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Influence of the beam oscillation pattern and oscillation frequency
on the temperature field in laser brazing with keyhole formation
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Abstract
Laser keyhole brazing is an opportunity to increase the process efficiency in laser brazing processes. Using small spot sizes
increases the intensity and leads to the formation of a vapour capillary (keyhole) in the brazing material when a material-specific
threshold value is exceeded. Due to multiple reflections/absorptions of the laser beam in the keyhole, the process efficiency
increases in comparisonwith conventional brazing processes with single Fresnel absorption on the surface, especially when using
high-reflectivity braze materials, such as aluminium-based or copper-based alloys. The energy must be distributed adequately by
applying beam oscillation transversal to the brazing direction. In laser brazing processes, the temperature field in the interface
between brazing and substrate material is a major factor. To analyse the effect of beam oscillation, it is assumed in this study that
the temperature distribution at the surface of the melt pool is a suitable approximation for the temperature distribution at the
interface to the substrate. Two key parameters are defined to quantify the temperature field referring to the homogeneity: the
temporal local temperature-time curve and the temperature distribution transverse to the brazing direction. While the oscillation
frequency influences the first mentioned parameter by decreasing the time interval between the local laser passes, the oscillation
pattern affects the second parameter by adjusting the local actual beam velocity and its consistency.
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1 Introduction

Laser brazing offers the ability to join different materials with
good visual quality. The joint is achieved by the wetting of a
preheated substrate material with a molten brazing material.
Conventional laser brazing processes use large spot sizes of
several millimetres to realise the process, based on a single
Fresnel absorption of the laser beam [1]. Frequently used braz-
ing materials are aluminium and copper. These materials are
highly reflective, leading to a low absorption of the laser beam
and low process efficiencies [2].

A concept derived from laser welding offers the opportu-
nity to increase the absorption, whereby decreasing the laser
spot leads to an intensity that is high enough for the local
evaporation of the metal (threshold intensity). A vapour

capillary called a keyhole is formed, in which the laser beam
is absorbed multiple times, thereby increasing the efficiency
[3]. The energy input into the material is done localised in the
keyhole and distributed by heat conduction and convection
[4]. The high absorption of the laser beam and the localised
energy input result in a high temperature gradient in the vicin-
ity of the keyhole [5]. The laser power needed for the evapo-
ration of the metal decreases with decreasing spot size. The
keyhole process has been successfully transferred to the braz-
ing process in preliminary investigations [6]. The preheating
of the substrate, which is favourable for the process by in-
creasing the wetting time [7], is realised by heat conduction
from the overheated molten brazing material when the molten
brazing material wets the substrate surface.

The keyhole depth is multiple times higher than its opening
diameter. In laser welding, this characteristic is used to in-
crease the welding depth [8]. In laser brazing processes, the
melt pool depth, and therefore the keyhole depth, is limited by
the substrate material. Combining the high aspect ratio of the
keyhole shape with the round shape of the wire (brazing ma-
terial) results in a welding through in the middle of the brazing
material and an incomplete melting of the edges (cf. Fig. 1,
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middle). Heat conduction results in a wider melt pool as the
keyhole width, but the widening is not sufficient for a com-
plete melting of the wire without melting of the substrate when
using small spot sizes as in this investigation. By oscillating
the laser beam using a beam scanning system, the intensity
can be distributed over a wider area without increasing the
laser power [9]. This decreases the melt pool depth, increases
the melt pool width and facilitates an efficient laser brazing
process with a complete melting of the brazing material yet
without melting the substrate material [6].

In laser brazing processes, the temperature field at the in-
terface between the brazing and substrate materials is impor-
tant for the joint quality. Homogenous and stationary temper-
ature fields are regarded as the ideal process state [10].
Especially, when using brazing and substrate materials with
only slight differences between the melting temperatures,
these properties are essential to prevent molten areas in the
substrate material. Figure 1 shows the expected temperature
profiles in the brazingmaterial wire for different spot sizes and
in comparison, to the linear oscillation of the keyhole. The
temperature distribution of a large spot is expected to be more
homogeneous than that of the others. For the considered pro-
cess, it is important to understand the influence of using the
deep penetration effect in combination with beam oscillation
onto the temperature field in the interface referring to the
homogeneity.

