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Abstract

Absorber-free laser transmission welding enables clean and precise joining of plastics without additives or adhesives. It is
therefore well suited to produce optical and medical devices, which place high demands on cleanliness and accuracy.
However, the weld usually has an undesirably large vertical expansion, causing bulges and distortion. To improve this, the
intensity distribution of the laser beam as well as the processing strategy must be adapted. Due to the complexity, this is
aided by process simulation. However, simulation parameter calibration and verification are usually done considering the
seam width and height, which is of limited significance. To overcome this, we propose a new method for image processing
of microtome sections, determining the spatially resolved geometry of the weld. Thus, the deviation between experiment
and simulation can be calculated pixel by pixel. This spatially resolved value is predestined for the calibration of the
simulation parameters: For a parameter field with 18 different settings, the total deviation between experiment and
simulation is less than 11 % after calibration.
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1. Introduction

Absorber-free laser transmission welding is a favored joining process in medical industry, enabling clean
and precise joining of plastics without additives or adhesives. Figure 1 shows the principle of absorber-free
laser transmission welding. Both joining partners are clamped in an overlap. A laser beam with its wavelength
in the polymers’ intrinsic absorption spectrum between 1.6 um and 2.1 um is focused with comparably high
numerical aperture (NA) inside of the sample. The intensity gradients generated in this way enable selective
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fusion of the joining zone without affecting the outer surfaces, even without external cooling [1-6]. However,
the ratio of weld width divided by weld height is small, since the weld seams are high in the vertical, but narrow
in the horizontal direction. This is a disadvantage, because certain weld width requirements to ensure strength
or tightness, can only be fulfilled to a limited extent. The seam quickly becomes too large in the vertical
direction, resulting in visible and noticeable bulges [5-11].

To increase the aspect ratio, i.e. to create a wider seam with the same seam height, several seams can be
placed next to each other [5] or external cooling can be used [12, 13]. Alternatively, beam superposition [6, 8,
9] or adapted — non-gaussian — intensity distributions are used to directly generate the improved weld seam
geometry (figure 1 (b)). Process simulations are performed to design the process, taking into account beam
shaping, repetition rates, material properties as well as external cooling [1, 3, 4, 14, 15]. Due to measurement
inaccuracies and assumptions in the input variables, the simulation parameters must be calibrated by
matching experiment and simulation. Therefore, microtome sections are prepared and weld seam height (h)
and width (w) are measured.

By using adapted beam shapes and process strategies, weld seam geometries deviating from the usual
elliptical shape can be produced (figure 1 (b)). Considering only weld width and height, the comparison of
experiment and simulation is only possible to a limited extent. To overcome this problem and enable the
comparison of arbitrary welds, this work proposes a new method for spatially resolved, pixel-by-pixel
acquisition and comparison of weld seam geometries. Image processing is used to identify and digitize the
weld seam geometry automatically in photographs of microtome sections. After a statistical evaluation of the
seams, it is compared with the simulation results in a spatially resolved manner. The total error is used as an
objective to calibrate the parameters of the process simulation and minimize the difference between
simulation and experiment.

Fig. 1. (a) Sketch of the experimental setup for absorber-free laser transmission welding (adapted from [19]). The microtome section on
the right shows an elliptic weld seam geometry produced with a gaussian beam. (b) Welds with non-elliptic geometry produced by non-
gaussian beams. The measurement result of the respective intensity distribution is shown above the photos of the microtome sections
(Material: Ultramid b3s). The horizontal lines outside the joining zone result from the injection molding process of the plates and from
the knife of the microtome.
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2. Materials and methods
2.1. Samples

Semi-crystalline polyamide (Ultramid b3s, BASF SE) was used for the welding tests. Plates with
50x50x1.05 mm?® were produced by injection molding and strips of 10 mm width were cut from these plates.
Using an integrating sphere, the transmittance T (20 %) and reflectance R (4 %) were measured at a
wavelength of 1940 nm. Considering the sample thickness of 1.05mm, the coefficient of absorption
o = 0.8 mm™ was calculated. Figure 2 depicts the thermal conductivity A measured by the xenon flash method
according to 1IS022007-4 and the heat capacity ¢, measured by the differential scanning calorimetry according
to I1SO 11357-4.

