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Stainless steel materials are widely used in many industries today. Most of these
materials are machined by turning. Modeling the temperature in the metal cut-
ting process is a crucial step in understanding and analyzing the metal cutting
process. However, when turning parameters are not chosen carefully, the integri-
ty of the material deteriorates and the desired machining quality cannot be
achieved. In this study, the effects of turning parameters on cutting temperature
and force were investigated. Cutting speed, feed rate, and depth of cut were used
as variable parameters for temperature and force analysis. Numerical analyzes
were performed in ANSYS Workbench in accordance with the boundary condi-
tions. Therefore, temperature distribution and cutting force were evaluated. As
the control parameters increase, both the temperature and the cutting force in-
crease. As a result, it can be considered that AISI 316 is the best choice for stain-
less steel alloy, since the minimum cutting speed, feed rate and minimum depth of
cut conditions reduce the temperature formed in the cutting tool.

Key words: AISI 316 stainless steel, cutting force, cutting temperature,
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Introduction

The most important and indispensable element of the machining industry is un-
doubtedly the cutting tools. Cutting tools used in all areas of the manufacturing sector directly
affect the processing cost and production speed. The improvements in machining, the increase
in cutting speed and feed rates day by day, the use of different materials in production and the
development of machine tools have also led to the development of cutting tools. Today, the
cutting properties of carbide tools have been significantly improved. Excellent combinations
of alloying elements and heat treatments give this material excellent hardness and good
toughness as well as wear resistance properties. As a result of technological developments,
carbide tools that are coated and produced with powder metallurgy are used intensively today
[1, 2]. Machinability has a very important place in the evaluation of the performance of cut-
ting tools. Machinability parameters include the quality of the machined surface, the tempera-
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ture occurring during cutting, tool wear and force. The chip formation mechanism, in which
machinability is mainly affected, is actually a very complex subject that brings together dif-
ferent branches of science (thermodynamics, plasticity, heat transfer). The heat generated
during metal cutting is significant enough to affect the plastic deformation of the workpiece
material as well as the cutting edge. Although softening and local ductility are required for
machining hard materials, the heat generated has a negative effect on tool life and perfor-
mance, and control of the cutting temperature is necessary to achieve optimum tool perfor-
mance [2, 3]. For this reason, it is sometimes not possible to experimentally measure every
parameter that occurs during cutting. Particularly, the finite element method is a widely used
numerical analysis method for estimating some data (strain rate, tool stresses, tool-chip con-
tact length and temperature distribution in the tool) during cutting. However, obtaining more
realistic and experimental results from finite element solutions depends on the material model
used and the friction conditions close to the friction conditions in real cutting conditions [4,
5]. When the studies on this subject are evaluated in general, it is seen that the Johnson-Cook
material model is used more appropriately in the cutting process simulations [6-8].

In this study, the effects of depth of cut, feed rate and cutting speed parameters on
the temperature and cutting forces at the tool-chip interface were investigated. In order to
perform the turning operations in orthogonal conditions are modelled with the finite element
method.

Material and method

In this study, the thermal variations and cutting forces at the tool-chip interface
were investigated by simulating the turning process of AISI 316 steel in ANSYS Work-
bench. In order to analyze, a workpiece with a diameter of 40 mm and a height of 30 mm,
whose material properties are given in fig. 1 due to temperature variation, was preferred.
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Figure 1. Mechanical properties of AISI 316 stainless steel; (a) density, specific heat via temperature
and (b) poisson’s ratio, Young’s, bulk, shear modulus via temperature

The CCMT 09 T3 04-WM 4215 insert tool was used for turning. The explicit
method is applied in finite element calculations. Time iterations are controlled by the
ANSYS Workbench auto-increment technique. The cutting tool and workpiece model
102880 nod has element number 111927. The 0.1 mm tetrahedron element model was
preferred for the cutting tool tip radius, and the Hexahedron element model was preferred
for the workpiece, fig. 2. A 3-D unified thermomechanical model was created for the
finite element analysis. In the transient thermal analysis, SOLID87 Tetrahedral Thermal
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Solid structured elements containing 10 nodes used for 3-D heat transfer in the ANSYS
program were used, fig. 2. This mesh structure has the ability to conduct heat in three
dimensions and is preferred for both steady-state and transient analysis. It is very useful
for transferring thermal calculations between nodes when it comes to structural analysis
and is the most preferred type [9]. In the structural analysis of the temperature obtained
from the thermal analysis using the mesh [10], these elements can be applied to the nodes
as volumetric forces. According to the graph seen in fig. 3 previously reported in the lit-
erature, the number of mesh elements corresponding to the region after the intersection
point of the temperature and solution time curves is reported as inefficient [11]. For this
reason, the number of approximately 102880 elements before the intersection point was
chosen as the optimum value for the analysis.