The temperature profile on top of the seam is regarded as a
suitable indicator of the temperature field in the interface [11].
An often used possibility to measure the temperature field in
dynamic processes is infrared thermography [12]. In welding
processes, it can be used, e.g. for an online adaption of the
weld parameters [13] or to identify and locate welding defects
[14]. The main advantages of the process are the contactless,

time-resolved and geometry-independently measurements
[15]. Therefore, it is an effective method for real-time moni-
toring of objects and processes without disturbing [12]. This
method is based on the detection of an object’s emitted ther-
mal radiation, which is conditional on the emissivity, which
itself is dependent on the temperature, the surface condition
and the physical state [11]. Conventional infrared pyrometer
measures in a spectral range of 780 nm to 1 mm [16] and a
temperature range from 20 to 1700 °C [12]. The emissivity of
the detected object is a challenging factor in infrared thermog-
raphy. The influence can be reduced by using, e.g. a ratio
pyrometer (two-colour pyrometer) which is mostly indepen-
dent of the emissivity [16]. For measurements in the constant
liquid phase, the assumption of a constant emissivity is gen-
erally feasible. However, this is not the case for solid materials
[17]. Another challenge is the influence of the ambient tem-
perature which can only be neglected for high differences
between the measured and the ambient temperature [16].

Further investigations into the laser brazing process with
keyhole formation have shown that the oscillation parameters
influence the maximum temperature as well as the occurrence
of molten areas in the substrate by varying the average beam
velocity [18]. In addition, investigations with respect to dif-
ferent oscillation patterns have demonstrated an influence on
the local intensity distribution [19]. Linear oscillations have
turning points that result in varying beam velocities across the
movement, thus causing varying intensities and temperatures
in the melt pool. These varying temperatures can cause local
overheating in the turning points (cf. Fig. 1) which can lead to
molten areas in the substrate material. Circular oscillation pat-
terns, which have constant beam velocities (if neglecting the
influence of the feed rate) and thus constant intensities, are
probably more suitable for the formation of homogenous

Fig. 1 Effects of the keyhole formation on the melt pool depth and temperature gradients in the melting of wire-shaped material. The brazing material is
not completely melted in the pictures to point out the influence of the process strategies onto the melt pool shape
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temperature fields in the melt pool. The oscillation frequency
also affects the temperature distribution by changing the num-
ber as well as the time interval of the laser passes. Higher
frequencies result in multiple local laser passes, which can
increase the homogeneity of the temperature field.
Therefore, the influence of different oscillation patterns and
different oscillation frequencies on the local temperature dis-
tribution on top of the weld pool shall be investigated in this
study. The resulting temperature fields are evaluated regarding
to their homogeneity.

2 Experimental

The experiments were carried out using a single-mode fibre
laser (IPG YLR-1000-SM) and a two-dimensional laser scan-
ning system (ScanlabWelDYNA). The focal diameter was 34
μm. The brazing material was an AlSi12 aluminium alloy
wire with a diameter of 1.2 mm, and the substrate material
was zinc-coated steel (DC 01 ZE 25/25, dimensions 150 mm
× 35 mm) with a thickness of 1.0 mm. The melting tempera-
ture of AlSi12 is 580 °C e[1], and the melting temperature of
DC 01 is 1452 °C [20]. The experiments are carried out as
bead-on-plate brazing tests (brazing material application on a
flat substrate) as illustrated in Fig. 2. The focal position per-
pendicular to the substrate surface was set in the middle of the
wire. The wire angle was 45°. The shielding gas argon cov-
ered the process zone with a flow rate of 7.0 l/min. Table 1
shows the experimental conditions and the adjusted brazing
parameters. Three different oscillation patterns were applied
with different characteristics. The circular movement had a
constant beam velocity whereas the line and eight-shaped
movement had turning points which resulted in varying ve-
locities across the movement.

The temperature measurements were carried out with a line
pyrometer (DIAS Pyroline HS 512N) with a maximum mea-
surement frequency of 2048 Hz. The pyrometer measures in a
temperature range of 650 to 1500 °C with a 512-pixel line
sensor. The applied optic had an angle of aperture of 9° ×

0.04°. The position of the measurement line was transversal
to the brazing direction with an angle of 45°. The distance
between the seam and the pyrometer was 500 mm. The mea-
suring frequency was set to the maximum frequency of 2048
Hz. Figure 3 shows the setup for the temperature measure-
ments. For each parameter set, three samples were analysed.
The emissivity of the measurements was set to a value of 0.3,
which is the emissivity for molten aluminium at 800 °C [21].
This was possible because the pyrometer only detected those
molten areas in which the emissivity could be regarded as
constant [17].

