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1. Introduction

White layers formed in machining are characterized by their
relatively high hardness and low ductility. They are responsible 
for increased formation and propagation of cracks, and 
consequently, a decrease in the fatigue life of dynamically 
loaded components. The white layer is formed dominantly due 
to thermally-induced phase transformation that occurs at high 
temperature during machining [1]. Therefore, it is critical to 
simulate the machining process and accurately predict the 
temperature rise at the tool–workpiece interface and the 
microstructure evolution of machined surfaces. 

Most research has made use of the plane strain condition of 
the turning process to simulate it as a 2D problem. However, 
the plane strain condition cannot always be assumed, especially 
when the geometries of the tool and the workpiece are complex 
and can only be correctly simulated in 3D. However, 3D 
simulation requiring large number of elements is usually 
computationally expensive. Some researchers employed the 
Arbitrary Lagrangian Eulerian (ALE) method to simulate 3D 

hard turning. This method requires a predefined initial chip
geometry. Arrazola and Özel [2] first run a few steps with 
manual remeshing and interpolation. When the steady state 
with the final contact length was reached, the ALE method with 
Eulerian boundaries was then applied to reach the final state. 
This method was also used by Attanasio et al. [3] and was 
compared with the conventional incremental Lagrangian (IL)
method. The ALE method was much faster but produced less 
accurate results compared to the IL method. Other researchers
have applied the explicit finite element method (FEM) to reduce 
the computational time [4, 5]. Iynen et al. [5] coupled the 
explicit FEM with chip formulation using an element deletion 
technique and mesh quality enhancement using ALE.
Advanced software packages with adaptive remeshing 
capability, such as AdvantEdge or Deform, were also employed 
to facilitate the 3D simulations [6-9].

To deal with practical hard turning operations, this research 
has focused on 3D modelling and simulation of turning 
operations to consider the complex geometric features of the 
workpiece and the use of round cutting tool inserts. 
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The FE process model incorporates Voce-Johnson Cook 
constitutive law and hardness-based microstructural evolution. 
The predicted cutting forces, temperature profile, and 
microstructure evolution were validated against the results 
obtained from hard turning experiments of AISI-52100. The 
effect of the cutting speed and feed rate on the microhardness 
distribution in the subsurface layer of the machined surface, and 
the while layer formation were investigated. To significantly 
reduce the computational time, the 3D model was reduced to a 
2D model that accounts for the variable uncut chip thickness.
The results showed the accuracy of the process simulation and 
the validity of the proposed approach to improve the 
computational efficiency using a 2D model. Process 
optimization using the proposed model to avoid white layer 
formation is demonstrated.

2. Experimental Work

The turning experiments were conducted using AISI 52100 
workpiece and a round ceramic insert with chamfered and 
rounded edge (CeramTec RNGN 120400 S-S WXM255) as 
shown in Fig. 1. A negative rake angle of -8.5° was provided 
by the tool holder. Flood coolant was applied at pressure of 
0.38 MPa and flow rate of 6.4 L/min. Cutting forces were 
measured using Kistler dynamometer model 9121 attached to 
the tool holder.

An initial cutting pass was performed to ensure a uniform 
depth of cut (0.3 mm), which was used for all the tests. The 
cutting speeds and feeds applied in the experiments are shown 
in Table 1. 

Table 1. Cutting conditions. 

Test Feed (mm/rev) Cutting speed (m/min)

1 0.17 200

2 0.17 150

3 0.17 100

4 0.23 150

5 0.3 150

After the turning experiments, the microstructure of the 
machined surface was examined to determine its properties. 
The workpiece was sectioned into small samples by wire 
electrical discharge machining as shown in Fig. 2a. These 

samples were mounted into phenolic resins as seen in Fig. 2b.
The mounted samples were then ground, polished, and etched 
with Nital 2% to reveal the microstructural grains, which could 
be observed through microscope (Olympus GX 71) at the 
magnification factor of 100x. The white and dark layers were 
measured at various locations along the machined surfaces.  

Fig. 3 shows an example of white and black layers using a 
sample from Test 2.