Fig. 2. Heat capacity (dotted line) und thermal conductivity (-X- line) of PA6 (Ultramid b3s) in dependence on temperature.
2.2. Experimental setup and processing parameters

Figure 1 shows the experimental setup, which has already been presented in earlier work [4]. It consists of
a thulium fiber laser (A = 1940 nm, TLR-120-WC-Y12, IPG Laser GmbH, Burbach, Germany) with maximum
120 W (cw) power. The raw beam can be expanded with an adjustable beam expander with magnification
from 1x to 3x. After expansion, the beam propagates through a Galilean telescope, which focuses the beam
with a focal length of 35 mm. All optics are mounted on a rail that is moved with 0.01 mm accuracy, enabling
the adjustment of the laser focus position inside the part being processed. The specimens are clamped in
overlap and fixed by a clamping goggle with clamping screws. The clamping goggle with the samples is moved
by an axis system.

By adjustment of the beam expander, the NA was set to 0.5. The welds were processed with 200 mm/s feed
rate between 0.14 J/mm and 0.46 J/mm energy per unit length (E). Three different laser focus positions zfcus
of 1.0 mm, 1.1 mm, and 1.2 mm were used. The value of zsws = 1.0 mm equals a focus position in the joining
zone. For every parameter setting, one sample strip containing at least six weld seams was manufactured.

2.3. Weld seam analysis

After welding, 35 um to 60 um thick microtome sections of the specimens are produced using a rotary
microtome (Leica RM2255, Leica Microsystems Ltd.). The sections are subsequently digitized in polarized light
using a digital camera attached to a transmitted light microscope (see fig. 3 (a)). Due to melting and
resolidification, the weld seam has different optical properties than the base material and can be identified.
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3. Automated weld seam identification and evaluation

The weld seam visible in the images of the microtome sections can be measured by hand. However, the
manual procedure is time-consuming for a large number of welds and the result depends on the operator.
Therefore, a method for automated identification of the weld seam was developed.

3.1. Weld seam identification

Figure 3 shows the steps of automated weld seam identification using macros in Fiji/Image) [16, 17] . After
importing the photographs of the microtome sections (see figure 3 (a)), the horizontal lines resulting from the
injection molding process of the plates are removed first. Thus, the 1st derivative of the image in horizontal x-
direction is calculated using the "Featurel Derivatives"-algorithm [18]. Figure 3 (b) shows the resulting gradient
image, where the horizontal lines are eliminated. Subsequently, the boundary between weld seam and base
material is detected: First, edge detection using the "Canny Edge"-algorithm [19, 20] is performed, but the
identified boundary remains rugged and contains artifacts (see figure 4 (c)). To improve this, fragments below
the size of 2 000 pixels (4 um?) are discarded using the "Find Connected Regions"-algorithm, resulting in a
closed weld contour (see figure 3 (d)). The resulting contour is then filled using the "Fill Holes"-algorithm and
the image is binarized. In figure 3 (e), white color corresponds to the weld seam and black color to the base
material. As figure 3 (d) demonstrates, the detected contour (red) coincides well with the actual contour of
the weld seam.

Fig. 3. (a) Microtome section of a specimen made of polyamide (Ultramid b3s) photographed in polarized transmitted light;
(b) Visualization of the first derivation of the image in X-direction; (c) Image after application of edge detection and after (d) filtering; (c)
Binary image with the weld in white and the base material in black and (f) comparison of the identified seam and the original image.
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3.2. Weld seam evaluation

After weld seam identification, statistical evaluation is performed. Figure 4 illustrates the evaluation
procedure using two welds. Their position in vertical y-direction is already defined since the top of the
specimen has been aligned to the top of the image during photography. To enable alignment in horizontal x-
direction, the x-centroid is calculated (see vertical red and blue line figure 4 (a, b)). After alignment, the
frequency with which a pixel belongs to the weld seam is calculated. Figure 4 (c) shows the resulting grayscale
image, where the grayscale value of a pixel can be 0, 50 or 100: With a value of 0, the pixel was never part of
the weld seam. At 50, in one of two images the pixel was identified as weld seam and at 100 in both images.