Figure 2. Mesh model of the cutting tool and workpiece
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Figure 3. Confirmation study of the effect of mesh size on results

For the cutting speed parameter boundary condition, the rotational movement of
the workpiece is applied at different cutting speeds, with the z-axis in fig.4 as the refer-
ence. The feed rate is modeled in the z-axis direction in fig. 4, with the machining param-
eters values given in tab. 1.

The cutting depth is provided by shifting the contact distance between the tool
and the workpiece from the Geometry module. A total of 27 separate analyzes were per-
formed for each cut-off level model. Thus, thermal variations and cutting forces occurring
in the tool and workpiece were obtained.
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Figure 4. Orthogonal cutting model

Table 1. Experimental conditions of AISI 316

Factor Level
Cutting speed, [m min™] 120 — 150 — 180
Feed rate, [mm rev’] 0.3-05-0.7
Depth of cut, [mm] 1-2-3

Results and discussion

During machining operations, thermal properties are important for tool life and de-
formation. High temperatures in the cutting process affect the tool and workpiece surface
quality. The heat generated as a result of mechanical forces depends on the cutting conditions.
Due to the friction in the chip slip zone and the tool rake surface, the temperature increase and
as a result tool wear occur, and the tool life is also reduced [12]. One of the most important
parameters affecting the temperature during cutting is the cutting speed.

In figs. 5(a)-5(c), changes in cutting tool temperatures and cutting forces depending
on cutting speeds at 1 mm, 2 mm, and 3 mm depth of cut and 0.3, 0.5, and 0.7 [mm rev'] feed
rate, respectively, are given. When fig.5 is examined, it is clearly observed that with the in-
crease in cutting speed, the temperature at the tool tip and the cutting force increase. Here, the
maximum temperature occurring in the tool at maximum cutting speed is 1147 °C, as shown
in figure. The 180 [m min™] cutting speed at fig. 5(c), 0.7 [mm rev’'] feed rate and 3 mm
cutting depth parameter values were obtained. These values are the maximum parameter lev-
els used in the model. On the other hand, the lowest tool temperature was obtained at 137.48
°C with 120 m min™* cutting speed, 0.3 [mm rev™] feed rate and 1 mm cutting depth parame-
ter values in fig. 5(a). Thus, in the finite element model presented, the maximum tool tem-
perature at the maximum levels of the active parameters and the minimum tool temperature at
the minimum levels have emerged. This result is similarly obtained in real experiments. As it
is known, the cutting speed and the temperature change are directly proportional. In other
words, with the increase of cutting speed, the temperature also increases [13]. Because, de-
pending on the increasing cutting speed, the strain rate in the first deformation region also
increases [14]. The high strain rate causes high heat generation during chip removal and thus
the temperature increases [13, 15]. The tool temperature also increases with increasing depth
of cut. This situation also agree with real experiments [16, 17].

In addition to the cutting temperature, the cutting force values increased with in-
creasing feed rate and depth of cut. This is consistent with [18]. As can be mentioned from
fig. 5, maximum numerical cutting force of 1288 N and 180 [m min™] cutting speed were
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obtained with 0.7 [mm rev™'] feed rate and 3 mm pass amount parameter values. The lowest
cutting force was obtained as 380.48 N with a feed rate of 0.3 [mm rev™'], a depth of cut of 1
mm and a cutting speed of 120 [m min™].
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Figure 5. Effect of cutting speed on
temperature and cutting force;

(2) 1 mm depth of cut, (b) 2 mm depth of cut,
and (c) 3 mm depth of cut

Cutting temperature [
(o2}
o
o
Cutting force [N]

In addition, the temperature and cutting force variation depending on the feed rate
are also given in figs. 5(a)-5(c). It is observed in all analysis results that the temperature
formed with the increase of the feed rate increases. The effect of the feed rate on the tool tem-
perature is more pronounced at high cutting speeds [3, 13, 19]. This increase in temperature
with increasing feed rate is due to the increase in metal removal rate as the cutting energy
increases with the metal removal rate. The increase in temperature promotes plastic defor-
mation at the bottom of the cutting tool, which leads to further stretchable plastic deformation
[20]. With increasing depth of cut and feed rate, the tool-chip contact area and the volume of
material removed increase and therefore the main cutting force increases [21]. However, plas-
tic deformation hardening occurs in austenitic stainless steels with increasing strength [22].

Conclusion

As a result, in this study, the turning process, which is one of the traditional machin-
ing methods today, can be modeled in the ANSYS finite element program and accordingly,
the following conclusions can be drawn in the light of the information obtained within this
modelling.

e The temperature and cutting forces increased with the increase in cutting speed.

e The temperature and cutting forces increased with the increase of feed rate.

e Temperature and cutting forces increased with increasing depth of cut.

e It has been observed that the most effective parameter in the temperature increase is the
cutting speed.

e The FEM-based simulation models for commercially available software can be used for
detailed estimates of temperature and cutting force distributions for these machining pro-
Ccesses.
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