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Abstract: Laser-based Directed Energy Deposition (DED-LB) represents a production method of
growing importance for cladding and additive manufacturing through the use of metal powders.
Yet, most studies utilize substrate materials with thicknesses of multiple millimeters, for which laser
cladding of thin-sheet substrates with thicknesses less than 1 mm have only been scarcely studied in
the literature. Most studies cover the use of pulsed laser sources, since sheet distortion due to excess
energy input is a key problem in laser cladding of thin-sheet substrates. Hence, the authors of the
present investigation seek to expand the boundaries of cladding thin-sheet substrates through the use
of a high-speed laser cladding approach which utilizes a continuous-wave, ytterbium fiber laser and
traverse speeds of 90 mm s−1 to clad stainless steel sheets with a thickness of 0.8 mm. Furthermore,
fundamental process–property relationships for the target values of clad width, clad height, and
dilution depth are studied and thoroughly discussed. Additionally, process maps for the target
values are established based on manifold experiments, and the significance of process parameters
on target values is studied using analysis of variance. The results demonstrate that clad widths as
high as 1413 µm and dilution depths as low as 144 µm can be obtained by high-speed laser cladding
of thin-sheet substrates. Thus, pathways toward thin-sheet substrates with enhanced performance
are opened.

Keywords: additive manufacturing; laser cladding; directed energy deposition; laser metal deposi-
tion; thin sheet; sheet metal; stainless steel

1. Introduction

Laser cladding is a production process which utilizes the continuous feed of powder
or wire material and the focused energy of a laser beam to create metallurgically bonded,
three-dimensional contours on manifold substrate materials [1]. Based on the localized heat
input of the laser beam, partial melting of the substrate surface and simultaneous melting
of the powder or wire material are achieved in the process zone, whereby a melt pool is
established on the surface. Hence, minimal dilution with the substrate material and a re-
fined clad microstructure are obtained [2]. As the melt pool moves on the substrate surface,
a heat-affected zone is created beneath [3]. Based on these characteristics, laser cladding
can be used to repair existing structures [4,5], add protective layers against corrosive or
abrasive wear [6], and—if the cladding process is carried out repeatedly—perform additive
manufacturing of monolithic materials, such as nickel-alloys [7]. Moreover, powder-based
laser cladding may also be used to fabricate multi-material structures through an in-process
adaption of powder flow [8,9]. Based on the use of a locally focused heat source, laser
cladding is classified as an additive manufacturing process with Directed Energy Deposi-
tion (DED) in ISO 52900 [10]. Nonetheless, laser cladding is, in the literature, often referred
to as Laser Metal Deposition (LMD) or Laser Engineered Net Shaping (LENS).
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Typically, laser cladding is performed on substrates with thicknesses of multiple
millimeters, such as cylinders [11,12] or plates [13,14]. The application of laser cladding on
thin-sheet substrates was first reported by Burmester et al. [15] and has only been scarcely
studied in the literature for sheets with a thickness below 10 mm [16,17], as well as below
1 mm [15,18,19]. As the use of high-power, continuous-wave (cw) lasers have yielded
excess energy input and distortion, Burmester et al. [15] employed a pulsed Nd:YAG-laser
to limit the energy input and a chilled clamping device, which allows for cooling of the
sheet during laser cladding. As a result, they were able to obtain NiCrSiB-clads with a
height/width ratio of up to 0.88. Moreover, Burmester et al. [15] stated that the process
was more sensitive to the influence of process parameters due to possible instabilities of
the melt pool and distortion of the sheet. In consequence of these results, Corbin et al. [16]
also employed a pulsed Nd:YAG-laser to clad iron-aluminide on mild steel plates with a
thickness of 5 mm. With a focus on solidification and microstructural evolution, a pulsed
Nd:YAG-laser was also used by Farnia et al. [17] to clad pre-placed Stellite 6 powder on
sheets of low-carbon steel. Laser systems operating in cw-mode were first used for cladding
of sheet metal by Gabriel et al. [18] and Tebaay et al. [19]. While Gabriel et al. [18] used an
ytterbium-fiber laser with powers up to 82 W to clad cobalt-based powder onto Inconel 718
substrates with a thickness of 0.2 mm, Tebaay et al. [19] investigated the use of a 2.5 kW
diode-laser for cladding of AISI 316L powder on a DC01 sheet in either cold-rolled steel or
a condition after incremental sheet-forming. The use of laser cladding for reinforcement of
aluminum [20] or steel sheets [21,22] prior to forming operations has also recently attracted
pronounced attention.

While Gabriel et al. [18] reported that the influence of process parameters during
laser cladding of thin-sheet substrates was similar to the effects observed when cladding
bulk substrates, the reader has to bear in mind that a maximum traverse speed of 1.67 mm
was used, for which the literature review does not yet provide information about the
cladding process of thin-sheet material with a thickness of less than 1 mm and very high
traverse speeds of up to 90 mm s−1. The importance of high traverse speeds for enhanced
productivity in laser cladding has been supported by the recent development of the ex-
treme high-speed laser material deposition technique (EHLA) [3,12]. Yet, fundamental
process–property relationships during the laser cladding of thin sheets with high traverse
speeds have not been documented in the literature. It remains unclear in which manner
the clad geometry is affected by the reflecting surface of thin-sheet substrates and to which
degree the mechanisms of absorption and reflection during laser material processing [23]
are thus transferable. For this reason, the authors of the present investigation seek to
provide a thorough investigation of the interrelationships between clad geometry, dilution,
and fundamental process parameters, for which process maps in resemblance to the ones
provided by Bax et al. [24] shall be established.

