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Abstract
In contrast to conventional components made from a single material, hybrid multi-material components allow the production
of load-adapted parts with different materials in different structural and functional areas. Hardenable and forgeable steels
with a high carbon content are suitable for increasing fatigue and wear resistance and thus an extension of component life.
However, materials with an equivalent carbon content of more than 0.6 are considered difficult to weld due to their tendency
to crack. This study investigates the influence of the shielding gas coverage on the laser hot-wire cladding process with high
carbon cladding material AISI 52100. For this reason, welding tests were carried out with different parameter combinations
in a process chamber flooded with argon. The oxygen content in the chamber was less than 500 ppm during the welding
process. The claddings welded in the process chamber are compared to the claddings welded in a previous investigation with a
commercial shielding gas nozzle for laser deposition welding with wire. The tests conducted showed reduced pore formation
and very little sparking. By using a process chamber, the average degree of dilution was reduced from 16.9% to 8.5% and
burn-off of alloying elements was reduced. In most cases, high hardness values of 700 HV0.1 to 850 HV0.1 were achieved.
The use of the process chamber demonstrates that the shielding gas coverage and therefore the remaining oxygen content
have a high influence on the process stability and seam quality when welding high carbon steel. Such a considerable effect
has not yet been observed with other commercially available cladding steels.
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1 Introduction

Technical applications cause loads in machine elements that
place different or even opposing requirements on the local
material properties. Locally different requirements on a com-
ponent can be harmonized by claddings with load-adapted
material areas. By using different deposition welding pro-
cesses, it is possible to weld fatigue- and wear-resistant
surfaces onto easily machinable and ductile base materials
[1, 2]. In addition to hardness, strength, corrosion resis-
tance and density, the local component geometries (shape
and position of the joining zone) and the material purity
of the material of the cladding are crucial for the applica-
tion behavior of the component. Many applications require
high-strength hardness materials to meet wear resistance and
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fatigue requirements. For these applications, hardenable and
forgeable steels with high carbon content are used. How-
ever, these steels are considered difficult to weld due to their
high carbon content and the resulting increased tendency for
cracks.

Welding of steel with a high carbon content is only pos-
sible with great effort such as preheating the substrate or is
not possible at all due to poor weldability. Defects can occur
in various forms such as cracks or pores. The high carbon
content in combination with alloying elements leads to hard-
ening and embrittlement in the heat-affected zone. Lower
ductility is caused by the increased brittleness, resulting in an
increased risk ofmaterial defects.During laser cladding, high
cooling rates occur, increasing the beforementioned effect by
forming a microstructure with high lattice stresses, consist-
ing of martensite [3]. As a result of the difficulties in welding
high carbon steels, these materials have rarely been used for
additive manufacturing or deposition welding. The high car-
bon tool steel Fe85Cr4Mo8V2C1 with a carbon content of
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1% was investigated in a laser powder bed fusion (L-PBF)
process by Sander et al. The base plate was preheated to a
temperature of 500◦C and the process chamber was flooded
with argon. Two sets of parameterswere determined for com-
ponents with a density greater than 99.6%. Compared to the
as-cast condition with a compressive strength of 3500 MPa
and a hardness of 743 ± 12 HV0.1, a higher compressive
strength of 3796 ± 163 MPa and a higher hardness of 900 ±
12 HV0.1 were obtained for the specimens manufactured by
the L-PBF process [4].

M2 HSS powder with a carbon content of 0.9% was used
by Kempen et al. in a similar setup with the L-PBF process.
The study showed that preheating the base plate prevented
delamination of the weld structure from the base plate and
cracks in the structure. By preheating the base plate to a tem-
perature of 200◦C, a maximum density of 99.8% could be
achieved. By remelting after each applied layer, the hardness
rose from 57 HRC to 64 HRC (about 630 HV to 800 HV).
Heightened hardness can be attributed to the increase in the
martensitic phase which enhances the tendency to crack for-
mation [5]. In the investigation of the weldability of tool
steel X110CrMoVAl8-2 by Feuerhahn et al. applying an
L-PBF process, crack-free specimens with a homogeneous
microstructure and only small pores could be produced. By
a subsequent heat treatment of the specimens, an increase of
the hardness with a value of 765 HV could be achieved [6].

