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Abstract

Laser-assisted double wire welding with nontransferred arc melts material using an arc
between two conveyed wires. Driven by gravity the molten metal drops onto the substrate. A laser
beam is oscillated on the melt pool to bond the weld beads to the substrate without undercuts.
Claddings at high deposition rates (11.6 kg/h) were performed with 316L on mild steel. The first
welding strategy (AAA) is to weld adjacent beads (A) with a varied track spacing of 7 to 9 mm.
The second strategy (ABA) consists of beads (A) welded at a distance of 14 to 18 mm from each
other, so that a third bead (B) can be deposited in the space between. Claddings with the determined
track spacing for AAA of 9 mm and ABA 18 mm were created in order to compare the resulting
surface properties. The ABA cladding did not achieve a more uniform surface and less waviness
than the AAA cladding.
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Introduction

Deposition welding processes are often used for cladding and repairing work pieces such
as metal forming dies [1]. A wide range of deposition rates is represented with a wide variety of
processes that are purely laser-based, purely arc-based or use a combination of laser radiation and
welding arc. There are processes with low deposition rates in the range of 1 kg/h, which can achieve
a high structure resolution, and on the other hand there are processes that achieve high deposition
rates of up to 20 kg/h with considerably lower structure resolution. Laser-assisted double-wire
welding with nontransferred arc (LDNA) developed at the Laser Zentrum Hannover e.V. with
deposition rates of 5 to 21 kg/h is one of these processes. Due to the high deposition rate, the
process is particularly well suited for coating large components or large surfaces, which are often
found in the mining industry, for example [2]. The welding strategy investigated so far is based on
the alignment of weld beads. Other strategies have not yet been investigated. This study deals with
the comparison of different deposition strategies.

State of the art

For the production of claddings with a thickness of less than one millimeter up to several
millimeters, cladding processes based on welding processes are used. The weld beads applied by
these processes are usually not sufficient to cover the area to be cladded, so that several weld beads
have to be applied next to each other with an overlap. [3] In claddings with high deposition rates,
the surfaces often have a high degree of waviness and roughness, which is why machining is used
after the cladding process to produce the required properties [4]. A conventional method for
cladding is to use the GMAW process. This can be used in any welding position, is very reliable
and, compared to pure laser processes, very effective in terms of energy use and costs. [5] The
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process uses an electric arc that burns between a metal wire and the work piece, causing the wire
to melt. As a result, there is a high thermal input into the component and the level of dilution of the
cladding with the work piece is comparatively high. For this reason, there are approaches to reduce
the heat input and the degree of dilution by using a process variant with a colder material transition.
This variant is represented by the Cold Metal Transfer, for example. [6]

Another approach to reduce heat input into the work piece is the LDNA process developed
by Barroi et al. The LDNA process uses a combination of an electric arc and a laser beam for
cladding, whereby high deposition rates can be achieved. The high deposition rates result from the
high melting potential of the electric arc, which burns between two wires that are continuously fed
to each other at an angle. The laser radiation is used to enhance the bonding of the melt droplets
falling onto the substrate. The laser radiation is precisely oscillated by a galvanometer scanner in
the melt pool. [2] Further studies by Barroi et al. on the LDNA process consider the influence of
the heat introduced into the process by the laser radiation. The radiation was oscillated through a
1D galvanometer scanner with a sinusoidal motion profile. It was shown that the sinusoidal
function allows heat to be introduced at the points where it is needed to bond the melt without
forming undercuts. Weld beads of AISI316L on AISI 1024 were created. The evaluation was
performed using micrographs and the best result was determined with an amplitude of 13.2 mm
and a contact angle of 93° to the substrate normal. [7] Studies on the cladding of AISI 1024
components with AISI 316L were carried out by Barroi et al. The results show that claddings with
a low number of bonding defects and without pores can be produced at a deposition rate of 7.5 kg/h.
The degree of dilution is less than 5%. The bonding defects occur at the transition of the adjacent
beads on the substrate surface, so that they have no influence on the function of the cladding. [8]

