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Abstract

The investigation presented in this paper aims on a quantitative analysis of spatter formation in laser beam welding with
superposed beam oscillation. After a discussion of design space limitations, which result from the scanner dynamics and
theoretical considerations on the welding process itself, an optimal experimental design is created. By the use of high speed
camera imaging, spatters were captured during statistically designed welding experiments and correlations between the
number of spatters and the welding parameters have been derived. To evaluate the spatter characteristics in the high speed
videos, a state space approach was applied, which is based on automated image data processing.
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1. State of the Art and Motivation

Laser beam welding of metallic materials is becoming more and more flexible, since fiber lasers with multi-
kilowatt output power and almost single mode beam divergence (M’ < 1.3) are available. The high quality
radiation of these beam sources can nearly be focused to its diffraction limit, which results in peak intensities of
over | MW/mm? on the workpiece’s surface. [1; 2] With those high intensities very deep and narrow weld
seams can be produced at common welding speeds of a few m/min [1; 3; 4]. Unlike in welding with moderately
focused multi mode laser radiation, the process of melting and vaporization and thus the formation of a keyhole
is kept up even at considerably higher welding speeds [4]. Consequently, high power single mode laser
radiation is preferably used in welding with superposed beam oscillation, wherein the laser spot is moved with
high and alternating speed on the oscillation trajectory. The preservation of a vapor capillary at high speed is
particularly important when single mode fiber lasers are used, because with these the dimensions of the
oscillation trajectory can be larger when compared to the focal diameter of the laser beam and thus the melt
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pool. Several recent publications of experimental results attest, that laser welding with superposed beam
oscillation offers major advantages over conventional laser welding in certain applications.

BEREND ET AL. [5] introduced a newly developed 1D scanning system for oscillation frequencies of up to
1.5 kHz. By using this system in welding the aluminum alloy EN AW-5182, it was shown that the number and
size of pores in the weld seam, which particularly occur at higher welding speeds, could be significantly
reduced at high oscillation frequencies. Furthermore, they observed that beam oscillation can help to reduce the
surface roughness of the seam, which is in good accordance with the findings of [6] and [7], who presented a
miniaturized, highly dynamic scanning system for laser beam micro welding. In welding experiments on
optical fiber arrays, consisting of the zinc-containing alloy CuNil8Zn20, the process stability could be
increased by the use of high-frequency beam oscillation, resulting in fewer melt ejections and a stable deep
welding process. The surface roughness of the weld seams on the fiber arrays could be reduced from an average
of Ra=5 um to an average of Ra=2.5 um [6]. REITER ET AL. [8] conducted a study on spiking, which is a
common failure in electron and laser beam welding with strongly focused radiation, and quantitatively verified
that spiking is obviously lower when beam oscillation is used. In [9] and [10] another laser welding optics for
high-frequency beam oscillation was presented, which can be used in combination with high power single
mode fiber laser radiation. The authors used this optics to join the dissimilar material combination of aluminum
and copper in lap and butt joint configuration. Through optimized process parameters they were able to
produce weld seams, which almost reached the weld seam strength of the weaker base material aluminum,
though the formation of intermetallic phases could not be prevented. In a further publication an exemplary
comparison of spatter formation in welding with and without superposed beam oscillation on different
materials was drawn and it was proven that by far fewer spatters occurred at an oscillation frequency of 4 kHz
when welding mild steel as well as an aluminum alloy [11].

Whereas spatter formation in conventional laser welding (without beam oscillation) has been experimentally
investigated by several researchers [12—15] for both CO, and solid state laser radiation, no conclusive study
exists on this topic for welding with superposed beam oscillation. Hence, this paper aims at a quantitative
analysis of spatter formation in laser welding with superposed beam oscillation. Therefore, the idea of JAGER
ET AL. [16] is adopted. They developed an algorithm for a process monitoring system, based on coaxial imaging
of the processing zone, to detect spatters in conventional laser welding. In order to extract quantitative
information on the spatter characteristics during the laser welding process, the data extracted by the algorithm
is further correlated with processing parameters by means of a design of experiments (DOE) study. Hereby a
descriptive process model, which helps to understand spatter formation in laser welding with superposed beam
oscillation, is derived. This model in turn can help to establish sound process windows.