Coors et al. investigated a new process chain for the
production of hybrid axial bearing washers, consisting of
deposition welding, hot forming, machining and heat treat-
ment [7]. A cladding ofAISI 52100was applied to a substrate
of AISI 1022M by plasma transferred arc welding.With sub-
sequent hot forming, a reduction in the number of pores
in the area of the bearing washer running surfaces was
achieved and the microstructure was improved. After depo-
sition welding and hot forming, a hardness of 400 HV0.5
to 500 HV0.5 was measured in the cladding. Through heat
treatment, the hardness could be increased to 880 HV0.5,
which corresponds to the hardness of conventional bearing
washers used in industry. After deposition welding and hot
forming, themicrostructure consists mainly of pearlite. After
heat treatment of quenching and tempering, a martensitic
microstructure is present. Studies on the service life of the
hybrid bearing washer showed a service life of 82% com-
pared to the conventional bearing washer. Pores and voids
are the reason for the reduced service life. Behrens et al.
researched the mechanism of pore closure during hot form-
ing of AISI 52100 claddings, performing compression tests
on monomaterial and hybrid specimens. Closing the pores to
a large extent required a plastic strain in the claddingmaterial
of 0.7 [8].

In addition to the previouslymentionedpowder-basedpro-
cesses, a laser hot-wire cladding (LHWC) process can also be
used to manufacture claddings. The fundamental suitability

of the process to produce claddings was proven by man-
ufacturing of claddings of X45CrSi9-3. This material has a
carbon equivalent of>2due to the high carbon and chromium
content. This research used a standard welding nozzle with
shielding gas supply and there were no indications of insuf-
ficient shielding gas coverage [9, 10].

The application of shielding gases in laser welding is very
important. Without shielding gases, pores and cracks can
increasingly form, as the melt pool can absorb more oxy-
gen, nitrogen and moisture. Therefore, optimum shielding
gas coverage is mandatory to protect the process zone from
environmental influences. The shielding gas can be supplied
to the process zone through the welding nozzle or added
through a separate nozzle. The basic requirement for achiev-
ing good shielding gas coverage is a laminar flow of the
shielding gas from the nozzle to the workpiece. If the veloc-
ity is too high, the ambient atmosphere is drawn into the gas
jet by turbulence and thus enters directly into the weld seam.
The shielding gas can be supplied via various nozzles, includ-
ing coaxial nozzles, lateral nozzles or annular gap nozzles.
Various shielding gases are used in laser beam welding. In
particular, the gases helium and argon are preferred. Argon is
an inert gas that is heavier than air and does not react chemi-
callywith thematerial [2]. The selection of the right shielding
gas depends on various factors. Of importance are the type of
laser beam source and, associated with this, the wavelength
used, the beam intensity and also the working temperature.
In addition, the shielding gas depends on the base material
used. For diode lasers, it is recommended to use argon or
argon mixtures to protect the process zone. For non-alloy
and low-alloy steels, argon or an argon mixture with a small
amount of oxygen can be used. Nitrogen is often avoided,
as this could lead to embrittlement or premature aging of
the material. However, during laser metal deposition weld-
ing with duplex stainless steel wire, the use of nitrogen as
shielding gas can lead to the avoidance of nitrogen loss in the
deposited material [11]. If high-alloy steels are used, argon
or an argon mixture with a lower hydrogen content should
be used. The use of hydrogen can reduce tarnish colors [12].

Tapoglou, Clulow andCurtis conducted shielding gas cov-
erage studies using multiple methods with a laser metal
deposition with powder (LMD-P) process [13]. The common
feature of themethods used is the use of a shielding gas cham-
ber. Two of the methods differ in the delivery of the shielding
gas,with the gas being injected only in the first variant and the
gas being delivered diffuse in the second variant. The third
variant uses the diffuse gas supply and an additional cover
of the process chamber. Oxygen reactive material Ti6Al-4V
and non-reactive materials Iconel 718 and 15-5 PH stainless
steel were used. The results with stainless steel and Inconel
showed that, compared to welding tests outside the chamber,
oxidation was best reduced in the shielding gas chamber with
cover. Residual oxygen values of 100 ppm could be achieved
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using the method with cover. Titanium specimens were cre-
ated in the shielding gas chamber with a low oxygen content
of 0.079%.

