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A B S T R A C T  
 

 

Temperature control during the cutting process with different parameters such as cutting velocity and 

applying water cooling is essential to decrease the cutting force, increase the life of the cutting tool and 

decrease the machined surface temperature of work-piece. In this research, the temperature of 
machined surface and the chip-tool interface in orthogonal cutting process of Ti-6Al-4V were 

investigated using smooth particle hydrodynamics (SPH) method. The effects of cooling with different 

speeds and temperatures of water flow on the temperature of these surfaces were studied. The non-
cooling model is validated using experimental results. According to the results, a water flow with 

speed of 0.25 m/s at 20°C temperature causes a significant decreasing in the cutting force and the 

temperature on machined surface and chip-tool interface. 

doi: 10.5829/ije.2019.32.08b.18 

 

 
1. INTRODUCTION1 

 

Cutting material from the extra parts of the work-piece 

is a cutting process to make a desirable geometric shape. 

Rising the temperature of this process increases tool 

wear [1], wasting energy [2], decrease the tool life [3] 

and affects on the surface roughness [4]. Safari et al. [5] 

investigated effects of turning parameters (spindle 

speed, feed and depth of cut) on surface roughness 

variation in dry machining of 55Cr3 steel bars. In 

orthogonal cutting process the temperature of machined 

surface and chip-tool interface vary by different 

conditions such as cutting speed and variations of 

cooling process.  

The analytical models of cutting process are based 

on experimental observations such as cutting force and 

chip shape variations [6–8]. Unknown parameters of 

this model are obtained using experimental tests. The 

numerical methods such as finite element (FE) and SPH 

method analyze cutting process using mechanical 

properties of cutting tool and work-piece. FE method is 

based on the deformation and stress distribution of the 
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cutting tool and the work-piece elements. Therefore, 

large deformation and material separation are important 

problems. These problems don’t occur while analyzing 

the cutting process using SPH method because this 

method is mesh less and the work-piece is analyzed 

using nodes. Madaj and Piska [9] compared simulation 

results of the orthogonal cutting process of A2024-T351 

aluminum alloy using SPH method with the 

experimental and FE ones. Limido et al. [10] used the 

ANSYS LS- DYNA solver to simulate this process with 

the Johnson-Cook and rigid material constitutive model 

to simulate work-piece and cutting tool respectively. Li 

et al. [11] proposed set of milling parameters to analyze 

the machining of titanium alloy by coated cemented 

carbide cutting tool using FE method. Heinstein and 

Segalman [12] simulated orthogonal cutting process 

using SPH method. They used the elastic and plastic 

hardening power constitutive material model of Stone et 

al. [13] to model the cutting tool and work-piece 

respectively. Also the cutting and trust forces were 

obtained using the SPH method [14]. Lu et al. [15] 

proposed a numerical two-dimensional coupled thermo-

mechanical model of plane strain orthogonal cutting 

process. Cotterell et al. [16] measured temperature 

 

  



M. Dehghani and A. R. Shafiei / IJE TRANSACTIONS B: Applications  Vol. 32, No. 8, (August 2019)   1210-1217                          1211 

  

during chip formation in orthogonal cutting process of 

Ti-6Al-4V using simple theoretical model according to 

Ernest-Merchand theory and two-dimensional thermal 

conductivity. They used the thermal and high speed 

camera to verify this thermal model. The probability of 

burning was investigated during the milling process of 

magnesium alloy [17] using thermal imaging. Also the 

thermocouple is used to investigate temperature 

distribution in cutting process [18, 19]. Making setup of 

this method is harder than thermal imaging method and 

its accuracy is lower. The temperature of machined 

surface of magnesium is maintained under melting 

temperature [20] using cooling process. Surface 

roughness of magnesium alloy [21] decreases with air 

flow rate at room temperature during the machining 

process. Heigel et al. [22] measured the temperature of 

the tool-chip interface while machining Ti-6Al-4V 

using infrared measurement. 

