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ABSTRACT 

 

This paper presents the effects of various milling conditions on the tool wear and 

workpiece temperature when using ethylene-glycol-based TiO2 nanofluid as the coolant 

for stainless steel AISI 304. A TiN coated carbide insert is used as the milling tool. A 

thermocouple was embedded into the workpiece to record the workpiece temperature 

during the end-milling process. It can be clearly seen that the temperature keeps on 

increasing after each experimental pass for three sets of experiments. The experiment 

conducted using the ethylene-glycol-based TiO2 nanocoolant exhibits a much lower 

workpiece temperature compared to the experiment conducted using a normal 

commercial coolant. Milling with the ethylene-glycol-based TiO2 nanocoolant reduced 

the wear on the edge of the insert compared to the normal commercial coolant. In 

conclusion, end-milling stainless steel AISI 304 using a TiN coated carbide insert and 

an ethylene-glycol-based TiO2 nanocoolant exhibits superior results with regard to 

workpiece temperature and tool wear. The temperature was reduced by 30 percent when 

using the nanofluid 

 

Keywords:  Milling; TiO2 nanocoolant; tool wear; ethylene-glycol; workpiece 

temperature. 

 

INTRODUCTION 

 

The metal machining process is important in metal shaping to produce parts. Milling is 

one of the most commonly used machining processes in industry for metal removal. 

Milling is mostly used in the automotive, aerospace and manufacturing industries. As 

well as the manufacturing cost, in the metal removal process, tool wear and workpiece 

temperature are important factors in measuring the quality of a product. The relation 

between high temperature and poor machinability directly contribute to high tool wear 

and poor surface finish [1-4]. The thermal effects are particularly relevant when milling 

stainless steel due to it being tougher, and gummier and having a tendency to work 

harden very rapidly[5]. When a workpiece is milled, a huge amount of the work of the 

milling machine is converted into heat [6]. The heat generated increases the temperature 

of the cutting tool and the workpiece and contributes to machining defects such as tool 

wear, thermal expansion and also to the poor dimension tolerance. Matsumoto, Barash 

[7] stated that at a high cutting speed, 80% of the heat generated during machining is 

carried away by the chip. However, the maximum temperature is formed at the rake face 
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which is placed some distance away from the tool nose before the chip is flushed 

away [8]. A cutting fluid is a liquid which is used to produce cooling and lubrication 

between the cutting tool and the work piece. The cutting fluid also reduces the contact 

processes in the chip formation zone. Cooling and lubrication are very important in the 

cutting process. Accordingly, the lubricant action is very important at a low cutting 

speed and the cooling is important at higher cutting speeds due the high increases in 

heat in the cutting zone [9]. Water has been used as a cooling medium in various 

machining operations [10-13]. However, although water is an excellent cooling medium 

due to its high thermal conductivity, it corrodes the part and is a poor lubricant. 

Nowadays, oils and synthetic fluids are used as coolants in machining. Four types of 

cutting fluid are used today: straight or neat oils, soluble oil, synthetic fluids and semi-

synthetic fluids. Around 80% of the cutting fluids in industry incorporate water based 

oil and synthetic fluids as the coolant in machining [14]. 

Nanofluid is a fluid which is suspended with nanoparticles. The nanoparticles 

will suspend in conventional fluids such as water, ethylene glycol (EG) and engine oil. 

Nanofluids are thought to be the next generation heat transfer fluids due to their existing 

properties [15-18]. Nanofluids have attracted great interest in various industries, such as 

the micro electric, automotive, and manufacturing. According to Khaleduzzaman, Sohel 

[19] the advantages of nanofluids over micro-sized fluids are their better stability and 

the particle size. Additionally, nanofluids achieve higher thermal conductivity than the 

base liquid. More than 20 laboratories worldwide have published data on the thermal 

conductivity of nanofluids. All the results show that the thermal conductivity of 

nanofluids exhibits higher thermal properties, even the concentration of liquid is less 

than 5% in volume percentage [17, 18, 20, 21]. The viscosity of nanofluids is another 

important property in heat transfer applications. As reported by Mehrali, Sadeghinezhad 

[22], the pH value and viscosity of nanofluids are considered as factors that affect their 

stability at room temperature. Therefore, a study has been conducted to evaluate the 

effect of various milling conditions, cutting speeds, feed rates and depth of cut, on the 

tool wear and workpiece temperature by using EG-based TiO2 nanofluid as the coolant. 

The tool wear and workpiece temperature have been compared with milling results 

using a normal commercial coolant. 

 

EXPERIMENTAL SET UP 

 

Design of Experiment 

 

Stainless steel AISI 304 blocks were used throughout the experiment. The size of each 

block was 180×100×25 mm. The hardness of these blocks is around Rockwell B 70. 