2. Materials and Methods
2.1. Materials and Process Setup

As substrate material, sheets of titanium-stabilized, AISI 430Ti ferritic stainless steel
with a thickness of 0.8 mm were used. The chemical composition of the substrate material is
depicted in Table 1. The sheets were laser-cladded in cold-rolled and blank-annealed surface
condition. For additional information about the used substrates and clamping devices, the
reader may be referred to [25]. AISI 316L austenitic stainless steel with nominal powder size
distributions of 20–53 µm (GTV Verschleißschutz GmbH, Luckenbach, Germany), as well
as 50–150 µm (DEW Specialty Steel GmbH and Co. KG, Krefeld, Germany) were employed
as feedstock. Measurements of the respective particle size distributions are illustrated in
Figure 1. Moreover, the chemical composition of the two batches can be derived from
Table 2.
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Table 1. Chemical composition of AISI 430Ti sheet material [25].

Grade
Chemical Composition [wt.%]

Fe C N Cr Ti Ni Mo

AISI 430Ti bal. 0.018 0.079 16.18 0.326 0.260 0.046

Table 2. Chemical composition of AISI 316L austenitic stainless steel powders, provided by
material supplier.

Size [µm]
Chemical Composition [wt.%]

C Mn Cr Mo Ni

20–53 0.026 1.3 17.1 2.4 11.0
50–150 0.03 0.5 16.5 2.1 13.0
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Figure 1. Particle size distribution of the two powder batches used in the present investigation. Nominal distribution:
(a) 20–53 µm, (b) 50–150 µm, as provided by the material supplier.

For a continuous powder feed to the laser-cladding optics (Reis Lasertec MWO44,
KUKA Industries GmbH & Co. KG, Aachen, Germany), a two-disc powder feeder (GTV
PF2/2, GTV Verschleißschutz GmbH, Luckenbach, Germany) using Argon carrier-gas
(grade 4.6, purity ≥ 99.996 %) was employed. As a powder-nozzle, a three-jet coaxial
powder-nozzle (Fraunhofer ILT, Aachen, Germany) with a default standoff distance of
12 mm was used. A six-axis robot (Reis RV30-26, KUKA Industries GmbH & Co. KG,
Obernburg, Germany) was utilized for the feed motion during laser cladding. As a
laser source, a 2 kW, a continuous-wave ytterbium-fiber laser (IPG YLS-2000-S2, IPG
Laser GmbH, Burbach, Germany) with a nominal wavelength of 1070 nm and multi-mode
intensity profile was employed. The laser beam was guided to the modular cladding
optics using a fiber with a diameter of 400 µm. The use of the aforementioned, modular
cladding optics enabled the utilization of interchangeable focal lenses with different focal
lengths, whereby the beam diameter on the workpiece could be adjusted. A summary
of the relevant optical characteristics is given in Table 3. In addition to the carrier gas,
Argon shielding gas (grade 4.6, purity ≥ 99.996 %) was fed through the coaxial outlet of
the powder-nozzle with different flow rates.
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Table 3. Overview of optical parameters used in the investigation.

Focal Length [mm] Collimation Length [mm] Beam Diameter [mm] Rayleigh Length [mm]

200 100 0.8 13.845
300 100 1.2 29.681

2.2. Design of Experiments

It has been shown that numerous process parameters, of which the most important
are depicted in Table 4, pose an influence on the outcome of powder-based DED-LB
processes [1,7]. This, on the other hand, hinders the use of full-factorial experimental
designs to investigate underlying effects as the number of experiments is increased expo-
nentially with an increase in parameters. In the present investigation, the authors seek to
establish process maps for laser cladding of thin-sheet substrates in resemblance of the
ones proposed by Bax et al. [24]. Thus, the relevant target values for these maps shall be
described by the clad width b, the clad height h, and the dilution depth a.

Table 4. Relevant process parameters of powder-based DED-LB processes. Compiled from [1,7]
and supplemented.

Description Symbol

Particle Diameter dK
Beam Diameter dL
Traverse Speed vL
Laser Power PL
Mass Flow ṁP
Nozzle Standoff zD
Focal Offset Laser z f
Shielding Gas Flow V̇S
Carrier Gas Flow V̇P

As the number of parameters demonstrates, a full-factorial design may not be construc-
tive to yield targeted or meaningful results from an engineering perspective. Therefore,
the authors employed an iterative approach with multiple full-factorial designs in order to
propose a holistic overview of the interdependencies. First, the inherent fluid mechanical
mechanisms of the powder-nozzle are described through an analysis of the influence of
carrier and shielding gas flow. For an overview of all experimental designs, the reader
may be referred to Appendix A in the appendix of this paper. Based on the outcome of
this characterization, two full-factorial designs, one for each laser beam diameter, were
employed to investigate the inter-dependencies between linear energy input and powder
mass flow with regard to the previously defined target values. Lastly, another full-factorial
design was used to analyze the inter-dependencies between the nozzle standoff distance
and focal offset of the laser beam, whereby the influence of laser and powder defocussing
on the clad geometry could be studied. In order to realize high-productivity laser cladding,
all experiments were performed with a traverse speed of 90 mm s−1. Moreover, results
were obtained for both powder size distributions, for which the effects of the latter could
also be investigated. For each set of parameters, five repetitions were carried out to mitigate
random errors. All results thus represent the mean value of five individual measurements.

