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2D and 3D Unsteady Simulation of the Heat Transfer
in the Sample during Heat Treatment by Moving Heat
Source

Z. Vesely, M. Honner, J. Mach

Abstract—The aim of the performed work is to establish the 2D
and 3D model of direct unsteady task of sample heat treatment by
moving source employing computer model on the basis of finite
element method. Complex boundary condition on heat loaded sample
surface is the essential feature of the task. Computer model describes
heat treatment of the sample during heat source movement over the
sample surface. It is started from 2D task of sample cross section as a
basic model. Possibilities of extension from 2D to 3D task are
discussed. The effect of the addition of third model dimension on
temperature distribution in the sample is showed. Comparison of
various model parameters on the sample temperatures is observed.
Influence of heat source motion on the depth of material heat
treatment is shown for several velocities of the movement. Presented
computer model is prepared for the utilization in laser treatment of
machine parts.

Keywords—Computer ~simulation, unsteady model, heat
treatment, complex boundary condition, moving heat source.

I. INTRODUCTION

OVING heat sources, for example laser beams, are

usually used during surface heat treatment. Heat source
beam with certain diameter is moving over the surface in
proposed tracks to influence the whole surface of the
requested region.

Laser beam is partly reflected, the rest is absorbed in a
small depth that is dependent on absorption coefficient of
material. In the case of metals, surface absorption of heat
power can be supposed.

The applications of material heating using moving heat
source attract attention for many years. Analytical solution [1],
[2] can be obtained under the restrictive conditions. Numerical
methods for task solution are used to achieve results for more
complex geometries and boundary conditions [3]-[6].

Two-dimensional numerical simulation model [7] has been
developed for heat transfer during coating deposition in our
laboratory. Later, this model was improved and widely used
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for modeling of thermal barrier coatings dynamic behaviour
during thermal shocks [8]-[10]. The model was also compared
with stochastic solution method [11]. Major improvement of
the model has been done to enable heat transfer simulation in
3D sample geometry [12].

In this paper, the simulation model of material heat
treatment using moving heat source considering 3D geometry
with respect for spatial non-homogeneous profile of heat
source beam is investigated.

II. SIMULATION MODEL

A. Model Characteristics

Simulation models of 2D and 3D direct unsteady tasks
using finite element method are prepared. Characteristic
feature of the task is complex boundary condition of heat
treated sample surface. Computer model of unsteady heat
transfer is created in commercial system Cosmos/M. The
model describes heat treatment using moving heat source.

Sample material is supposed to be homogeneous and
isotropic, initial temperature is constant in the sample volume.
On the front surface of the sample, boundary condition of heat
convection representing thermal effect of moving beam source
heating (qpn) and boundary condition of radiation cooling
(qr¢) are used (Fig. 1 (a)). Lateral sample sides are considered
thermally isolated, back side of the sample has the boundary
condition of free convection cooling (q..) and radiation
cooling (g,¢), Fig. 1 (a). Simplified two-dimensional task is
solved in the sample cross-section in the Xz plane.

Heat source moves over the sample in certain straight tracks
in the X axis direction (Fig. 1 (b)), between the reversal points
that are outside the sample. In the simple case, the beam
moves over the only one track. When heat treatment fills up
the larger surfaces, the beam motion in y axis direction (Fig. 1
(c)) is done among reversal points outside the sample. Laser
beam is circular with maximum power in the centre. Power
density declines with increasing distance from the beam axis.