Previously, such an argon process chamber was applied by
Pape et al. for foaming titanium powder mixed with foaming
agents using a diode laser, where oxygen contamination is
very critical [14].

Guillen et al. investigated sparks ejected by grinding of
steel and linked the steelmicrostructure to the splittingbehav-
ior of the spark, studying a steel with a carbon content
of 0.17% and a hypereutectic steel with a carbon content
of 1.15%. They observed sparks with a highspeed cam-
era. Hypereutectic sparks showed various splitting behavior.
Most sparks constantly emitted small sparks around them
while some produce explosions. A common explanation for
this is the diffusion of oxygen into the microstructure, which
leads to the formation of carbon dioxide. The gas content
increases until the pressure leads to a breaking of the spark.
In a grinding experiment in a chamber filled with neon only
very few dim sparks were observed. This indicates the influ-
ence of the oxidation on sparking [15].

In a previous study [16], the influence of the process
parameters of laser power, current, wire feed rate, welding
speed, andweld seamoverlap on the dilution, pore formation,
process stability, and waviness of an AISI 52100 cladding
produced by LHWC was investigated. The investigations
showed that simultaneous optimization of pore formation
and dilution is not possible, as both show opposite tenden-
cies. A low degree of dilution is associated with a high pore
occurrence while a high degree of dilution is associated with
a low pore occurrence. Two unusual effects occurred dur-
ing the deposition welding experiments. Strong sparking
was observed in some parameter sets. This was particu-
larly the case at a high wire feed rate. Additionally, surface
pores appeared in large numbers with some parameter sets.
Therefore, the next step is to investigate whether insufficient
shielding gas coverage caused the before mentioned effects
and to what extent improved shielding gas coverage has an
effect on the process.

In order to determine the influence of the shielding gas
on the welding process and the resulting properties of the
cladding, specimens welded with shielding gas supplied via
the welding head will be compared with specimens from the
process chamber flooded with pure argon. The use of the
process chamber can ensure complete shielding of the melt
pool from the ambient air. The following aspects will be
investigated:

• Dilution
• Sparking during the welding process
• Pore occurrence
• Chemical composition of the cladding
• Process stability

• Hardness
• Microstructure

2 Materials andmethods

Flat steel of austenitic stainless steel AISI 316L with a thick-
ness of 10mm is used as substrate for the experiments. A
1.0mm diameter wire of bearing steel AISI 52100 is used as
cladding material. Table 1 shows the chemical composition
of both materials according to the manufacturer data sheet.

The 3.3 kW diode laser beam source LDM3000-40, man-
ufactured by Laserline GmbH, is used for the experiments.
The laser source has awavelength of 1020–1060 nm± 15 nm
and a fiber core diameter of 400 µm. LHWC is performed
using a coaxial welding head [17]. In this processing head,
a reflectively coated pyramid splits the laser beam into four
partial beams to be again recombined into a spot by means
of deflection mirrors. The combination of a collimator with
a focal length of 100mm and a focusing unit with a focal
length of 300mm leads to a laser beamwith a focus diameter
of 1.6mm. The stickout length of the wire is kept constant at
7mm for the entire series of tests.

Figure 1 shows the experimental setup for LHWC on flat
steel. The clamping device is mounted on an XY-axis. The
substrates are fixedvia four pneumatically operated clamping
devices. The wire feed unit DIX FED 100L and the hot cur-
rent source DIX PI 270, both manufactured by Dinse GmbH,
are used to feed and preheat the wire.

DuringLHWC, current andwire feed rate signals aremon-
itored. The signals are used to assess the process stability.

