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Abstract: Hard turning (HT) is a machining method which is widely adopted nowadays to produce an improved surface 
finish without the application of a grinding process. The available literature conveys to us that studies have been done 
to improve surface finish by using small feeds and high speed. This study is an effort to enhance the tool life, material 
removal rate (MRR) and surface roughness of the workpiece by using different combinations of cutting factors and a 
lubricating technique called minimum quantity lubrication (MQL). The workpiece used for this experiment is AISI D2 
steel and the used tool inserts are cubic boron nitride (CBN) tools. The HT of the workpiece is done under 3 different 
cutting velocities, feeds and depths of cuts. The flow rate for the MQL process is kept at 240 ml/hr. We observed that at 
the highest speed and lowest feed, the achieved surface roughness was the best. Furthermore, the MQL showed some 
great results in the context of tool life as it was improved by approximately 48% as compared to that of dry machining. 
Also, there was an improvement of up to 12% in the context of surface finish. However, there was not any effect of 
MQL on MRR as it purely relies on cutting velocity, depth of cut and feed. Also, it did not have any effect on the 
workpiece and tool insert material used.
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1. Introduction
A lathe machine is one of the most important machines used in a mechanical workshop, which offers numerous 

machining operations. The operation performed by us in this research is a turning operation. Turning is a process 
whose sole purpose is to reduce the diameter of a cylindrical surface or likewise. In this process, a cutting tool insert 
is positioned along the axis of the rotation of the workpiece. When the hardness of the workpiece material is greater 
than 45 HRC, then the turning of that material is referred to as hard turning (HT) [1, 2], it is typically in the range of 58 
HRC to 68 HRC. The primary purpose of HT is to eliminate the conventional grinding process. HT is now been used in 
the industrial sector as with low feeds and small depth of cut it provides a better surface finish without the application 
of a grinding process [2, 3]. The advantages that HT provide over conventional grinding are decreased manufacturing 
costs, less cutting time and increased material removal rate (MRR) with more flexibility. It is quite obvious that to 
turn hard materials one would need hard tools, that’s why mostly the tools used in HT are cubic boron nitride (CBN) 
tools, polycrystalline diamond (PCD) tools, polycrystalline cubic boron nitride (PCBN) tools, cemented carbides, etc. 
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Moreover, to improve the tool life and workpiece surface finish sometimes machining is done in a wet environment. A 
technique is used nowadays for wet machining known as minimum quantity lubrication (MQL). MQL is a technique in 
which a small amount of liquid is sprayed on the workpiece at regular intervals for lubrication and/or as a cooling agent.  

In a literature review of work on turning of AISI 4340 and D2 steel with chemical vapor deposition (CVD) coated 
carbide and TiN-coated alumina tools, respectively, researchers found that feed rate was the highly effective factor in 
the context of tool life, MRR and surface roughness. Cutting velocity too had a significant impact on the flank wear and 
surface integrity. While working on AISI 52100 steel, the type of tool insert was found to be the most effective factor, 
with wiper inserts offering a better surface finish than conventional inserts. Tool nose radius and depth of cut were also 
found to affect the result [1-3].

In a literature review of studies on cutting factors and environments, researchers found that supercooled carbon 
dioxide+MQL (scCO2+MQL) is directed towards an enhancement in surface integrity and tool life compared to that of 
flood coolant. Another study found that a dry environment was more significant in the context of power consumption, 
surface integrity and micro-hardness for 303 stainless steel. The authors also noted that an optimal combination of 
cutting factors can provide better results in the context of power consumption and surface roughness. Another study on 
AISI D2 steel with coated carbides found that cutting velocity had an inverse relation with surface roughness and also 
that feed was a highly effective factor to control surface integrity [4-6].

In a literature review of studies on coated carbide tools under MQL, researchers found that using a small amount of 
lubricant during machining provides high strength to the tools to perform at a high range of cutting velocities and feed 
rates. Another review of HT of steel observed that a required finishing can be achieved without conventional grinding 
and that lubricant is not necessary to achieve a better surface finish. Dry and cryogenic machining was also found to be 
eco-friendly. In another review of MQL with nano-fluids, it was found that MQL is better than dry and flood machining 
in the context of providing a better surface finish, better tool life and increasing lubricity at a low cost and quantity of 
coolant. Another study also directed the fact that MQL machining is superior to wet and dry machining in the context of 
surface roughness and tool life [7-10].