The effect of moving heat source is described as a time and
space dependent surface heat convection on the front sample
surface. The basis is the heat transfer coefficient dependence
on the distance from beam axis. External beam temperature
(external temperature for convection) and heat transfer
coefficient express heat convection as a boundary condition on
the thermally loaded front sample side. The value of external
temperature for convection is constant, the heat transfer
coefficient is considered to be temperature independent.
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Fig. 1 Scheme of 3D model of dynamic heat treatment of the sample
— geometry and boundary condition (a), heat source motion in the X
axis (b) and y axis (c) directions

B. Complex Boundary Condition Definition

For the computation of time dependence of total heat
transfer coefficient a; for certain position (certain
computational node) on the thermally loaded sample side is
necessary knowledge of basic heat transfer coefficient ap
dependence on distance from beam axis [ 4,5 in the X axis
direction, actual position of beam axis X ;s in the x axis
direction, actual distance of beam axis from sample side
Ly oppsee 10 the X axis direction, dependence of reduction

coefficient c,, , on the distance of beam axis from the sample

side Xgmin (T€SP. Xsmay) in the x axis direction, then the
dependence of normalized heat transfer coefficient ay on the
distance from beam axis in the y axis direction, actual position
of beam axis y,,;s in the y axis direction, actual distance of

beam axis from sample side L, .., in the y axis direction,

and the dependence of reduction coefficient c, , on the
distance of beam axis from the sample side Y, (resp.

Ysmax) 10 the Y axis direction.
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Fig. 2 Scheme of boundary condition preparation using moving heat
source — input courses of quantities for 2D model (a), additive input

courses for 3D model (b), output curve of total heat transfer
coefficient (¢)

The value of basic heat transfer coefficient ap dependent on
the distance from beam axis [, ... in the X axis direction
represents real space distribution of beam power. This
distribution is supposed to be axially symmetric. The
normalized heat transfer coefficient ay dependent on the

distance from beam axis 1, ... in the y axis direction is used

for evaluation of boundary condition to the y axis during
definition of 3D task solved as enhancement of 2D task.
Reduction coefficient ¢, , dependent on the distance of

beam axis from the sample side [ in the x axis

x,of fset
direction towards sample neighbourhood takes into account
the state when beam axis is outside the sample. Reduction
coefficient is equal to one, when the beam axis is over the
sample surface, and decreases with increasing distance of

beam axis from sample edge. Reduction coefficient ¢, ,,

works in the same manner in the y axis direction.
Characteristic courses of basic heat transfer coefficient,
reduction coefficients, actual positions of beam axis,
normalized heat transfer coefficient are schematically
illustrated in Fig. 2 (a) (input courses for 2D model) and Fig. 2
(b) (additive input courses for 3D model). The aim is to
evaluate the dependence of total heat transfer a; (x,t) for 2D
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model or ay (x,y,t) for 3D model, Fig. 2 (c) with the scheme
for 3D model. The time dependence of a; for certain values of
X, Y (positions on the loaded sample side) defines heat transfer
coefficient for individual computation nodes. These temporal
dependencies for individual nodes can be directly loaded to
computational system during simulation model preparation.

C.Mathematical Description of Boundary Condition

Equations (1)-(11) are wused for full mathematical
description of 3D task definition. For 2D geometry, only (1),
(3), (5)-(7) are exploited. At first, total heat transfer coefficient
ar (x,t) in the X axis direction is determined, (1). Then in the
case of 3D geometry, surface distribution of ar(x, y, t) is
evaluated, (2), as a boundary condition for the front side of the
sample.

ar (xt) = ap (lx,axis(x- t)) Cax (lx,offset(t))s (1)

ar (x,y,t) = ar(x,t) ay (ly,axis 62 t)) Cay (ly,offset (t)), (2)

where can be written

lx,axis(xr t) = |x(t) — xaxis(t)l’ (3)
ly,axis(y: ) = |y() = Yaxis(Ol, (4)
lx,offset(t) =0.. Xsmin < xaxis(t) < Xsmax» (5)

= |Xsmin = Xaxis ()] - Xaxis(®) < Xgmin.  (6)
= Xsmax = Xaxis (O] + Xaxis(®) > Xgmaxs  (7)
Lyorrset(®) = 0w ¥smin < Yaxis(€) < Ysmaxs (3
= [Ysmin = Yaxis(®)] - Yaxis(®) < Ysmin»  (9)
= |Yomax = Yaxis(O| -+ Yaxis(®) > Vsmaxs (10)

ay (ly,axis (y, t)) = ap (ly,axis (y, t)) ag;nar (1 1)
E. Parameters of Simulation Model