The chemical composition of the workpiece material is shown in Table 1 (Krishna et al., 

2006) and the properties of the workpiece material are shown in Table 2. The milling 

inserts are made by Ceratizit from ISO XDKT 11T308SR-F50. They are of a coated 

carbide grade with a TiN chemical vapor deposition (CVD) coating. TiN is considered 

to be very ductile because it is relatively hard. The TiN coating is 3 µm thick. The insert 

used in this study is X-shaped and is slotted into a 32 mm diameter tool holder. It is 

specified for use in flooded machining. A standard water-soluble coolant was used as 

the flood coolant in this study. The cutting inserts used in this experiment are shown in 

Figure 1 where d = 4.9 mm, l1 = 1.2 mm, l = 7.8 mm, α = 15
o
, d1 = 2.5 mm and s = 3.18 

mm. 
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Table 1. Chemical composition of workpiece material. 

 

Element C Si Mn Cr Mo P S Ni 

Wt % 0.02 0.32 1.31 16.4 2.03 0.30 0.20 12.17 

 

Table 2. Physical properties of workpiece material  [23]. 

 

Properties Value 

Density (kg/m
3
) 8000 

Elastic Modulus 193 

Mean Coefficient of Thermal 

Expansion (µm/m/
o
C) 

17.8 

Thermal Conductivity at 100
o
C 16.2 

Thermal Conductivity at 500
o
C 21.5 

Specific Heat (J/kg.K) 500 

 

 
 

Figure 1. TiN coated carbide insert from ISO XDKT 11T308SR-F50. 

 

All the machining was carried out on an HAAS CNC milling machine. 

Machining was undertaken using three varying cutting parameters: cutting speed, feed 

rate and depth of cut. Suitable combinations of the cutting parameters were used to 

deduce the design of the experiment using the Box–Behken method with three factors. 

A total of 15 combinations of experiments were undertaken. The length of each cut was 

180 mm. Milling was carried out in one direction with three varying axial depths, feed 

rates and cutting speeds, respectively. All the experiments used the up milling process 

(the rotation of the spindle against the direction of the feed) [24].The transient 

workpiece temperature was measured using a K-type thermocouple. The two 

thermocouple wires are encapsulated as shown in Figure 2. The encapsulated end of the 

thermocouple wire is embedded into the workpiece as shown in Figure 3. The other end 

of the thermocouple wire was connected to an eight-channel data logger to record the 

temperature during the milling process. The intervals of the readings recorded by the 

data logger are fixed at 1.0 s. Four thermocouples are located along the central line of 

the milling process on the workpiece to take readings throughout the workpiece 

material. The thermocouple is located 10 mm below the milling zone to detect the 

workpiece temperature. The experimental setup is shown in Figure 2 and illustrated 

schematically in Figure 3. 
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Figure 2. Workpiece temperature measurement and clamping of the workpiece. 

 

 
 

Figure 3. Schematic and section view of workpiece used to measure the temperature. 

 

RESULTS AND DISCUSSION 

 

Figure 4 illustrate the temperature reading for three passes of the milling experiment at 

high, medium and low cutting speeds. The cutting condition for each experiment is 

shown in Table 3. It can be clearly seen that the temperature keeps on increasing after 

each experimental pass for the three sets of experiments. The temperature for the high 

cutting speed experiment after the first experimental pass is approximately 27.8 ºC and 

it increase to 29 ºC after three experimental passes. In addition, the temperature for the 
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medium cutting speed experiment after the first experimental pass is 27.3 ºC increasing 

to 28.3 ºC. Meanwhile, at the low cutting speed, the temperature after the first 

experimental pass is approximately 27.2 ºC increasing to 27.6 ºC. It can be seen that the 

workpiece temperature rises much higher at the high cutting speed compared to the low 

cutting speed. As stated earlier, this is due to the increase in friction force which 

contributes to the increase in cutting temperature. Therefore, the workpiece temperature 

also increases [25]. As can be seen in Figure 5, the temperature begins to increase a few 

seconds after the milling process begins, and it continues to increase gradually during 

the milling cycle and reaches the maximum temperature. It can also be observed that, 

the workpiece temperature does not reach a steady state during the milling process. 

 

 
 

Figure. 4. Workpiece temperature for three passes of the milling experiment at high, 

medium and low cutting speeds by using a normal commercial coolant. 

