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ABSTRACT

The depth homogeneity of laser-treated zones is one possible factor to define the quality and efficacy of altered mechanical properties in
materials. For instance, half-rounded cross-sectional shapes of laser hardened zones using Gaussian beams provide dissimilar hardened
depth in the edges and center of the treated area. This means that the in-depth distribution of compressive residual stress varies between the
edges and the center of the hardened area. Nonhomogeneity of compressive residual stress distributions can inhibit fatigue properties and
can lead to product failure. The utilization of oscillated laser beams has been proven to improve the welding efficiency and energy input dis-
tribution to the material, which promises achieving a homogeneous depth of laser-treated zones in hardening applications. Therefore, this
work examines the influence of triangular, square, and circular beam oscillation strategies on the energy input distribution during the
process and the geometry of the laser-treated zones on microalloyed steel. Laser beam pathways were assembled using a vector graphic
editor to visualize the energy distribution from each oscillation strategy. Cross section images of the hardened tracks were taken and related
to the thermal energy input profiles. It was revealed that each oscillation strategy demonstrates characteristic temporal and spatial thermal
energy input distribution, influencing the geometry of the hardened zone. The circular oscillation strategy produced a widely constant depth
in contrary to the triangular and square beam oscillation due to its characteristic energy distribution that allows homogeneous heat dissemi-
nation in the material. This confirms that the laser beam oscillation strategy can tailor the energy input distribution to optimize the process-
ing outcome.

Key words: laser beam oscillation, laser surface treatment, laser beam shaping
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I. INTRODUCTION

Rounded shapes of laser hardened specimens using a Gaussian
laser beam can have limitations on improving material mechanical
properties, such as fatigue properties. The cross-sectional hardened
zones show deeper treated areas at the center that usually give deeper
residual stress impact compared to the edges. The possible crack ini-
tiation and propagation happening at the edges of the treated zone
can reduce the fatigue properties. Therefore, achieving a uniform
cross-sectional laser-treated depth is desirable.

One way to compensate the depth reduction at the edges of the
treated area is by overlapping the adjacent tracks when larger areas
are treated. An appropriate overlapping ratio can give uniform hard-
ened depth over a wide area and optimize the mechanical properties
in the surface.1 However, excessive overlapping of the hardened track
causes an adverse effect, such as reduction in surface hardness in the

overlapping areas.2,3 In order to prevent this, a single pass of the
laser beam is desired to create a uniform hardened zone. Customized
laser beam shapes have been reported to influence the appearance of
the treated area.4–6 Integrated mirrors, modulators, diffractive optic
elements (DOEs), and special beam shaping lenses are commonly
applied for laser processing to improve process efficiency.7–10

For instance, laser beams with higher intensity values at the edge are
able to generate a homogenous treated area.11 Optimal power ratios
between the center and edges of the laser beam profile can give
uniform in-depth heat distributions.9 The spatial intensity distribu-
tion of the laser beam was also found to affect the hardening
process. Triangular laser beam shapes were considered to be favor-
able in generating homogeneous hardened zones.12 The laser beam
can also be tailored using oscillating optics that makes the beam
oscillate at a specific frequency and pattern while moving across the
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specimen. This method was found to show benefit when treating
complex structures13 and increasing welding efficiency.14–16 During
laser welding, higher oscillation frequencies of the laser beam were
reported to increase the weld depth of 304 stainless steel.17

Microstructural observations of the weld seams also indicate that the
beam oscillation can influence the temperature gradient and solidifi-
cation rates. Therefore, the essential effect of beam oscillation can be
attributed to changing the deposition distribution of laser energy on
the processing surface.18

A description of the laser energy distribution of the oscillating
laser beam can be approached through integral calculation with
regard to the processing speed, oscillation frequency, and ampli-
tude.18 In the case of complex oscillating strategies, multiple passes
of the laser beam need to be taken into account as a superposition
of overlaying energy inputs. The constant laser beam movement on
the material causes temporal changes in the energy input for oscil-
lating laser beams that do not happen in the static laser beam.
Since the heat conduction is comparably slow in the material, in
some cases, the oscillation can be fast enough to consider the beam
oscillation a quasistatic intensity distribution. However, the effect
of temporal changes of the energy input toward the processing
results is not completely clear and thus important to study.
Therefore, this work examines the effect of temporal laser beam
oscillation on the treated area.

