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ABSTRACT 

This research work is focused on simulation of laser assisted turning as a new solution for machining of hard steels. A 
transient, three-dimensional model was developed to predict the temperature distribution of a rotated cylindrical steel 
workpiece subjected to a localized heating using a moving Gaussian laser beam. In this regard, a User-Defined Function 
was created to overcome the problem of a moving Gaussian heat source’ definition. This User-Defined Function was 
compiled into a finite volume software package (Fluent®), where three-dimensional single precision solver was used for 
analysis. Based on this model, simulation of the surface temperature of 32 mm diameter workpiece of AISI51 50H steel 
was performed as a function of time at a specific distance behind the laser beam spot, which is corresponding to 30˚ 
angle from the laser beam. The simulation results were compared with other published data of the same steel type where 
a close agreement was obtained. The verified model was used for simulation of laser assisted turning of 20 mm diame-
ter workpiece of AISI D2 tool steel. The cutting depth, behind the laser beam, was set at a distance corresponding to 60˚ 
angle from the laser beam for having sufficient access for handling both laser head and cutting tool. This cutting depth 
was studied as a function of different lasers and machining parameters. The results indicated that the optimum parame-
ters for successful laser-assisted turning process of the concerned steels are 800 W laser power, 5 mm laser beam spot 
diameter, 20 sec preheating time, 0.8 mm/sec laser scanning speed, 300 rpm rotational speed and 0.8 mm/sec feed rate. 
These parameters ensure easy/successful cutting of 1 mm depth in one pass without deteriorating the properties of the 
remaining bulk material. It can be deduced that the developed model might provide a useful tool for online process con-
trol of different steel types regardless of their physical properties and geometries. 
 
Keywords: Laser Assisted Turning; Hard Steels; Three-Dimensional Modeling; User-Defined Function;  

Temperature Distribution 

1. Introduction 

Hard steel alloys are widely used in various important 
applications such as automotive industry, die and mold 
industries as well as cutting purposes including shear 
blades, punches and piercers. Manufacturers of hard com- 
ponents constantly strive for lower cost solutions as well 
as higher quality in order to maintain their competitive-
ness. Conventional hard machining processes that may 
be used in pre-grinding or pre-finishing operations result 
in low quality. Besides, it is still an expensive and com-
plicated solution that in turn restricts the applications of 
high-performance hard steels [1-5]. 

The new solution is the hot machining, which com-
bines a heating source with conventional machining me-
thods. Hot machining has emerged as a promising tech-
nique for hard materials that are difficult to cut. Besides, 
the workpiece is softened by heating during machining. It 
is showing a great promise in increasing the productivity 
and improving the quality due to a remarkable reduction 
in both cutting forces and tool wear [6-8]. 

Among hot machining processes is the laser assisted 
machining that combines laser beam technology with 
traditional machining methods such as turning and mill-
ing. Laser assisted machining is characterized by re-
moval of controlled localized heated metal, which means 
maintaining the properties of the remaining bulk material. *Corresponding author. 
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It is considered as a new and innovative way of machin-
ing the materials that are difficult to cut in the hardened 
state, such as ceramics, nickel based super alloys, tita-
nium alloys and hardened ferrous alloys. Effectiveness of 
the laser assisted machining has already been demon-
strated by different researchers [9-15]. Although scien-
tific work on this area has contributed to understanding 
the process, there are still unresolved problems. Deep 
understanding of this process fundamentals including 
temperature distribution at material removal zone as a 
function of laser and machining parameters as well as 
material physical properties is of considerable impor-
tance regarding the machining quality. 

It is extremely difficult or impossible to directly mea- 
sure the parameters of interest such as heat depth or 
temperature distribution inside the workpiece during ma- 
chining. In comparison with experimental work, model-
ing and simulation are of remarkable importance regard-
ing accuracy and economy aspects. Numerical modeling 
has been proven to be an efficient method to understand 
physical phenomena and to predict control parameters of 
a certain process [16-18]. Mathematical models do not 
only allow an estimation of such parameters but also 
have the ability to lead into new directions due to the 
detailed analysis that can be achieved. 

Mathematical modeling and simulation have been de-
veloped and used to understand and gain insight into the 
various mechanisms which take place during heating of a 
rotating workpiece using a moving laser beam. Transient 
three-dimensional model of a rotating workpiece under-
going laser heating and material removal was developed 
and used for different materials including mainly ceram-
ics as well as titanium alloys [19-23]. However, research 
work for a moving Gaussian laser heat source to predict 
depth of heat-affected zone and temperature distribution 
in a Cartesian coordinates of hard steels is far from com-
plete and more research work is required. 