Since both the welding setup and the specimen are symmetrical, the seam is expected to be symmetrical
as well. Deviations from symmetry are considered statistical errors due to e.g., inhomogeneous material,
alignment issues or surface defects. To implement symmetry in the weld seam analysis, the binary images (a)
and (b) are mirrored along the X-centroid. After alignment of the initial and the mirrored images, the frequency
with which a weld is present is calculated pixelwise. Figure 4 (d) shows the resulting grayscale image.
Compared to (c), (d) it is symmetrical and has more grayscale values.

Fig. 4. (a, b) Two weld seams with sketched x-centroid as well as (c) their superposition; (d) Grayscale image calculated from
superposition of weld seams with symmetry taken into account. The darker the color, the more likely a weld is present locally.

4. Process model and parameter calibration
4.1. Process Model

To compute the temporal and spatial temperature course during processing, a thermal finite element
analysis is set up in COMSOL Multiphysics (see figure 5). The volumetric heat source is implemented as already
presented in previous work [4]. Due to symmetry of the experimental setup, only a half model is realized.
Material properties are implemented according to chapter 2.1 and process parameters according to chapter
2.2. Due to the high feed rate of 200 mm/s and the low thermal conductivity of the polymer, heat flow in feed
direction can be neglected and a two-dimensional model is established. Due to calculation’s complexity and
lengthy computing time, the temperature dependency of the coefficient of absorption [21] and of the
refractive index [22] is neglected. The influence of the high heating and cooling rates on the melting and
crystallization behavior [23-25] is neglected, too. The reduced thermal conductivity between both joining
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partners is neglected and both partners are modeled as one. This is possible, since both joining partners are
heated mainly by absorption of the laser beam. Unlike in transparent-absorbent welding, where the upper
joining partner is mainly heated by heat conduction from the lower one and the reduced thermal conductivity
should be considered [26—28].

To derive the weld seam geometry from the computed temperature field, the maximum temperature
during the entire process is determined for every element. Each element that has once exceeded the melting
temperature Tpert is assigned to the weld.

Finally, the computed and the experimentally determined weld seam geometry are compared pixel by pixel
(see figure 5 (b)). The pixelwise probability of weld seam occurrence as determined in chapter 3 is used as
experimental data. The error per pixel can be between -100 % and +100 %: Cyan means that simulation and
experiment match. The error is 0. Yellow (error = +100 %) means that the simulation does not predict a weld,
but there was a weld in every experiment. A greenish tint corresponds to +50 % error: This means that no
seam was predicted, but in the experiment, a weld was present in 5 out of 10 trials. Blue represents -100 %
error: Here, the simulation predicts a weld but there never was one in the experiment. Finally, the total error
is calculated as residual sum of squares over all pixels.

Fig. 5. (a) Computed maximum temperatures after processing and comparison of temperature and related weld seam in a microtome
section. (b) Comparison of experimental and computed seam. In the magnified image on the right, negative values (yellow) indicate
that a weld is present in the experiment but not in the simulation. Positive values (blue) indicate that a weld was predicted but is not
present in the experiment. Cyan and white indicate, that experiment and simulation match.