In a literature review of studies on HT, researchers found that the surface roughness of AISI H13 die tool steel 
decreased as the hardness of the workpiece increased, and that feed rate had a direct relation with surface roughness. 
CBN tools were also found to be suitable for HT. Another study on HT of titanium alloy with PCD tool inserts found 
that cutting temperature had a direct relation with cutting velocity and an inverse relation with feed rate and that higher 
depth of cut produced improved surface finish in high-speed machining (HSM) than in conventional machining [11]. 
Finally, in another study, the impact of carbon nanotubes while turning AISI D2 steel under MQL with tungsten carbide 
(TC) tools was examined, it was found that the cutting zone temperature reduced which improved the surface quality 
and led to reduced tool wear [12, 13]. 

In a literature review of studies on HT, researchers found that cutting factors had a major impact on surface 
roughness. Srithar et al. [14] established that cutting velocity and surface roughness had an inverse relation and that 
feed rate was the highly effective factor that impacted surface integrity. Karthik et al. [15] also found that feed rate was 
the most effective factor and directly proportional to surface integrity in HT of EN31 steel while machining it with the 
CBN tool. Subbaiah et al. [16] observed the impact of the hardness of the workpiece on surface roughness, cutting force 
and tool wear while working on AISI 4340 steel with wiper ceramic cutting inserts. They found that the hardness of the 
workpiece had an impact of 30.27% and 29.4% on tool wear and cutting forces respectively. Furthermore, they achieved 
a surface roughness of 0.23 and 0.25 microns at low feeds and greatest cutting velocities. 

Rafighi et al. [17] compared CBN tools with ceramic inserts in HT of AISI D2 steel and found that the feed rate 
was the highly effective factor on surface integrity followed by tool nose radius. They concluded that CBN tools 
executed better in the context of surface roughness than ceramic inserts. Senevirathne et al. [18] did HT of AISI D2 steel 
under MQL using various lubricants and compared the results of dry, flood and MQL machining under sunflower oil, 
waste cooking oil and coconut oil. They found out that out of all lubricants, sunflower oil gave the best results, followed 
by coconut oil. However, the results obtained while working with waste cooking oil were abysmal. 

The gathered literature conveys that properties like MRR, tool life and surface integrity are affected by factors like 
feed rate, cutting velocity, depth of cut and tool nose radius. The literature shows that a rise in depth of cut and feed 
improves the MRR but at a cost of poor surface quality. Moreover, cutting velocity shows direct relation with MRR and 
an inverse relation with surface roughness and tool life. Furthermore, some attempts are made to improve tool life and 
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surface quality through MQL. 
HT is a process which nowadays is widely contributing to eliminating conventional grinding processes. The 

grinding process is generally used to provide a better surface finish but since the rise of HT, it has been excluded largely 
as a whole process is removed from machining and saves us the time, power consumption and machining cost spent on 
the grinding process. Studies have been done to improve tool life by reducing the depth of cut but it affected the MRR 
negatively. Moreover, the use of high feed rates helped in MRR but showed a negative impact on tool life and surface 
integrity. This research is an attempt to improve tool life and surface roughness simultaneously. We have tried to do so 
through a process called MQL. In this research we are focusing on:

•	 to perform HT at different feeds, cutting velocities and depth of cuts,  
•	 to perform HT under MQL,
•	 to investigate the effects of the aforementioned factors as well as the lubricant on the tool and workpiece.

2. Materials and methods 
2.1 Workpiece and cutting tool

The workpiece used in this research is AISI D2 steel, which is often used to make forming dies, machining tools, 
punches and cutting dies because of its properties such as toughness, good abrasion, wear resistance, etc. A cylindrical 
bar was used as the workpiece material, whose diameter was 61 mm and length was 60 mm. The chemical composition 
of the workpiece is mentioned in Table 1. Furthermore, the tool inserts used in the machining were CBN tools due to 
their excellent cutting tool properties. The nose radius used for the research was 0.8 mm. Moreover, the used tool holder 
was a right-handed style tool holder designated as MCLNR2020K12.

