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Abstract: Full-penetration laser beam welding is characterized by a weld seam whose depth equals
the material thickness. It is associated with a stable capillary and is therefore widely used for
welding of sheet metal components. The realization of lightweight concepts in car body production
requires the application of high-strength aluminum alloys that contain magnesium as an alloying
element, which significantly influences the evaporation temperature and pressure. This change of
the evaporation processes influences the geometry of the capillary and therefore its absorptance.
In order to quantify the influence of magnesium on the capillary, their geometries were captured
by means of high-speed synchrotron X-ray imaging during the welding process of the aluminum
alloys AA1050A (A199.5), AA5754 (AIMg3) and AA6016 (AlSi1.2Mg0.4). The 3D-geometries of the
capillaries were reconstructed from the intensity distribution in the recorded X-ray images and
their absorptance of the incident laser beam was determined by the analysis of the reconstructed
3D-geometry with a raytracing algorithm. The results presented in this paper capture for the first
time the influence of the magnesium content in high-strength aluminum alloys on the aspect ratio of
the capillary, which explains the reduced absorptance in case of full-penetration laser beam welding
of aluminum alloys with a high content of volatile elements. In order to improve the absorptance in
full-penetration welding, these findings provide the information required for the deduction of new
optimization approaches.

Keywords: laser beam welding; aluminum alloys; full-penetration; X-ray imaging; synchrotron;
absorptance; magnesium content

1. Introduction

Full-penetration welding is characterized by a weld seam whose depth equals the
material thickness. Compared to partial-penetration laser beam welding, full-penetration
welding is associated with a stable capillary and therefore is a more reliable process because
the additional opening at the bottom results in the avoidance of a collapsing capillary
tip [1-3]. In addition, it facilitates the quality assurance of the weld because it can be
visually ascertained whether the required penetration depth was achieved. Full-penetration
laser beam welding is therefore widely used for welding of sheet metal components.

There are two modes of full-penetration welding which can be distinguished by the
length s. of the capillary in relation to the sample’s thickness s;, as diagramed in Figure 1a
the capillary is closed at the bottom i.e., s; < ss and only the melt pool penetrates the whole
sheet thickness and Figure 1b the capillary is open at the bottom, i.e., 5. = s;.
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Figure 1. The two modes of full-penetration welding with a capillary (a) which is closed at its bottom
and (b) which is open at the bottom of the sheet.

The absorptance of a capillary for the incident laser radiation is a key factor for
the economic viability of the full-penetration laser beam welding process. The two full-
penetration welding modes provide different absorptances because the second opening at
the bottom of the capillary in case of mode B leads to additional power losses. However,
ensuring welding in mode A requires sophisticated measurement systems and reliable
process conditions. An additional margin of laser power is therefore usually applied to
compensate for fluctuating process conditions, which results in full-penetration mode B.

The absorptance is defined by the ratio of the absorbed laser power P4 and the power
P of the incident laser beam. It depends on both the geometry of the vapor capillary and the
absorptivity of the material at the wavelength of the laser beam [4,5]. Especially the aspect
ratio between the capillary depth s. and the capillary diameter d., has a major influence on
the absorptance [4,5].

The realization of lightweight concepts in car body production requires the appli-
cation of high-strength aluminum alloys of the 5xxx and the 6xxx series, which contain
magnesium as the alloying element in concentrations differing by orders of magnitude.
Compared to welding of pure aluminum this alters the absorbed input power P4 in two
ways. First, alloying elements modify the absorptivity of the material [6] and second, espe-
cially magnesium influences the evaporation temperature and evaporation pressure [7,8],
which in turn influences the geometry of the capillary and therefore its absorptance. On
the one hand it was found that the keyhole diameter increases with increasing content of
elements with lower boiling temperature than aluminum for partial penetration laser beam
welding [9]. If this is considered singularly this causes a decrease of the aspect ratio and
thus of the absorptance. On the other hand an increasing penetration depth is reported [9],
which is favorable for a high aspect ratio and thus for an enhanced absorptance.

In case of full-penetration welding, the depth of the capillary is given by the thickness
of the sheet. But despite this inherently constant penetration depth, the increased evapora-
tion may change the geometry of the capillary by increasing its diameter. According to [4,5]
such an increased diameter should lead to a decrease of the aspect ratio and therefore to a
reduced absorptance.