II. METHODOLOGY

Figure 1(a) illustrates the experimental setup. Beam oscillation
optics (at Permanova Lasersystem AB) were mounted to a laser from
Trumpf with a wavelength of 1030 nm to produce single, straight,
laser-treated tracks. Circular, square, and triangular oscillation strat-
egies were performed, as illustrated in Figs. 1(b)–1(d). The dimen-
sions of the oscillation strategies was set to 9mm. Oscillation
frequency, processing speed, laser power, travel distance of the robot,
and spot size of the laser beam were constant for every experiments,
shown in Table I. The specimens were 44MnSiVS6 microalloyed
steel, machined into disks with 10mm thickness and 110mm diame-
ter and ground to a surface roughness (Ra) of 0.5–1 μm.

Visualization of the energy input distribution during the
process was approached by reconstructing the laser beam pathway at
several interval times (0.5, 1, and 2 s) as shown in Figs. 2(a)–2(c). It
was created by stacking semitransparent drawings in the X-direction
using a vector graphic editor that demonstrates the laser beam move-
ment. The amount of assembled drawings in the image represents
the amount of oscillations at a specific interval time (0.5, 1, and 2 s).
For instance, about 33 oscillations happen within 1 s and thus 33
drawings are assembled in the image. The region between X0 and X1

[Fig. 2(d)] represents the temporal energy input distribution. Thus,
the integration of this region represents the total energy input distri-
bution on a specimen’s cross section.

For the evaluation of the treated surface of the material, the
specimens’ cross sections were taken from the track and prepared
using a 3% Nital solution. The treated area is defined by the area
where martensitic transformation occurred, which was shown to be
closely related to the hardness drop identified in comparative hardness
measurements.8,19 Accordingly, the depth of the treated area was mea-
sured every 300 μm from the leftmost to the rightmost of the treated

area and the standard deviation of these measurements were calculated
using the STDEV formula in MS EXCEL for each specimen.

III. RESULTS

Laser-treated tracks were observed from the top. Darker regions
on the specimen surface experienced increased energy input with

FIG. 1. (a) Illustration of the experimental setup including (b) circular, (c)
square, and (d) triangular oscillation strategies.

TABLE I. Applied constant laser parameters.

Oscillation frequency 2000 rpm
Processing speed 600 mm/min
Laser power 500W

Laser beam spot size 1 mm
Travel distance of the robot 60 mm
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their own characteristic shapes depending on the oscillation strategy,
as shown in Figs. 3(a)–3(c). The beginning and the end sections of
the tracks were not fully treated. The middle section of the track was
fully treated for all oscillation strategies. Small regions of melted
material were found at the edge of the square track, and three vivid
lines were found on the edge and center of the triangular track.

Figures 3(d)–3(f) show the cross-sectional images of the laser-
treated surfaces by circular, square, and triangular oscillations.
The cross section of the circular oscillation shows a more homoge-
neous depth than the square and triangular oscillations. Melted
surfaces with deeper treated zones were found at the edge of the
square oscillation. The cross section of the triangular oscillation
specimen also shows deeper treated zones at the edges and in the
center. These observations are related to the features found in the
top view inspection in Figs. 3(b) and 3(c). For all profiles tested,
the average depth and width achieved from this process were 0.05
and 9.1 mm. Standard deviations of the treated zones’ depths were
calculated for each cross-sectional track [Figs. 3(d)–3(f )] at differ-
ent oscillation strategies and are shown in Table II. The circular
oscillation strategy produces more homogenous treated zones com-
pared to square and triangular oscillation strategies as it shows the
smallest standard deviation. The square oscillation strategy pro-
duces the largest treated area as seen in Table II. This occurs due to
the melting of the edges of the treated track that contributes to
enlarge the treated zone area.

