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In high power laser material processing, like laser transformation hardening, laser welding or laser cladding,
tailoring the laser intensity profile is a method to improve stability of the laser material process and/or improve
the processing results. A method to tailor the laser intensity profile in real-time is using a Galvanometer
Scanner to quickly and iteratively oscillate the focal spot of the laser beam over a predefined path. Due to
the oscillating nature of this beam shaping method, the temporal heat input will differ from the temporal
heat input by an equivalent non-oscillated laser intensity distribution. Mathematically this equivalent non-
oscillated beam profile is the convolution of the laser intensity distribution of the oscillated focal spot and the
predefined oscillation path. This work presents simulation results of laser induced thermal fields. The thermal
fields induced by oscillated laser beams at different frequencies are compared with the thermal field induced
by the equivalent non-oscillated beam. These comparisons show that even at the highest oscillation frequencies
the oscillated and equivalent non-oscillated laser beams induce significantly different in temperature fields (e.g.
up to 325 K peak temperature difference) and different cooling rates (10° K/s and 5500 K/s respectively).

1. Introduction

In various high power laser material processes the laser inten-
sity distribution in the laser-material interaction zone is tailored, also
known as beam shaping, to improve process stability and/or processing
results. For example, in laser transformation hardening, tailoring the
laser intensity profile affects obtained hardness and residual stress
distributions in the laser affected volume [1-3]. Tailoring the laser
intensity profile is used in laser welding to increase the process window
and to adapt the weld seam parameters [4-6]. In laser cladding, using
laser beam shaping the microstructure of the deposited material can be
controlled and tailored [7-9].

Beam shaping methods can be classified in two categories. That
are static beam shaping methods, e.g. using laser transport fibers with
different cross-sectional shapes of the fiber cores [9,10], Diffractive
Optical Elements [4,11], or custom optics [3,7]. The second category,
dynamic beam shaping methods, allows to dynamically — i.e. during
processing — adapt the beam profile. The most common dynamic beam
shaping method uses a Galvanometer Scanner [12,13], but recently
also other dynamic beam shaping methods became available for high
power laser processes, including but not limited to using Multi Plane

* Corresponding author.
E-mail address: s.j.l.bremer@utwente.nl (S.J.L. Bremer).

https://doi.org/10.1016/j.ijjheatmasstransfer.2024.126129

Light Conversion [14], Deformable Mirrors [6] or Coherent Beam
Combining [15].

When using Galvanometer Scanners, a user-defined path is os-
cillated iteratively by the small focal spot of the laser beam. The
oscillation path is generally superposed on a forward speed in the
processing direction. This means that a location on the surface of the
substrate in the processing area will be illuminated by the laser spot
multiple times. When the laser spot passes this location, it will heat up
the material in this location, but the material will cool down between
consecutive passes of the laser spot. When the oscillation frequency,
i.e. the number of times per second the path is scanned, increases,
these temperature variations in the material at this location will reduce.
Therefore the temperature history in the material in this location will,
with increasing oscillation frequency, approach the temperature history
as if an equivalent non-oscillated laser beam illuminates this location.
The laser intensity profile of this equivalent non-oscillated laser beam
is mathematically a convolution between the oscillation path and laser
intensity profile of the oscillated focal spot.

When, from a material point of view, a desired laser intensity profile
is specified based on desired peak temperatures and cooling rates, this
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Fig. 1. Schematical overview of the substrate, the path (here sinusoidal) of the oscillated laser spot (at t = 0 s) and non-oscillated beam (at 1 = 3 s, so the beam has moved by
5 mm/s x 3 s = 15 mm). Locations M and N are used for temporal evaluations, the blue area indicates the location of the spatial evaluations, both at t =3 s. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

profile is generally defined for a non-oscillated laser intensity profile.
When employing a Galvanometer Scanner as beam shaping method,
the above mentioned differences between the oscillated laser beam and
the equivalent non-oscillated laser beam induced thermal cycles should
be quantified as function of the oscillation frequency to determine
which oscillation frequency is required to still obtain the desired peak
temperatures and cooling rates.

In this work thermal models are developed to simulate the thermal
fields induced by on the one hand the oscillated beams on the other
hand the non-oscillated equivalent beam. Section 2 introduces these
models and the evaluated areas and locations of interest. The thermal
fields will be compared both spatially and temporally and discussed in
Section 3. Finally, Section 4 summarizes the main conclusions of this
work.

2. Method

To compare the thermal fields induced by the oscillated laser beams
with those induced by the non-oscillated equivalent, thermal models
have been developed in COMSOL Multiphysics® [16], as described in
Section 2.1. The thermal models are subsequently solved and evaluated
both temporally and spatially, and discussed in Section 2.2.