Since alloys with high magnesium content of the 5xxx and 6xxx series are widely used
for industrial applications, the determination of the influence of magnesium on the geome-
try of the capillary and thus on the absorptance is of particular importance. To quantify this,
the different geometries of the capillaries during welding of the aluminum alloys AA1050A
(A199.5) with minimum Mg-content, AA5754 (AIMg3) and AA6016 (AlSi1.2Mg0.4) were
analyzed by means of high-speed synchrotron X-ray imaging. The 3D-geometry of the
capillaries were reconstructed from the intensity distribution in the recorded X-ray im-
ages. Their absorptance for the incident laser beam was then calculated by means of a
raytracing algorithm.

The present paper shows for the first time that the increase of the content of magnesium
in high-strength aluminum alloys coincides with a decrease of the aspect ratio of the
capillary and therefore of the absorptance in full-penetration laser beam welding.
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2. Materials and Methods
2.1. Experimental Setup

Figure 2 shows the experimental setup at the DESY (Deutsches Elektronen-Synchrotron,
Hamburg, Germany) [10], which was realized in cooperation with the RWTH in Aachen
and is described in detail in [11]. A TruDisk5000 laser from TRUMPF (Ditzingen, Germany)
with a wavelength of A = 1030 nm was used. The beam delivery through a fiber with a core
diameter of 50 um and a numerical aperture of 0.1 rad resulted in a beam quality factor of
M? =7.6. The magnification of the focusing optics was 163:80 resulting in a spot diameter
of 102 um and a Rayleigh length of zg = 1.04 mm. The beam was focused on the upper
surface of the sample, where the origin of the coordinate system is located. The sample
was moved in negative x-direction with a feed rate of 6 m/min.

Laserbeam

A
DESY

(PETRA 1l

Figure 2. Experimental setup at the DESY [10] in Hamburg which is described in Detail in [11].

The monochromatic X-ray beam (shown in green) from the electron accelerator ring
with a photon energy of 37.7 keV and an average beam diameter of approx. 3 mm prop-
agates through the sample (gray) and is locally attenuated depending on the thickness
of the transirradiated material during the welding process. The attenuated X-ray beam
behind the sample is converted into visible light by the scintillator (light blue). This is
recorded by a high-speed (HS) camera (dark blue) with 1000 frames per second and an
exposure time of 999.8 us with a spatial resolution of 256 pixels/mm and an image size of
920 x 920 pixels. In order to avoid misinterpretation of local grayscale values which result
from the intensity profile of the X-ray beam, a flat-field correction was applied. For this
purpose, sequences of reference X-ray images were recorded without welding during the
movement of every clamped sample prior to every single welding trial. The post-process
flat-field correction normalizes the grayscale values in each image of the welding process
to their temporally and locally corresponding grayscale values of the reference images.
Subsequently a Kalman filter [12,13] was applied. This image processing ensures that the
grayscale values result from local density variations of the material and not from local
intensity deviations of the X-ray beam.

As magnesium is known to be volatile in laser beam welding [8], technical alloys
with magnesium content that varies by three orders of magnitude regarding the weight
percent (wt.%) were investigated. The used alloys and the range of the magnesium content
according to the specification in [14] are listed in Table 1. Since AA6016 has a high amount
of silicon its influence has to be considered as well. The Si-content for the different alloys is
given in Table 1.

As a decrease of the absorptance was expected with increasing magnesium content, thicker
sheets were chosen for the alloys with higher magnesium content. This results in a higher
nominal aspect ratio of ss/df, which coincides with an increase of the absorptance [4,5]. Thus, the
adaption of the nominal aspect ratio to the magnesium content implies that a decrease of the
absorptance with increasing magnesium content is only measured if the influence is significant.
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Table 1. Aluminum alloys and the regarding Mg and Si content as specified in [14], material properties [15,16] and used
sheet thickness.