Most mentioned studies ignored temperature 

distribution at work-piece while analyzing cutting 

process. The others validate the temperature distribution 

of numerical methods using experimental chip 

morphology and the cutting force. In this paper, 

temperature of machined surface and chip-tool interface 

are investigated using SPH method. The temperature on 

chip-tool interface is validated using experimental 

temperature. Then the cooling orthogonal cutting 

process with water flow is studied using the SPH 

method to find the influence of temperature and speed 

of water flow on the machined surface temperature. 

 

 

2. SPH FORMULATION FOR SOLID FLOWS 

 

Basic principles of the SPH method were introduced by 

the Monaghan in astronomical physics issues [23]. This 

method was expanded to solve fluid mechanics [24] and 

solids problems [25]. So far, many authors used this 

method to solve mechanical problems such as dynamic 

elastic problems [26] and plastic deformations [27], 

high velocity impact [28] and cold rolling process [29]. 

The integral representation of the function  f(x) at xi is: 

)1(       i if x f x W x x dA


  

Where Ω is integration area on A and W is kernel 

function. The derivative of the Equation (1) is 

     i

i

W x xf
x f x dA

x x

 
 

   
(2) 

The integral representation of Equation (2) at discrete 

area is a summation of  
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Therefore derivative of the function f at xi of particle i is 

approximated by summing the fj (the value of function f 

at particle j as the neighbor of particle i) where Aj is 

area of  a particle j and equals to mj/ρj, mj and ρj are 

mass and density of particle j. By using these 

definitions, Equation (4) is derived from Equation (3). 
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Where Wij=W(xi-xj). 

Mass conservation Equation (5) is expressed in particle 

summation as Equation (6) using particle approximation 

of Equation (4). 
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Where βϵ{x,y}, t is time and v is velocity. The 

momentum conservation Equation (7) is expressed in 

particle summation as Equation (8) using particle 

approximation of Equation (4). 
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where αϵ{x,y}, σ is stress and the particle 

approximation of strain rate is:  
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3. ANALYZING ORTHOGONAL CUTTING WITHOUT 

COOLING PROCESS 

 

The temperature of chip-tool interface was measured 

[16] using thermal imaging during the orthogonal 

cutting process of the Ti-6Al-4V while depth of cut, 

rake angle, cutting speed and feed rate were 1.9 mm, 4 

degrees, 750 mm/min  and 0.15 mm/rev, respectively. 

Table 1 shows the mechanical and physical 

properties of material of this cutting process. Such as 

elastic modulus, Poisson ratio, density, specific heat 

capacity, the melting point and conductivity coefficient.  
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TABLE 1. Work-piece and cutting tool material 

properties [27] 

Property Work piece Tool 

Density, ρ (kg/m3)  4430 7800 

Elastic modulus, E (GPa)  110 200 

Poisson’s ratio, v .33 .3 

Specific heat, Cp (J/kg°C)  670 - 

Thermal conductivity, k (w/m°C) 6.6 - 

Tmelt (°C) 1630 - 

Troom (°C) 25 25 

Elastic bulk modulus, K (GPa)  107.84 - 

 

 

The cutting tool was assumed a rigid body because its 

deformation is too small in comparison with work-

piece. According to this assumption, the cutting tool and 

work-piece were analyzed by FE and SPH method, 

respectively.  

The Johnson-Cook constitutive model of work-piece 

is:  

(11) 
* *[ ][1 ln ][1 ]n mA B C T     &

  

where the parameters A, B, m, n, C are material 

constants and ε is the equivalent plastic strain, έ* is the 

dimensionless parameter of the plastic strain rate and it 

is defined as έ*= έ/1 (s-1), T* is the dimensionless 

parameter of temperature, which is calculated from the 

following equation: 

(12) 
* room

melt room

T T
T

T T


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
  

Two set of the parameters A, B, m, n, C are given in 

Table 2. 

Cutting parameters such as feed rate, cutting speed, 

depth of cut and rake angle of cutting tool are given in 

Table 3. 