2.1. Model

In the model, the oscillated and non-oscillated equivalent laser
beams are translated over a substrate with dimensions 50x20x 10 mm?,
as schematically shown in Fig. 1. Stainless Steel 316L is chosen as
the material of the substrate. In this model laser material process
without melt is simulated, e.g. laser annealing or laser transformation
hardening. Therefore phase transitions are not included in this and
the material properties are fully described by its values for density
p, thermal conductivity k, heat capacity C,, at constant pressure and
absorption coefficient A. The density p reads

p = 8058.746 — 0.1963973 T — 4.830884 - 107 T2

+ 4.114383 - 1077 T3 = 1.337946 - 10710 7% kg/m?, @)
the thermal conductivity k reads
k =7.956002 + 0.02084122 T — 4.706772 - 107° T2

+ 6271478 - 10710 T3 —1.240772 - 1072 T*  W/mK (2)

and the heat capacity C,, at constant pressure reads
C, =235.650788 + 1.30084242 T — 0.00189052617 T?

+ 1.34841366 - 1075 T3 — 3.43379416 - 1010 T*  J/kgK, 3

which all are temperature dependent and retrieved from the COMSOL
Multiphysics® material library [16].

The absorbed laser energy is assumed to be converted into heat
instantly in an infinitely small surface layer, with an absorption coeffi-
cient of A =0.3 (for laser wavelengths around 1 pm) [17].

Both the oscillated and stationary heat sources start at location
xo = 10 mm and y, = 10 mm and are translated over the surface of
the substrate in positive x-direction at a traverse velocity v = 5 mm/s.
The following sections define the oscillated and stationary heat sources
in more detail.

2.1.1. Scanned laser beam
It is assumed that the focal spot of the laser beam shows a top-hat
laser intensity distribution, defined as

itz) X2+ y2 < r?,

IyGe,y,0) =4 ™ C)]
0 X2+ > r?,

where P(7) is the laser power and r; = 0.5 mm the radius of the

focal spot. This laser spot is oscillated over the substrate along a path
described by

x| _ 0
{ys(t)} - {a sin2z fyt)} ’ ®

where @ = 2.5 mm is the amplitude and f, the oscillation frequency
of the path. The studied oscillation frequencies f, are 5, 10, 20, 50,
100 and 200 Hz. To avoid high intensities at the turning points of the
sinusoidal trajectory, the laser power is scaled along the path as

P(1) = P%| cos 2 f, 1], (6

where P = 500 W is the average laser power. Then the heat input in
the model is defined as

Gin = Aly(x — x5(t) — vt — Xg, y = y5(t) — ¥, ). @)

2.1.2. Non-oscillated equivalent laser beam
The non-oscillated laser intensity profile corresponding to (or equiv-
alent to) a spot oscillating in y-direction can be derived using [18]

Is(x,y) = Iy(x,y) = S(x,y)
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Fig. 2. Laser intensity profile I of non-oscillated equivalent beam.

= // Iy(x —x'",y = YS!, y)dx'dy (8)
As

which is the mathematical convolution between the unshaped laser
intensity (Eq. (4)) profile of the focal spot and the so-called shape
function §

T
S, y) = # /o 8(x — x5(N)6(y — ys () P(D)dt, 9

as function of the oscillation trajectory (Eq. (5)) and the power history
(Eq. (6)). More details about this procedure can be found in our earlier
work [18]. By applying Egs. (8) and (9) to Egs. (4), (5) and (6) the
shaped laser intensity profile is obtained as

P r‘g—xz > >

e Ix| <7 Iyl <a—/rf—x

P A/r=x2+a- )

M x| L rpa—/r2—x2<|y| <a+/r?—x?
wia 0 XIS TRaT T Satyrp T

(10)

Ig(x,y) =

The corresponding applied heat input in the model for this laser
beam equals

Gin = Alg(x — vt — X, ¥ — ¥p)- (11

Fig. 2 shows this equivalent non-oscillated intensity profile.
2.2. Evaluation

The obtained thermal fields are evaluated both temporally and
spatially. At two locations the thermal cycle is evaluated, i.e. locations
M and N in Fig. 1. The laser beam passes these locations at t = 3 s, so
Xy = xy = 25 mm. Location M is located at the center of the oscillation
line at yy; = 10 mm and location N at one of the turning points of the
oscillation path, so yy = 12.5 mm.