3. Finite element modeling

3.1. 3D simulation 

The turning process was modelled in 3D using DEFORM-
3D V13.0 software [10]. The geometries of the tool and 
workpiece were imported into the software. 

The workpiece was modelled as a rigid-plastic object. The 
closer to the contact with the tool, the finer was the mesh in 
order to capture the large temperature gradient near the contact 
zone. The element size ranged from 0.01 to 1 mm. The tool was 
modelled as a rigid object with the minimum mesh size of 0.02 
mm around the contact region with the workpiece. The model 
is shown in Fig. 4.

The workpiece was constrained in all three directions at the 
bottom surface and the tool was set to move along the cutting 
direction at the given cutting speed. All surfaces of the 

round ceramic 
insert

Fig. 1. Experiment set-up.

a b

Fig. 2. Samples (a) before mounting; (b) after mounting.

Fig. 3. Microscopic photo of a sample from Test 2.

Fig. 4. 3D Finite Element model.
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workpiece and tool were set to exchange heat with the 
surrounding. 

The thermo-mechanical properties of workpiece and tool 
materials are shown in Table 2. 

Table 2. Properties of workpiece and tool materials. 

AISI 52100 WXM 255

Thermal conductivity (W/mK) 24.5 30

Specific heat (J/kgK) 637 774

Density (kg/m3) 7850 3800

Emissivity 0.7 0.03

The plastic flow stress of AISI 52100 was expressed by the 
modified Johnson Cook model coupled with Voce hardening 
law [11]. Orthogonal cutting tests were carried out to identify 
the material constants using the methodology developed by the 
authors [12, 13]. The identified material model is expressed as: 

  

(1)

where 𝜎𝜎 is the flow stress, 𝜀𝜀 and 𝜀𝜀𝜀 are the effective strain and 
strain rate, respectively, 𝑇𝑇0 = 20°C (room temperature), 𝑇𝑇𝑚𝑚 =
1424°C is the material melting point, and 𝜀𝜀0̇ = 10−3 s-1 is the
reference strain rate. 

The friction at the tool-chip interface was modelled as 
constant shear friction. To determine the friction coefficient ,
the simulation of a single combination of cutting conditions 
was repeated with a friction coefficient ranging from 0.65 to 
0.85 and the resulting simulated force was compared with the 
experimental force measurement. The friction coefficient of 
coefficient  = 0.85 was selected for the remaining simulations. 
As will be shown in in section 4.1, the maximum prediction 
error for all the five cases is < 15%. The heat transfer 
coefficient between the tool and workpiece was 100 kW/m2 °C
as most cutting speeds can be modelled accurately using this 
value [14].

3.2. 2D simulation 

Despite its accurate simulation of the turning process, the 
3D finite model is computational expensive and each run takes 
around 3-4 days using a computer with Intel i7-5820L 
CPU@3.3GHz, 6 cores and 48GB RAM. Therefore, the 3D 
model was simplified into 2D to reduce the simulation time. 
This reduction in computational cost allows the finer mesh size 
in 2D simulation, enabling the modelling of microstructure 
transformation. 

Due to the geometry of the cutting insert, the uncut chip 
thickness varies along the cutting edge. At any location along 
the curved machined surface, the uncut chip thickness could be 
computed and applied into a 2D model as shown in Fig. 5. The 
uncut chip thickness can be expressed as a function of the 

cutting feed and vertical distance from the centre of the insert 
to the contact with the workpiece as follows: 

where R is the tool’s radius, f is cutting feed and h is the vertical 
distance from the centre of the insert to the contact with the 
workpiece. The angle θ is determined as follows: 

(3)

Similar to the 3D model, the region of the workpiece near 
the tool also had much finer mesh than other regions. The mesh 
in 2D model was much more refined than in 3D model to 
facilitate the simulation of microstructural evolution. Such fine 
mesh is not feasible in 3D models as it would be too time-
consuming. The mesh size ranged from 0.0005 to 4 mm for the 
2D model. The bottom of the workpiece was constrained in 
both directions and the tool was set to move at the cutting 
speed. The materials and inter-material’s properties were the 
same as the 3D model. The 2D model is shown in Fig. 6. 