The current study aims at modeling and simulation of 
the laser assisted turning of hard steels for deep under-
standing of the temperature distribution at the material 
removal zone as a function of both laser and machining 
parameters. 

2. Mathematical Modeling and Simulation 

2.1. Mathematical Modeling 

The concept of laser-assisted machining of hard steels is 
based on using a laser as a heat source with the beam 
positioned directly in front of the cutting tool to heat and 
soften the work metal selectively before machining. In 
this case, the laser beam energy is absorbed by the work- 
piece surface and converted to thermal energy to produce 
rapid heating and softening of the part’s upper layer re-
ducing the cutting forces and thereby increasing the ease 

of material removal. 
Schematic illustration of a rotated cylindrical work-

piece subjected to laser heating is shown in Figure 1. To 
simulate the temperature distribution in this case, tran-
sient 3-dimensional numerical model was developed based 
on Rozzi et al model [21,22]. 

The laser heat source is assumed to have Gaussian dis-
tribution with a maximum heat flux at the laser beam spot 
center. The laser heat flux is a function of the laser power, 
the laser beam spot radius and the radial distance from 
the laser beam spot center, as shown in Equation (1) [24]. 
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where ql is the laser heat flux, P is the laser power, rb is 
the radius of laser beam spot at the workpiece surface, and 
r is the radial distance from the laser beam spot center. 

Assuming isotropic thermal conductivity and neglect-
ing the convection effect of the laser gas jet, the heat is 
generated due to oxidation resulted from high tempera-
ture of the laser beam heating. The governing heat con-
duction equation in case of a rotated workpiece undergo-
ing moving heat source is as following [21,22]. 
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To calculate the heat flux losses to ambient or sur-
roundings, both convection and radiation boundary con-
ditions are applied to the workpiece surface and the fol-
lowing equation was used.  

   4 4
max maxs ambient ambientq h T T B T T        (3) 

The initial condition is T  

 , , 0 300T r t k              (4) 

and the boundary conditions are as following: 
• At the laser beam spot: 
 

 

Figure 1. Schematic illustration of a rotated cylindrical work- 
piece subjected to laser heating. 
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• Off the laser beam spot: 
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where 

conv conv max ambient( )q h T T           (7) 

 4 4
rad max ambientq B T T            (8) 

max  is the maximum surface temperature out of the 
laser beam spot. 

T

ambientT  is the ambient temperature. 

2.2. Simulation of the Model 

For simulation of the above model, AISI51 50H hot 
worked tool steel was selected based on an available ex-
perimental data for this type of steel [20]. In this regard, 
a rotated workpiece with 32 mm diameter and 100 mm 
length subjected only to translating laser heating with no 
material removal was considered. 

Chuck holder of the workpiece has not been included 
in the model. As only the heat transfer process is ana-
lyzed, the workpiece divided into four regions including 
surface, interior and two sides. The summation of the 
cells is 288,234 cells including 878,799 faces and 302,596 
nodes. Figure 2 shows meshes created by Gambit-CFD 
for the used workpiece. Once the modeling and meshing 
have been done, the grid is imported into a finite volume 
software package (Fluent®), where three-dimensional 
single precision solver was used for analysis. The next 
step of the model development is the definition of the 
material properties as well as the definition of a moving 
Gaussian heat source. The thermo physical properties of 
AISI51 50H steel are given in Table 1. Since transient 
boundary conditions cannot be defined by the fluent 
user-interface, a User-Defined Function was created, 
using C language, (Figure 3) to enable applying a heat 
flux to a rotating cylindrical workpiece. This User-De- 
fined Function is very important to customize the Fluent 
Code to calculate the heat flux as a particular modeling 
need. The heat flux is defined as a custom boundary pro-
file that varies as a function of spatial co-ordinates and 
time. The established User-Defined Function is compiled 
at the run time by built-in complier/interpreter in the 
Fluent Code. Once the User-Defined Function is inter-
preted, the function is available in the graphical interface 
of the Fluent Code. This User-Defined Function is called 
at every time step, where the laser heat flux center is 
calculated as a function of time. The User-Defined Func-
tion loops cover all the cell faces on the surfaces, where 
the distance between the center of each cell face and the 
laser spot is calculated. If this distance is equal to or less 

 

Figure 2. Meshes created by Gambit-CFD for the used

able 1. Thermo physical properties of AISI51 50H steel 

Property Temperature Value 

 
workpiece. 
 