Visualization of the energy input distribution during the
process at several interval times is shown in Fig. 4. The energy dis-
tribution changes at different chosen interval times. Circular and
square oscillations show the highest energy intensity at the edge of
the track, while the lowest energy intensity occurs at the beginning
and the end of the track. The energy intensity in the middle of the

FIG. 3. Laser-treated tracks and cross-sectional images of circular oscillation
[(a) and (d)], square oscillation [(b) and (e)], and triangular oscillation [(c) and
(f )].

FIG. 2. Reconstruction of the laser beam pathway during (a) 0.5, (b) 1, and (c)
2 s interval times and (d) line profile integration of the region of interest.

TABLE II. Area of the treated zones and standard deviation of the treated depth.

Oscillation strategy
Area
(mm2)

Standard deviation
(mm)

Circular 0.28 0.007
Square 0.49 0.017
Triangular 0.27 0.011

FIG. 4. Visualization of the energy input distribution during the process at
0.5, 1, and 2 s interval times for circular oscillation [(a)–(c)], square oscillation
[(d)–(f )], and triangular oscillation [(g)–(i)].
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track remains moderate for both circular and square oscillations.
Meanwhile, triangular oscillation produces a more homogeneous
energy intensity distribution toward the edges and middle of the
track perpendicular to the robot moving direction.

Temporal changes of the energy input distribution were also
found in each oscillation strategy, particularly for the triangular
oscillation (Fig. 5). The circular and square oscillations show a
gradual increase of intensity in the beginning of the process, while
the intensity profile tends to be constant afterward parallel to the
robot moving direction. The triangular oscillation instead shows a
constantly high intensity for the whole process and a widening of
the intensity profile over time. This results in a higher integrated
energy input at the center of the profile as shown in Fig. 6, where
the intensity was integrated in the sections visualized in Fig. 5 in
the robot’s moving direction.

The line profile integration of the temporal energy input for
every oscillation strategy is shown in Fig. 6. A trapezoidal calcula-
tion of the area under the graph shows that the three oscillation
strategies have similar integrated areas. However, the distributions
of the intensities vary. The circular oscillation indicates a gradual
decrement of energy intensity from the peak at the edges toward
the center of the profile, while the square oscillation shows an
abrupt drop in the energy intensity from the edge peak of the
profile. The energy intensity peak of the square oscillation is also
significantly higher than the one of circular oscillation. The trian-
gular oscillation demonstrates to have a higher energy intensity at

the center than at the edges of the profile with the lowest energy
intensity peak.

IV. DISCUSSION

In the following, the impact of the oscillation strategy on the
material reaction will be examined. The underlying question is to
what extent oscillating laser beams can be considered integrated
static beams. The first assumption is that the integrated beam profile
(Fig. 6) determines the material surface reaction. However, there is
no direct relation found in Fig. 3. Further possible reasons for the
deviations can be scanning speed variations or overlapping patterns.

A. Impact of the scanning speed variations

It is assumed that mechanical limitations of the oscillating
optics can influence the scanning speed depending on the oscilla-
tion pattern. Qualitative scanning speed variations depending on
the oscillation patterns are illustrated in Fig. 7.

The integrated intensity profile cannot explain the impact of
the triangular beam oscillation. The three visible lines along the
track generation direction that were found on the triangular oscilla-
tion track in the top view [Fig. 3(c)] resulted in deeper laser-treated
regions as seen in Fig. 3(f ) on the edges and center of the treated
area. This means that more energy was likely specifically concen-
trated in these regions. The triangular oscillation requires the laser
beam to change direction at its three vertices, which causes the
laser beam to decelerate at the vertices [Fig. 7(b)]. Consequently,
there is a local additional energy input from the decelerated laser
beam on the track, while the faster movement of the laser beam
between the vertices leads to even reduced temporal energy input.
The same phenomenon occurs for the square oscillation [Fig. 7(c)]
strategy. A higher energy input at the edge comes from deceleration
of the laser beam at the square vertices. The circular oscillation
pattern has no vertices points that would require a deceleration of
the laser beam [Fig. 7(a)].