Furthermore, one-way analysis of variance (ANOVA) was carried out for the full-
factorial designs of laser power and mass flow with respect to the target values of clad
width, clad height, and dilution depth. The significance level was set to a value of 0.05 for
the calculations. One analysis of variance was carried out for each target value, powder
size distribution, and influencing factor of laser power or mass flow, respectively. For the
sake of readability, the results of the analysis of variance are depicted in Appendix B in
the appendix of the paper. As zero hypothesis, it was assumed that the factor depicted
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in Tables A7 and A8 did not possess an influence on the respective target value. This
hypothesis could then be verified by the outcome of the analysis of variance.

2.3. Specimen Characterization

Following the cladding process, the specimens were cut perpendicular to the tra-
verse direction using a wet-grinding machine and embedded in cold-curing mounting
material. Subsequently, the specimens were ground with SiC-paper and polished with
diamond-suspension (grit size 1 µm), which allowed for an inspection by optical mi-
croscopy (DM2600, Leica Microsystems GmbH, Wetzlar, Germany). Here, the target values
of clad width, clad height, and dilution depth were measured and stored, as visualized in
Figure 2.

b

a

h

thin-sheet-substrate

clad

Figure 2. Schematic representation of target values’ clad width b, clad height h, and dilution depth a
during high-speed laser cladding of thin-sheet substrates.

3. Results and Discussion
3.1. Variation of Carrier and Shielding Gas Flow

The carrier gas flow is used to transport the powder particles to the process zone
where they interact with the laser beam and—after solidification—form the clad geometry.
Regarding powder efficiency, as the share of powder that is melted by the laser beam, for
example, may vary [26,27], pronounced attention has to be given to the interaction volume
of laser and powder. Under the assumption that no powder is lost during transportation
from the powder feeder to the nozzle and that friction losses along the transportation may
be neglected, a change in carrier gas flow can be directly correlated with additional particle
velocity at the nozzle outlet based on the continuity equation of fluid mechanics [28].

The results of studies on the influence of carrier gas flow are depicted in Figure 3
and give an overview on the interdependencies of the latter and the clad geometry. The
underlying experimental plan can be found in Table A2. Figure 3a,b demonstrate that the
influence of carrier gas flow on clad width is negligible for a constant shielding gas flow,
as both particle size distributions exhibit only minimal changes and an almost constant
width along increasing carrier gas flow. Thus, it can also be concluded that the particle
velocity at the nozzle outlet and, hence, the interaction time between the powder particle
and laser beam only has a minimal influence on clad width. For both investigated particle
size distributions, the clad width is represented by the laser beam diameter in good
approximation, for which the laser beam diameter appears to be the relevant process
parameter for clad widths, albeit changes in carrier gas flow.

This effect is constrained with regard to clad height (cf. Figure 3c,d). Firstly, it is to be
observed that the particle size distribution exhibits a significant influence on clad height, as
clads of the 50–150 µm distribution are characterized by a reduced height when compared
to the distribution of 20–53 µm. This phenomenon can be attributed to the correspondingly
higher packing density in a finer particle size distribution, such as 20–53 µm, for a constant
mass flow and the incumbent amplification of laser absorption in the interaction zone.
Additionally, an increase in carrier gas flow corresponds to a decrease of clad height
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within the distribution of 20–53 µm, which further supports the aforementioned findings.
Obviously, the interaction times of the powder particle and laser beam pose a significant
influence on phenomena of reflection and absorption when such fine powder materials
are used. For a rather coarse powder, such as 50–150 µm, the influence of carrier gas flow
on clad height is negligible. Hence, an increased interaction time of the particles and laser
beam does not allow for higher clads when such coarse powders are used.
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Figure 3. Target values of clad width b, clad heigth h, and dilution depth a for varying carrier gas
flow rates V̇P at a constant shielding gas flow rate V̇S. Mean values of five measurements, with
standard error of the mean (SEM). (a,c,e): 20–53 µm, (b,d,f): 50–150 µm.

Additionally, the dilution depth during laser cladding of thin-sheet substrates is
characterized by interdependencies to carrier gas flow, as Figure 3e,f visualizes. For
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both powder size distributions, the dilution depth is minimal for a carrier gas flow of
5 L min−1 and subsequently increased by more carrier gas flow. Finally, the dilution
depth is decreased again for high flow rates of 25 L min−1. As the dilution depth directly
corresponds to the depth of the melt pool, the results shown indicate that an increase of
carrier gas flow furthers a deeper melt pool until a certain threshold is reached. The authors
propose that, from this threshold onwards, the increase in carrier gas flow accounts for
additional turbulence of the particle stream for which the melt pool and dilution depth
are decreased again. Similar findings were presented by Zhong et al. [29] who proposed
that particle velocity was the dominant factor for melt pool penetration depth when using
a three-jet nozzle. Moreover, Shah et al. [30] reported an increase of melt pool depth
for increasing carrier gas flows. Thus, it appears to be appropriate to conclude that these
findings concur with the ones in the present investigation, for which they can be transferred
to laser cladding of thin-sheet substrates.