 

Throughout the cooling state, the workpiece temperature decreases gradually 

until it reaches room temperature. The milling cycle condition is similar for the first, 

second and third passes of the milling experiment. In addition, Figure 5 shows that the 

workpiece temperature increases gradually with increases in the milling passes. This is 

due to the excessive temperature on the rake face of the tool perhaps contributing to the 

wear on the face of the milling tool [26]. Therefore, after each experimental milling pass 

the tool became blunt. Hence, the heat generated in the milling zone will be much 

higher after each pass conducted. Finally, the heat penetrating into the workpiece will 

also be higher [27]. One can see the higher measured workpiece temperature value of 

the end-milling stainless AISI 304 is 29 ºC, which is relatively low compared to the 

current research using an infrared camera. These phenomena occur because the heat 

spreads throughout the workpiece and the high gradient before it is detected by the 

thermocouple sensor. Therefore, using the thermocouple technique to measure the 

workpiece temperature during milling indicated the whole body temperature which was 

useful in estimating the absorbed energy [28]. 
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Table 3. Cutting condition. 

 

Experiment Level 
Cutting Speed 

(rpm) 

Feed Rate 

(mm/tooth) 

Depth of 

Cut (mm) 

1 High 2500 0.04 0.2 

2 Medium 2000 0.03 0.2 

3 Low 1500 0.03 0.1 

 

Figure 5 shows the workpiece temperature for single-pass milling for high, 

medium and low cutting speeds using an EG-based TiO2 nanocoolant. It indicates that 

the workpiece temperature increase is much higher at the high cutting speed compared 

to the low. For high-cutting-speed milling, at 2500 rpm, the workpiece temperature rises 

to 25.3 ˚C. However, the workpiece temperature just rises to 24.7 ˚C for the low cutting 

speed and 25.0 ˚C for the medium. This clearly indicates that the cutting speed is 

directly proportional to the workpiece temperature. Conversely, when compared to the 

experiment conducted between a normal commercial coolant and the EG-based TiO2 

nanocoolant, it clearly shows that the EG-based TiO2 nanocoolant exhibits a much 

lower workpiece temperature of approximately 9% lower than the normal commercial 

coolant [29]. Figure 5 also shows some sudden drops in the temperature when 

conducting the milling experiment with EG-based TiO2 nanocoolant. This is due to the 

high thermal conductivity of the nanoparticles which flow away from the heat from the 

cutting zone, so avoiding a huge amount of heat penetrating into the workpiece during 

the milling experiment [30, 31]. 

 

 
 

Figure 5. Workpiece temperature for the single-pass milling experiment at high, 

medium and low cutting speeds using an ethylene-glycol-based TiO2 nanocoolant. 

 

Figure 6 shows four different milling conditions, low cutting speed and high 

cutting speed together with two different milling coolants, normal commercial coolant 

and EG-based TiO2 nanocoolant, for 540 mm of milling. The figure confirms that there 
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is a huge different in the wear of the inserts when using an EG-based TiO2 nanocoolant 

compared to the normal commercial coolant. The insert used for the milling using a 

normal commercial coolant starts to exhibit some flank wear on the edge of the inserts. 

This is due to the huge amount of heat penetrating into the inserts during the milling and 

contributes the earlier wear. However, the insert used for milling using the EG-based 

TiO2 nanocoolant shows less wear and a layer of nanoparticles covered the edge of the 

inserts. On the other hand, the high cutting speed contributes to earlier damage on the 

inserts compared to the low cutting speed. This is because the high friction between the 

workpiece and the milling insert contributes to the high temperature in the milling zone. 

 

 
 

Figure 6. SEM capture of the cutting insert under four different milling 

conditions: (a) cutting speed: 1500 rpm with commercial coolant; (b) cutting speed: 

2500 rpm with commercial coolant; (c) cutting speed: 1500 rpm with ethylene-glycol-

based TiO2 nanocoolant and (d) cutting speed: 2500 rpm with ethylene-glycol-based 

TiO2 nanocoolant. 

 

CONCLUSIONS 

 

In conclusion, end-milling of stainless steel AISI 304 using a TiN coated carbide insert 

with an EG-based TiO2 nanocoolant exhibits superior results with regard to the 

workpiece temperature and also tool wear. There is a reduction in workpiece 

temperature of about 9% compared to milling using a normal commercial coolant. In 

addition, the tool wear from milling using the EG-based TiO2 nanocoolant is much less 

and the tool life is increased. This shows that nanoparticles reduce the damage on the 

edge of the tool by reducing the heat penetrating into the inserts. However, this 

experiment is limited, since the workpiece temperature could not be simulated using the 
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thermocouple method. This can be overcome in the future by using a thermal camera to 

detect the workpiece temperature. Therefore, the actual tool temperature and workpiece 

temperature can be observed in parallel in order to study the temperature distribution in 

end-milling. 
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