An additional effect that can alter the local energy input
related to the beam oscillation is the length of the circumference of
the oscillation pattern. Although the same value of rotations per
time was set, the three oscillation strategies also have different
scanning speeds due to different circumferences of the oscillation

FIG. 7. Scanning speed variation indicated by the length of the arrows for (a)
circular, (b) triangular, and (c) square oscillation pattern.

FIG. 5. Visualization of temporal energy input for (a) circular, (b) square, and
(c) triangular oscillation strategies.

FIG. 6. Integrated temporal energy input for all oscillation strategies.
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patterns. For instance, the square oscillation has the longest circum-
ference of 36 mm compared to 28.26 mm (circular oscillation) and
29 mm (triangular oscillation). Since the amount of rotations per
time is the same for every oscillation strategy, the square oscillation
must have the fastest average of scanning speed compared to the
other oscillation strategies. Therefore, the actual energy input
profile for the square oscillation can differ from the estimation
(Fig. 6). The energy input in the middle of the square oscillation
profile can be lower than the one of circular oscillation because at
this point, the scanning speed for the square oscillation is higher.
Hence, the variations of scanning speed due to mechanical move-
ment of the oscillating mirrors help explain the impact of the trian-
gular oscillation pattern on the material reaction and can be a
reason for the additional energy input at the edges of the square
oscillation strategy.

B. Impact of overlapping patterns

Changes in the energy input distribution over time (Fig. 4)
happen due to the overlap of the pattern movement of the laser
beam pathway. The curves of thermal energy inputs that are quali-
tatively expected at different positions on the material and different
oscillation patterns are shown in Fig. 8.

At the selected exemplary positions on the material Pn, the
laser beam passes several times, which means that energy input is

applied to the material several times with varying cooling times in
between. Accordingly, local variations of energy input can be
expected as indicated in Fig. 4. The phenomenon can be easily
understood by looking at the beginning and end of the track shown
in Figs. 3(a)–3(c), where a lower amount of energy input was possi-
ble due to temporal effects of the oscillation strategy.

The circular beam oscillation with the characteristic of a cons-
tant beam oscillation speed [Fig. 7(a)] experiences a similar moder-
ate energy input twice, except for the side edges of the circle, as
shown in Fig. 8(a). However, the time between the beam passes at
different positions varies [Fig. 8(d)].

In addition to the temporal variation of the energy inputs, the
speed variations must be taken into account for the triangular oscil-
lation pattern [Fig. 8(b)]. P3 experiences a high energy input first
due to deceleration of the laser beam and a second treatment after
a long waiting time of a lower energy due to the faster speed at
time t3. Meanwhile, P4 experiences different energy inputs at differ-
ent times.

In the case of the square oscillation pattern, most points, such
as P5, experience energy input at the same time. However, the
acceleration and deceleration of the beam lead to locally different
values. For instance, position P6 where all oscillation paths during
the whole process pass through receives continuous thermal energy
input as illustrated in Fig. 8(f ). Since all oscillation paths during
the whole process pass through this point, an increased energy

FIG. 8. Qualitative sketch of thermal
energy input at different positions on
the material for circular oscillation [(a)
and (d)], triangular oscillation [(b) and
(e)], and square oscillation [(c) and
(f )].
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input with only short cooling times are applied, while the oscilla-
tion speed variations lead to a slight temporal variation of the
general energy input.

C. Appearance of the tracks

With the help of these thoughts of oscillation speed variations
and temporal effects, the cross-sectional track shapes can be
explained. The circular oscillation, which shows the characteristic
of higher intensity profile at the edges and the gradual intensity
decrement toward the center (Fig. 6), generates the most homoge-
nously treated area [Fig. 3(d)]. This observation agrees with the
previous similar findings by Sun et al.11 and Wellburn et al.9

Although an increased energy input at the edges is expected due to
the shorter time between the first and second treatment of a similar
value, the heat conduction in the material is likely to be sufficient
to transport the heat away from the processing zone that no
melting occurs and a homogeneous track is generated.