 

 

TABLE 2. Johnson-Cook constitutive model parameters 

of Ti-6AL-4V [30] 

Set A (MPa) B (MPa)  n C m 

Set 1 1098 1092 0.93 0.014 1.1 

Set 2 862 331 0.34 0.012 0.8 

 

 

TABLE 3. Cutting parameters and tool geometry [16] 

Feed rate, f (mm/rev)  0.15 

Cutting speed, Vc (mm/min)  750 

Depth of cut, D (mm) 1.9 

Rake angle, α (deg) 4 

The FE model of cutting tool with the SPH model of 

work-piece is shown at Figure 1 using parameters of 

Table 3. The lower boundary of work-piece is fixed like 

the experimental test. 

 

 

4. ANALYZING ORTHOGONAL CUTTING WITH 

COOLING PROCESS 

 

The work-piece of Ti-6AL-4V and rigid steel cutting 

tool are modeled using SPH and FE method respectively 

at Figure 2. Cutting speed and feed rate are 300 m/min 

and 4 mm/rev. The time of simulation starts from 

entering the cutting tool to steady state of process. 

The cutting process of Figure 2 was investigated 

with different number of particles in the volume of the 

work-pieces. The cutting force with different number of 

particles is shown at Figure 3. 

Based on Figure 3, cutting force with 1.1 particles 

per unit volume (mm3) is converged. The numerical 

value of the force with 2 particles per unit volume 

(mm3) is very close to 1.1 particles but solution time 

was almost doubled. Therefore 1.1 particles per unit 

volume (mm3) is chosen with reasonable accuracy and 

suitable time of solution. 

 

 

 
Figure 1. Modelling work-piece and cutting tool of dry 

orthogonal cutting process using particule and elements 

respectively 
 
 

 
Figure 2. Tool, SPH particles, dimensions and boundary 

conditions of the woke-piece 
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Figure 3. Converging cutting force based on the number of 

SPH particles of work-piece 
 

 

It can be assumed that the volume of water with 

constant temperature is flowing on the work-piece. 

Adding cooling process to Figure 2 was simulated by 

inserting SPH particles of water at top of SPH particles 

of work-piece as shown at Figure 4. The feed rate of 

Figure 4 is same as Figure 2 and the cutting speed is 300 

and 500 m/min.  

 

 

5. RESULTS AND DISCUSSION 

 

5. 1. Results of Analyzing of Non-Cooling 

Orthogonal Cutting Process        According to Figure 

5, the maximum temperature of the experimental non-

cooling orthogonal cutting process [15] is 

approximately 200 ℃ on chip-tool interface. 

According to Figure 6, The maximum temperature 

on chip-tool interface of the numerical model is 215 °C 

using set 2 of Johnson-Cook constitutive model 

parameters at the Table 2. The error of numerical 

temperature is 7.5% according to the experimental 

results. 
 

 

 
Figure 4. Cooling the orthogonal cutting process 

 
Figure 5. Colored final version of  the IR image captured 

during the non-cooling orthogonal cutting process [16] 
 
 

 
Figure 6. Temperature distribution at chip and work piece 

using set 2 of Johnson-Cock constitutive model parameters of 

Table 2. 
 

 

Figure 7 shows three states of non-cooling 

orthogonal cutting process using set 1 of Johnson-Cook 

constitutive model parameters at the Table 2. The 

particles of the machined surface are connected with 

white lines. 

The temperature of machined surface of Figure 7 is 

shown at Figure 8. According to this figure, the 

temperature of the machined surface initially equals to 

room temperature or 20°C. It increases to the maximum 

temperature then decreases and converges to a constant 

value. Based on Figures 7 and 8, the maximum 

temperature occurs after the formation of an indentation 

at the machined surface and decreases while the cutting 

tool moves far away from this point. 

The temperature on chip-tool interface is shown at 

Figures 9. According to this figure, the temperature 

increases to the maximum value then it decreases and 

converges to a constant value. Peak temperature 

approximately repeated every 40 msec. 