As it was described in the preceding section, shielding gas is fed through the coaxial
outlet of the powder-nozzle to prevent oxidation of the clad. Under the previous section’s
analogue assumption that no shielding gas is lost during its feed through the optics, an
increased shielding gas flow rate corresponds to a higher flow speed at the coaxial nozzle
outlet. Further, the shielding gas flow is therefore directed towards the interaction zone
of powder and laser focus, where it may manipulate the interaction of the latter, as it was
proposed by Segerstark [7]. For this reason, it was to be investigated whether an increase of
shielding gas flow had an influence on the target values for a given constant of carrier gas
flow. Based on the prior results, carrier gas flows of 5 L min−1 and 10 L min−1 were further
considered with variable shielding gas flows. The results of the investigation are depicted
in Figure 4. As can be derived from Figure 4b, the clad width is insignificantly affected
by an increase of shielding gas flow when coarse powder particles of 50–150 µm and a
carrier gas flow of 5 L min−1 are used. Yet, when higher carrier gas flows and, thus, higher
particle velocities in the interaction zone are employed, shielding gas flow does exhibit
an influence on clad width for particles of 50–150 µm. While the clad width is somewhat
constant for shielding gas flows to a threshold of 15 L min−1, a sudden increase is observed
afterwards. As a possible explanation, it is proposed that an increase in shielding gas flow
may lead to turbulence, diversion of in-flight powder particles, and may therefore widen
the powder focus. Finer powder particles of size 20–53 µm also exhibit a threshold-value
of 15 L min−1 after which the clad width is increased again with more shielding gas flow.

For a smaller particle diameter range of 20–53 µm, the clad height is reduced with
increasing shielding gas flow for both investigated carrier gas flows. Based on the fact that
clad height is strongly dependent on the interaction time between lasers and powders, this
can be seen as support of the preceding proposition that the shielding gas flow may interact
with the carrier gas flow. Similar results can be identified for larger particle diameters
of 50–150 µm, even if the overall clad height is lower (cf. Figure 4d). Yet, for low carrier
gas flows of only 5 L min−1, a sudden increase in clad height can be observed when using
20 L min−1 of shielding gas flow.

With regard to dilution depth, somewhat similar results could be obtained for both
particle size distributions. Firstly, lower dilution depths are obtained for lower carrier gas
flows which undergirds the previous findings when varying carrier gas flow. Moreover, an
increase in shielding gas flow leads to a reduction of dilution. Apparently, the use of larger
shielding gas flow rates facilitates a shallower melt pool. In correlation with the previously
seized suggestions of Zhong et al. [29], it can be concluded that an increase in shielding
gas flow leads to increased interaction and, thus, turbulence with the carrier gas flow, for
which the powder particles cannot penetrate the melt pool as deeply as before.

Based on the given particle-beam interaction during high-speed laser cladding of
thin-sheet substrates, which was evaluated using varying carrier and shielding gas flows,
further characterization was performed with a static shielding and carrier gas flow of
10 L min−1 and 5 L min−1, respectively.
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Figure 4. Target values of clad width b, clad heigth h, and dilution depth a for varying shielding gas
flow rates V̇S and two constant carrier gas flow rates V̇P. Mean values of five measurements, with
SEM. (a,c,e): 20–53 µm, (b,d,f): 50–150 µm.

3.2. Influence of Laser Power and Mass Flow

The use of full-factorial plans with regard to laser power PL and mass flow ṁP for
each laser beam diameter yielded the establishment of process maps for high-speed laser
cladding of thin-sheet substrates with a thickness of 0.8 mm. As can be derived from
Figure 5a,b, the clad width for a constant laser beam diameter of 0.8 mm ranges from
740 µm to 960 µm depending on the utilized powder size distribution. The contour lines of
a specific clad height can be approximated by constant ratios of laser power and mass flow.
In this context, it is to be noted that for all given combinations of laser power and mass
flow, the achievable clad width is higher for powder with a diameter of 20–53 µm than for
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50–150 µm. Obviously, the finer powder particles lead to enhanced absorption during laser
cladding of thin-sheets as phenomena, such as multiple reflection and, thus, absorption is
promoted due to the higher packing density of the powder within the interaction volume.
Additionally, the clad width extends farther as the laser beam diameter on the workpiece
for both particle size distributions, for which heat conduction effects can be attributed.
While for maximum laser power and mass flow of 1400 W and 24 g min−1, respectively, a
clad width of 966 µm can be obtained for particles of size 20–53 µm, the clad width only
reaches 893 µm for 50–150 µm. As a result of this observation, the authors propose that
the finer powder particles lead to pronounced re-reflection and absorption of laser light,
for which the interaction zone on the workpiece, and, subsequently, the clad width are
widened. In addition to that, it shall be noted that for very low laser powers of 900 W,
the clad width is reduced to values below the actual laser beam diameter, albeit changes
in mass flow for a powder size of 50–150 µm. Obviously, this marks a threshold value
for which insufficient melting of the substrate surface is reached. This observation is
further supported by the results of the ANOVA in Table A7. The computed p-values
of 1.1543 × 10−10 and 4.4505 × 10−12 (No. 1.1 and 1.3) with respect to laser power for a
particle size distribution of 20–53 µm and 50–150 µm, respectively, emphasize that the laser
power has a significant impact on clad width.
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Figure 5. Development of clad width b in dependence on laser power PL and mass flow ṁP. Top: laser beam diameter
dL ≈ 800 µm, bottom: laser beam diameter dL ≈ 1200 µm: (a,c) 20–53 µm, (b,d) 50–150 µm.
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In order to maintain comparable intensities on the work piece, the range of investi-
gated laser powers was adopted to 1500 W to 2000 W for a laser beam diameter of 1.2 mm.
Corresponding results of the clad width measurements are to be found in Figure 5c,d, from
which it can be deduced that the achievable clad width during high-speed laser cladding
of thin-sheet substrates with a laser beam diameter of 1.2 mm ranges from 1116 µm to
1413 µm, depending on the utilized particle size distribution. Similar to a beam diameter
of 0.8 mm, the contour lines of clad height can be approximated by almost constant ratios
of laser power and mass flow. Additionally, the clad width is higher for all investigated
combinations of laser power and mass flow when a finer particle size distribution of
20–53 µm is used. For a maximum laser power of 2000 W and a mass flow of 24 g min−1,
a clad width of 1365 µm and 1240 µm can be obtained for particles of size 20–53 µm and
50–150 µm, respectively. This supports the proposition of the preceding paragraph that
finer particles lead to increased reflection and absorption phenomena within the interaction
volume of a laser beam and powder stream. Notably, the threshold values of laser power,
under which the clad width falls below the laser beam diameter, lies around 1700 W for
particles of size 50–150 µm, while it does not fall short of the laser beam diameter for a size
distribution of 20–53 µm. In consideration of the identical behavior for a beam diameter of
0.8 mm, it can be concluded that the larger particles obviously lead to increased shading,
for which somewhat limited amounts of laser light reach the substrate surface. Hence, it
is proposed that the melt pool width on the surface and, thus, achievable clad width are
reduced. Additionally, the computed p-values of the ANOVA (cf. Table A8 No. 1.1 and 1.3)
affirm the significance of laser power for clad width, rather than mass flow.