2. Experimental and Computational Approach

When scanners are used to superpose the welding speed v (oriented along the x-direction) with an oscillating
beam motion, the laser beam is moved on a trajectory, which is generally defined by equation (1).

) (x]:(v-t+Ax~sin(z-ﬂ-fx‘th)]

p= A ~sin(2~7r~fy-t+(py)

(1)
y y

Therein x and y are the time-dependent laser spot coordinates, A; are the oscillation amplitudes, f; are the
oscillation frequencies and ¢; the respective phase angles in x- and y-direction [17]. The oscillation form is
determined by the frequency ratio f./f, and the phase shift 4p = ¢, —¢,. To ensure a harmonic, recurring
movement the frequency ratio needs to be rational. Within this paper all presented investigations are restricted
to the circular oscillation form, which results for equal amplitudes (4, = 4,), equal frequencies (f, /f, = I) and a
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phase shift of z /2, since this is the most frequently used form in industrial practice. An example of the
trajectory for a circular oscillation is given in Fig. 1 (left).

Fig. 1 (right) shows the black box representation of the experimental investigation. The welding parameters
laser power P and welding speed v as well as the oscillation parameters amplitude 4 and frequency f are varied.
Since not every possible combination of the processing factors in the set design space either makes sense from
a welding perspective or can be realized by the experimental set-up, two restrictions are derived. Those
restrictions and the resulting test plan are explained in detail in section 2.2. The experimental set-up used for
the welding study is documented in section 2.1. To characterize the spatter behavior of the welding process, a
quantitative measurand is needed. Due to practical considerations the specific average number of spatters per
unit length 7 is chosen. Its automated determination from high-speed camera images is described in section 2.2.
All weldments were produced on the stainless steel grade X5CrNil8-10 (1.4301).
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Fig. 1. Beam displacement during the first three periods of a circular laser beam oscillation with v = 150 mm/s, f; = f, = f = 971 Hz,
A, =A4,=4=0.44 mm and 49 = ¢, - ¢, = 7/2 (left) and black box representation of the experimental investigation (right)

2.1. Experimental set-up

All experiments were conducted using the set-up shown in Fig. 2. The radiation was generated by an
ytterbium-doped YAG single mode (SM) fiber laser by IPG Photonics. This laser source emits continuous
wave (cw) radiation with a maximum output power of P, = 3 kW at a wavelength of A = 1070 nm. As per the
data sheet of the manufacturer, the emitted radiation is almost diffraction-limited (M° < 1.25) at all power
levels. The radiation was guided to the scanner optics (1) through an optical fiber with a core diameter of
d. =30 um. The oscillating beam displacement was created by a modified Remote Welding Elephant from
ARGES with an aperture of 36 mm and a focal length of approx. 550 mm. This post-objective scanner optics
has further been equipped with weight optimized mirrors, which had been fabricated of SiC. The optical
magnification of the scanning system is 1.66, thus the nominal focus diameter in the working plane is
d;= 50 um. Since high-speed camera imaging requires a stationary process zone (8), the feeding motion was
realized by a rotating movement. The welding specimens were clamped onto a turntable (7), which was driven
by an electric motor (6). Using this arrangement, the processing zone always stays in the view field of the high-
speed camera (2). The type iSpeed 3 high-speed camera by Olympus features a monochrome CMOS sensor
with a maximum resolution of 1280 x 1024 pixels. The image sequences presented within this paper were
recorded at a frame rate of 7500 fps and a resolution of 636 x 476, which was found to be an appropriate trade-
off between temporal and spatial resolution for spatter recognition. To ensure a good contrast between the
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background of the image and the spatters, an 810 nm wavelength filter (3) was used. The high-speed camera
was fixed perpendicular to the material surface, so that the distortion of the images was negligible.

