables has little influence on the surface 
roughness Ra.  

 

Figure 2 Pareto chart of the effects of input parameters on surface roughness Ra 

The main effects of each surveyed factor are shown in Figure 3. Due to the increased cutting layer [13], the Ra values 
increased rapidly when the feed rate increased from 0.08 mm/tooth to 0.16 mm/tooth. At the same time, the declining 
rate of surface roughness Ra was observed when the cutting speed grew up. The increase of the cutting speed from 30 
m/min to 70 m/min contributed to reducing the surface roughness Ra, which can be explained by the reduction in 
cutting forces and cutting heat [13]. In addition, under MQL condition using nano cutting oil, the Ra values were smaller 
than in MQL with the based cutting oil without nanoparticles, which reflects that the Al2O3 nano cutting oil improved 
the lubrication and cooling efficiency of the based cutting oil [8,14]. 

Figure 4 illustrates the interaction effects of input machining parameters on the response, surface roughness Ra. The 
interaction between lubrication/cooling mode and cutting speed has a greater impact on the surface roughness Ra than 
other factors. Based on the results obtained, a suitable set of input parameters was selected with MQL technique using 
nano cutting oil, a cutting speed of 70 m/min, and a feed rate of 0.08 mm/tooth to achieve the smaller surface roughness 
Ra values. 



Global Journal of Engineering and Technology Advances, 2026, 26(03), 148-153 

151 

 

Figure 3 Main effects of input parameters on surface roughness Ra 

 

Figure 4 Interaction effects of input parameters on surface roughness Ra  

4. Conclusion 

In this paper the influence of parameters including lubrication/cooling regime, cutting speed, and feed rate on surface 
roughness during the milling process of Hastelloy C276 alloy were investigated. The application of the factorial 
experimental design with the support of Minitab software helped construct an experimental matrix and investigate the 
influence of each input parameter and the interaction between these variables. The analysis results show that the feed 
rate has the greatest influence on the surface roughness Ra values. At the same time, the MQL condition using nano 
cutting oil resulted in better surface quality when compared to MQL using the based cutting oil without nanoparticles, 
demonstrating the improvement in lubricating performance of nano cutting oil. Furthermore, the increase of the cutting 
speed contributed to a reduction in surface roughness due to the reduced cutting force and cutting heat. Regarding the 
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interaction between parameters, the influence between lubrication/cooling mode and cutting speed was more 
significant than other interactions. Under MQL environment using nano-cutting oil, the cutting speed v = 70 m/min and 
feed rate f = 0.08 mm/tooth should be selected to achieve the smaller surface roughness Ra. 
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