The maximum temperature of Figures 8 and 9 is 

between 305℃ to 335℃ and 385℃ to 437℃ on 

machined surface and chip-tool interface respectivly. 
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Figure 7. Configuration of machined surface of non-cooling 

orthogonal cutting process using set 1 of Johnson-Cook 

constitutive model parameters at the Table 2. 
 

 

 
Figure 8. The temperature of the points on machined surface 

 

 

The numerical temperatures are obtained while the 

coefficient of friction is 0.2. The temperature decreases 

using lower coefficient of friction. 

 

5. 2. Results of Analyzing of Orthogonal Cutting 

With Cooling Process       The influences of 

temperature and speed of water flow on the temperature 

of machined surface and chip-tool interface are 

investigated in Figures 10 to 13 while the cutting 

velocity is equal to 300 and 500 m/min. The speeds of 

water flows are 0.25, 0.5 m/s with temperature 10 and 

20°C. Also temperature on machined surface and chip- 

 
Figure 9. Temperature of particles on chip-tool interface 

 

 

tool interface of non-cooling cutting process are added 

to Figures 10 to 13.  

The word “dry” at these figures is the result of non-

cooling cutting process and the letters “T” and “V” are 

temperature and speed of water flow respectively. The 

vertical axis starts from 20℃, it means that initial 

temperature is equal to room temperature.  

Based on Figure 10, the temperature of machined 

surface increases with entering the cutting tool and 

converges to constant value in steady state of the 

process. The steady state temperature is 130°C without 

cooling process and it decreases to 104-107°C with 

cooling. The flow of water with low speed is more 

affecting on temperature of machined surface. The 

influence of water flow velocity is higher than its 

temperature. 
 

 

 
Figure 10. Effect of water flow on temperature of machined 

surface at cutting speed=300 m/min 
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The steady state temperature of non-cooling cutting 

process is 570°C at Figure 11 and it is 198-204°C with 

cooling process. Cooling process decreases the 

temperature of chip with ratio 0.35. The life of cutting 

tool increases as decreasing temperature on chip-tool 

interface. According to this figure, water flow at room 

temperature causes high decreasing in amount 

temperature on chip-tool interface. 

According to Figures 10 and 12, the cooling process is 

more affective on machined surface temperature of 

orthogonal cutting with 300 m/min cutting velocity than 

500 m/min. 

 

 

 
Figure 11. Effect of water flow on temperature of chip-tool 

interface at cutting speed = 300 m/min 
 

 

 
Figure 12. Effect of water flow on temperature of machined 

surface at cutting speed=500 m/min 

According to Figures 11 and 13, flow of water with 

low and high velocity considerably decreases the 

temperature on chip-tool interface with cutting velocity 

300 and 500 m/min respectively.   

Cutting force of non-cooling orthogonal cutting 

process and cooling one with water flow are compared 

at Figure 14. In this figure velocity of water flow is 0.25 

m/s and temperature of that is 20°C. According to this 

figure, cutting force decreases using cooling process. 

 

 

 
Figure 13. Effect of water flow on temperature of chip-tool 

interface at cutting speed = 500 m/min 
 

 

 
Figure 14. Cutting force of cooling and non-cooling 

orthogonal cutting process 
 

 

6. CONCLUSION 

 

In this paper the effect of temperature and velocity of 

water flow on orthogonal cutting process of Ti-6Al-4V 
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was investigated using SPH method. The results of the 

simulation using SPH method were validated by 

experimental results.  

Temperature of orthogonal cutting process increases 

by entering cutting tool then converges to constant value 

as the process remains at steady state. The converging 

temperature at machined surface is lower than chip-tool 

interface. Temperature of machined surface and chip-

tool interface at non-cooling orthogonal process are 

higher than process with cooling. The influence of 

cooling process on chip-tool interface is higher than 

machined surface. Cooling orthogonal cutting with 

water flow (low velocity and 20°C) decreases 

temperature and cutting force. 
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