Laser source with power of P = 4.5 kW and beam diameter
7, =10mm is selected for simulation. Steel sample with
dimensions 100 x 70 X 20 mm is supposed. Laser beam motion
velocities are in the range from 17.15 to 40 mm.s™! and the
distances of reversal points of laser tracks from sample edge
are 10 mm. Laser beam moves along the track passing through
the center of the loaded surface, motion begins at the right
reversal point and finishes at the same position. Sample
absorptivity a is equal to emissivity € and emissivity for
radiation cooling &, (a = € = &, = 0.7). External temperatures
for radiation and convection coolings are equal to sample
initial temperature T,, = T, = Ty, = 20°C.

Space distribution of basic heat transfer coefficient agz(r)
dependent on the distance from beam axis is supposed
according to Fig. 2 (a). The quantity course is described by the

/2 for

r =1,/2 and finally agz(r) = 0 for r = r,. For the maximum of
basic heat transfer coefficient holds

values ap(r) = ag 0, for r =0, then ag(r) = ag .,

P =¢ Sred B max (Tb - TS) B (12)

where S,.q is reduced surface of laser Spot S,eq = 7 Treq?,

Trea =Tp/2 and Ts is sample surface temperature. Beam

temperature T}, is set to specific value 10 000 °C. Absolute

values of basic heat transfer coefficient and specific
temperature of laser beam are linked together and give the

value of power P.

Several simulation models have been created in order to
compare 2D and 3D task and to observe the influence of
motion velocity of heat source in 3D task.

e The comparison of 2D and 3D geometry is carried out on
the tasks with the same motion beam velocity 24 mm.s™
(correspond to the 5 s motion time between opposites
reversible points); the total process time is 10 s. The two
travels of beam use the same track over the sample. The
simulation results are compared to evaluate the
differences between two and three dimensional models of
the investigated process.

e The comparison of heat source velocity is provided on the
3D geometry for three velocities 17.14, 24 and 40 mm.s™
(correspond to the 7, 5 and 3 s time of motion between
opposites reversible points). The two travels of beam are
conducted with the total process time 14, 10 and 7 s. The
computation results are explored to evaluate the effect of
various motion velocities on the sample temperatures.

III. RESULTS

Evaluating the results from simulation models, attention is
focused on sample temperature distribution and maximum
temperature values in the sample.

A. The Effect of Model Dimension

The model dimension influence is compared on the time
courses of the temperature in the center of the sample in
various depths, and spatial courses of temperature in selected
time levels.

Time courses of temperature at the center of front surface
and for two depths from the surface are showed in Fig. 3. For
2D model, surface temperature after the first travel of the
beam exceeds temperature required for heat treatment
(800°C). After the second beam travel, surface temperature is
higher than 1000°C. Maximum surface temperature 912°C is
in center of the front sample surface during the first beam
travel at the time 2.65 s, when the heat source has already
shifted away from the surface center. During the second beam
travel across the sample, temperature at center of the front
surface reaches its maximum value 1027°C. The maximum of
the surface temperature has been on the left side of the sample
surface (1178°C), because the delay time between the
subsequent beam travels over this position is the shortest and
thus the temperature decrease due to heat transfer to the inside
of the sample and sample surrounding is the smallest. The
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maximum temperatures at the depths of 2 and 4 mm under the
center of the sample front surface have been lower than
600°C.

geometry \ depth d (mm) 0 2 4
2D —— —— —A—
3D B O S
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Fig. 3 Time courses of the temperature in the center of sample front
surface for depths from 0 to 4 mm (x = 50 mm, y = 35 mm)

For 3D model, the temperature in the center of the sample
front surface reaches 877°C at the time 2.65 s. This
temperature has been about 35 °C lower compared to the 2D
model, that is caused by the heat transfer in the sample to the
third dimension (y axis). The 3D model achieves more precise
results and it more resembles the reality. Maximum
temperature in the centre of sample front surface during the
second beam travel is 920°C.