The clad height, on the other hand, exhibited different characteristics for a beam
diameter of 0.8 mm, as can be deduced from Figure 6a,b. Clad heights ranging from
60 µm to 220 µm can be obtained during high-speed laser cladding of thin-sheet substrates
in dependence on the powder size distribution employed. In contrast to the previous
findings though, the contour lines of clad height within the established maps of laser
power and mass flow proceed parallel to increasing laser power and perpendicular to an
increase in mass flow. Hence, it is evident that powder mass flow is the dominant factor for
achieving a desired clad height during high-speed laser cladding of thin-sheet substrates.
This conclusion can also be supported by results of the ANOVA where p-values of mass
flow are substantially below the significance level of 0.05 for all investigated particle size
distributions (cf. Table A7 No. 2.2 and 2.4). Nonetheless, it can also be derived that for all
given combinations of laser power and mass flow, the finer particle size of 20–53 µm yields
higher clads. Exemplary, the clad height for a laser power of 1200 W and a mass flow of
24 g min−1 is 191 µm, when a powder size of 50–150 µm is employed. When a finer particle
size distribution is used, a clad height of 220 µm can be achieved using the otherwise
unchanged boundary conditions. For this reason, it can be concluded that the use of a finer
particle size distribution amplifies the absorption of laser light and, thus, increases the clad
height for which at a constant mass flow, the powder efficiency is obviously also enhanced.

Similar results can be obtained when a laser beam diameter of 1200 µm is used, as
Figure 6c,d illustrates. These observations can also be supported by the outcome of the
ANOVA (cf. Table A8 No. 2.2 and 2.4). p-values of 2.3128 × 10−18 and 4.1007 × 10−13

emphasize the importance of powder mass flow for clad height during high-speed laser
cladding of thin-sheet substrates. While the contour lines therefore feature an identical
orientation as the ones observed for a beam diameter of 800 µm, the overall achievable
height is higher as compared to the smaller beam diameter for both investigated particle
size distributions. An increase of clad width when using a larger laser beam diameter
during high-speed laser cladding of thin-sheet substrates was to be expected on the basis of
an elementary beam-matter interaction. Yet, the aforementioned findings also indicate that
a larger beam diameter yields increased clad heights for all given mass flows independently
of the laser power employed. From this, it can be derived that an increase of laser beam
diameter not only increases the effective interaction volume perpendicular, but also parallel
to the laser beam propagation direction, for which larger quantities of powder can be
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melted and, subsequently, form a higher clad. Through the utilization of a beam diameter
of 1200 µm, clad heights of up to 274 µm at a laser power of 1900 W and a powder mass
flow of 24 g min−1 can be achieved when using a powder size distribution of 20–53 µm.
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Figure 6. Development of clad height h in dependence on laser power PL and mass flow ṁP. Top: laser beam diameter
dL ≈ 800 µm, bottom: laser beam diameter dL ≈ 1200 µm. (a,c) 20–53 µm, (b,d) 50–150 µm.