Aluminum o o @ Solidification Range Evaporatlon. Therl.ne.xl . .
Alloy wt.% Mg wt.% Si in °C [15] Temperature in Conductivity in Sg in mm
°C[16] W/(m K) [15]
AAT050A <0.05 <0.25 646-657 2518 210-220 1.0
AA6016 047035 125103 610-640 2019 140-160 17
AA5754 3108 <0.4 585-650 2313 170-220 2.0

2.2. Adjustment of the Full-Penetration Mode

In order to ensure welding in full-penetration mode B, the laser power was adjusted
according to the resulting capillary geometry, which was observed in the X-ray videos. Figure 3
shows two single frames from high-speed X-ray videos of laser welding of AA1050A with
dr=102 um. The sheet was moved from right to left, while the laser beam was resting with
constant position and orientation. In order to eliminate distortions at the edges of the sheet,
each image was cropped at the upper and lower edge of the sheet by a maximum of five
percent of the thickness of the sheet. The light areas with a high grayscale value in Figure 3
correspond to locations with a reduced absorption of the X-ray beam, which occurs where less
material or material with a reduced density is transirradiated. This is why the capillaries are
clearly observable by the vertically oriented light white areas in the recordings.

Melt pool w
boundary

Figure 3. Single frames from high-speed X-ray videos of laser beam welding of AA1050A with
d =102 um. (a) Full-penetration welding with a capillary which is closed at its bottom at P = 1.0 kW.
(b) Full-penetration welding with a capillary which is opened at its bottom at P = 1.2 kW. (Whole
image sequence given with Video S1 in Supplementary Materials).

The transition from the solid to the liquid physical state causes interference effects of
the transmitted coherent X-ray beam on the scintillator [17]. This interference effect results
in a decrease of the local grayscale value at the location of the transition from the solid to
the liquid physical state. From this local decrease, the local boundary of the melt pool can
be identified, as shown in Figure 3. This enables to distinguish between the three physical
states of the gaseous capillary, the liquid melt pool and the solid material which are present
in a laser welding process.

Figure 3a shows an X-ray image of the welding process with a laser power of
P =1.0kW. It resulted in a capillary, which is closed at its bottom with a penetration
depth s. < s;. Figure 3b shows an image of the welding process with a laser power of
P =1.2 kW which resulted in a capillary that penetrates through the whole sheet thickness,
sc = 85, and which is open at its bottom. The whole image sequences are given with the
Video 51 in the Supplementary Material.

In both cases the formation of a weld seam ranging all the way through to the bottom of
the sheet can be seen from the X-ray images. The process depicted in Figure 3a can therefore
be identified as welding with full-penetration mode A and the process in Figure 3b can be
identified as full-penetration mode B.

The images show that in case of welding with a closed capillary in full-penetration
mode A, the formation of the weld seam results from a melt isotherm which expands to
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the bottom side of the sheet. The course of the melt isotherms in the lower region of the
sheet differs between both modes. In mode A, a curvature of the boundary of the melt pool
occurs near the bottom region whereas this boundary is a straight vertical line in mode B.

For each investigated material, the power was adapted until the depths of the capillary
equaled the sheet thickness and a vertical melt pool boundary was observed, as shown
in Figure 3b to determine the power required for welding mode B. This was ensured by
visual inspection of the high-speed X-ray images. The resulting welding parameters for the
different alloys are listed in Table 2.

Table 2. Overview of the used parameters for welding in full-penetration mode B.

Parameter AA1050A AA6016i AA5754
v in m/min 6 6 6
df in pm 102 102 102
Pin kW 1.2 2.0 2.1

2.3. Determination of the Absorptance of the Vapor Capillaries

The 3D-geometry of the capillary was reconstructed from the recorded images as
described in [18,19]. Based on Beers absorption law of the X-ray radiation that is transmitted
through the samples, the geometrical extension of the capillary along propagation direction
of the X-ray beam is given by:

1 Ic(x,
wy(x,z) = M~ln((;i)z)>, (1)

where I.(x,z) is the measured X-ray intensity at the corresponding position (x,z) as defined
in Figure 2 within the cross-sectional area of the capillary and I is the intensity transmitted
through the workpiece at a location outside the capillary, and y is the attenuation coefficient.

The attenuation coefficient for the monochrome X-ray beam with 37.7 keV in solid
aluminum amounts to ps, = 1.8 cm ™! [20], and linearly depends on the density of the
material [21]. As described in [18] the presence of a liquid phase causes a systematic error
which results from its decreased density. To take this into account and to estimate the range
of possible extensions of the capillary in the direction along the X-ray beam, Equation
(1) was solved for both, the attenuation coefficient gy = 1.8 cm™! of the solid material
and for the one of the liquid material given by p1iq = Msol * Pliq/Psol = 1.58 cm~! and
with the corresponding densities py;q(T = 700 °C) = 2370kg/ m?3 and pgo (T =20 °C) =
2700 kg /m3, respectively [15]. This yields the minimum and maximum possible values of
the real extent wy of the capillary.