Further studies on the LDNA process by Bokelmann et al. investigate the influence of the
position of the laser radiation in the melt pool on the resulting bead geometry. Parameters varied
were the defocusing of the laser radiation, the position of the radiation in the met pool and the
oscillation amplitude. The best weld beads were obtained with a defocusing of the laser beam of -
1 mm below the focal point with a positioning of the laser beam of 3.5 mm in the melt pool against
the welding direction with an oscillation amplitude in the range of 12.7 mm to 13.7 mm. [9]
Bokelmann et al. investigated the weld bead geometry and the degree of dilution of the weld beads
created with the LDNA process. A linear and convex oscillating form was investigated. The result
is that a wider weld can be achieved with a convex oscillating form. On the other hand, the
oscillating form has no significant influence on the dilution. [10]

Biester et al. were able to show that instead of a 2D galvanometer scanner, a beam shaping
optic in the form of a line could be used to produce weld beads without undercutting. However, the
weld beads could not be produced with the low level of dilution in contrast to using beam
deflection. [11]

Koti, Powell and Voisey have investigated a new cladding strategy, 'ABA' cladding, using
laser metal deposition with powder (LMD-P). A series of separate or only minimally overlapping
parallel weld beads ('A' weld beads) were deposited to create the cladding. Between the 'A' weld
beads, another weld bead ('B' weld bead) with adjusted parameters was deposited afterwards. The
influence of the process parameters when using AISI 316L and Stellite 6 powders was investigated.
The results show that with the new cladding strategy, the powder catchment rate and the coverage
rate can be increased, and the microstructure and the degree of dilution can be predicted more
accurately. [12] In another study by Koti et al. comparing ABA cladding with AAA cladding, the
powder catchment rate and the influence of the distance of the ‘A’ weld beads, as well as the
influence of the welding speed, were investigated. It was found that the melt pool geometry was
asymmetrical for all weld beads after the initial weld bead for AAA cladding. Compared to AAA
cladding, an increased powder catchment rate was found for ABA claddings. By increasing the
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distance between the two ‘A’ weld beads, no influence of the catchment rate could be determined
for ABA claddings. In contrast, an improvement was seen with AAA claddings. Increasing the
welding speed was shown to have a small effect on melt pool size and catchment rate.[13]

Aims and perspective

This study focuses on the comparison of the different strategies for cladding. In the
following, the findings on the resulting surface and subsurface properties are presented using the
example of two different welding strategies, strategy AAA and strategy ABA. The following
scientific questions are to be answered:

1. How does the strategy ABA affect the surface and subsurface properties of the cladding
regarding
a) Waviness
b) Dilution?

2) How does the cladding produced with strategy ABA affect the amount of machining required
to achieve the final geometry?

Materials and methods

In this study, claddings are produced with the LDNA process using AISI 316L material on
an AISI 1024 substrate. The cladding material is used in wire form, each with a diameter of 1.2 mm.
The substrate has a thickness of 15 mm. The surface was sandblasted and cleaned with isopropanol
before the welding tests to ensure an even specimen preparation. The chemical composition of the
materials used is shown in Table 1.

Table 1: Chemical composition of the investigated materials [14], [15]

C Si Mn P S Cr Ni Mo Fe
AISI 1024 0.2 0.55 1.60 0.025 0.025 - - - Bal.
AISI 316 0.02 0.80 1.70 <0.02 <0.01 19.0 12.0 2.70 Bal.

