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with experiment [5]. Recently Petru et al. (2013), analyzed
the volume of HAZ in Haynes 188 alloy by using CO2 laser
at different laser power and speed. The study reviled that the
width of HAZ depends not only on laser parameters but also
other factors such as assist gas pressure, material properties
of work piece[6]. In this study a 3-D transient FEM model is
proposed to measure the width of HAZ in stainless steel-304.
The model is evaluated by experimental result of Sheng et al.
(1995) [5].

Abstract— The minimization of Heat Affected Zone (HAZ) is
important in the field of laser machining. The heating of stainless
steel-304 with high power laser (CO2) changes the microstructure
of material and creates identical HAZ, which needs to identify. In
this study a 3D transient finite element model was developed and
employed to predict the volume of heat affected zone in stainless
steel-304, during laser machining. The 3D transient finite element
model was simulated by using ANSYS. The temperature dependent
material properties of stainless steel-304 and average absorbtivity
were considered in simulation. The outcomes of the model were
validated with the experimental results. In this study the average
relative error of width of HAZ in 3D transient finite element model
was found 2.72%. The model showed a good agreement with the
experimental result. Moreover, it was observed that HAZ increase
with laser power increase and laser scan speed decrease. The
proposed model will be useful in the field of laser assisted mashing,
laser cutting and laser welding to optimise the laser power and
speed.

II. EXPERIMENTAL INVESTIGATION
A. Experimental Setup
Sheng et al. (1995) did an experiment to measure the width
of heat affected zone [5]. The laser was CW type CO2 and
work piece was stainless steel 304 with 3.2 mm thickness.
During experiment the laser powers were varying from 550
W to 750 W and velocities of work piece were varying from
0.25 mm/s to 2.5 mm/s. The focal length of lens was 127mm
and the beam radius was 0.27mm.

Index Terms— FEA, Heat Affected Zone, Stainless steel-304.

I. INTRODUCTION

B. Heat Affected Zone Estimation
Laser heating is a thermo-chemical process, combined
with heating, melting, material removal and sharp
solidification or quenching. During this process when the
temperature of work piece reached the melting point, a
molten layer was created and material removal was taken
place. After heating, when the laser moved further the
process of solidification initiated grain refinement near the
kerf area. For austenitic stainless steel chromium carbide
might be formed at the grain boundary during quenching
process. Due to presence of sulfur and phosphorus the
formation of sulfide and phosphide may also takes place. For
this reason a distinct band of HAZ was created, where the
internal properties of material had been changed. Sheng et al.
(1995) measured the volume of HAZ by SEM and the
corresponding temperature range was found 400 oC - 800 oC
[5, 7]. Similarly, from the contour plot of nodal temperature
of 3D transient FEM model the maximum range of width of
HAZ was measured from the centreline perpendicularly,
where the temperature was about 400oC.

In the field of material processing and manufacturing use
of high power lasers are in common and all most all kinds of
metals, non- metals, alloys, composites can be processed by
laser [1]. During laser interaction with work piece a variety of
thermo-chemical processes such as heating, melting and
vaporization happens, which initiates complicated changes in
micro structure and grain refinement in the material and
cause HAZ formation. Kou et al. formulated a 3D heat flow
model by using the Fourier differential equation and
validated with experiment on stainless steel-1018 [2]. Bokota
and Iskierka, formulated another model for thermal heat
distribution by using Fourier-Kirchhoff equation [3]. Later
Finite Element Method (FEM) became popular to formulate
the steady or transient 2D/3D heat flow model development
due to it’s simplicity and accuracy and scope to consider
different laser parameters. Khan and Yilbas, presented an
analytical model for thermal stress by using finite element
method (FEM) to cut sheet metal [4]. Sheng et al. proposed a
2-D FEM model to identify the width of HAZ and validated

III. THERMAL MODELLING
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A. Physical Description of Model
During experiment the laser beam was fixed in a
co-ordinate system X-Y-Z and the work piece was moving at
velocity v. The striking point of laser on the surface of work
piece was considered as origin of co-ordinate system X-Y-Z.
As the work piece was moving (–) X direction, the width of
HAZ was formed on X-Z plane. The sample work piece of
stainless steel-304 was 20 mm long and 10 mm wide having
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3.2mm thickness.
During estimation of heat flow in laser heating following
assumptions were considered:
 The laser beam was pointed on the surface of the
work piece perpendicularly.
 The work piece was fixed and the beam was moving
at a constant velocity.
 The nature of laser beam was Gaussian and
absorbed heat flux was expressed by
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At the bottom, top and lateral surface of the work piece the
boundary condition of heat flux was expressed by Eq.(4) as


  T T T 
  c p vT   q  hTa  T  (4)
 n. k 


  x y z 

where, n, q, T, Ta were normal vector of the boundary surface,
the thermal load, absolute temperature and ambient
temperature respectively.
During phase change the relative values of enthalpy in the
corresponding states with respect to temperature were
described by Equation (5-8) [10]
(5)
H S  c p s  TS T 0 