Pos.|Component

1 |Scanner optics

2 |High-speed camera

3 Wavelength filter
(810 nm)

4 Process monitoring
camera

5 |Cross jet

6 |Electric drive

7 |Turntable

8 |Process zone

9 |Laser beam

Fig. 2. Experimental set-up for spatter analysis by high-speed camera imaging
2.2. Design of experiments (DOE)

There are two major reasons why DOE was used for the investigation. The first one is that high-speed
camera imaging produces vast amounts of data. Every recorded sequence, which is used for the analysis of one
factor combination, contains approx. 6750 images with 250 kB each, which corresponds to a time period of
0.9 s. To reduce the amount of data, that needs to be recorded, transferred to a computer, stored and processed,
the number of experimental runs needs to be minimized. At the same time the informative value of the study
needs to be guaranteed. The second reason is that a quantitative correlation of processing parameters and the
number of spatters shall be established. DOE meets both previously stated requirements and was therefore
chosen for this analysis. The investigated parameter ranges are given in Table 1.

Processing Parameter Minimum Maximum Unit
Laser power P 1000 3000 w
Welding speed v 16.67 150 mm/s
Oscillation frequency f 200 1910 Hz
Oscillation amplitude 4 0.2 0.75 mm

Table 1. Parameter ranges of the experimental design

Within the design space given above certain sectors were additionally excluded, resulting in restrictions,
with which the test plan had to comply. On the one hand a restriction was set for the minimum required
frequency f,,;, as a function of the welding velocity v. As theoretically discussed by [17], the frequency f needs
to increase with the welding velocity v in order to ensure an appropriate energy deposition over the complete
weld seam area. This requirement applies in particular to the case of the presented experimental set-up, since
the focus diameter d; of the single mode laser beam is small when compared to the dimensions of the oscillation
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trajectory (4). During laser welding with beam oscillation the track speed of the laser spot changes permanently
and can reach values of several thousand mm/s, depending on the welding velocity v and the oscillation
parameters [2]. From previous welding experiments without beam oscillation for welding speeds v up to
4000 mm/s it is known that the smallest width of the molten area in the weld seam, which was measured in
cross section polishes, is approx. 0.1 mm. Based on this the restriction (2) is formulated, which says, that the
distance Ax in welding direction travelled during one oscillation period 7p needs to be smaller than the
minimum expected melt pool width (0.1 mm). For better understanding the distance Ax is plotted in Fig. 1.
Since the oscillation period Tp is the reciprocal of the frequency f, a relationship between v and f is thus
established, which can be used as the first design space restriction. This restriction is shown in Fig. 3 (left).
! v
AX = Xpin 7,=2 = Xmin, 7,1 2V Tp = 7 (2)

A second restriction results from the limited dynamics of the scanning system. Based on the method
presented in [2], the scanner optics used in this study was analyzed in order to derive a descriptive model of the
maximum possible oscillation frequency, which can be run until shortly before the scanner is shut-off to
prevent overheating of the galvanometer drives. It was found that this maximum frequency solely depends on
the set amplitude 4, as given in Fig. 3 (center).
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Fig. 3. Design space restrictions, resulting from the welding process (left) and limited scanner dynamics (center) and a four-dimensional
representation of the restricted experimental design with 50 experiments (right) (laser power represented by bubble color and size)

With the factor ranges given in Table 1 and the design space restriction shown in Fig. 3 (left + center) it was
possible to develop a suitable test plan. Since the whole design space had to be covered, the first 25
experimental points were set quasi-equally distributed, using an algorithm based on the Latin Hypercube
Sampling. Furthermore, these 25 experimental points were augmented with 25 A-optimal’ points, which were
computed according to [18], to ensure good statistical properties® of the test plan despite the design space

"In an A-optimal design the experimental points are set, so that the trace of the matrix (X’X)”’ is minimized, wherein X is the design
matrix. This ensures a minimum mean variance of the regression coefficients and is therefore a good choice, in case the effects and the
significance of the different parameters are totally unknown.

¥ All variance inflation factors (VIFs) of the experimental design are smaller than 6.5, assuming a 2" degree polynomial regression
equation.
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restrictions. The final test plan with the 50 experimental points used for the welding study is graphically
illustrated in Fig. 3 (right).

2.3. Image data processing

The following section briefly describes the functionality of the program used for spatter tracking in the high-
speed image sequences of the laser welding experiments. It is based on the idea of [16] and was adapted from
the open source code of WAUTHIER available online at [19]. Its main processing steps are given in Fig. 4.