T
[20]. 

Therm ivity, al conduct
w

k  
   

mK 

T = 300 k 
300 = 0.0275 55.79 < T(k) ≤ 1100 

T > 1100 k 

47.54  
* T(k) + 
25.54 

Specific heat, Cp 
T = 300 k 

300
441.3 

0.2195 * 375.48

Density,

(J/kg·K) 
 < T(k) ≤1100 
T > 1100 k 

 T(k) + 
617 

  3kg/m Any temp. 7850 

, α Reflectivity Any temp. 0.5 

Emissivity ε Any temp. 0.9 

 

 

Figure 3. Flow chart of User-Defined Function created to 

sing Equation (5). Otherwise Equation (6) is used in case 

2.3. Model Validation 

lation, surface temperature of 

enable applying a heat flux to a rotating cylindrical work-
piece. P is the power input, rb is the laser beam radius, Vz is 
the linear speed of laser beam, t is the interaction time, r is 
the distance from the laser beam spot center, d is the offset 
distance. 
 
u
of convection and radiation condition.  

Based on the above simuthan the laser spot radius then, the heat flux is calculated  
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the used steel workpiece was calculated as a function of 
time at a specific distance behind the laser beam spot, 
which is corresponding to 30˚ angle from the laser beam. 
To ensure maximum uniform heat distribution without 
damaging/melting of the workpiece, the laser beam spot 
was defocused and kept constant at 5 mm diameter. Re-
flectivity of the material to the laser beam was consid-
ered as 50%. 

The results were compared with other published data 
of

3. Results and Discussion 

mulation of laser-as- 

ulated that the hardness of AISI D2 tool steel 
is

3.1. Effect of Preheating Time 

of considerable im-

flectivity of the used steel to the laser beam was consi-  

 the same used steel, which included both experimen-
tally measured and calculated values based on a transient, 
three-dimensional model [20]. This comparison disclosed 
a close agreement between both present and published 
results, as shown in Figure 4. 

The verified model was used for si
sisted turning process of a different tool steel (AISI D2) 
having different dimensions. In this regard, a workpiece 
with 20 mm diameter and 300 mm length was considered. 
The thermo physical properties of this steel type are 
given in Table 2. The cutting depth was studied as a 
function of different laser-assisted turning parameters 
including preheating time, laser power, laser scanning 
speed and workpiece rotational speed. Then, the proper 
laser-assisted turning parameters were determined. In 
order to avoid damage of the laser head and for having 
sufficient access for handling both laser head and cutting 
tool, the cutting zone behind the laser head was set at 60˚ 
angle from the laser beam, as shown schematically in 
Figure 5. 

It is spec
 decreased and subsequently its toughness is improved 

with heating above 540˚C due to softening. The maxi-
mum cutting depth is decided based on this temperature 
for easy and successful cutting process. In other words, 
the maximum cutting depth is considered as the depth 
heated above 540˚C. The temperature of the remaining 
bulk material is kept below 540˚C to minimize its micro-
structure change and then to maintain its properties.  

For easy and successful cutting, it is 
portance to maintain uniform temperature distribution 
during the laser-assisted turning process. In this concern, 
the preheating time before starting metal removal has a 
remarkable effect. It is necessary to match the preheating 
time with the other parameters of the laser-assisted turn-
ing process so that steady-state temperature distribution is 
achieved, just at the beginning of metal removal. To en-
sure maximum uniform heat distribution, without dam-
aging/melting the workpiece or tool, the laser beam spot 
was defocused and kept constant at 5 mm diameter. Re-

 

Figure 4. Comparison between the present results of calcu-
lated surface temperature as a function of time and other

mo physical property of AISI D2 steel [25]. 

o

 
experimentally measured and calculated data [20]. Laser 
power: 500W; Laser scanning speed: 0.4 mm/s; Rotational 
speed: 6 rpm. 
 

Table 2. Ther

C 
Property 

20 200 400 

Thermal conductivity, 
w 

  k 
mk

 
20 21 23 

Specific heat, Cp (J/Kg·K) 460 460 460 

Density, 
3

kg

m
  
 
 

 7600 7600 7600

 

 

Figure 5. Schematic illustration of a laser-assisted turning 
process. 