Assuming a mirror symmetric capillary centered at the plane of symmetry aty =0,
wy(x,z) defines its 3D-geometry in which the absorptance of the laser beam was calculated
by raytracing. The bundle of rays for the raytracing calculation were defined according
to the specifications of the laser beam used in the experiments which exhibited a top-hat
shaped intensity distribution in the focal plane. It was assumed that the distance between
the front of the capillary and the beam axis equals d;/2. The complex refractive index
ne = n — ki for liquid aluminum at T = 2500 °C used to calculate the Fresnel absorption
at each reflection of a ray on the walls of the capillary is given by Re(n;) = n = 4.5 and
Im(n¢) = k = 9.0 [5]. The propagation and reflection of 150,000 randomly polarized beams
was calculated, considering up to 20 reflections of each beam.

It is to be assumed that the evaporating surface of the capillary is not perfectly
smooth but exhibits small geometrical variations that cannot be resolved by the applied
measurement and reconstruction method. In order to take into account the diffuse character
of the reflection at this rough surface the radiation was assumed to be reflected according
to Lambert’s cosine emission law [22,23].
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Figure 4 shows the calculated distribution of the locally absorbed irradiance within
the reconstructed capillary geometries, which correspond to the ones shown in Figure 3.
The locally absorbed irradiance is given by the color-coded logarithmic scale.

I 16,669

1666

. 166.7
500 pm I 16.69

500 pm

(a) (b)

Figure 4. Distribution of the calculated locally absorbed irradiance inside the reconstructed capillaries
for laser beam welding of AA1050A with dy =102 um. (a) Full-penetration welding with a capillary
which is closed at its bottom at P = 1.0 kW. (b) Full-penetration welding with a capillary which is
opened at its bottom with P = 1.2 kW. (3D-geometries of the averaged capillaries are given with Files
54-533 in the Supplementary Materials).

The 3D-geometry of all reconstructed capillaries are provided by PLY-files S4-533 in
the supplementary online material.

Figure 5a presents the absorptance 74 calculated as the ratio of the laser power ab-
sorbed inside of the capillaries and the total incident laser power. The height of the bars
corresponds to the averaged value from at least two welded samples, each of them recon-
structed using the two different attenuation coefficients of liquid and of solid aluminum.
The error bars indicate the range between the minimum and maximum determined values.

Figure 5b shows the aspect ratios s./d. of the corresponding capillaries, as determined
from the reconstructed geometries. Since the real 3D-geometries are not of an idealized
cylindrical shape the mean diameter d. of the opening was determined by d. = v/4A./ 7,
where A, is the area of the opening of the reconstructed capillary at the upper surface of
the sheet. The values in Figure 5b represent the average value from at least two repetitions,
each of them reconstructed with the two different attenuation coefficients jiso; and pyiq. The
error bars indicate the range between the minimum and maximum determined values.

As a validation of the raytracing algorithm for full-penetration mode A the calculated
absorptance 774 can be compared to the value given by the model from Gouffé for a cylindri-
cally shaped cavity [4,5]. Assuming an absorptivity for liquid aluminum of A = 0.12 [6] this
yields 4 = 0.78 for a capillary with the same aspect ratio as measured in our experiment
which agrees well with the results of the raytracing calculation.

Despite the increase of the aspect ratio by about 20% in case of full penetration with
the opened capillary in mode B the absorptance 14 decreases by an absolute amount of
0.12. This proves that the losses of power through the opening at the bottom of the capillary
are quite significant and shows that such processes are less efficient and not comparable
with a welding process in mode A.
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Figure 5. (a) Overall absorptance in the reconstructed capillaries as determined by means of raytrac-
ing. (b) Aspect ratio of the reconstructed capillaries. Mode A: capillary which is closed at its bottom
(left), P = 1.0 kW, Mode B: capillary which is opened at its bottom (right), P = 1.2 kW. Full-penetration
laser beam welding of AA1050A with df =102 um.

3. Results

Figure 6 shows a sequence of single frames from the high-speed recording of full-
penetration laser beam welding of a 2 mm thick sheet of AA5754, with the parameters given
in Table 2. The whole image sequence is given with the Video S2 in the Supplementary
Material. The time stamp indicates the elapsed time since the start of the process with a
time step of At = 44 ms between each single image. The sample moved from right to left,
while the laser beam was stationary.