Image sequence

Loop:fort=1to T |
Prediction
Vectors X, | ReadImaget |
R Image t
| Preprocessing | :
Kalrpan Image t w/o vapour plume Not ASSIQned
Predictors and processing zone State Vectors
Spatter
Segmentation Not
Qut of View Field Set of state vectors y,, matching
Reiection . g . Stored state, state
J Prediction | Data Association vectors y,., vectors y,,
Prediction vectors x,,
Vo= N Unassigned Barwi
P prediction e . Unassigned alrwise
Kalman Prediction.—7-== — Classification state vectors ¥, | Comparison
Matchi tat
Assigned state T Assigned prediction = cvggo‘:saye
vectors y,, | vectors x,, Kal L Prodict
Xen = Yur [ dalman rreaictor
| Kalman Update Creation
Prediction
vectors X,,

\ J

Fig. 4. Flow chart of the program for spatter analysis, with image number ¢, total image number 7, prediction vectors x and state vectors y

The core element of the algorithm is the use of a Kalman filter in combination with a multihypothesis
assignment solver, which is also known as multihypothesis tracking (MHT) in this context. The program runs
in a loop over t until all available images T in the sequence have been processed. First of all the image ¢ is read
and preprocessed to eliminate the vapor plume, which flows out of the capillary and the processing zone. This
is done by subtracting a diffused copy of the image from the original. After this step the spatters are segmented
by a sequence of edge detection and thresholding operations. The result is a set of regions, which represent
possible spatters in the current image. These regions are further quantified with their state vectors y,;. These
state vectors as well as the Kalman prediction vectors are of the form given in (3), wherein p, and p, are the
coordinates of the i object’s center of gravity, v, and v, are the corresponding velocities and s is the region
size.

vu=lpe 2, v v, S 3)
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The next step is to assign the segmented objects to already existing predictions, which have been computed
during the processing of the previous image. These predictions are calculated with the linear state space model
A, which assumes a motion with constant velocity and is given in (4).

10100
01010

Zp=A-x, with4=10 0 1 0 0 “)
00010
0000 1

To assign the recognized regions and their state vectors y,; to the Kalman prediction vectors x,; a linear
assignment problem is formulated. The solver minimizes a cost function consisting of the summation of the
assignment costs of three states®. For further information on the algorithm for solving these kinds of linear
assignment problems please refer to [20].

There are three possible results after the assignment step. The first is that an appropriate pair of state and
prediction vector can be found. In this case the values in the prediction vector are updated with the measured
values from the state vector and a new Kalman prediction for the subsequent image is calculated using equation
(4). The second possible outcome of the assignment step is that a prediction vector could not be assigned. This
typically happens in object tracking, if the tracked object is hidden behind something or the images are overlain
by strong random noise. In this case a new prediction for the subsequent image is calculated from the current
prediction. In the program presented here, the allowed number of predictions without a successful assignment
is set to 10 frames. Thereafter the trajectory is automatically ended. The third and last case is that a state vector
could not be assigned to any Kalman prediction vector. This particularly occurs, when new spatters are ejected
from the processing zone. In this case the program tries to match this state vector to another state vector, which
could not be assigned during the previous image. If this attempt is successful, a new prediction vector is
calculated from the two assigned state vectors. Otherwise it is stored for this kind of comparison in the
subsequent image. At last all unassigned, updated and newly formulated prediction vectors are used to calculate
predictions for the subsequent image and are checked against the size of the view field. The same procedure is
repeated with the next image.

Fig. 5 shows an example for a randomly selected image series after the spatter recognition. In image 290 a
new region is segmented for the first time, after a spatter was ejected from the processing zone. In the
subsequent frame 291 the spatter is detected for a second time and a Kalman prediction (52) vector is thus
created. In the following frame a new prediction for this spatter is created and used for recognition. It is worth
to mention that the algorithm even works well, when several spatters are moving in a similar direction with
different velocities (e.g. spatters 48 — 50).