0%. 
For clarifying the effect of preheating time, the surface 

s calculated at different preheating times 
(1

 
dered as 5

temperature wa
0, 20, 30 sec) while other parameters were kept con-

stant at 800 W laser power, 0.0 mm/sec laser scanning 
speed, 300 rpm rotating speed and 0.0 mm/sec feed rate. 
The laser power was selected based on an available CO2 
laser system having a maximum output power of 1000W. 
The rotational speed was selected based on previous ac-
cumulated practical machining experience. Figure 6 
shows an example of three-dimensional surface tem-
perature distribution after 20sec preheating of 20 mm 
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Figure 6. Three dimensional surface temperature distribu-
tion after 20 sec preheating of 20 mm diameter workpiec

other parameters kept constant. 
 is found that 20 sec is the optimum preheating time for 

wer on the cutting depth, 
tion was calculated as a 

er 
pa

peed 

on the cutting 
f three-dimen-

 

e 
with other parameters kept constant at 800 W laser power, 
0.0 mm/sec laser scanning speed, 300 rpm rotating speed 
and 0.0 mm/sec feed rate. 
 
diameter workpiece with 
It
successful cutting since longer preheating time results in 
surface melting while shorter time results in insufficient 
heating for easy and successful cutting. 

3.2. Effect of Laser Power 

To clarify the effect of laser po
three-dimensional heat distribu
function of laser power with other parameters kept con-
stant at 20 sec preheating time, 0.8 mm/sec laser scanning 
speed, 300 rpm rotational speed and 0.8 mm/sec feed rate. 
It should be reported that 0.8 mm/sec feed rate was se-
lected based on previous accumulated practical machin-
ing experience. Based on the selected feed rate, the laser 
scanning speed was set at the same value; 0.8 mm/sec. 

Figure 7 shows the temperature distribution through 
the depth as a function of the laser power with the oth

rameters kept constant. It can be noticed that laser 
power lower than 800 W has resulted in insufficient sur-
face heating (450˚C maximum). This means insufficient 
reduction in the hardness of the outer layer and then, dif-
ficult or unsuccessful cutting. Increasing the laser power 
to 800 W has resulted in increasing the surface tempera-
ture to 595.6˚C, which is sufficient for easy/successful 
cutting. Based on the minimum temperature (540˚C) re-
quired to reduce hardness for easy cutting, the maximum 
depth that can be successfully cut in this case is 1mm 
where proper temperature (546˚C) is still existed. More 
increase in laser power (1000 W) has resulted in 735.63˚C 
surface temperature and 540˚C at 5 mm depth, which is 
still within the cutting range. In other words, increasing 
the laser power to 1000 W will increase the possible cut-
ting depth to 5 mm. However, this cutting condition is 
not practically applicable since it is difficult to cut 5 mm 

depth in a one pass. For successful laser assisted turning 
process that means high cut quality with maintaining the 
properties of the remaining bulk material, the depth of 
the decreased hardness or softened layer should be com-
pletely removed in a one pass. It can be deduced that 800 
W is considered as the optimum laser power regarding 
both quality and economy aspects. 

3.3. Effect of Laser Scanning S

The effect of the laser scanning speed 
depth was studied through calculation o
sional heat distribution as a function of laser scanning 
speed with other parameters kept constant. In this con-
cern, the laser scanning speed was varied between 0.2 
and 1.0 mm/sec while the other parameters kept constant 
at 800 W laser power, 20sec preheating time, 300 rpm 
rotational speed and 0.8 mm/sec feed rate. Figure 8 
 

 

Figure 7. Temperature distribution through depth as a 
function of laser power with other parameters kept constant 
at 20 sec preheat time, 0.8 mm/sec laser scanning speed, 300 
rpm rotational and 0.8 mm/sec feed rate. 
 

 

Figure 8. Temperature distribution through depth as a func- 
tion of laser scanning speed with other parameters ke  pt
constant at 800 W laser power, 20 sec preheating time, 0.8 
mm/sec feed rate and 300 rpm rotational speed. 
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shows the temperature distribution through the depth as a 
function of the laser scanning speed with the other pa-
rameters kept constant. For laser scanning speed range of 
0.2 - 0.6 mm/sec, the surface temperature of the work-
piece is increased up to 1088˚C due to massive or high 
heat input. The temperature is decreased up to 541˚C at 
10 mm depth, which indicates that the workpiece center 
is located within the easy cutting range. However, this 
cutting condition is not applicable due to difficulty in 
removing such thick layer (10 mm depth) in a one pass. 
In addition, massive heat input will result in deterioration 
of the properties of both the remaining bulk material as 
well as the cutting tool. 