4.2. Simulation parameter calibration

The measurement of the process parameters is subject to inaccuracies, and their value inside the sample
can only be determined indirectly. To compensate the resulting inaccuracies with acceptable effort in
computation and measurement, simulation parameter calibration is required. Table 1 shows the implemented
parameters with their confidence intervals. The angle of convergence inside the polymer 8oy and
consequently the focal beam diameter and the laser focus position zsocus, poly are affected by surface refraction.
It was determined by analyzing small welds, that a focus shift of 0.1 mm in air results in 0.15 mm shift in plastic.
This factor is denoted Kfocus. Furthermore, the focus position zfocus, poly = 1.0 mm does not correspond exactly to
the joining zone. The deviation is designated as Azf.cus. By the beam quality factor M?, both aberrations, caused
by imperfections and misalighment of the optical system including the component surface, are considered.
Scattering of the laser beam [29-31] is neglected. The focus diameter was measured in air to be 35 um, which
is already more than 10 times larger than the theoretical diameter of 2.34 um. In the energy per unit length,
deviation of £7.5% laser power, +2.5 % reflection (caused by surface roughness and angle of incidence) and
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1+12.5 % feed rate is combined to a total deviation of +15 % using a quadratic tolerance calculation. After
parameter definition, the weld seam geometries were fully factorially calculated and the setting with the
smallest deviation between all 18 experimental parameter settings and simulation was determined.

Table 1. Confidence intervals of the parameters for simulation parameter calibration as well as the optimum setting.

Abbrev. Parameter Unit Min. Max. Optimum step
Bpoly angle of convergence in polymer ° 15 24 24 3

M2 beam quality - 15 45 35 5
Kfocus magnification of focus shift - 1.2 1.35 1.5 0.05
DZfocus deviation of laser focus position mm -0.04 0.04 0.02 0.02
a coefficient of absorption 1/mm 0.78 0.89 0.83 0.045
Tmelt melting temperature °C 220 250 235 5°C
Eerr energy per unit length (relative error) % -10 +10 -10 10

5. Results and experimental verification

Figure 6 shows the result of the simulation parameter calibration performed with the optimum parameter
set given in table 1 in comparison with the experimental result. In the center row (zscs = 1.10 mm), the
computed welds are outlined in red for clarity. The area of all 18 experimental weld seams is 1.31 mm? and
the total error after calibration is 0.14 mm?2. This corresponds to a relative deviation of less than 11 %. The
computed result coincides well with the experiment for the entire parameter field.

Close to the joining zone, the experimental welds are always wider than the computed ones. This is due to
melt flow into the gap between both joining partners, which is neglected in the simulation. However, melt
squeeze out is an indication of insufficient contact due to low clamping pressure and must be avoided, since
the melt can for example block fluid channels in application. Since the total error is used for calibration, large
welds (with high energy per unit length) have a bigger influence on the result than small ones. A fundamental
problem of simulation parameter calibration is that an erroneous parameter can be compensated by the
unreasonable adjustment of another. For example, the weld size is influenced by the energy per unit energy,
the coefficient of absorption and the temperature Tmeir. Care must be taken that confidence intervals are as
large as necessary but as small as possible.
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Fig. 6. Comparison of experimental and computed weld seam geometry in dependence on energy per unit length for three laser focus
positions (parameters as shown in Table 1). In the center row (zfcus =1.10 mm), the computed welds are outlined in red for clarity. Cyan
and white indicate, that experiment and simulation match. Negative values (yellow) indicate that a weld was present in the experiment
but not in the simulation. Positive values (blue) indicate that a weld was predicted but was not present in the experiment.

6. Conclusion and outlook

In this work, a new approach for spatially resolved weld seam analysis in absorber-free laser transmission
welding is presented. The seam is automatically identified by image processing and the probability of each
pixel belonging to the weld seam or to the base material is calculated. This spatially resolved value is
predestined for the calibration of the simulation parameters. As demonstrated in this work, this ensures a
good agreement with less than 11 % deviation between calculated and experimentally determined seams.

In future work, the algorithm for identifying the optimal parameters will be optimized to save computation
time and the method will be used for different materials. To reduce the confidence intervals of the input
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parameters, further measurements are scheduled. The calibrated simulation will then be used to evaluate
adapted laser beam shapes and processing strategies for improved weld geometries. Additionally, the method
for spatially resolved weld seam analysis will be used for weld seam analysis in industrial parts and an
assessment of the process stability.
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