On the basis of the results illustrated in Figure 7a,b, the dilution depth during high-
speed laser cladding of thin-sheet substrates is strongly dependent on both laser power
and mass flow, as reachable values vary between 141 µm and 330 µm. From the orientation
of the contour lines, the interdependencies of dilution depth, laser power and mass flow
can be observed as counterpart to the interrelationships of the latter with clad width,
which have been discussed before. Here, the contour lines proceed perpendicular to the
contour lines of clad width, as well as perpendicular to constant ratios of laser power and
mass flow. Interestingly, p-values of the ANOVA are below a significance level of 0.05 for
laser power (cf. Table A7; No. 3.1 and 3.3) while ranging slightly above the significance
level for mass flow (cf. Table A7; No. 3.2 and 3.4). Based on the ANOVA for mass flow,
the interdependency of dilution depth and mass flow may be described as insignificant.
Yet, when results of a laser beam diameter of 1200 µm are taken into account as well (cf.
Table A8 No. 3.2 and 3.4), it is evident that the mass flow does possess a significant influence
on dilution depth as p-values reach 0.0142 and 0.0173. For that, it is to be summarized
that if dilution is to be kept constant for a desired application, an increase in laser power
should also incorporate a further increase of mass flow. Remarkably, the findings at the
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outmost parameter combinations within the process maps exhibit substantial differences
with regard to the particle size distribution that is employed during cladding. As such,
for a laser power of 1400 W and a mass flow of 9 g min−1, the dilution depth is maximized
for powder particles of 20–53 µm at 330 µm. Yet, at the given laser power and mass flow,
the usage of a powder size distribution of 50–150 µm yields a dilution depth of 315 µm.
Contrary to this, when the laser power is minimal at 900 W and mass flow is maximized
at 24 g min−1, the particle size distribution of 20–53 µm only exhibits a dilution depth of
141 µm as opposed to 163 µm for a size of 50–150 µm. As dilution depth directly correlates
with laser power on the substrate surface for a constant mass flow, the observed differences
can only be attributed to varying reflection and absorption phenomena in the interaction
volume. For a comparatively low mass flow of 9 g min−1 and a particle size of 20–53 µm, a
larger number of powder particles is available to reflect the incoming laser light, for which
multiple reflection to the substrate surface is amplified. On the contrary, as particle size
is larger, a lesser number of surfaces is available to reflect the incident light. Further, as
smaller powder particles heat up faster [26], additional residual laser energy is available
to melt the substrate surface. When the mass flow is raised to 24 g min−1, the packing
density of a finer particle size distribution, such as 20–53 µm, is substantially increased
within the interaction volume for which a larger number of surfaces is available to reflect
and re-absorb incident laser light as compared to particle sizes of 50–150 µm. Therefore, the
dilution depth is higher for a larger particle size distribution of 50–150 µm at the maximum
mass flow and minimal laser power investigated.

For a larger laser beam diameter of 1.2 mm, dilution varies between 176 µm and
355 µm for a powder size distribution of 20–53 µm, as well as 208 µm and 337 µm for a par-
ticle size of 50–150 µm. As can be derived from these results, the dilution depth is slightly
increased as compared to a beam diameter of 0.8 mm, which may be attributed to the
greater laser powers employed for this specific beam diameter. As the beam-powder inter-
action volume is increased by the larger beam diameter, which could also be demonstrated
by an increased clad height, a larger effective number of surfaces is available to initiate
re-reflection and absorption phenomena. Thus, the effects described in the preceding
paragraphs are amplified.

From the different process maps for high-speed laser cladding of thin-sheet substrates,
it can be derived that clads with a maximum width of 1413 µm, a maximum height of
274 µm, and a minimal dilution of up to 141 µm can be obtained depending on the laser
beam diameter and powder size distribution employed. However, it needs to be concluded
that for a maximum of the laser power and powder mass flow, the usage of finer 20–53 µm
powders yields better results than the use of 50–150 µm powders due to enhanced powder
efficiency. Therefore, further characterization with regard to powder and laser defocussing,
which is discussed in the following paragraph, shall be undertaken using the powder size
distribution of 20–53 µm.
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Figure 7. Development of dilution depth a in dependence on laser power PL and mass flow ṁP. Top: laser beam diameter
dL ≈ 800 µm, bottom: laser beam diameter dL ≈ 1200 µm. (a,c) 20–53 µm, (b,d) 50–150 µm.

3.3. Effects of Powder and Laser Defocussing

Through the utilization of a nozzle with an adaptive standoff distance and focussing
optics with interchangeable lenses, defocussing of the powder stream and laser beam could
be realized in order to study their effects on clad geometry and dilution independently
from one another. The results of this investigation are presented in Figure 8. Here, a
reduced nozzle standoff represents a shorter distance from the nozzle outlet to the substrate
surface. The default standoff distance of the employed three-jet, coaxial-nozzle is 12 mm.
Consequently, the focal offset z f describes the distance from the laser beam focus to the
substrate surface, which was level for all previous investigations. In this study, an increased
focal offset can be associated with the laser beam focus moving upward from the substrate
surface, hence widening the near-Gaussian beam again, for which the diameter on the
workpiece is increased.
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Figure 8. Evolution of target values’ clad width b, clad height h, and dilution depth a for varying
nozzle standoff distances zD and focal offsets of the laser beam z f . Mean values of five measurements,
with SEM. (a,c,e): Focal length Ff = 200 mm, (b,d,f): Focal length Ff = 300 mm.

As can be derived from Figure 8a,b, the clad width and nozzle standoff exhibit different
interrelationships for the varying beam diameters and focal offset employed. With a beam
diameter of 0.8 mm, the highest clad widths are obtained for a nozzle standoff of 12 mm,
whereby the powder focus is level with the substrate surface. This observation applies for
all focal offsets, whereas it has to be mentioned that a focal offset of 10 mm yields the highest
clad width. Given the fact that the beam diameter is widened once the laser is defocussed,
these findings appear to be appropriate. Yet, when the nozzle standoff is changed, the
clad width is reduced. In particular, a reduction of nozzle standoff, which corresponds
to a powder focus below the substrate surface, is detrimental to clad width of thin-sheet