Table 1. Chemical composition of the workpiece

Material Cu Ni Mo S P C Mn Si Cr Fe

Quantity in the 
workpiece (%) 0.01 0.2 1.2 0.03 0.06 1.5 0.3 0.4 14.6 81.7

2.2 Heat treatment

The materials were heat treated to improve their mechanical properties such as strength, toughness, hardness 
and impact resistance. Initially, the workpiece was slowly preheated to 800 ℃. Then, the temperature was raised to  
1020 ℃ more rapidly and the material was held at that temperature for several minutes. Moreover, the material cooled 
down slowly. Then, at a temperature of 250 ℃, tempering was applied to eliminate residual stresses in the workpiece. 
Lastly, a hardness of 60±1 HRC was achieved by cooling it in the air.

2.3 Lathe machine and measuring apparatus

The lathe machine used for the experiment was a CNC Lathe Machine LC6 NO1, whose specifications are as given 
below:

MAX: SPEED: 3000 RPM
MAX: POWER: 15 kW
MAX: TURNING DIAMETER: 75 mm
MAX: TURNING LENGTH: 550 mm
Furthermore, the measuring apparatus used for determining surface roughness was a portable surface roughness 

tester (i.e. Surtronic S25). The measurements were taken at three different points of the workpiece and the average 
of those values was taken as the final surface roughness (Ra) of the workpiece. Furthermore, the tool life was simply 
determined using a stopwatch.
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2.4 Cutting conditions

Acquiring an optimum cutting combination is a very main issue to decrease the cost and time of production. 
Factors such as cooling conditions, material hardness, type of insert, cutting factors and nose radius are essential to 
assess the material’s machinability in the HT process. In this research, the HT was done under 3 different speeds, at 3 
different levels of depth of cut and feeds. The machining was done under 2 different environments (i.e. dry vs. MQL). 
The flow rate for MQL was kept at 240 ml/hr and the lubricant used for the study was sunflower oil. The selection of the 
lubricant was done according to the literature. The cutting factors used for the study are given in Table 2.

Table 2. Cutting factors used in the study

Cutting velocity (m/min) Feed rate (mm/rev) Depth of cut (mm)

90 0.05 0.15

130 0.15 0.3

170 0.25 0.45

                           (a) (b)

Figure 1. (a) CBN tool insert attached to MCLNR2020K12 tool holder, (b) hardened AISI D2 steel with hardness 60±1 HRC

3. Results
In this research, the HT was done under dry conditions as well as under MQL. However, there wasn’t any appealing 

change in surface roughness but the tool life showed an interesting change. The achievements of the experiments are 
given below in Table 3. According to the results of the performed experiments, the achieved surface roughness lies in 
the range of 0.212-1.975 μm under the dry conditions, whereas, the surface roughness achieved in MQL conditions was 
in the range of 0.193-1.797 μm. Also, there was no effect of MQL on MRR and it was greatest at the greatest values of 
depth of cut, feed and cutting velocity. This shows that MRR has a direct relation with feed, depth of cut and cutting 
velocity. MRR was achieved using the following formula: MRR = Vc.f.d.
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Table 3. Results of the experiments

No. of 
experiments

Cutting 
condition Vc (m/min) f (mm/rev) d (mm) Ra (μm) MRR (mm3/min)