The process stability can be determined by different wire
transfer modes [18], which can be distinguished with the
help of the signal for the wire feed rate and the current
for resistance heating. The wire transfer mode for the sta-
ble welding process is the smooth wire transfer. The modes,
which describe unstable wire transfer are globular wire trans-
fer and wire transfer by plunging. Figure2 shows signals for
all three wire transfer modes. For the smooth wire trans-
fer mode, the actual signals for wire feed rate and current
are within a tolerance range of ±5%, which is self-defined,
around the set point. The tolerance limits are based on the
signals at wire feed without process. Any values outside the
tolerance range are not up to standard and the process is
therefore classified as unstable. The wire transfer by plung-
ing is characterized by a wire signal that fluctuates a lot and
does not reach the setpoint constantly. This can be explained
by the fact that the wire reaches the bottom of the melt pool,
causing the wire to jam back. The current signal, on the other
hand, is constantly within the tolerance range of the setpoint
in this mode. The third wire transfer mode can be identified
by the current signal, which is suddenly collapsing. This col-
lapse is caused by the wire burning back and the electrical
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Table 1 Chemical composition
in wt.% of AISI 316L and AISI
52100 (according to
manufacturer data sheets)

Fe C Si Mn P S Cr Ni Mo Co

AISI 316L bal 0.022 0.516 1.583 0.037 0.0004 17.56 12.71 2.606 0.181

AISI 52100 bal 0.940 0.200 0.340 0.009 0.007 1.400 − 0.010 −

Fig. 1 Experimental setup for
LHWC outside the process
chamber

Fig. 2 Signals of wire feed rate
and current at different wire
transfer modes
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current for resistance heating breaking off due to the lack of
contact with the melt pool. In this mode, however, the signal
for the wire feed is constantly within the tolerance range of
the setpoint.

Figure 3 shows the experimental setup used for laser
cladding in a process chamber. The process chamber enables
the oxygen content to be reduced by flooding the chamber
with the shielding gas argon. The oxygen sensor SGM7 from
Zirox GmbH is used to measure the level of residual oxygen
in the chamber. Due to the higher density argon displaces the
ambient air upward, allowing the air to escape through the
chamber, which is open at the top. Additional masking of the
upper chamber area creates a minimal opening, minimizing
argon loss during the process.

Based on previous investigations, this investigation selected
six parameter sets, shown inTable 2. Twoparameter setswere
selected due to strong sparking, and two others due to strong
pore formation. In addition, two parameter sets are investi-
gated in which premature process termination occurred due
to back-burning of the wire.

For each parameter set, the comparison is made between
the process with a shielding gas supply of 8 l/min via the
processing head and the process in the process chamber.
This leads to a total of 12 different welding parameters. The
cladding consists of eight seams, each 60mm long, which are

welded unidirectional. In order to investigate the chemical
composition, the number of weld seams is increased to reach
a total width of 20mm. When cladding in a process cham-
ber, the change of oxygen content is observed. The process
starts at less than 100 ppm residual oxygen content, which
increases to a maximum of 500 ppm during the process due
increased temperature of the substrate and resulting gas tur-
bulences.

Various properties of the cladding are determined to assess
the influence of the shielding gas. The dilution is the ratio
of the melted substrate to the applied material and melted
substrate. In the cladding process, the aim is to achieve a
minimal amount of dilution, since low dilution results in a
high purity of the cladding material. With low dilutions, the
desired properties of the cladding are already achieved in the
first layer; otherwise, several layers have to be welded on top
of each other.