Coatings 2021, 11, 952 15 of 21

substrates. For a laser beam diameter of 1.2 mm, similar phenomena can be observed. For
a focal offset of 0 mm, the highest clad width is achieved for a nozzle standoff of 12 mm. A
reduction or increase of the nozzle standoff yields lower clads widths again. Interestingly,
a focal offset of 5 mm cannot increase the clad width when the nozzle standoff is set below
the default value of 12 mm. Only when the nozzle standoff is increased above the default
value, such as when the powder focus is lifted above the substrate surface, higher clad
widths than for a focal offset of 0 mm are obtained. A similar trend can also be identified
for a focal offset of 10 mm, which leads to highest clad widths when the nozzle standoff is
raised above its default value. Obviously, the defocussing of the beam facilitates an increase
of effective diameters on surface, for which the clad width is increased. Nonetheless, the
reader has to bear in mind that the Raygleigh length is two times as high for a focal length
of 300 mm when compared to a focal length of 200 mm (cf. Table 3), for which widening of
the laser beam at a given focal offset is not as pronounced as with a focal length of 200 mm
due to the correspondingly smaller aperture [23].

With regard to clad height, the interrelationships of nozzle standoff and focal offset
are similar for both beam diameters investigated, as can be derived from Figure 8c,d. In
both cases, the highest clad is obtained by a focal offset of 0 mm and a nozzle standoff
distance of 0 mm, for which the powder and laser focus are level on the substrate surface.
As the nozzle standoff is either reduced or increased, the clad height is decreased. As
it has been found in the preceding paragraphs, the clad height is highly dependent on
powder utilization. On the basis of the present findings, it can thus be concluded that
powder defocussing obviously leads to decreased powder efficiency and, thus, lower clad
heights during high-speed laser cladding of thin-sheet substrates. Hence, the propositions
of Segerstark et al. [7] and Zhu et al. [31] can be confirmed for high-speed laser cladding of
thin-sheet substrates as well. Moreover, the effects of a laser focal offset are detrimental
to clad height for both investigated beam diameters. Under consideration that the multi-
mode intensity-profile of the fiber laser employed during the experiments is only obtained
in the focal plane (z f = 0 mm) and alleviated at its slopes when a focal offset is used [7],
the identified observations can be explained. Obviously, the laser defocussing leads to a
substantial change in its intensity distribution on the basis of which the interaction of the
laser beam and powder stream is reduced. Thus, a decreased clad height is obtained when
a defocussed laser beam is used for high-speed laser cladding of thin-sheet substrates.

These findings also possess direct implications on the interrelationships of powder
and laser defocussing on dilution depth, as can be deduced from Figure 8e,f. Here, dilution
depth is minimal for a default nozzle standoff of 12 mm and a focal offset of 0 mm, which
very well corresponds to the previous findings where clad height and, subsequently, pow-
der utilization were maximized for analogue settings. Hence, it can be derived that laser
and powder defocussing is also detrimental to dilution depth based on the explanations
given in the preceding paragraph. As the interaction of laser beams and powder streams
is mitigated through the incumbent change of intensity distribution, more laser light can
effectively reach the substrate surface, cause increased melting and, thus, dilution depth.
An example of one obtained clad geometry during high-speed laser cladding of thin-sheet
substrates is depicted in Figure 9.
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1 mm

Figure 9. Example of obtained clad geometry during high-speed laser cladding of thin-sheet sub-
strates. Parameters: dL ≈ 1200 µm, PL = 2000 W, vL = 90 mm s−1, ṁP = 24 g min−1, V̇S = 10 L min−1,
V̇P = 5 L min−1, z f = 0 mm, zD = 12 mm, dK = 20–53 µm.

4. Conclusions

In the present investigation, high-speed laser cladding of thin-sheet substrates with a
thickness of 0.8 mm was studied. In order to provide thorough insight into the underlying
process–property relationships, manifold experiments were carried out to evaluate the
influence of the process parameters involved. The findings demonstrate that a continuous-
wave, ytterbium fiber laser can be used to clad stainless steel sheets with a thickness of only
0.8 mm and a pulsed laser source does not necessarily have to be used. Furthermore, the
established process maps for target values of clad width, clad height, and dilution depth
demonstrate the possibilities to tailor the clad properties to desired values. Additionally,
inherent interaction phenomena during high-speed laser cladding of thin-sheet substrates
are discussed. Based on an analysis of variance, the significance of laser power and mass
flow for the three target values of clad width, clad height, and dilution depth were studied.
From the results, it can be deduced that the laser power has a substantial influence on
clad width for both the particle size distributions and laser beam diameters studied. On
the contrary, mass flow is the dominant influencing factor when clad height is the target
value. While only laser power was found to be influential on dilution depth for a laser
beam diameter of 800 µm based on the ANOVA, computed results of the ANOVA for a
beam diameter of 1.2 mm prove that mass flow also exhibits a significant influence on the
dilution depth. It can be derived that interaction phenomena of conventional, powder-
based DED-LB processes are also applicable for high-speed laser cladding of thin-sheet
substrates. Thereby, clad widths of up to 1413 µm and dilution depths of up to only 141 µm
can be realized depending on the laser beam diameter, laser power, and powder mass flow
employed. Yet, with respect to the limitations of this study, it has to be stated that the given
results may only be applicable for the given sheet thickness, surface condition, and thermal
conductivity. Thus, additional studies are required to transfer the results on other sheet
thicknesses. Furthermore, the influence of laser and powder defocussing was studied. It is
demonstrated that laser and powder defocussing exhibit detrimental effects on clad width
and dilution depth during high-speed laser cladding of thin-sheet substrates due to the
changed interaction phenomena of laser beams and powder streams.
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With the present investigation, pathways towards the application of conventional
laser cladding systems for thin-sheet substrates with enhanced performance are opened.
Further research will have to detail the mechanical properties of the clad-sheet bond, as
well as its formability.
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Appendix A. Experimental Plans

Table A1. Experimental design to investigate the influence of carrier gas flow on shielding gas
flow. PL = 1350 W, vL = 90 mm s−1, ṁP = 15 g min−1, z f = 0 mm, zD = 12 mm, dK = 50–150 µm and
20–53 µm, dL ≈ 800 µm.