The images show that the geometry of the capillary strongly fluctuates and therefore
significantly differs from a cylindrical shape during most of the process time. This agrees
well with the observations in [9] for AA5083 with a Mg content of 4.4 wt.%. As indicated
in the upper left image, at t = 46 ms, when a cylindrical shape is present for a short time,
the minimum diameter of d. ~ 300 um is about three times larger than the beam diameter
dr ~ 102 pm of the laser beam on the surface of the sample. At most positions and during
most of the process time the local diameter d(z) is significantly wider. This behavior can be
related to the excessive evaporation of the alloyed magnesium which causes an expansion
of the capillary [9].

Figure 7 shows the calculated distribution of the absorbed irradiance in the recon-
structed geometry of average capillaries for welding in full-penetration mode B of the three
considered alloys.

The comparison of Figure 7a—c shows that the average locally absorbed irradiance
inside the capillary is lower when welding AA5754. It can therefore be concluded that the
expansion of the capillary must be related to the evaporation of alloying elements and not
to the absorbed irradiance in the capillary. Hence, the evaporation of alloying elements
causes significant changes of the geometry of the capillaries which in turn result in a change
of the distribution of the laser radiation and thus a change of the locally absorbed irradiance.
All in all, this causes strong fluctuations of the capillary’s geometry and the absorptance.
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t=222 ms t=266 ms ¥
500 pm 500 pm

Figure 6. Single frames at different times from a high-speed X-ray video of laser beam welding of AA5754 with P = 2.1 kW,
dy =102 pm, s; = 2 mm. (Whole image sequence given with Video 52 in Supplementary Materials).

(a) AA1050A  (b) AABO16 (c) AA5754

| 16,669
1666

I 166.7
16.69

Absorbed Irradiance in W/mm?

500 pym

Figure 7. Calculated distribution of the absorbed irradiance in the reconstructed capillaries for welding
in full-penetration welding mode B of different aluminum alloys with df = 102 ym. (a) P = 1.2 kW,
5s=1.0mm, AA1050A (b) P = 2.0 kW, s; = 1.7 mm, AA6016 (c) P = 2.1 kW, s; = 2.0 mm, AA5754.
(3D-geometries of the averaged capillaries are given with Files 54-533 in the Supplementary Materials).

The aspect ratios s./d. shown in Figure 8 represent the averaged values from at
least two measurements, each of them reconstructed with the two different attenuation
coefficients. The error bars indicate the range between the minimum and maximum
calculated values. For comparison, the purple data points represent the ratio resulting of
the sheet thickness s; and the beam diameter dy. The orange data points show the difference
between this ratio and the measured aspect ratio of the capillaries. The error bars indicate
the range between the minimum and maximum determined values.
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Figure 8. Influence of different aluminum alloys on the measured aspect ratio s./d. of the capillary
and the ratio s5/ df for welding in full-penetration mode B with AA1050A: P = 1.2 kW, ss = 1.0 mm.
AA6016: P =2.0kW, ss =1.7 mm. AA5754: P = 2.1 kW, s; = 2.0 mm (from left to right). All with
dr =102 pm. Mg and Si content according to the specifications in [14].

The comparison of the black and purple data points shows, that for all considered
alloys the measured aspect ratio s./d. is smaller than the ratio ss/df and the difference
between these quantities (orange squares) increases with increasing magnesium content
of the alloy. This can be related to the increase of the opening diameter d, of the capillary,
which is connected with the increase of the magnesium content. This again confirms,
that the excessive evaporation of magnesium as described in [7,9] causes an additional
expansion of the capillary.

No correlation with the silicon content was found, which can be explained by the
different vapor pressures. Within the temperature range of 900 K to 2700 K the vapor
pressure for Mg is approximately two orders of magnitude higher compared to the one
of pure aluminum, whereas for Si it is two orders of magnitude lower (calculated with
ThermoCalc [24]). This proves that Mg is the dominant cause for an excessive evaporation.

Figure 9 compares the resulting absorptance 14 of the capillaries for welding of
the three investigated alloys. The height of the bars in Figure 9 represents the overall
absorptances, averaged over at least two examinations, each of them reconstructed with
the two different attenuation coefficients. The error bars indicate the range between the
minimum and maximum calculated values.