The basic structure of the processing head consists of a torch holder, in which the wires are fed one
on top of the other, and a 2D galvanometer scanner, which deflects the laser beam and oscillates it
in the process. The principle is shown schematically in Figure 1.
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Figure 1: Principle of the LDNA process

The system components used to conduct the investigation consisted of the following. A
HighPULSE 454 DW direct current welding source from Merkle Schweiffanlagen-Technik GmbH,
modified for the double-wire process. The laser beam source used is a TruDisk 16002 disk laser
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from Trumpf SE + Co. KG with a maximum power of 16,000 W. Handling of the processing head
was carried out by a 6-axis industrial robot KR60HA from Kuka AG. The processing head used is
shown in Figure 2.
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Torch holder Focusing lens

Figure 2: Processing head for the LDNA process

The laser radiation has a wavelength of 1030 nm. The laser radiation is guided to the process
zone with a fiber that has a core diameter of 600 um. The numerical aperture of the fiber is 0.1.
The focal length of the collimator lens is 138 mm and the effective focal length of the focus lens is
300 mm.

The LDNA process is carried out with a shielding gas mixture of 82% CO- and 18% argon.
The other process parameters, which are kept constant, are shown in Table 2.

Table 2: Parameters for the LDNA process

Parameter Unit

Welding current A 245
Welding voltage A% 31.5
Wire feed rate 1 m/min 10
Wire feed rate 2 m/min 12
Welding speed mm/min 600
Shielding gas flow rate /min 22
Laser power W 1,000
Oscillation frequency Hz 10
Oscillation amplitude mm 13.2
Movement of laser focus - Sinusoidal function

Distance between torch holder

and substrate mm 15

Two different strategies are followed for the cladding. Firstly, the AAA strategy is used in
which weld beads with an overlap are deposited next to each other. In the second strategy ABA,
two weld beads are created without an overlap (A) and a third weld bead (B) is deposited between
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the two previously deposited beads. All weld beads, both in AAA and ABA strategy are created
with the same set of parameters. The principle of the welding strategies is shown in Figure 3.

KaNa RSB

Substrate

Figure 3: Principle of the welding strategies, strategy AAA on the left side and strategy ABA on the right side

In this study, the weld bead distance is first determined for the cladding. Specimens with
three weld beads each and a length of 100 mm are generated for this purpose. Like the oscillation
amplitude, the width of a weld bead is also about 13 mm, as this allows a good weld bead shape to
be obtained as shown by Barroi et al. [7]. The parameter range is investigated between 7 mm to
9 mm for the determination of distance between weld beads for AAA cladding. The parameters
result from overlap ratios between approx. 50% to approx. 30%. Previous empirical investigations
have shown that the surfaces with the best properties are obtained in the selected range. For ABA
cladding, the distance between the two ‘A’ weld beads is varied. A range from 14 mm to 18 mm is
investigated. The distances are changed in increments of one millimeter. For statistical validation
of the results, the experimental design is carried out with the help of design of experiments with
the Software JMP from SAS Institute GmbH and with three repetitions per parameter set in
randomized order.

After determining the best distances in the selected parameter range, claddings consisting
of eleven weld beads will be created to determine the surface property waviness. In addition, the
degree of dilution will be determined and compared.

The evaluation of waviness is based on a surface measurement of each weld bead with a
Laser Scanning Microscope VK-X1100 from Keyence Deutschland GmbH, taken at a length of
50 mm. For the determination of the degree of dilution, the specimens are separated at a length of
50 mm. The specimens are then ground, polished and etched with V2A etchant. The images are
taken with the same microscope as for the surface measurement.

Results and discussion

For the first part of the study, the AAA claddings, the micrographs are used to determine
the total width and total height of the cladding. The total widths of the three deposited weld beads
range from 28.1 mm to 32.8 mm. As expected, a significant correlation with a p-value of 0.0001
was found when statistically examining the dependence of the distance between weld beads on the
total width of the weld structure. As the distance between the weld beads increases, the total width
increases due to the increase in the distance. Similarly, the result is noticeable when examining the
correlation of the distance between weld beads on the total height. The total height is significantly
dependent on the distance between weld beads with a p-value of 0.0018. As the distance between
weld beads increases, the total height decreases in the parameter space studied. This effect is due
to the fact that the degree of overlap of the weld beads is greater at lower distance from the weld
beads, which results in a higher buildup of the welded structure. The total height is in the range of
5.03 mm to 6.24 mm. Figure 4 shows an example of an AAA cladding with a distance between the
weld beads of 9 mm. It can be seen that the weld beads are well bonded. The only visible bonding
defect is in the transition area of two weld beads at the level of the substrate surface, which does
not affect the function of the cladding.
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Figure 4: Cross-section of an AAA cladding with a distance between the weld beads of 9 mm