The temperature measurements TM,i were evaluated using
the Pyrosoft Professional software (version 2017) by DIAS
Infrared Systems GmbH. First, an area of interest in x- and
time direction was defined according to the maximum mea-
sured temperature TM,max,i of each entire measurement i for i =
1n (n: number of samples; in this investigation n = 3 per
parameter set). The area had a length of 150 ms in time direc-
tion starting 50 ms before TM,max,i and a width of 2.4 mm in
every x-direction defined in dependence of the seam width of
the samples. Using MATLAB, a compensation polynomial
Tpoly(t)i was fitted into the local measured temperature-time
curve TM(t)i in the melt pool for every x-position (cf. Fig. 4). A
polynomial temperature-time curve with an increasing pro-
gression until a maximum value and then falling progression
of the temperature without fluctuations is assumed as the ideal
curve because it means a steady temperature-time curve where
the maximum values are predictable and adjustable according
to the melting temperature of the substrate material.

Secondly, the maximum value of the compensation poly-
nomial Tmax,poly(x)i and the mean square deviation TMSD(x)i
between the temperature-time curve and the polynomial
were calculated for each x-position. Figure 4 presents an
example for the evaluation of the local temperature-time
curve with the equation used for the calculation of the mean
square deviation.

Thirdly, the ratios of the maximum values (temperature
ratio Rquo(x)i) of the polynomials Tmax,poly(x)i and the maxi-
mum value of all polynomials Tmax,poly,i (cf. Eq. 1) were cal-

Fig. 2 Microsection of a bead-on-plate brazing seam brazed with superimposed linear beam oscillation
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culated and plotted as a function of the x-position (cf. Fig. 5).
The x-position of the maximum measured temperature
TM,max,i of the entire temperature measurements of each sam-
ple was set as origin of the x-axis (x = 0).

Rquo xð Þi ¼
Tmax;poly xð Þi
Tmax;poly;i

ð1Þ

The measurements were evaluated separately and combined
to calculate the average temperature ratio Rquo(x) and the average
mean square deviation TMSD(x) as well as the average tempera-
ture ratio Rquo and the average mean square deviation TMSD

across a defined area x1 of the x-position for the different param-
eter sets. Table 2 shows an overview of the different steps of the
evaluation of the temperature measurements.

3 Results

Figure 6 shows the local temperature-time curve for a refer-
ence sample without laser beam oscillation. The temperature-

time curve shows a stationary temperature field with maxi-
mum temperatures in the middle of the melt pool. The tem-
perature decreases towards the edge of the melt pool. The
presented temperature-time curve is located across the x- val-
ue of the maximum temperature of the entire measurement
TM,max,i. It presents a homogenous curve with temperature
deviations up to 100 K. The mean square deviation of the
temperature-time curve and the polynomial is 83 K.

Figure 7 presents typical temperature-time curves
resulting for the three different oscillation patterns at an
oscillation frequency of 200 Hz and an oscillation width
of 1.2 mm (oscillation amplitude 0.6 mm). The position of
the maximum measured temperature is marked by a black
cross in the temperature measurement. The maximum
temperatures of the circular oscillation pattern are lower
than those for the linear and eight-shaped oscillations. All
measurements show repetitive local temperature fluctua-
tions visible as different coloured regions in the
temperature-time curve. The circular movement has the
longest temporal expansion of red and green areas, where-
as the linear oscillation pattern has the shortest. The local
temperature of the circular oscillation pattern fluctuates

Fig. 3 Setup for the temperature measurements

Table 1 Experimental conditions
and brazing parameters (varied
parameters are marked in bold)

Laser source IPG YLR-1000-SM Pyrometer DIAS Pyroline HS 512N

Scanoptic Scanlab welDYNA Measuring frequency 2048 Hz

Focal diameter 34 μm Adjusted emissivity 0.3

Substrate (thickness) DC 01 ZE 25/25 (1 mm) Oscillation pattern Line, circle, eight-shaped

Wire AlSi 12 (Ø 1.2 mm) Oscillation width 1.2 mm

Shielding gas

Laser power

Ar

470 W

Frequency 100 Hz, 200 Hz, 300 Hz

Brazing speed 1.0 m/min

Wire speed 1.8 m/min
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more than the linear and eight-shaped oscillation patterns,
indicated by the blue temperature areas between the repet-
itive red temperature areas.

