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Abstract 

The aim of this work is to develop a 3-D transient finite element model for a moving Gaussian laser 
heat source to predict the depth of the heat-affected zone (HAZ) and temperature distribution in a 
Ti6Al4V alloy workpiece. It is found that the temperature profile and depth of HAZ are strongly 
dependent on the parameters of the laser beam. The thermal model simulations are compared with 
results produced by experimental work and these show close agreement. 

Introduction 

Titanium alloys have been widely used in the aerospace, biomedical and automotive industries 
because of their high strength-to-weight ratio and superior corrosion resistance. However, it is very 
difficult to machine these alloys due to their poor machinability [1].  

Laser assisted machining (LAM) is a new and innovative manufacturing process that has been 
investigated as an alternative to conventional machining of hard and/or difficult-to-process 
materials such as titanium alloys [2-7]. This heat-assisted process induces a detrimental heat-
affected zone (HAZ) in the part. Knowledge of the effect of the laser without machining makes it 
possible to find the optimum condition for LAM. For instance, the entire HAZ can be removed by 
machining [8].   

A 3-D transient finite element model for a moving Gaussian laser heat source was developed to 
predict the temperatures generated in the workpiece and validated through actual temperature 
measurements. The computed temperature distribution correlated with the HAZ via experimental 
tests and a critical temperature range corresponding to the formation of the HAZ was then 
identified. 

Thermal Modelling 

In this work, the estimation of heat treatment is based on the following assumptions: 

 The laser beam is regarded as a base mode Gaussian beam vertically directed at the 
workpiece.  

 Both the laser beam and coordinate system are fixed while the workpiece move in the - y 
direction with a constant velocity U. 

 The thermo-physical properties are dependent on temperature. 

 The treated material is homogeneous. 

 The ambient temperature is 295K. 

 Air convection coefficient is 50[Wm-2K-1] 
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The origin of an x–y–z coordinate system was considered at the centre of the laser beam on the work 
piece surface. The depth of the work piece was aligned in z direction and increases with increasing 
z. The workpiece moves in the -y direction with a constant velocity U as shown in Figure 1. 
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Figure1. Schematic model of the laser heating trial. The laser beam and the coordinate system 
are fixed and the work piece moves at velocity U. 

The 3-D transient time-dependent heat conduction in the space underneath the irradiated surface is 
described by the Equation [9]:  

 
generation

conductionstorage

p Q
z
Tk

zy
Tk

yx
Tk

xy
TU

t
Tc 

    





































































   (1) 

Where ρ, cp, k, Q , U are the density, specific heat, thermal conductivity, rate of volumetric heat 
generation and laser scan speed, respectively. 

The initial condition at time t =0 is given as 

T (x, y, z, 0) = T0 .   

The natural boundary condition takes into account the imposed heat flux, radiation and convection 
at the laser irradiated surface and is given by 
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Where h is heat transfer coefficient for convection,   is Stefan-Boltzmann constant for radiation 
(5.67 × 10-8 W m–2 K–4) and   is emissivity.  

The boundary conditions at the remaining surfaces in the model mimic the actual block. Since only 
a small portion of the actual block is modelled, the heat flux on the model surfaces is assumed to be 
approximately equal to the heat conducted from the smaller portion of the block into the bulk. 

A thermal numerical simulation was performed to predict the temperature, size and shape of the 
HAZ. The finite element model was created in ANSYSs (version 11.0 SP1) and is shown in Figure 
3. A very finely mapped mesh was used in the area where the Gaussian laser heat flux was incident. 
This fine mesh method enable the calculation of the steep temperature gradients as accurately as 
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possible. The mesh consisted of 8-node 3-D thermal element. Two planes of symmetry were used 
so that only quarter of the workpiece was modelled. The dimension of the workpiece modelled was 
10 1020 mm. The model contains 184,789 nodes and 124,794 elements. The moving laser heat 
source is symmetric and hence the quarter-circular Gaussian distribution of heat flux was defined. 
The initial temperature was 295K. The bottom face was maintained at 295K.   

Model Results and Validation 

A contour plot of the temperature distribution on the front face of the block is shown in Figure 2 (a) 
for the case of 678W laser power and 17.35mm/sec laser scan speed. The maximum temperature for 
the case shown was 2333.6°C and the temperature at a distance of 0.74mm from the centre of the 
laser beam along the Z-axis is about 980°C. This indicates that the temperature distribution in the 
quarter circular region decrease very rapidly. Figure 2 shows a close correlation between the 
simulation (Figure 2 (a)) and experimental results (Figure 2(b)) concerning the prediction of the 
HAZ. Some slight differences can be seen. The simulation predict a slightly shallow depth (0.82mm 
for simulation, 0.83mm for experimental) and wider width (3.12mm for the simulation, 3.26mm for 
the experimental). Therefore, for a given HAZ volume, the shape of the predicted HAZ is slightly 
different from the experimentally determined geometry. 

 

Figure 2. Comparision of the geometry of the simulation and experimental HAZ for a 678W 
laser power, 17.35mm.sec-1 scan speed, 4.4mm spot size. 

Conclusions 

 The transient three-dimensional finite element model has been successfully developed to 
analyze the temperature distribution in the Ti6Al4V alloy workpiece and geometry of the 
HAZ. 

 The results of the models have been compared with the experimental results. A good 
agreement between theory and experiment has been determined. 

 The thermal model accurately predicts the volume of material with a temperature high than 
980°C , which corresponds to the HAZ . The size of the HAZ is a function of the laser 
power, speed, and spot size. 

 The thermal model can be used to determine the laser parameters for a given cut geometry 
that will yield no residual HAZ in the material after cutting. 

 The results reported here using the thermal model are only preliminary results. More work 
needs to be carried out to ensure that the model fully describes the physical situation. 
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 A set of calibration runs would be useful to ascertain the magnitude of systematic errors 
inherent in the experiment and laser parameters.  
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