To calculate the dilution, the substrates with the claddings
are cut. Cross-sections are prepared by embedding the sam-
ples, polishing them and then etching them with the etchant
Adler. To determine the areas needed for calculating the dilu-
tion, the micrographs are first taken with a VK-X1100 laser
scanning microscope (Keyence GmbH) and then measured
with the MultiFileAnalyzer software. Figure4 shows the dif-
ferent areas on a cladding that are measured to determine the

Fig. 3 Experimental setup for
LHWC in a process chamber
flooded with argon
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Table 2 Examined process
parameters

Number Laser power Current Wire feed rate Welding speed Overlap Examined
in kW in A in m/min in mm/min in % according to

P1 1.9 75 2 1200 50 Pore occurrence

P2 2.1 60 2 400 20 Pore occurrence

S1 1.9 45 2 400 50 Sparking

S2 2.2 75 2 400 50 Sparking

PS1 2.2 75 1 1200 50 Pore occurrence

PS2 2.1 75 1 400 20 Pore occurrence

dilution. Equation1 shows how the dilution d can be deter-
mined.

d = Amelt

Aclad + Amelt
· 100% (1)

Amelt indicates the area of the melted substrate and Aclad the
area of the applied material.

Sparking occurs during welding. The reason for spark-
ing can be incorrectly set welding parameters or insufficient
shielding gas coverage. It is analyzed whether sparking can
be reduced by welding in a process chamber by carrying
out the same welding process with and without a process
chamber.

In order to determine pore size and distribution ultrasonic
measurements are performed on one sample per parameter
set. Pape et al. have demonstrated that this method is well
applicable for testing of samples made of multiple materials
[19]. By analyzing the runtime signal for a certain runtime
range, here a gate with a length of 25 ns, a 2D image can be
generated by converting the runtime signal into greyscale.
Thus, an acoustic horizontal section image is calculated. By
measuring different gates in the z-direction, the specimen
can be characterized layer wise, thus determining the exact
location of material or welding defects. Ultrasonic testing is
performed with a modified PVA TePla SAM 301 system. A
transducer with a frequency of 30 MHz and a focus length of
12.7mm was selected. The detection limit is 7 µm with an
axial resolution of 14 µm.

The composition of cladding is determined with the
spark spectrometer SPECTROMAXx (SPECTRO Analyt-
ical Instruments GmbH). A high-energy spark excitation

Fig. 4 Macrographic cross-section of a cladding of AISI 52100marked
with areas for determination of dilution

ignites a plasma between the sample and the copper elec-
trode in an argon atmosphere. This produces a light emission
which is measured and assigned to the chemical elements.
On each sample three measurements were taken.

The microhardness measurement according to Vickers is
carried out in accordance with DIN EN ISO 6507. HV0.1 is
measured with a test force of 0.98 N and a test duration of
10 s. The course of the hardness over the entire weld seam
is determined by measuring a series of measurements from
the surface of the deposited material to the base material. For
each parameter set, except for PS1 and PS2, two samples are
analyzed with four measurement series. Hardness measure-
ments were not carried out on those parameter sets, as not
all planned measurement positions could be investigated on
these samples due to the premature termination of the pro-
cess, and comparability could therefore not be guaranteed.
The measurement series are evenly distributed over the sam-
ple and each consists of 45 measurement positions with a
spacing of 0.1mm.

3 Results and discussion

The influence of a process chamber on the dilution of the
cladding is shown in Fig. 5. Mean dilution of parameter sets
P1-S2 for LHWC in a process chamber and with an argon
flow rate of 8 l/min are compared.

The dilution is significantly reduced by welding in a pro-
cess chamber. Without the use of a process chamber, a mean
dilution of 16.9% can be achieved, while by cladding in a
process chamber, a mean dilution of 8.5% is observed. The
highest dilution of 25.9% is achieved in a cladding manufac-
tured with parameter set P2 and a shielding gas flow rate of
8 l/min. The lowest dilution of 3.4% is achieved using param-
eter set S1 and using a process chamber. This indicates that
the melt pool is not adequately shielded from the ambient air
by the shielding gas flow during welding outside the process
chamber. Due to the reaction with the ambient air, additional
energy enters the process zone and leads to a strongermelting of
the base material. The ratio of deposited material to melted
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Fig. 5 Influence of shielding gas onmean dilution and confidence inter-
val for LHWC of AISI 52100 on AISI 316L (P1-S2)

base material changes. Outside the process chamber, the still
hot track can react with the ambient air after the process head
has passed and an oxide layer is formed. When welding the
next adjacent tracks, the oxide layer absorbs the laser radia-
tion better than the steel surface of the substrate, resulting in
a higher temperature on the existing track than on the steel
substrate surface. This results in a higher degree of dilution
due to the higher temperature.