Figure 5, on the top left side, shows the measured total heights and total widths versus the
distance between weld beads. From the data, the trend and the significant correlation of the two
parameters from the distance between weld beads can be seen. The evaluation of the waviness of
the AAA claddings is based on the surface measurement of the weld structures. The evaluation
yields values in a range from 764 pum to 1,325 um. Figure 5, centered on the left side, shows the
individual values of the measured waviness as well as the trend versus the distance between weld
beads. The trend shows that the waviness decreases with increasing distance between weld beads.
This correlation could be proven by a statistical calculation. With a p-value of 0.0233, there is a
significant correlation between the waviness and the distance between weld beads. The waviness
becomes lower due to the lower total height as well as the lower degree of overlap of the individual
weld beads. The degree of dilution is determined on the basis of the transverse micrographs. For
the determination, the surface areas of the weld structure above Aabove and the surface areas of the
welded material below the substrate surface Apelow are determined and calculated by the following
formula:

Aabove

Degree of dilution = -100%

Aabove + Abelow

For the AAA claddings, the values of the degree of dilution are in the range of 8.1% to
12.4%. Figure 5, on the bottom left side, shows the degree of dilution and the trend plotted versus
distance between weld beads. It can be seen that the degree of dilution increases with increasing
distance between weld beads. The correlation is significant with a calculated p-value of 0.0052.
The increasing degree of dilution with increasing distance between weld beads is because the
degree of overlap between the individual weld beads decreases and that the thermal energy
introduced by the process affects more the substrate instead of the previously applied weld bead.
This results in greater dilution between the deposit material and the base material.

With the help of the correlations shown, a distance between weld beads of 9 mm is selected
for the comparison of the welding strategies on the basis of the creation of a cladding for the AAA
strategy. The requirement for a cladding to have as little waviness as possible, so that the degree
of rework required is kept to a minimum, is the distance between weld beads selected. Another
effect associated with this is that the cladding has a low overall height with a maximum width due
to the choice of distance between weld beads. Only a higher degree of dilution has to be accepted
in comparison to a low distance between weld beads.
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Figure 5: Diagrams for the AAA strategy (left) and the ABA strategy (right) of total height and total width versus
distance between weld beads (top row), waviness versus distance between weld beads (middle row) and degree of
dilution versus distance between weld beads (bottom row)

The cross-section images are also used to determine the total width for the second welding
strategy investigated, ABA. The values determined for the total width of the ABA claddings with
three weld beads range from 25.6 mm to 32.0 mm. The statistical test for a correlation between the

total width and the distance between the 'A' weld beads is significant with a p-value of 0.0002. As
the distance between the 'A' weld beads increases, the overall width of the weld structure increases,
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as expected. The measured values of total heights range from 5.58 mm to 7.29 mm. The
dependence of the total height on the distance between the 'A' weld beads is significant with a p-
value of 0.0001. The smaller distance between the two 'A' weld beads leaves less room for the
material of the 'B' weld bead to spread, therefore the weld bead builds up more, resulting in the
higher total height. As the distance between the 'A' weld beads increases, the material deposited by
the 'B' weld bead can better distribute between the previously deposited weld beads. Figure 6 shows
a weld structure created using the ABA strategy with 18 mm distance between the two 'A' weld
beads. Minimal bonding defects are evident at the intersection of the substrate surface with the
surface of the 'A' weld bead and the 'B' weld bead on both sides. As with the cladding using the
AAA strategy, the bonding defects do not affect the function of the cladding.