Fig. 4 display spatial courses of the surface temperature
along the beam track for 2D and 3D models. The parameter
for curves is time of the process (2.5, 7.5 and 10 s). At the
beginning of the process, surface temperature is equal to
sample initial temperature 20°C. The laser beam is over the
sample center at time 2.5 s. As can be seen on Fig. 4,
maximum temperature is not in the beam spot, but several mm
back against the beam motion. The left side of the beam track
has still initial temperature. At time 7.5 s, when heat source is
over the sample center during the second travel along the
track, the maximum surface temperature is expressively higher
than maximum surface temperature at 2.5 s for 2D geometry.
For 3D geometry, the maximum surface temperature at time
7.5 s is only a slightly higher than at time 2.5 s. At time 10 s,
surface temperature spatial course at the left part of the front
surface becomes flat and the difference between 2D and 3D
model is more than 200°C.

Fig. 5 presents spatial temperature courses in the z axis
direction passing the center of sample front side for 2D and
3D models. The curves parameter is time of the process (2.5,
7.5 and 10 s). At times of 2.5 and 7.5 s, when the heat source
is over the sample center, there are strong differences between
2D and 3D model. Already in the depth of 2.5 mm, there is
temperature around 200°C for 3D model, meanwhile in the
range 600-800 °C for the 2D model. These differences affect
the sample temperatures at times, when the heat source is in

reversal points. At the time 10 s, the sample surface
temperature is approximately about 200 °C higher in the case
of 2D model comparing to 3D model. This temperature
difference is slightly increasing with increasing the positon
depth, but at the depths greater than 15 mm, the differences
between 2D and 3D model decreases.
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Fig. 4 Spatial courses of temperature in the X axis direction passing
the center of sample front surface for times from 2.5 to 10 s (y =35
mm, z=0 mm)
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Fig. 5 Spatial courses of temperature in the z axis direction passing
the center of the sample for times from 2.5 to 10 s (x =50 mm, y =
35 mm)

B. The Effect of Heat Source Velocity

The sample temperature distribution dependent on beam
motion velocity is observed. Total process times (two travels
over the sample) 14, 10 and 7 s correspond to simulated
motion velocities 17.14, 24 and 40 mm.s’. Because the
process time depends on motion velocity, the process
dimensionless time © is introduced; those values are in the
range 0 — 1 for all cases of beam motion. Dimensionless time
0 = 0 means that laser beam is in right reversal point, @ = 0.5
denotes that beam reached left reversal point and value
© = 1.0 shows laser beam to be back in right reversal point.
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Fig. 6 Time courses of the temperature in the center of sample front
surface for depths 0 and 2 mm (x = 50 mm, y = 35 mm)

Fig. 6 illustrates time courses of temperature in the centre of
the front sample surface and below this position. At
dimensionless times equal to 0.25 and 0.75, heat source
position is over the sample center. Using motion velocity 40
mm.s™, surface temperature in the center of the track is 700 °C
during the first travel of laser beam and 744°C for the second
beam travel. In the case of 24 mm.s” motion velocity, the
surface center temperature has its maximum 877 °C during the
first beam travel, resp. 920°C during the second travel. These
temperatures overpass the ones for the material heat treatment.
According the assumption, taking the lowest motion velocity
17.14 mm.s", the surface center temperature maximum is
higher than in previous case. The surface center temperature
maximum is 1005°C for the first, resp. 1049°C, for the second
beam travel.

Fig. 7 shows spatial courses of temperature in the z
direction passing the sample center. Dimensionless time is a
parameter of temperature curves. At a dimensionless time
© = 0.75, the heat source is directly under the sample center
during the second travel. The velocity value has a great effect
on temperature spatial courses. Surface temperature is high in
the range 650-900°C, but they are rapidly decreasing with
depth increase. The temperature is below 200°C in the 3 mm
depth. At a dimensionless time © = 1.0, the heat source is
back in the right reversal point. The depth temperature profile
is more balanced than in the time ® = 0.75. It denotes fast
temperature equalization in the sample material. The different
beam motion velocity has only a small influence on spatial
courses of temperature in dimensionless time @ = 1.0.