In order to simulate the formation of white and black layers, 
a hardness-based microstructural transformation model [15] 
was applied for every element of the workpiece. 

The white layer is formed when the temperature exceeds the 
austenite-start temperature. The hardness of the white layer is 
updated as: 

𝜃𝜃 = sin−1 (ℎ
𝑅𝑅)

𝜎𝜎 = (1195 − 548𝑒𝑒−2.01𝜀𝜀) (1 + 0.05 ln 𝜀𝜀̇
𝜀𝜀0̇

) 

 [1 − ( 𝑇𝑇 − 𝑇𝑇0
𝑇𝑇𝑚𝑚 − 𝑇𝑇0

)
0.736

] 

Fig. 8. Temperature distribution below the machined surface

Fig. 5. Simplifying the 3D model into a 2D model.

model
𝑡𝑡 = 𝑅𝑅 − 𝑅𝑅

sin(𝜋𝜋−𝜃𝜃) sin [𝜃𝜃 − sin−1 (𝑅𝑅
f sin(𝜋𝜋 − 𝜃𝜃) ] (2)

Fig. 6. 2D Finite Element model.
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(4)

where 𝐻𝐻𝐻𝐻𝐶𝐶𝑖𝑖 is the initial hardness of AISI 52100 and 𝑇𝑇 is the
current element temperature. The temperature 𝑇𝑇 refers to the 
predicted temperature at each nodal point in the FE model. The 
change in hardness at each increment is determined by the 
current temperature of the element at that time step. 

The dark layer is formed when the temperature is above the 
tempering-start temperature, 𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 and below the austenite-
start temperature, 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴 . The hardness of the white layer is
updated as: 

(5)

The tempering-start and austenite-start temperatures are 
500°C and 640°C, respectively. 

4. Results and Discussions

4.1. Validation of 3D model 

The cutting force from the simulation was validated against 
the experimental result. The results from Tests 1 and 5 are 
shown in Fig. 7. The cutting forces from the simulation agree 
with the experiment within 15% for all the five cases listed in 
Table 1. This error is quite acceptable for FE simulations, 
considering the measurement uncertainty. Since the minimum 
mesh size of the workpiece in the 3D model is still much larger 
than the thicknesses of the white and dark layers, it is not 
possible to simulate the microstructural evolution and 
therefore, this was not validated for the 3D model.

4.2. Validation of 2D model 

To ensure that the simplified 2D model can accurately 
predict the 3D turning process, the temperature prediction of 
the 2D model was validated against the 3D model and the 
results from Test 1. 

First, the temperature profiles below the machined surface 
of Test 1 were compared between the 2D and 3D models, as 
shown in Fig. 8. The maximum temperatures at the machined 
surface were 649°C and 643°C for the 2D and 3D simulations, 
respectively. Similar temperature profiles under the machined 
surface could also be observed between the 2D and 3D 
simulations. The temperature histories at a fixed location of 
machined surfaces were also compared between the 2D and 3D 

models as seen in Fig. 9. Similar temperature history can be 
observed between the two models.

Since the temperature profile obtained from the 2D model 
agrees well with the 3D model, this 2D model can then be used 
to simulate the remaining tests and predict the microstructural 
transformation. 

4.3. Microstructural transformation 

The hardness-based microstructural transformation model 
was incorporated into the 2D model. This allowed the hardness 
of every element to be updated at every time step and the 
microstructure to be predicted based on the hardness value. A 
region with hardness value higher than the hardness of the base 
material is the white layer and the one with the hardness value 
lower than the hardness of the base material is the dark layer. 

Δ𝐻𝐻𝐻𝐻𝐻𝐻 = 10.8 [ 67 − 𝐻𝐻𝐻𝐻𝐶𝐶𝑖𝑖
1030 − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴

] (𝑇𝑇 − 𝑇𝑇𝐴𝐴𝑈𝑈𝑈𝑈)

Δ𝐻𝐻𝐻𝐻𝐻𝐻 = 0.58 [ 𝐻𝐻𝐻𝐻𝐶𝐶𝑖𝑖 − 43
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

] (𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑇𝑇)

Fig. 7. Comparison of simulated and experimented cutting forces.
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The initial hardness of AISI 52100 used in this experiment is 
63 HRC. 