During welding of some parameter sets, strong sparking
occurs. Previous investigations have shown that the effect
occurs especially at high wire feed rates of 2m/min while at
low wire feed rates of 1m/min the sparking does not occur.
Figure6 shows the sparking during LHWC with a shielding
gas flow rate of 8 l/min (parameter set S2). The appearance
of the sparks is similar to those produced during grinding of
high carbon steels [20].

In comparison, Fig. 7 shows the welding process in the
process chamber with otherwise identical welding parame-
ters. As expected based on the results of Guillen et al. [15],
no sparking occurs. For both sets of parameters, which were
previously prone to sparking, sparking could be suppressed
by using the process chamber.

The previous investigation has shown that pore forma-
tion is a major challenge when welding AISI 52100. Surface
pores and pores within the cladding appear in large number
with some parameter sets. A cladding with strong surface
pore occurrence is shown in Fig. 8. The cladding was man-
ufactured using parameter set P1 with an argon flow rate of
8 l/min.

To investigate this further, non-destructive pore detection
is carried out using a scanning acoustic microscope (SAM)
in pulse-echo configuration. The surface of the cladding is
ground parallel to the substrate surface andwas subsequently

Fig. 6 Sparking during LHWCwithout a process chamber using weld-
ing parameter set S2

polished. The samples were placed in a basin with distilled
water as a coupling medium. For the two parameter sets
where severe pore formation occurred (P1 & P2), the SAM
measurements are compared in terms of pore number and dis-
tribution. The pores that form on the surface can be reduced
by adjusting the laser beam profile. With a larger cross-
sectional area of the laser radiation on the substrate with
an adapted intensity distribution or laser power, the solidify-
ing metal can remain in the molten state for longer, so that
the melt can outgas and the surface pores can be reduced
or prevented. Figure9 shows the SAM images for samples
of parameter set P1 when welding with and without a pro-
cess chamber. The pore distribution at three different depths
(0.6mm, 1.0mm and 1.5mm below the surface) is shown.

Fig. 7 LHWC process in a process chamber flooded with argon using
parameter set S2
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Fig. 8 Top view of a cladding
manufactured outside a process
chamber with a shielding gas
flow rate of 8 l/min using
welding parameter set P1

The white dots represent the pores in the sample.When com-
paring the two samples, it can be seen that the number of
pores is remarkably reduced in the sample from the process
chamber. However, pores still appear, especially in the area
near the surface of the cladding.

In order to quantify the amount of pores, the pore densi-
ties in the respective layers were analyzed with the software
ImageJ [21]. By adjusting the image threshold of the dark
to white zones, the pore content in relation to the total area
could be derived, see Fig. 10. As can also be seen in the SAM
images, pore number decreases with greater depth near the
substratematerial. Overall, the test arrangement with process
chamber shows an approximately three times lower density
of pores.

The mean amount of alloying elements in the claddings of
parameter sets P1 to S2 depending on shielding gas coverage
is shown in Fig. 11. The values for the elements phosphorus

Fig. 9 SAM images for non-destructive detection and quantification of
weld defects with and without a process chamber using weld parameter
set P1

and sulfur are not listed, since no valid statement is possible
due to the low content. The mean weight percentage of the
alloying elements is higher in claddings manufactured in the
process chamber. This effect cannot be explained solely by
the previously shown deviations in the degree of dilution.
The higher degree of dilution can explain the lower carbon
content (0.94% in the wire material and 0.022% in the base
material) but not the deviations in the chromium and nickel
content. With increasing dilution, due to the high chromium
and nickel content of the austenitic base material, an increase
of the corresponding proportions in the sample, which was
subjected to 8 l/min argon gas flow rate, is expected. How-
ever, this is not the case.