Figure 6: Cross-section of an ABA cladding with a distance between the 'A' weld beads of 18 mm

Figure 5, on the top right side, shows the total height and total width of the weld structures
as a function of the distance between the 'A' weld beads. In addition, a trend is shown in each case.
As expected, the measured values show a similar trend to the claddings created using the AAA
strategy. The waviness is determined based on the surface measurements. The values determined
range from 887 um to 1,629 um. A statistical correlation between the waviness and the distance
between the 'A' weld beads could be demonstrated with a p-value of 0.0001. Figure 5, centered on
the right side, presents the measured values of waviness and the trend of the data versus the distance
between the 'A' weld beads. As the distance between the weld beads increases, the waviness of the
weld structure decreases. This effect is due to the fact that the overlap of the 'B' weld bead with the
'A" weld beads decreases and thus the total height decreases and the waviness decreases at the same
time. The degree of dilution of the ABA claddings is in the range of 8.0% to 14.2%. The statistical
analysis shows a significant correlation between the degree of dilution and the distance between
the 'A" weld beads. Figure 5, on the bottom ride side, shows the values of the degree of dilution
plotted versus the distance between the 'A' weld beads. It is noticeable that for distances between
'A' weld beads of 14 mm to 16 mm, the degree of dilution remains relatively constant at around
10% and only starts to increase when the distance between 'A' weld beads exceeds 16 mm. This
can be attributed to the fact that the 'B' weld bead does not generate a weld penetration into the
substrate until the distance between the 'A' weld beads exceeds 17 mm, and is thus included in the
evaluation for the degree of dilution. Prior to this, the bond of the 'B' weld bead is generated on the
flanks therefore a considerably amount of energy is dissipating in the existing 'A' weld beads. In
spite of the issue shown, a significant correlation between the degree of dilution and the distance
between the 'A' weld beads can be calculated with a p-value of 0.0295.

Based on the same requirements for a cladding, 18 mm is chosen as the parameter for the
distance between the 'A' weld beads for the comparison of the strategies. As with the AAA
claddings, this is at the expense of the degree of dilution.
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The comparison of claddings created with the selected distance between weld beads
parameters, consisting of eleven weld beads, are shown in Figure 7. The grid-like pattern that can
be seen results from the fact that individual images had to be stitched for the overview of the
cladding. The upper part of Figure 7 shows the cladding created with the AAA strategy and the
lower part of Figure 7 shows the cladding created with the ABA strategy. The AAA cladding has
very good bonding with only a very small bonding error between the deposition material and the
substrate surface. The ABA cladding has bonding defects also at the junction between the substrate
surface and the deposited structure. As with the parameter determination, the weld defects form at
the intersections between the flanks of the 'A' weld beads, the substrate surface and the 'B' weld
beads. The bonding defects that occur in the cladding can be attributed to a non-optimal parameter
set for the distance between the 'A' weld beads or to insufficient energy introduced by the laser
radiation to ensure bonding. The occurrence of the bonding defect exclusively on the left side of
the 'B' weld bead can be attributed to a non-symmetrical weld bead shape. In the future, an
extension of the parameter space towards larger distances between the 'A' weld beads should be
investigated. This may lead to an improvement in the bond but also to an improvement in the
waviness with respect to the exaggeration of the maxima of the 'B' weld beads compared to the
maxima of the 'A" weld beads. Another approach is to increase the laser power so that the additional
energy can be used to achieve a bond. Furthermore, an adaptation of the oscillation form of the
laser radiation for the 'B' weld beads would be conceivable.

The AAA cladding has a total width of 95.9 mm with a total height of 5.69 mm. The
waviness was determined to be 396 um. The degree of dilution is 9.4%. The ABA cladding has a
total width of 103.8 mm with a total height of 5.17 mm. The waviness is 477 um. The determined
degree of dilution is 11.8%.