Shielding Gas Flow V̇S [L min−1] Carrier Gas Flow V̇P [L min−1]

15 5 10 15 20 25

Table A2. Experimental design to investigate the influence of shielding gas flow on carrier gas
flow. PL = 1350 W, vL = 90 mm s−1, ṁP = 15 g min−1, z f = 0 mm, zD = 12 mm, dK = 50–150 µm and
20–53 µm, dL ≈ 800 µm.

Carrier Gas Flow V̇P [L min−1] Shielding Gas Flow V̇S [L min−1]

5 5 10 15 20
10 5 10 15 20

Table A3. Full-factorial design to study the interdependencies between linear energy input and mass
flow. vL = 90 mm s−1, V̇S = 10 L min−1, V̇P = 5 L min−1, z f = 0 mm, zD = 12 mm, dL ≈ 800 µm.

Laser Power PL [W] Mass Flow ṁP [g min−1]

900 9
1000 12
1100 15
1200 18
1300 21
1400 24

Table A4. Full-factorial design to investigate the interdependencies of focal offset and nozzle standoff.
vL = 90 mm s−1, PL = 1400 W, ṁP = 24 g min−1, V̇S = 10 L min−1, V̇P = 5 L min−1, dL ≈ 800 µm.

Focal Offset Laser z f [mm] Nozzle Standoff zD [mm]

0 10
5 11

10 12
13
14

Table A5. Full-factorial design to study the interdependencies of linear energy input and mass flow.
vL = 90 mm s−1, V̇S = 10 L min−1, V̇P = 5 L min−1, z f = 0 mm, zD = 12 mm, dL ≈ 1200 µm.

Laser Power PL [W] Mass Flow ṁP [g min−1]

1400 9
1500 12
1600 15
1800 18
1900 21
2000 24
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Table A6. Full-factorial design to investigate the interdependencies of focal offset and nozzle standoff.
vL = 90 mm s−1, PL = 2000 W, ṁP = 24 g min−1, V̇S = 10 L min−1, V̇P = 5 L min−1, dL ≈ 1200 µm,
dK = 20–53 µm.

Focal Offset Laser z f [mm] Nozzle Standoff zD [mm]

0 10
5 11

10 12
13
14

Appendix B. Analysis of Variance

Table A7. Overview of the results of analysis of variance for varying laser power and mass flow.
vL = 90 mm s−1, V̇S = 10 L min−1, V̇P = 5 L min−1, z f = 0 mm, zD = 12 mm, dL ≈ 800 µm.

No. Target Value Size [µm] Factor F-Value p-Value Critical F

1.1 b 20–53 PL 29.1499 1.1543 × 10−10 2.5336
1.2 b 20–53 ṁP 0.5939 0.7047 2.5336

1.3 b 50–150 PL 37.8323 4.4505 × 10−12 2.5336
1.4 b 50–150 ṁP 0.0516 0.9982 2.5336

2.1 h 20–53 PL 0.4400 0.8170 2.5336
2.2 h 20–53 ṁP 65.7769 2.9638 × 10−15 2.5336

2.3 h 50–150 PL 0.5062 0.7692 2.5336
2.4 h 50–150 ṁP 44.2173 5.9512 × 10−13 2.5336

3.1 a 20–53 PL 17.2567 4.8556 × 10−8 2.5336
3.2 a 20–53 ṁP 1.8564 0.1319 2.5336

3.3 a 50–150 PL 12.2392 1.6204 × 10−6 2.5336
3.4 a 50–150 ṁP 1.8712 0.1292 2.5336

Table A8. Overview of the results of analysis of variance for varying laser power and mass flow.
vL = 90 mm s−1, V̇S = 10 L min−1, V̇P = 5 L min−1, z f = 0 mm, zD = 12 mm, dL ≈ 1200µm.

No. Target Value Size [µm] Factor F-Value p-Value Critical F

1.1 b 20–53 PL 13.9877 4.3467 × 10−7 2.5336
1.2 b 20–53 ṁP 0.7559 0.5885 2.5336

1.3 b 50–150 PL 28.1274 1.7821 × 10−10 2.5336
1.4 b 50–150 ṁP 0.0876 0.9936 2.5336

2.1 h 20–53 PL 0.2718 0.9249 2.5336
2.2 h 20–53 ṁP 110.0211 2.3139 × 10−18 2.5336

2.3 h 50–150 PL 0.5112 0.7656 2.5336
2.4 h 50–150 ṁP 45.4958 4.1007 × 10−13 2.5336

3.1 a 20–53 PL 8.5124 4.1639 × 10−5 2.5336
3.2 a 20–53 ṁP 3.4408 0.0142 2.5336

3.3 a 50–150 PL 7.2210 1.5316 × 10−4 2.5336
3.4 a 50–150 ṁP 3.2925 0.0173 2.5336
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