¥ As segmentation in one frame does not provide any information on the velocity of the spatter, the corresponding components in the
state vector are always zero.
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= Region segmented for the first time

[=/Region recognized, prediction vector created

=/Region recognized, assignment to existing prediction vector
successful

e Kalman prediction
Fig. 5. Recognized spatters in an exemplary image series

3. Results and Discussion

Using the spatter trajectories computed form the image data of the welding experiments, the specific average
number of spatters per unit length » was derived as a practical measurand of the spatter behavior. It was found
that this measurand varied significantly from a minimum of 0 mm™ to a maximum of almost 32 mm™ within
the investigated design space. Since the system behavior was totally unknown and scattering of the measured
values needed to be expected a stepwise analysis of variances (ANOVA) [18] was used to derive an empirical
model and to remove insignificant factors methodically. As negative predictions of the response variable (7)
could be excluded based on practical considerations, the response variable was transformed using the method
of Box & Cox [21] so that

* }’ll-jL -1
n; = ]

with A = 1 (5)
A 2

As it is difficult to illustrate the correlations of all four factors, the results of the ANOVA are given in the
form of an interaction plot in Fig. 6. In this plot every diagram displays how two factors interact. In particular
every diagram contains the predicted values of the specific number of spatters against one factor, while another
factor is set at one high and one low level and the others are kept constant at their medium level.

The regression model revealed several basic relationships. The first one is that the laser power and the
welding velocity have the strongest influences on the number of spatters, almost independent of how the
oscillation parameters are chosen (s. plots VII — XII). The higher the laser power, the higher is the specific
number of spatters. This is particularly important as a higher laser power is needed to increase the welding
width or depth, which in turn is often a requirement in industrial practice. A second general statement from this
analysis is that the specific number of spatters strongly decreases with increasing welding velocity (s. diag. 11,
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V, XII). This coincides with the common requirement of low processing times and is in particular distinctive at
higher laser powers. But again this relationship can be interpreted as a downside, since high welding velocities
usually come with lower welding depths and furthermore require for higher scanner dynamics, since the
required minimum oscillation frequency increases at higher welding velocities [2; 7].
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Fig. 6. Interaction plot of the regression model for spatter prediction with oscillation amplitude 4, oscillation frequency f, welding velocity
v and laser power P (predicted values: solid lines, 90 % confidence intervals: dashed lines; restricted parts of the design space are not
plotted)

Moreover, the regression model predicts interesting interactions between the oscillation amplitude and the
other factors. In any case the predicted number of spatters is higher for the small amplitude level, except at
laser powers above approx. 2.500 W (s. diag. I, II, IIT). This observation can be explained as follows: Using
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smaller oscillation amplitudes, the laser power is distributed to a smaller material volume, which leads to a
more concentrated energy input. Thereby the molten material may be overheated and thus the formation of
spatters is increased. In contrast, coming from a local minimum the number of spatters seems to increase again
at higher amplitudes (s. diag. IV, VII, X), which can be explained by the high speed videos. At certain welding
parameters the laser spot exits and re-enters the subsequent melt pool once during every oscillation period. As
the laser spot re-enters the melt pool, it imposes a sudden momentum on the melt, which leads to a small melt
explosion once during every period. This suggests that the amplitude needs to be chosen with care, so that it is
high enough to prevent excessive heat input on the one hand. On the other hand the amplitude needs to be small
enough, so that the laser spot does never exit the melt pool during the oscillation. The influence of the
frequency was found to be rather low when compared to the other factors. No interaction of the frequency and
the welding velocity resulted from the regression analysis. But as the design space was restricted with a linear
correlation of frequency and welding velocity, no clear statement on the interaction of those two factors can be
made.

4. Conclusions

With today’s fiber lasers and scanner optics laser beam welding has become more and more flexible.
Amongst others the laser beam oscillation technique, which is already applied in certain industrial applications,
is one of the new possibilities that scanner optics offer. This technique has been applied in several experimental
studies, but no investigation on its influence on the spatter behavior in laser beam welding had been presented.
In this paper an approach to model the relationship between welding and oscillation parameters as well as the
specific average number of spatters per unit length was presented. To measure the spatter behavior, high speed
camera images were recorded during statistically planned welding experiments. An object tracking algorithm,
based on a Kalman filter and a multihypothesis assignment solver, was used to extract the spatter trajectories
from the image series. The results of the processed image data was used as input for a regression analysis in
order to derive an empirical model for the prediction of the number of spatters as a function of laser power,
welding velocity, oscillation amplitude and frequency. The regression revealed that the laser power and the
welding velocity have the strongest influence on the number of spatters. In particular it was found that the
number of spatters decreases with increasing welding velocity and increases with increasing laser power,
whereas the influence of the oscillation frequency is minor.
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