(1)




where, P was laser power, A was abroptivity, r was beam
radius.
 The temperature dependent thermo-physical
properties of work piece (stainless steel- 304) as
shown in Table 1.
 The average value of absorptivity was considered
0.22.
 The material of stainless steel was homogeneous.
 The ambient temperature was considered 220C.
 The natural convection co-efficient was assumed 50
W/m2 K
 In the simulation the node remained in the mesh
after exceeding the melting temperature (14600C).
 The effect of radiation heat loss was negligible
compare to conduction and convection heat transfer.
Hence radiation heat transfer was not considered.
 Phase change was considered.
 The effect of assist gas pressure and internal heat
generation were ignored.

H m  H s  c p * Tl  Ts 

H l  H m  c p l  T  Tl 
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Fig. 1. 3-D FEM temperature profile of Stainless Steel-304, Power 550W,
velocity 1.5 mm/s, time at 6 sec

(2)

IV. MODEL VALIDATION
At different laser power and speed the width of HAZ in 3d
FEM model is shown in table 2. The average relative error of
width of HAZ in 3D transient FEM was found 2.72% and all
the individual relative errors were within ±10%. Hence, the
proposed model is acceptable.

where, k,Q,cp,v,ρ were thermal conductivity, heat generation
per unit volume, specific heat, velocity and density of work
piece respectively.
At time t = 0
T(x,y,z,0) = Ta

http://dx.doi.org/10.15242/IAE.IAE0415201

(8)

C. Simulation of 3D FEM Model
On the basis of above assumptions 3D transient FEM
model was simulated in ANSYS Mechanical (version 13). A
very finely mapped mesh (Fig. 1) was used where the
incident heat flux was Gaussian in nature. The mesh was built
with eight-nodded 3-D thermal element (Solid 70). The
model contained 80,000 elements and 86,346 nodes. The
length, width and thickness of the work piece were 10 mm x
3.2 mm x 10 mm. The phase change was considered by using
temperature varying enthalpy Eq.7-10. The moving heat flux
was formulated by using load steps.

B. Mathematical description of the model
Using the Fourier’s law, the time dependent 3D transient
heat conduction in the space beneath the irradiated surface by
ignoring viscous heating and pressure work can be expressed
by the following Eq.(2) as[9]:
c p 

(7)

where, TS, T0, Tl, T+ were solidus temperature, lower limit
reference temperature, liquidus temperature and upper limit
reference temperature respectively. H S, Hm, Hl were enthalpy
of solid, mushy and liquid states.

TABLE I: THERMO-MECHANICAL PROPERTIES OF STAINLESS STEEL-304.[8]
Temperature
(oC)

Hl
Tl  Ts

(6)

(3)
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TABLE II: THERMO-MECHANICAL PROPERTIES OF STAINLESS STEEL-304.[8]
Test No

Power
(W)

Speed
(mm/s)

Experiment

1
2
3
4
5
6
7
8
9
10

550
600
700
750
600
750
550
600
700
750

0.625
0.625
0.625
0.625
1
1
1.25
1.25
1.25
1.25

5.00
5.50
7.00
7.50
5.50
7.25
2.43
3.50
4.50
6.00

Width of HAZ (mm)
3D FEM

Relative Error (%)

4.50
5.00
6.80
7.20
4.60
7.20
2.50
3.60
4.90
6.00

10.00
9.09
2.86
4.00
16.36
0.69
-4.00
-2.86
-8.89
0.00

transient model the major heat transfer (conduction,
convection) was considered along all axis and phase change
was taken into count.

V. RESULT AND DISCUSSION
A. Thermal profile of 3D transient FEM model
The melting temperature of stainless steel-304 was
14600C. Hence, after exceeding the melting temperature the
metal started to melt. In simulation the element was remain in
the mash after exceeding the melting point, thus the
maximum nodal temperature in the contour plot was found
around 20600C at 6 second. When the laser power was 550W
and scanning speed was 1.25 mm/s. The maximum width of
HAZ was measured considering 4000C as critical
temperature as shown in Fig 2. Here the maximum width of
HAZ was 2.5 mm as shown in figure. The contour plot of
nodal temperature distribution on X-Y surface was wider
than the X-Z surface, due to heat loss by convection. Thus the
rate of heat propagation inside the material was larger than at
the surface.

E xperiment at v =0.625 mm/s
3D M odel, at v =0.625 mm/s
2D M odel, at v =0.625 mm/sec
E xperiment at v =1.25 mm/s
3D M odel, at v =1.25 mm/s
2D M odel, at v =1.25 mm/s
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Fig 3. Comparison of width of HAZ among 2D FEM, 3D transient FEM and
experiment result at different laser power and speed.

VI. CONCLUSION
From the above study it was found 3D transient model can
predict the volume of HAZ likely as experiment. The
accuracy of 3D transient FEM model was found 93.17%.
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