1 Dry 90 0.05 0.15 0.577 675

2 Dry 130 0.15 0.3 0.482 5850

3 Dry 170 0.25 0.45 1.975 18360

4 Dry 90 0.05 0.3 0.328 1350

5 Dry 130 0.15 0.45 0.562 8775

6 Dry 170 0.25 0.15 1.817 6375

7 Dry 90 0.05 0.45 0.282 2025

8 Dry 130 0.15 0.15 0.402 2925

9 Dry 170 0.25 0.3 1.896 1275

10 Dry 90 0.15 0.45 0.610 6075

11 Dry 130 0.25 0.15 1.670 4875

12 Dry 170 0.05 0.3 0.212 2550

13 MQL 90 0.05 0.15 0.531 675

14 MQL 130 0.15 0.3 0.434 5850

15 MQL 170 0.25 0.45 1.797 18360

16 MQL 90 0.05 0.3 0.289 1350

17 MQL 130 0.15 0.45 0.511 8775

18 MQL 170 0.25 0.15 1.635 6375

19 MQL 90 0.05 0.45 0.259 2025

20 MQL 130 0.15 0.15 0.358 2925

21 MQL 170 0.25 0.3 1.668 1275

22 MQL 90 0.15 0.45 0.561 6075

23 MQL 130 0.25 0.15 1.520 4875

24 MQL 170 0.05 0.3 0.193 2550

 (a) (b) (c)

Figure 2. (a) Workpiece turned at 130 m/min, 0.15 mm/rev and 0.3 mm, (b) workpiece turned at 90 m/min, 0.05 mm/rev and 0.15 mm, (c) workpiece 
turned at 170 m/min, 0.25 mm/rev and 0.45 mm
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According to Figure 3, we can analyze that the surface roughness of the workpiece increases with the rise in feed. 
The graph shows that the surface roughness first surges gradually and after a certain point it increases at a quick pace.
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Figure 3. Mean surface roughness vs. feed

Moreover, Figure 4 conveys that there is a certain point of depth of cut to which the surface roughness achieved 
would be ideal after that it starts to increase again. According to this research depth of cut of 0.3 mm is the finest in the 
context of surface finish. 

The tool life of CBN tools used in the study is given in Table 4. As from the previous studies we got the idea that 
tool life was mainly dependent on cutting velocity while the depth of cut and feed showed the minimum impact on tool 
life so those were neglected.

                                  

Mean surface roughness vs. depth of cut
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Figure 4. Mean surface roughness (Ra) vs. depth of cut (d)
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Table 4. Tool life of CBN tool inserts

Cutting condition Vc Tool life (mins)

Dry 90 40.7

Dry 130 24.5

Dry 170 16.9

MQL 90 60.3

MQL 130 36.3

MQL 170 25.1

                                  

36.3

10

Dry vs. MQL tool life
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Figure 5. Analysis of tool life between MQL and dry environment

According to my analysis (see Figure 5), it is quite clear that the tool life drops with the rise in the cutting velocity. 
Moreover, while machining in the MQL environment we saw an increase of around 48% in the tool life of the material. 
An optimum tool life was achieved at the lowest speed.

4. Conclusion and future work
According to the achieved results, we have analyzed that while HT of AISI D2 steel with CBN tools, the best 

surface roughness was achieved when the machining was done at a higher velocity and the minimum feed rate. 
According to the analysis from the given results, we may conclude that there is a certain value of depth of cut to 
which we get an ideal value of surface roughness, too small as well as too large depth of cut can result in increased 
surface roughness. Moreover, we got the idea that feed rate is directly proportional to surface roughness while cutting 
velocity showed an inverse relation with surface roughness. Furthermore, at higher speeds, the achieved tool life was 
compromised and we got a low tool life compared to that achieved at low speeds. The best results in the context of 
surface roughness under both environments of machining were achieved at the highest speed and lowest feed (i.e., 170 
m/min and 0.05 mm/rev). Also, MQL showed an improvement of up to 12% in the context of surface roughness and 
also improved the tool life of the material by around 48%. Also, the MRR shows a rise with the rise in cutting velocity, 
feed and depth of cut. We also saw that the ratio of tool life is almost the same at all 3 speeds.

This study was restricted to AISI D2 steel, CBN tool inserts and sunflower oil. Further studies can be done using 
different tool inserts such as diamond inserts, TC, etc. Also, a different lubricant might provide different results in the 
context of surface finish and tool life. Moreover, the properties like tool life, MRR and surface roughness can be tested 
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at different speeds, feeds and depths of cuts.
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