The variation of hardness below machined surface for Tests 
1-3 is shown in Fig. 10. For Tests 1 and 2, the hardness at the
machined surface is higher than the hardness of the base
material, indicating the presence of the white layer. The
absence of this high hardness values in Test 3 means that there
is no white layer present.

For all three tests, the hardness decreases with increasing 
depth below the machined surface, indicating the formation of 
a dark layer. After reaching the minimum value, the hardness 
value increases again, approaching the hardness of the base 
material. 

The white layer thickness obtained from the 2D model was 
validated against the experimental results as shown in Fig. 11. 
The simulated results agree with the experimental results 
within 12%, with the exception of Test 1 with the error of 
37.5%. This is because the mesh size of 0.5 μm cannot 
accurately capture the white layer thickness of 0.8 μm. Usually, 
the mesh size should be at most half of the expected layer to 

produce accurate results. Although it is possible to further 
reduce the mesh size of the workpiece, this will significantly
increase running time.

Fig. 12 shows the comparison between the dark layer 
thickness from the simulation and experiment. There was a 
large error of 60% for most tests between the two results. This 
can be attributed to two main reasons. The first reason is the 
inaccuracy of the 2D model at increasing depth below the 

machined surface. This can be observed in Fig. 8. Up to 5 μm 
below the machined surface, the temperature profiles of the 2D 
and 3D models are almost identical. Beyond 5 μm, the 
temperature obtained from the 2D model starts to deviate from 
that of the 3D model. This explains why the 2D model can 
accurately predict the white layer, which occurs at a shallower 
level but not the dark layer. The second reason is the difficulty 
in distinguishing the dark layer observed from the experiment. 
At high cutting speeds, the temperature below the machined 
surface decreases quickly, coupled with high strain rate. This 
limits the dynamic recrystallization process, which forms the 
dark layer [16]. 

The effects of the cutting speed and the feed on the white 
layer thickness were also investigated. The effect of feed on the 
white layer thickness is shown in Fig. 13. At a constant cutting 
speed of 150 m/min, the white layer thickness increases with 
increasing feed due to the increased cutting temperature.

The effect of cutting speed on the white layer thickness is 
shown in Fig. 14. At the constant feed of 0.17 mm, the white 
layer thickness increases from 0 to 1.4 μm when the cutting 
speed increases from 100 to 160 m/min. This is due to the 
higher temperature produced at the higher cutting speed. 
However, as the cutting speed increases further to 200 m/min, 
the white layer thickness decreases to 0.8 μm. Although the 
temperature increases with increasing cutting speed, the shorter 
contact time between the tool and workpiece results in a
shallower heat affected zone. 

Fig. 11. White layer thickness obtained from simulations and experiments
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Fig. 10. Hardness profile below machined surface.
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5. Conclusions

The 3D model was validated against the experimental 
results in terms of cutting forces. This 3D model was then 
simplified into 2D to reduce the simulation time. The 2D model 
was shown to be able to produce similar temperature results as 
the 3D model, and therefore, can be used to simulate thermally-
induced phase transformation in a 3D turning process. The 
white layer results obtained from 2D simulation agree well with 
the experimental results with acceptable error below 12%.
However, the 2D model could not predict the dark layer 
accurately. The simplification of the 3D turning process into 
2D model significantly reduces the simulation time from 3-4
days to less than 24 hours based on a computer with Intel i7-
5820L CPU@3.3GHz, 6 cores and 48GB RAM, while still 
ensuring high accuracy for white layer prediction. 

The relationship between the white layer thickness with the 
cutting speed and the feed was also studied. With increasing 
feed, the white layer thickness increases. With increasing 
cutting speed, the white layer thickness first increases and 
reaches a maximum value. A further increase in cutting speed 
leads to a decrease in white layer thickness. 
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Fig. 14. White layer thickness at various cutting speeds and constant feed 
of 0.17 mm.
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