Increasing the laser scanning speed to 0.8 mm/sec has 
resulted in acceptable heat distribution through the work- 
piece where surface temperature of 595.6˚C was obtained.
Based on the required minimum heating temperature 
(540˚C) for easy cutting, the maximum depth that can be 
successfully cut is 1 mm. Increasing the laser scanning 
speed to 1 mm/s has resulted in a lower surface tempera-
ture (505˚C), which means insufficient heating for suc-
cessful cutting. It can be deduced that 0.8 mm/sec is con-
sidered as the optimum laser scanning speed regarding 
both quality and economy aspects. 

3.4. Effect of Workpiece Rotational Speed 

 

Three-dimensional heat distribution was calculated for 
y ob-different rotational speeds with the other previousl

tained optimum parameters kept constant. In this concern, 
the rotational speed was varied between 100 and 900 rpm 
while the other parameters kept constant at 800 W laser 
power, 20 sec preheating time, 0.8 mm/sec laser scanning 
speed and 0.8 mm/sec feed rate. Figure 9 shows the tem-
perature distribution through depth as a function of the 
rotational speed with other parameters kept constant. For 
100 rpm rotational speed and based on minimum heating 
temperature (540˚C) required for successful cutting, a 
depth of 1.5 mm should be completely cut or removed in 
a one pass in order to avoid deterioration of the proper-
ties of the remaining bulk material. Much better heat 
distribution through the depth was achieved with 300 
rpm rotational speed, where 1 mm depth can be easily or 
successfully cut without deteriorating the properties of 
the remaining bulk material. 

Increasing the rotational speed to 500 and 700 rpm has 
resulted in lower surface temperatures (570˚C - 554.57˚C), 
which are still sufficient for cutting. However, the max-
imum depth that can be easily or successfully cut is lim-
ited to 0.5 mm based on the required minimum heating 
temperature (540˚C). This relatively shallow cut depth is 
not economically reasonable. More increase in the rota-
tional speed to 900 rpm has resulted in insufficient heat-
ing for easy/successful cutting of even 0.5 mm depth. 
This is due to insufficient heating temperature (534.7˚C) 
at this depth. 

 

Figure 9. Temperature distribution through depth as a func- 
tion of rotational speed with other parameters kept constant 
at 800 W laser power, 20 sec preheating time, 0.8 mm/se

cerned steel 
re 800 W laser power, 5 mm laser beam spot diameter, 

20

t, three-dimensional model was developed to 
ture distribution of a rotated cylindri-
subjected to a localized heating using 

 steel. The cutting zone behind the laser beam 
w

c 
laser scanning speed and 0.8 mm/sec feed rate. 
 

Based on the above all results, the most suitable pa-
rameters for laser-assisted turning of the con
a

 sec preheating time, 0.8 mm/sec laser scanning speed, 
300 rpm rotational speed and 0.8 mm/sec feed rate. These 
parameters ensure successful cutting of 1 mm depth with- 
out deteriorating the properties of the remaining bulk 
material. 

4. Conclusions 

A transien
predict the tempera
cal steel workpiece 
a moving Gaussian laser beam. In this concern, a User- 
Defined Function (C program) was established to over-
come the problem of the definition of a moving Gaussian 
heat source. This User-Defined Function was compiled 
into a finite volume software package (Fluent®), where 
three-dimensional single precision solver was used for 
analysis. Based on this model, simulation of the surface 
temperature of 32 mm diameter workpiece of AISI51 
50H steel was performed as a function of time at a spe-
cific distance behind the laser beam spot, which is corre-
sponding to 30˚ angle from the laser beam. The simula-
tion results were compared with other published data of 
the same steel type where a close agreement was ob-
tained. 

The verified model was used for simulation of laser 
assisted turning of 20 mm diameter workpiece of AISI 
D2 tool

as set at a distance corresponding to 60˚ angle from the 
laser beam for having sufficient access for handling both 
laser head and cutting tool. Prediction of the cutting 
depth was done as a function of different lasers and ma-
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chining parameters. The results indicated that the opti-
mum parameters for successful laser-assisted turning pro- 
cess of the concerned steels are 800 W laser power, 5 
mm laser beam spot diameter, 20 sec preheating time, 0.8 
mm/sec laser scanning speed, 300 rpm rotational speed 
and 0.8 mm/sec feed rate. These parameters ensure easy 
/successful cutting of 1 mm depth in one pass without 
deteriorating the properties of the remaining bulk mate-
rial. 

It can be deduced that the developed model might pro-
vide a useful tool for online process control of different 
steel types regardless of their physical propertie
ge
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