Differences in these thermal cycles will be induced by different
irradiation cycles. The non-oscillated beam will pass location M once
while traveling in x-direction. Therefore, the non-oscillated beam will
irradiate location M only once, with a relatively low intensity for
a relatively long period. This irradiation cycle is shown in blue in
Fig. 3(a). For the oscillated beams, location M is passed at a frequency
of two times the oscillation frequency (because location M is passed
two times per period). As can be observed from this figure, in location
M the irradiation time per pass decreases with increasing oscillation
frequencies. Fig. 3(b) shows the irradiation cycles of location N. Here
the non-oscillated irradiation intensity is half of that of location M
according to Eq. (10). As location N is located at the turning points
of the sinusoidal oscillation path, the location is irradiated only once
per period. As can be observed from the figure the irradiation durations
are longer compared to the irradiation durations of location M. The dips
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Fig. 3. Irradiation cycles by non-oscillated and oscillated beams of (a) location M and
(b) location N at oscillation frequencies of 5, 10 and 20 Hz.

in the irradiation during the passes is caused by the power reduction
at the turning points, as defined in Eq. (6).

The analysis of the laser-induced temperature profiles is studied in
the area enclosed by lines at x = 17.5 mm, x = 27.5 mm, y = 5 mm and
y = 15 mm, as indicated by the blue area in Fig. 1. The temperature
and cooling rate fields of the indicated area will be studied at 7 =3 s.

3. Results and discussion

Fig. 4(a) shows the thermal cycles at location M induced by os-
cillated beams at oscillation frequencies f, of 5, 10 and 20 Hz as
well as the non-oscillated equivalent laser intensity distribution (blue
curve). It can be observed from this figure that the non-oscillated beam
induces a relatively slow heating and cooling of the material when
passing location M, with a maximum around T = 1400 K. For the oscil-
lated beams, the multiple beam passes with high(er) intensity induce
multiple rapid heating and cooling cycles, resulting in a temperature
cycle oscillating around the temperature profile induced by the non-
oscillated beam. Please note that these thermal profiles exceed the
melting point of the stainless steel (~¥1650 K), which is undesired. As
phase transformations are not modeled this will lead to lower peak
temperatures in practice. The deviations in temperature induced by
the oscillated beams relative to the temperature cycle induced by the
non-oscillated one are shown in Fig. 4(b). From this figure, it can
be observed that for increasing oscillation frequencies the maximum
temperature deviation is decreasing. More specifically, a quadrupling
of the oscillation frequency (from 5 to 20 Hz) leads to halving of the
maximum deviation. The latter are similar trends as found during laser
transformation hardening in the work of Soriano et al. [19].

The thermal cycles induced by the (non-)oscillated beams at loca-
tion N are shown in Fig. 4(c). For the non-oscillated beam (blue curve)
the thermal cycle is similar to the cycle at location M, only with a lower
peak temperature. The thermal cycles induced by the oscillated beams
are again oscillating around the cycle induced by the non-oscillated
beam, the deviations with respect to this thermal cycle are shown
in Fig. 4(d). This figure shows longer durations of overheating at a
lower frequency compared to the results at location M (Fig. 4(b)). Also,
double temperature peaks can be observed. This lower frequency is
caused by less passes of the laser beam at location N as compared to
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Fig. 4. (a), (c) Thermal cycles induced by non-oscillated and oscillated laser beam intensity profiles (b), (d) difference between thermal cycles induced by the oscillated beams
and thermal cycle induced by the non-oscillated beam for (a), (b) location M and (c), (d) location N at oscillation frequencies of 5, 10 and 20 Hz.

location M, as explained in Section 2.2 and visualized in Fig. 3. The
longer durations of overheating with the double peaks are a result of
the temporal shape of the irradiation cycles, which can also be observed
in Fig. 3(b).

To illustrate the effect of further increasing the oscillation fre-
quency, Figs. 5(a) and (c) show the induced thermal cycles by the
beams oscillated at oscillation frequencies f, of 50, 100 and 200 Hz
and the non-oscillated beam at respectively locations M and N. The
deviations of the thermal profiles induced by the oscillated beams with
respect to the thermal profile induced by the non-oscillated ones are
shown in Figs. 5(b) and (d). It can be observed that the maximum pos-
itive deviations are much larger than the maximum negative deviations,
ranging from approximately a factor 3 at location M in Fig. 5(b) to a
factor 2 at location N in Fig. 5(d).

Like was found for the lower oscillation frequencies, also for these
higher oscillation frequencies the maximum deviation is halved by a

quadrupling of the oscillation frequency. Therefore the lowest maxi-
mum temperature deviation, which is still around 325 K, is found at
the highest oscillation frequency of 200 Hz. This can also be observed
from Fig. 6, where the maximum positive and negative deviations
(i.e. overheating and underheating) at both locations for the different
frequencies are plotted in a log-log plot. The dots in this plot represent
the simulation data at the different frequencies. The lines shown in the
graph are characterized by a slope of —0.5 on logarithmic scale. Using
the average of the data points for the frequencies of 50, 100 and 200 Hz
the vertical position of the lines were constructed. This linear relation
on log-log scale, between oscillation frequency f, and temperature
deviations AT, is similar to the temperature difference induced by a
pulsed laser source as function of varying pulse durations. More specif-
ically, in the case of a pulsed laser, the temperature difference scales
with the square root of the pulse duration, as was derived analytically
by Belchtel in 1975 [20]. As in the oscillated case considered in this
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Fig. 5. (), (¢) Thermal cycles induced by non-oscillated and oscillated laser beam intensity profiles (b), (d) difference between thermal cycles induced by the oscillated beams
and thermal cycle induced by the non-oscillated beam for (a), (b) location M and (c), (d) location N at oscillation frequencies of 50, 100 and 200 Hz.