Spatial profile of surface temperature in the direction
perpendicular to the beam track is in Fig. 8. The parameter of
the curves is dimensionless time again. At a dimensionless
time © = 0.75, the beam is directly under the sample center
during second travel. The width of heat-affected zone has only
slight differences but the temperatures obtained in this zone
vary for tested motion velocities. At a dimensionless time
® = 1.0, surface temperature profiles in the y axis direction

gradually flatten, similarly as in the z axis direction (Fig. 7).
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T(¢C)

z (mm)

Fig. 7 Spatial courses of temperature in the z axis direction passing
the center of the sample for dimensionless times 0.75 and 1.0 (x =50
mm, y = 35 mm)
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Fig. 8 Spatial courses of temperature in the y axis direction passing
the center of the front sample surface for dimensionless times 0.75
and 1.0 (x =50 mm, z= 0 mm)

C.Sample Temperature Distribution in 3D Task

Fig. 9 gives the image of spatial temperature distribution in
the sample, that undergoes thermal treatment using moving
heat source. There is considered beam motion velocity 24
mm.s" and figure shows the temperature state in the time 7.5
s, when the heat source is over the center of the track during
the second travel.

Temperature distribution in longitudinal sample cross-
section passing the track can be seen on Fig. 9 (a) (y = 35
mm). Fig. 9 (b) (z = 0 mm) illustrates surface temperature
field of the sample with clearly visible beam spot. Maximum
of the surface temperature at this time is about 930°C.
Transversal cross-section passing the sample center, Fig. 9 (c)
(x = 50 mm), indicates the shape of the heat-affected zone in
the sample.
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Fig. 9 Distribution of the temperature at sample front surface (b), and
at longitudinal (a) and transversal (c) sample cross-sections when the
heat source is in the centre of the track during the second travel

IV. CONCLUSION

When reviewing the 2D and 3D simulation models from the
temperature distribution point of view, the lower temperature
values in 3D model are evident. It is caused by the heat
transfer in the y axis direction that is not respected in the 2D
model. The temperature decrease is in the order of several tens
of degrees — during the first travel of the beam over the
sample, the maximum sample surface temperature in 3D
model is about 35°C lower than in 2D model, and supposing
second travel, the temperature reduction reaches 107°C.
Involving the heat transfer in the y axis direction, the
simulation model gives significantly more accurate results.

The effect of three beam motion velocities 40, 24 and 17.14
mm.s”, that correspond to the beam motion periods between
the opposite reversal points 3, 5 and 7 s, on sample
temperature distribution have been compared.

The motion velocity and number of beam travels over the
sample have been confirmed as an important factor
influencing achieved results. Lowering the beam motion
velocity from 40 mm.s” to 24, and 17.14 mm.s™, the sample
surface maximum temperature increases from 700°C to
877°C, and 1005°C, during the first beam travel over the
sample. Supposing second beam travel, the sample surface
maximum temperature increases from 744°C to 920°C, and
1049°C. The tested motion velocities have multiple effect on
surface temperature increase than addition of another beam
travel over the sample. Moreover, rising the number of beam
travel leads to overall sample heating that is a negative effect.

The established models of investigated process represent
advantageous method of temperature field description during
surface thermal treatment of materials. The knowledge of
temperature distribution in particular times of the process
enables further evaluation of the depths of heat-affected zone
for the whole sample. Using the simulation models, it is
possible to investigate the effect of process parameters (beam

motion velocity, heat source power, thermal properties of
processed material, etc.), or to perform process optimization,
without the necessity of doing a series of experiments.

The next assumed step is to perform experimental
verification of the created simulation model.
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