Figure 8 shows the temperature-time curve and fitted poly-
nomial for an exemplary sample with laser beam line oscilla-
tion. The deviations between the polynomial and the
temperature-time curve are larger than for the measurement
without oscillation (cf. Fig. 6). The illustrated temperature-
time curve is located across the maximum measured temper-
ature TM,Max,i of the entire measurement. It shows repeating
temperature peaks. The local temperature-time curves of all
samples with beam oscillation show these repeating

temperature peaks. The local temperature fluctuations that
are up to 900 K. The temporal frequency of the temperature
fluctuations matches the adjusted oscillation frequency. The
temperature differences tend to decrease slightly with increas-
ing oscillation frequency.

Figure 9 shows the values of the temperature ratio Rquo,i of
the polynomials across the x-direction. The asymmetry of the
curves results from the orientation of the pyrometer which had
an angle of 45° to the sample surface. The illustrated values
are the average values and the standard deviations of the three
measurements per parameter set. The curve for the measure-
ments without oscillation is steeper than for the measurements

Fig. 5 Measurement of the local
temperature profile; the values are
detected in relation to a constant
emissivity of 0.3

Fig. 4 Example for a local temperature-time curve with the corresponding fitting polynomial and the maximum temperature of the polynomial
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with oscillation. For the samples with oscillation, the circular
oscillation has the widest area of high temperature ratios,
while the linear oscillation pattern has the narrowest.

4 Discussion

The repeating temperature fluctuations of the measurements
with oscillation had local temperature differences of several
100 K. The highest temperatures were measured at the posi-
tion of the laser spot whereas afterwards the temperature de-
creased significantly. The measurements without oscillation
had clearly flatter local temperature fluctuations. The appear-
ance of repeating temperature peaks is caused by the multiple
local passes of the laser beam by combining a high oscillation
frequency with a significant lower brazing velocity. The num-
ber of multiple local laser passes depends on the ratio of os-
cillation frequency and brazing speed, the oscillation pattern
and the oscillation size. The temperature differences resulted

from the typical high temperature gradients of keyhole pro-
cesses [5]. The localised energy input caused a high tempera-
ture in the keyhole with a high temperature gradient in the
vicinity. Therefore, the temperature is significantly higher
near the laser beam and decreases after the laser pass by heat
conduction and convection in the melt pool. The increase of
the oscillation frequency at constant brazing velocity in-
creased the number of local laser passes and thus decreased
the period of time between them (time interval). This de-
creased the time for the local cooling by heat conduction
which decreased the range of the temperature fluctuations.
However, the applied oscillation frequencies were not high
enough for the compensation of the temperature fluctuations
being generated by the keyhole formation.

The circular oscillation pattern had lower maximum tem-
peratures and more decreasing temperatures between the laser
passes, but it also had the largest temporal expansion of high
temperatures transversal to the brazing direction. This behav-
iour is caused by the average beam velocity and the

Fig. 6 Measurement result of the reference sample without oscillation at a constant emissivity of 0.3

Table 2 Overview of the different steps of the evaluation of the temperature measurements

Level Measurement result Corresponding
figure

Factors

Single x-position of a single sample
measurement

Local temperature-time curve and polynomial Fig. 4 TM(t)i, TM,max , i, Tpoly(t)i

All x-positions of a single sample
measurement

Evaluation of the temperature field for one sample Fig. 4, Fig. 5 Tmax;poly xð Þi;TMSD xð Þi
Rquo xð Þi

All x-positions of all samples Rquo(x) and TMSD(x) for the different oscillation
parameters

Fig. 9 Tmax;poly xð Þ ¼ ∑
n

i¼1
Tmax;poly

xð Þi,
Rquo(x)
TMSD xð Þ ¼ ∑

n

i¼1
TMSD xð Þi

Per parameter set Key factors Fig. 11, Fig. 12 TMSD Rquo
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geometrical expansion of the circular movement (cf. Fig. 10).
This oscillation pattern offers a high average beam velocity
and the largest geometrical expansion of all oscillation pat-
terns. A high-beam velocity results in a short local interaction
time and therefore a low local heat input, which leads to lower
maximum temperatures, as depicted in [18]. The special eight-
shaped oscillation pattern has the same average beam velocity,
but it also has turning points which resulted in lower local
beam velocities and therefore higher time-averaged power
densities and higher temperatures. The large geometrical ex-
pansion leads to a higher expansion of the heated area and
therefore distance between the laser positions which extend
the cooling process between the laser passes. The large

geometrical distance also results in a larger temporal expan-
sion of high temperatures because the laser passes the ob-
served region sooner and leaves later than in the other oscil-
lation patterns.