paper, the irradiations cycles (in Fig. 3) are in fact to be considered
to be laser pulses. The pulse duration of these pulses is inversely pro-
portional to the oscillation frequency. From this it follows that, indeed,
in the case of a oscillated beam the temperature difference is inversely
proportional to the square root of the oscillation frequency. As can be
concluded from Fig. 6, some of the data points corresponding to low
oscillation frequencies deviate from the linear trend. This is attributed
to the fact that the effect of the traverse velocity v becomes significant
at low oscillation frequencies, e.g. location N is only irradiated by the
side of the oscillated laser beams at low oscillation frequencies. From
the above analysis a design rule can be derived, namely in the case a
reduction of temperature deviations of a factor of two is targeted, the
oscillation frequency should be quadrupled.

The thermal profiles on the surface of the substrate induced by both
beam types at time r = 3 s are shown in Fig. 7. Fig. 7(a) shows the
thermal profile induced by the non-oscillated equivalent beam. This
temperature profile is characterized by a line shaped high temperature

zone, with slightly increasing temperatures towards the center of the
line. In Fig. 7(b) the thermal profile is presented that is induced by
the oscillated laser beam profile at 200 Hz. This oscillation frequency
induces a thermal profile closest to the one induced by the non-
oscillated beam. The temperature profile in Fig. 7(b) shows a zone with
high temperatures clearly marking the current position of the laser focal
spot. Furthermore the oscillation direction of the focal spot, in positive
y-direction, can be deduced from the higher temperatures in the just
irradiated areas (24.5 < x < 25.5 mm and 7.5 < y < 10 mm). These areas
show higher temperatures compared to the thermal field induced by
the non-oscillated beam (Fig. 7(a)), whereas the areas that are about
to be irradiated show lower temperatures compared to that field. This
implies that the oscillated beam induces large temperature differences
in short times and therefore implying high heating and cooling rates
of the substrate. The induced cooling rates, for both the non-oscillated
and oscillated cases, are shown in Fig. 8. It can be observed the
oscillated beam case (Fig. 8(b)) results indeed in much higher cooling
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Fig. 6. Maximum differences between thermal cycles induced by the oscillated beams
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rates compared to the non-oscillated case (Fig. 8(a)). For example, if
the cooling rate at a local temperature of 1200 K is relevant for the
laser material process, the non-oscillated case results in a maximum
cooling rate around 5500 K/s at this temperature, whereas the oscillated
case gives significantly larger cooling rates, which are over 10° K/s
at this temperature. Hence, beam shaping based on the oscillation
method results in significantly different thermal fields and cooling
rates compared to shaping the beam in a non-oscillated approach. As
these quantities are important factors in the resulting microstructure for
multiple high power laser processes [21], these different beam shaping
methods may also induce different microstructures.

4. Conclusion

The thermal fields and cycles, induced by both oscillated laser
beam intensity profiles and its non-oscillated equivalent laser beam
intensity profile are simulated using a thermal model. The obtained
thermal profiles induced by the oscillated intensity profiles are, both
spatially and temporally, compared to the thermal results induced
by the non-oscillated equivalent profile. From the thermal cycles at
two locations induced by the oscillated beams and the non-oscillated
equivalent beam, it was concluded that the temperature differences
decrease by a factor 2 when the oscillation frequency is increased
by a factor 4, following the analytical solution. This is a design rule
which can be exploited to optimize the processing result. Also the
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cooling rates induced by the oscillated beam profiles are much higher
than the cooling rates induced by the non-oscillated equivalent beam.
For the whole area illuminated by the oscillated beam profile during
one cycle, the cooling rates are two orders of magnitude larger than
the cooling rates obtained by the non-oscillated beam profile. These
are a result of the fast thermal cycles induced by oscillated beams
compared to a single slow thermal cycle induced by the non-oscillated
equivalent beam. From above observations it can be concluded that
even for a oscillation frequency of 200 Hz, from a thermal point of
view, the differences between the thermal profiles and cycles induced
by the oscillated laser intensity profile and the thermal profiles and
cycles induced by the non-oscillated equivalent laser intensity profile
are significant. This means that when the Galvanometer Scanner is used
to obtain a desired beam shape, the obtained processing results, such
as microstructures or residual stress distributions, probably will differ
from the results obtained using a non-oscillating beam shaping method.
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