The results show that despite the increase of depths of the capillaries the absorptance
decreases with increasing magnesium content. This evidences that magnesium has a
significant influence on the geometry of the capillary by expanding its diameter.
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Figure 9. Absorptances as determined by means of raytracing in the reconstructed capillaries for
welding in full-penetration mode B of AA1050A: P = 1.2 kW, s; = 1.0 mm; AA6016: P = 2.0 kW,
5s = 1.7 mm; AA5754: P = 2.1 kW, sg = 2.0 mm (from left to right). All with d¢ = 102 um. Mg and Si

content according to the specifications in [14].

4. Implications on the Process Design

From Section 2.3. and Section 3 one can conclude that a high absorptance and therefore
an efficient process requires a capillary, which is closed at the bottom and exhibits a high
depth s, and a small diameter d.. This can be achieved by welding in full-penetration mode
A with a small beam diameter and by the selection of alloys without volatile additives,
under consideration of the structural requirements which are given from the application of
the welded part.

Latest developments in the field of laser beam sources led to the availability of green
radiation at high powers. This enables the decrease of the beam diameter at the same focal
distance. In order to achieve such an optimized process, a TruDisk1021 laser from TRUMPF
with a wavelength of A = 515 nm was used. The beam delivery fiber with a core diameter
of 50 um and a numerical aperture of 0.1 rad resulted in a beam quality factor of M? = 15.25.
The magnification of the focusing optics was 75:80 resulting in a spot diameter of 47 um
and a Rayleigh length of zg = 0.22 mm. For an optimum process, the AA1050A sheet with
a thickness of ss = 1 mm was welded with the feed rate of 6 m/min.

Figure 10 shows the X-ray image and the calculated distribution of the absorbed
irradiance in the reconstructed geometry of the capillary for welding with this setup. The
whole image sequence is given with the Video S3 in the Supplementary Material.

The X-ray image in Figure 10a shows that full-penetration laser beam welding in
mode A with a capillary which is closed at its bottom is present. This is indicated by the
geometry of the capillary and the curvature of the boundary of the melt pool.

For the application of the raytracing algorithm the definition of the rays was adapted
to the changed optics and beam specifications. The complex refractive index was adapted
for the different wavelength as Re(n.) = n = 1.7 and Im(n.;) = k = 5.3 [5].

The raytracing analysis results in an absorptance of 0.91 which proves that the applica-
tion of green wavelengths provides a maximum optimization potential for highly efficient
welding processes.
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Figure 10. (a) Averaged high-speed X-ray image for laser beam welding of AA1050A at green
wavelengths A = 515 nm. P =800 W, v = 6 m/min, s; = 1 mm, df =47 um. (b) Corresponding
calculated distribution of the absorbed irradiance in the reconstructed capillary. (Whole image
sequence and 3D-geometry of the averaged capillary are given with Video S3 and Files 54-533 in
Supplementary Materials).

5. Conclusions

For the first time the influence of magnesium on the geometry of the capillary and its
absorptance was determined for full-penetration welding of high-strength aluminum alloys
by means of monochrome X-ray imaging. The results show that an increasing magnesium
content leads to an additional expansion of the diameter of the capillary, which coincides
with the reduction of the aspect ratio and of the absorptance. No evidence was found
that silicon influences the geometry of the capillary. According to [7,24] zinc affects the
vapor pressure in a similar way as magnesium, which leads to the prediction of a similar
reduction of the absorptance in case of full-penetration laser beam welding of aluminum
alloys with high zinc content.

Additionally, the results show that full-penetration welding with a capillary which
is closed at the bottom is more efficient than welding with a capillary which is opened at
its bottom and that green laser sources with high focusability provide the possibility to
enhance the absorptance with narrow capillaries.

From the presented study one can conclude, that the absorptance of capillaries in laser
beam welding can be optimized by the choice of the material, the choice of the focusability
of the laser beam, and the adjustment of the mode of full-penetration. These three proposed
methods for the enhancement of the absorptance enable users to select the most suitable
for the requirements of each process and joint.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/met11050797/s1, Video S1: X-ray_mode_A_and_mode_B_AA1050A_IR, Video S2: X-ray_mode
_B_AA5754_IR, Video S3: X-ray_mode_A_AA1050A_green. Geometry files of reconstructed capillar-
ies: Files 54-533.
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