To rate the different oscillation parameters and the samples
without oscillation, the mean values for the mean square de-
viation TMSD,x and the temperature ratios Rquo,x were calculat-
ed across a defined width x1 of the measurement (cf. Fig. 11).
The results are evaluated referring to their homogeneity. The
ideal homogenous temperature-time curve is assumed as a
smooth polynomial local temperature-time curve over time
in combination with a constant temperature over the width
(and therefore a high temperature ratio), as illustrated in Fig.

Fig. 7 Measurement results for the three different oscillation patterns at an oscillation width of 1.2 mm and an oscillation frequency of 200 Hz at an
emissivity of 0.3

Fig. 8 Temperature measurement across the maximum measured temperature and the fitted polynomial for a sample with laser beam line oscillation
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11 on the left side. A homogenous temperature distribution
over the width with only one temperature peak would be ideal
to predict the temperature field and prevent melted areas in the
substrate especially when the differences between the melting
temperature of the brazing and substrate material would be
smaller in case of other material combinations. Therefore,
the results are evaluated and compared referring to an ideally
homogenous temperature distribution, in which the mean val-

ue Rquo is 1 whereas TMSD is 0.

Figure 12 shows the results of Rquo and TMSD for the dif-
ferent tested parameters. The values are averaged across the
three measurements (three samples) of each parameter set, and
the results are illustrated graphically. The assumed ideal tem-
perature distribution is marked with a green cross. None of the
tested oscillation patterns result in a homogenous temperature
field. The samples without oscillation have a nearly polyno-
mial temperature-time curve over time but a high temperature
gradient over the width in x-direction. The samples with os-
cillation have a better distribution of the temperature in x-
direction but an unsteady curve of the local temperature over

time. The mean square deviation between the polynomial and
the local temperature-time curve decreases with increasing
frequency, because of the decreasing of the temperature peaks.
This decreases the differences between the polynomial and the
measured temperature-time curve. The homogenisation in-
creases with increasing frequency. Therefore, it could be as-
sumed that substantially higher oscillation frequencies are
necessary to obtain a more homogenous temperature field.
The applied two-dimensional oscillation patterns, namely,
the circular and special eight-shaped oscillation, cause more
homogenous temperature distributions across the cross sec-

tion, demonstrated by a higher Rquo, than the linear oscillation

pattern. The highest values of Rquo were observed for the
circular-pattern. This implies that oscillation patterns with
constant beam velocities have more homogenous temperature
fields, as suspected from the results of Wang et al. [19].
Turning points of the laser beam during oscillation lead to
higher local energy inputs and therefore local temperatures.
Thus, the homogeneity of the temperature distribution is lower
in comparison with movements without turning points.

Fig. 9 Temperature ratio across the position in the x-direction
(transversal to the brazing direction). The values are calculated as
average value of the three measured samples per parameter set. The

origin of the x-axis (x = 0) is positioned at the local temperature-time
curve with the maximum measured temperature TM,max

Fig. 10 Geometrical expansion of the three applied oscillation strategies with the calculated average beam velocity at an oscillation width of 1.2 mm and
an oscillation frequency of 200 Hz
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The height of the temperature fluctuation decreases when
increasing the frequency but only slightly. The tested oscilla-
tion frequencies were not sufficient for the formation of a
complete homogenous temperature field. Substantially higher
frequencies would, therefore, be necessary. The applied scan
optic was not able to apply significantly higher frequencies by
using the applied oscillation strategies and widths (= size of
the pattern).

5 Conclusions

The influence of the laser beam oscillation on the temperature
field in laser brazing with keyhole formation has been

analysed. Adjusting the oscillation frequency and the oscilla-
tion pattern modifies the local temperature-time curve. The
results were evaluated according to the homogeneity of the
temperature field on the seam surface which has been
characterised by two novel key factors.

On the basis of this study, it can be concluded for keyhole
brazing with beam oscillation that:

– The oscillation pattern mainly influences the temperature

ratio Rquo which quantifies the temperature distribution
transversal to the brazing direction by varying the local
beam velocity and the area of heat input.

– The oscillation frequency mainly influences the mean

square deviation TMSD which quantifies the temporal

Fig. 11 Calculation of the rating parameters

Fig. 12 Comparison of the properties of the temperature distributions of the different tested parameters using the developed key parameters for the
homogeneity of the temperature field
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local temperature-time curve by varying the time interval
between the local laser passes.

– A circular oscillation pattern with a high oscillation fre-
quency results inmore homogenous temperature fields on
the seam surface during keyhole brazing than line and
eight-shaped patterns or lower frequencies.
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