The integrated beam profile of the triangular oscillation
pattern (Fig. 6) indicates that an increased energy input should
happen in the center of the track, which explains the slightly
increased treatment in the center visible as a line in Fig. 3(c).
However, melting occurred at the edges [Fig. 3(c)], which increased
the depth of the track [Fig. 3(f )]. This can be explained by the
deceleration of the beam in the edge positions and the short
cooling times between the first and second treatments.

The square oscillation intensity profile emphasizes that the
energy input is high at the edges of the track. The deceleration and
temporal multiple treatments (Figs. 7 and 8) indicate a concen-
trated energy input at the edges. The increased heat conduction in
the material at the edges cannot compensate the high heat input
and can, therefore, not create a homogeneous temperature field in
the material surface. Hence, the intensity ratio between the edge
and center of the laser beam profile along with the gradual decre-
ment of energy intensity are important aspects to produce depth
uniformity of the treated area.

In summary, the integrated beam profile (Fig. 6) alone cannot
explain the track appearances in the cross sections at different
beam oscillation patterns. Thus, speed variations and overlapping
pattern must be taken into consideration.

D. Comparison of beam shaping methods

Since operation parameters differ at different beam shaping
strategies, a comparison of the efficiencies was conducted by com-
paring the energy needed for the volume of the treated track,
shown in Table III.

The comparison of the process efficiency in Table III shows
that laser beam oscillation strategies have the largest value of
energy input per volume among other laser beam shaping techni-
ques from the literature. Although the static beam shaping using
lens optics (Gaussian beam), a Kaleidoscope (square beam), or a
pattern of 16 single beams positioned in a square shape using DOE
show the lowest energy need per treated volume, these beam
shaping techniques do not show homogenous depth of the treated
area. A doughnut profile produced with modulator optics9 shows
higher energy need and more homogenous depth of the treated
area. The efficiency is closely related to the cost of production. A

higher energy need at similar processing volume leads to higher
production costs. Defining the homogeneity of the treated track as
the main quality criterion means that although laser beam oscilla-
tion techniques can tailor the geometry of the treated area, this
technique requires more energy consumption than other laser
beam shaping techniques.

V. CONCLUSION

Laser surface treatments using circular, square, and triangular
oscillation strategies have been conducted to investigate the influence
of the energy input of oscillating beams on the treated material.
Estimations of the beam intensity profile during the oscillation were
approached by (1) reconstructing the laser beam pathway at several
interval times (Fig. 4), (2) integration of the accumulated oscillation
pattern (Fig. 6), and (3) temporal considerations (Fig. 5).

Laser beam oscillation strategies influence both the spatial and
temporal energy input distributions into the material through over-
lapping oscillation patterns. Integration of the temporal energy
input (Fig. 5) and integration of the local energy input (Fig. 6)
cannot fully explain the shape of laser-treated surface areas.
Additional considerations to the temporal effect of laser beam
oscillation are (1) the circumference of the oscillation pattern that
influences the speed of laser beam oscillation and affect the energy
input, (2) mechanical limitations of the oscillating optics that can
induce locally varying energy input at vertices, and (3) overlapping
oscillation patterns that alter the local energy input. The findings
can be summarized as follows:

• A laser beam oscillation pattern with a slightly higher energy
input at the edges and gradual intensity decrement toward the
center of the profile leads to a homogeneous depth of the treated
surface area. The gradual intensity decrement can compensate a
higher energy input at the edges, allowing homogeneous heat
dissipation in the surface. This indicates that there is a possibility
to produce tailored track shapes by beam oscillation.

• Treating the beam oscillation strategies as quasistatic beam pro-
files cannot explain local phenomena in the track appearance.
The scanning speed variations and the time between treatments
of the same point on the material must be considered in addition
to the pure integration of the energy input.

TABLE III. Efficiency of several laser beam shapes in terms of energy need per
treated volume.

Laser beam shapes
Energy need
(J/mm3)

Gaussian beam (Ref. 8) 3.9
Square beam (Ref. 8) 5.1

DOE (Ref. 8) 9.1
Circular oscillation 156.9
Square oscillation 98.1

Triangular oscillation 161.6
Doughnut (Ref. 9) 30.9
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