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Abstract 
 

Machining can have a significant effect on the properties of machined parts of different equipment during their 
production. This paper is on the effect of vertical angle and cutting speed on temperature and stress.  Using computer 
modeling values of these parameters were identified. Using the least squares method and a factorial computer experiment 
the dependence of peak values of temperature and stress is shown. 
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1. Introduction 
 
The machining process of industrial alloys is a one of the 
most important manufacturing processes among the whole 
range of parts manufacturing of modern machinery. The 
process indeed often forms the final microstructure and 
internal stress and strain fields especially near the surface.  

Most papers on modeling of machining focus on the 
wear of tool and the chip formation. They have data on  
[1-4]: evolution of the cutting force, von Misses stress, 
forming parameters of chips among other. The study of the 
properties of cut samples, their formation and evolution have 
not been studied yet.  

In these days improved materials with ultrafine 
microstructures are being used in industry increasingly. It is 
It is very important to keep the microstructure of these 
materials and their unique features during manufacturing. 
And it is well known, that big values of strains and 
temperature might result in recrystalization processes. Tool 
angle and its speed have great effect on these 
characteristics [5]. Thus requirements arise for the process 
parameters, where, for example, temperature should not 
exceed a maximum value, as it grains will grow. 

This paper is on numerical modeling of cutting A2024 
aluminum alloy. The Transvalor FORGE package was used. 
The effects of cutting speed and cutting tool angle on 
temperature, stress and strain were studied. 
 
 
2. Computer model 
 
The computer model developed is shown in Fig.1.The 
sample has a rectangular cross section with dimensions 14.5 
х 14 mm, which is cut to a depth of cut of 0.5 mm. The 
cutting tool moves with a constant speed along the 
horizontal axis parallel to the surface of the sample. The 

bottom edge of the sample is fixed in space. The effect of 
friction is neglected. The heat exchange between sample and 
the cutting tool and between the sample and the environment 
is neglected too. The Table 1 lists the material properties of 
the sample. 
 Preliminary calculations showed that in the area of 
cutting the element size should be at least twice smaller than 
the depth of cut. Therefore the finite element mesh contains 
five areas with different size of elements (from top to 
bottom): 
 

• edge size 0.1 mm. 
• edge size 0.25 mm.  
• edge size 0.5 mm. 
• edge size 1 mm. 
• edge size 2 mm. 

 
Fig. 1. FEM 2D-model in the Transvalor FORGE package. Different 
mesh zones and direction of cutting tool movement are shown. 
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Table 1. Material properties 
Parameter Value 
Density, ρ(kg/m3) 2800 
Young modulus, E (GPa) 73 
Poisson coefficient,ν 0.3 
Heat capacity, cp(J/kg °C) 1230 
Thermal conductivity,  
λ (W/m °C) 

250 

Troom(°C) 20 
 

There were two sets of values of the cutting speed and 
vertical angle (see Fig.2 for explanation) selected to 
investigate their effect on the temperature field and stress 
distribution in the sample. The values are: 

 
• cutting speed (m/s): 0.1, 0.3, 0.5, 0.8, 1, 1.5; 
• cutting tool vertical angle (degrees): 0°, ±3°, ±5°, 20°, 

40°. 
 

 
Fig. 2. Cutting tool vertical angle 
 
 

All analyses were performed with Transvalor FORGE 
2011 package. Calculations were stopped when the cutting 
tool reached an offset of 12.7 mm from the start. This 
decision was made to avoid distortions from the catastrophic 
destruction of the material on the right edge of the sample, 
especially during high values of cutting speed. 

 
 
3. Effect of the cutting speed 

 
Figure 3 compares the temperature field for the lowest and 
largest cutting speed at an angle 0°. It can be seen that 
increasing the cutting speed increases the temperature of 
chips too. For low speed the temperature field has an 
ellipsoid form and penetrates deeply in the sample. In case 
of large speeds the maximum temperature is located near 
surface and temperature has a more flat and elongated form.  

 
Fig. 3. Temperature in the sample for a cutting tool angle α = 0°, and 
cutting speed 0.1 m/s (top) and 1.5 m/s (bottom).  

 
Fig. 4. Study lines to plot temperature and stress. 
 

Figure 5 shows depicts temperature along AC (see 
Fig.4), which is located at a distance of 0.1 mm away from 
the freshly cut surface, when the cutting tool stops. Close to 
the cut zone temperature increases. As cutting speed 
increases peak temperature in it increases as well. It can also 
be seen, that for high values of speed (greater than 0.5 m/s) 
peak temperature rises slowly, which may indicate reaching 
a plateau of peak temperature [4, 6]. The plots show the 
same temperature far away from the cutting zone, due to 
heat transfer into the rest of the sample. The temperature for 
the highest speed has non-monotonic character because of 
the increased material damage in the cutting zone [4]. 
During cutting pieces of material can break off and surface 
notches and burrs can form. 
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Fig. 5. Temperature along line AC for different values of cutting speed. 
 

From a development point of view it is very important to 
know the depth of heating of the sample and the maximum 
temperature reached inside the sample. Figure 6 shows 
temperature along AD, BE and CF (see Fig.4) for different 
values of cutting speed. It can be seen, that far depth of heat 
penetration has evident dependence on the speed value. The 
temperature of the whole sample increases by 3-5 degrees 
and is relatively uniform far away from the cutting zone. 
Closer to the cutting zone, a layer of 1-2 mm width shows 
increased temperature at a steep gradients, which is very 
important.  