Figure 7: Cladding consisting of eleven weld beads created with the AAA strategy (top) and the ABA strategy (bottom)

Table 3 shows an overview of the determined values for the claddings consisting of eleven
weld beads. When comparing the determined values of the claddings, it can be seen that a narrower
and slightly higher cladding was obtained with the AAA strategy than with the ABA strategy. The
measured waviness differs, with the waviness obtained with the AAA strategy producing a better
waviness. There is a slight difference in the results obtained with the degree of dilution. The degree
of dilution is lower with the AAA cladding at 9.4% than with the ABA cladding at 11.8%.
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Table 3: Summary of the results obtained when comparing the welding strategies based on the created claddings with
eleven weld beads each

Parameter Unit Welding strategy Welding strategy
AAA ABA

Total width mm 95.9 103.8

Total height mm 5.69 5.17

Waviness um 396 477

Degree of dilution % 9.4 11.8

Comparing the larger claddings produced with the measured values for the waviness and
degree of dilution when determining the distance between the weld beads for the different
strategies, there are in some cases larger deviations. For the AAA strategy, an average degree of
dilution of 11.6% is obtained with a distance between the weld beads of 9 mm. This is slightly
higher than the achieved degree of dilution of the larger AAA cladding of 9.4%. A bigger difference
lies in the waviness, which for the small cladding consisting of three wed beads has an average
waviness of 850 um. The larger cladding has a considerably lower waviness of 396 um. The
situation is similar for the ABA cladding. The average waviness of the cladding consisting of three
weld beads is 1035 um, whereas the waviness for the larger cladding is 477 um. Likewise, there is
a difference in the degree of dilution. For the small cladding, an average degree of dilution of 12.3%
was determined. For the larger cladding, a smaller degree of dilution of 11.8% was determined.

The waviness of the ABA cladding is greater than the waviness of the AAA cladding. In
the study by Koti et al. an improvement in surface properties was observed for the ABA claddings
compared to the AAA claddings. This improvement was obtained by adjusting the welding
parameters for depositing the 'B' weld beads. The ABA cladding created in this study is created
with a set of welding parameters, so a further study should investigate whether adjusting the
parameters for the 'B' weld beads also leads to an improvement in this process. In Figure 7 below,
it can be seen that the 'B' weld beads have an elevation compared to the 'A' weld beads. This
elevation had not occurred to the same extent in the previous parameter determinations, so a further
line of investigation is to further increase the distance between weld beads for the 'A' weld beads
in the ABA strategy in order to reduce or eliminate the elevation.

Conclusion and outlook

Two different welding strategies for creating claddings with the LDNA process were
investigated. One is the conventional AAA welding strategy, in which the weld beads are deposited
adjacent to each other. On the other hand, the ABA welding strategy, in which a ‘B’ weld bead is
welded between two previously deposited ‘A’ weld beads. For the comparison of two claddings,
9 mm was chosen as the distance between weld beads parameter for the AAA cladding. The ABA
cladding was created with a parameter of 18 mm for the distance between the 'A' weld beads. The
surface properties obtained with the selected parameters have a waviness of 477 um, which is
higher than the AAA cladding. Similarly, the degree of dilution for the ABA cladding is 11.8%,
2.4% higher than the degree of dilution for the AAA cladding. For the ABA claddings, bonding
defects occurred at regular intervals, whereas for the AAA cladding, only a small defect is evident.
With the investigated parameter space, no minimization of rework, for example, a milling rework
can be achieved with the ABA welding strategy, so that further investigations must be carried out
to optimize the parameters. In addition, optimization is necessary to prevent bonding defects.
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One approach for further investigation is to expand the parameter space for the distance
between the two 'A' weld beads in the ABA strategy. In addition, the approach of adjusting the
welding parameters for the creation of the 'B' weld beads could be pursued to improve the surface
properties of the ABA cladding. Furthermore, another approach to optimization is to adjust the
laser oscillation form and the laser oscillation strategy.
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