High temperatures and steep gradients produce large 
residual stresses. When machining materials with an 
ultrafine structure this can increase grain size and eliminate 
the ultrafine structure. These changes can take place only 
close to the cut surface within a  depth of 1-2 mm, while 
surface defects often cause destruction of parts, which 
requires the selection of parameters that will provide good 
surface quality and keep the original microstructure.  

 

 
 

 

 

 
Fig. 6. Temperature along AD (top), BE (middle), CF (bottom) for 
different cutting speeds. 
 
 

Figure 7 shows the stresses  close to the cut surface for 
different cutting speeds. The maximum stress increases with 
cutting speed, but is not as pronounced as with temperature. 
On the other hand residual stresses do not depend on speed. 
High values of temperature and stress close to the cutting 
zone might result in dynamic recrystallization. Then value of 
the cutting speed has great effect on temperature distribution 
in the sample and on peak values of stresses and temperature 
in a cutting zone. 

 

 
Fig. 7. Stress distribution along AC (see Fig.3) for different cutting 
speeds. 
 
 
4. Effect of the cutting tool vertical angle 
 
Another important parameter is the vertical angle of the 
cutting tool. All previous analyses were performed for a 
cutting tool at a vertical angle 0°. The following analyses we 
performed for a constant speed at different vertical angles of 
cutting tool.  

In Fig.8 it can be seen from the lowest and highest 
cutting speed that an increase in cutting speed produces non 
uniform heating of the sample and cut surface. Increasing 
the vertical angle decreases maximum temperature at the 
cutting zone and the average temperature in a sample. This 
effect holds for both slow and fast cutting speeds. 
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Fig. 8. Temperature along AC (see Fig.3) for different vertical angles of 
the cutting tool. 
 
 

For slow cutting speeds (Fig.9) increasing the cutting 
tool angle increases stress levels, but for fast cutting speeds 
stress distribution shows the opposite behavior: where 
increasing the vertical angle decreases the maximum stress. 
For both cases changes in the vertical angle has a negligible  
effect on residual stresses. 

 

 
 

 
Fig. 9. Stress along AC (see Fig.3) for different vertical angles of the 
cutting tool. 

 
 
5. Factorial experiment 
 
There is no discernible effect of the cutting parameters on 
stress and temperature. The employment of a factorial 
experiment will allow building a mathematical expression 
for the relationship of peak stress and temperature with 
cutting speed and vertical angle. 

If a linear form of dependence is assumed, then functions 
will be: 

 
vabbvbbT 12210],[ +++= ασ    (1) 

 
where v – the cutting speed, α – the vertical angle of cutting 
tool.  

Table 2 contains values of factors’ levels for 3k factorial 
experiments. A total of 9 simulations will be required.   
 
Table 2. Values of factors 

Level Cutting 
Speed, m/s 

Vertical 
Angle, 
degrees  

v α 
High 

Middle 
Small 

1.5 
0.8 
0.1 

40 
20 
0 

 
In order to simplify factors will be normalized as follows: 
 

],[

0],[],[],[
α

αα
α

vI
vvv −

=  

 
where ],[ αv  – a value of a factor in the new variables, 

],[ αv  – original value of factor, 0],[ αv  – original value of 
factor for the base level, ],[ αvI  – interval of variety. The 
factorial experiment matrix is shown in Table 3.  
 
Table 3. Factorial experiment matrix 

Number  v α σ, MPa T, °C 
1 
2 
3 
4 
5 
6 
7 
8 
9 

-1 
-1 
-1 
0 
0 
0 
1 
1 
1 

-1 
0 
1 
-1 
0 
1 
-1 
0 
1 

64.07 
62.99 
59.67 
62.85 
59.78 
54.17 
73.03 
64.57 
59.96 

62.84 
52.86 
42.04 

114.62 
85.90 
60.32 

125.15 
94.20 
66.71 

 
To find coefficients of Eq.1 the least squares method was 

used: 
 

( )( )∑
=

→−=
9

1

2 .min,],[],[
i

iii vTTU ασσ  

 
And the following functions for temperature and stress 

were identified with cutting speed and cutting tool vertical 
angle as variables: 

 

03.6563.1181.487.8
06.7282.2834.2611.17

+−+−=

+−+−=

αασ

αα

vv
vvT   (2) 
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As all factors in Eq.2 are normalized, then the effect of 
cutting parameters is determined by the coefficient in 
multiplications. From analysis of Eq.2 it follows, that the 
strongest effect on peak stress and temperature is from the 
vertical angle of the cutting tool and its increase reduces 
stress and temperature. For fast cutting speeds (v > 1 m/s) 
the associated effect of speed and angle becomes 
pronounced.  

 
 

6. Conclusions 
 
A 2D numerical model of cutting was developed. From the 
calculations of the analyses the following conclusions have 
been reached: 

• Increasing cutting speed affects proportionally 
temperature near the cut surface and its maximum 
value.  
• Increasing the vertical angle of the cutting tool 
decreases temperature, with this effect being stronger 
than that of cutting speed. 
• For slow cutting speeds peak stress increases with 
increasing the vertical angle of the cutting tool. For 

high values of speed (v > 1 m/s) stress decreases with 
increasing the vertical angle of the cutting tool. 

Thus the orientation and speed of the cutting tool has a 
great effect on the final characteristics of the volume of the 
material close to the surface. Results of the factorial 
experiment can be used to determine the optimum 
parameters of the cutting process and avoid overheating or 
overstressing the parts.  
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