This indicates that burn-off of alloying elements occurs
during the welding process outside the process chamber,
which is suppressed during welding in the process chamber.
The difference in the carbon content is higher in parameter

Fig. 10 Evaluation of pore occurrence in claddings manufactured with
parameter set P1

123

3202 The International Journal of Advanced Manufacturing Technology (2023) 127:3195–3207



Fig. 11 Comparison of mean
amount of alloying elements in
claddings, shown with the
confidence interval of the mean
value, manufactured with
8 l/min argon gas flow rate and a
process chamber (P1-S2)

sets with sparking (S1 & S2). A mean difference of 0.087%
was found in those parameter sets. A spark spectrometer was
used to determine the chemical composition of the claddings.

For parameter sets PS1 and PS2, the energy input during
the LHWC processes outside the process chamber into the
process zone was so high that the wire burned back and the
process was prematurely terminated. An example of such a
cladding is shown in Fig. 12.

For both sets of parameters, stabilization of the process
was observed in the process chamber. The burn-back of the
wirewas considerably reduced.Awire burn-back occurred in
the first twoweld seams. A cladding with the same parameter
set as in Fig. 12 but manufactured in the process chamber is
shown in Fig. 13.

Hardness measurements were performed on claddings of
parameter sets P1, P2, S1 and S2. Due to the partially unsta-

ble process with parameter set PS1 and PS2, a hardness
measurement was not performed for these samples. High
hardness values of 700 HV0.1 to 850 HV0.1 were found
in the cladding of all samples, except for a cladding welded
with parameter set P2 without process chamber. The com-
parison of the hardness curves of specimens welded with
parameter set S1 in the process chamber and outside the
process chamber is shown in Fig. 14. The mean hardness
of the cladding welded in the process chamber is signifi-
cantly higher than the cladding welded with an argon flow
rate of 8 l/min in all cases. The base material has a hardness
of 200 HV0.1.

The hardness profile of the specimens of parameter set P2
is shown in Fig. 15. Here, the significant difference of the
hardness curves of the specimens welded in the chamber and
outside the chamber is clearly visible. While a hardness of

Fig. 12 Top view of a cladding
manufactured outside of a
process chamber, which was
prematurely terminated due to a
burned-back wire using welding
parameter set PS1
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Fig. 13 Top view of a cladding
manufactured in a process
chamber using welding
parameter set PS1

Fig. 14 Comparison of the
hardness profile of claddings
with parameter set S1, shown
with the confidence interval of
the mean value, in a process
chamber and with an argon flow
rate of 8 l/min

Fig. 15 Comparison of the
hardness profile of claddings
with parameter set P2, shown
with the confidence interval of
the mean value, in a process
chamber and with an argon flow
rate of 8 l/min
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Fig. 16 Microstructure of a cladding of AISI 52100 with parameter set
P2 in a process chamber

650 HV0.1 to 750 HV0.1 is achieved in the process chamber
only a hardness of 480 HV0.1 to 540 HV0.1 is achieved out-
side the process chamber. The wire feed rate and the welding
speed are identical in parameter sets P2 and S1. In parameter
set P2, a higher laser power and a higher current intensity are
used, whichmeans that the applied energy and the energy per
unit length are higher in parameter set P2. The lower hard-
ness can be attributed to the higher dilution and the lower
cooling rate due to the higher energy input.

As previously described, the cladding welded outside the
process chamber with this set of parameters has a high dilu-
tion of about 25.9%. The sample welded in the process
chamber, on the other hand, has a degree of dilution of
only 11.0%. This is a possible explanation for the low hard-
ness in the specimens welded outside the process chamber.
In all samples, a martensitic microstructure is present. The
microstructure is shown in Fig. 16.

Comparing the hardness values obtained with the investi-
gations of Coors et al. [7], it is noticeable that the hardness
values after cladding with a plasma transferred arc welding
process are notably lower at 400 HV0.5 than the hardness
values obtained in most claddings produced with LHWC.
The reason for the difference in hardness is the high cooling
rates during laser deposition welding. This leads to increased
martensite formation and correspondingly higher hardness.
Coors et al. were able to increase the hardness to a value
of 880 HV0.5 in the cladding through subsequent forming
and heat treatment. Such a post-treatment could possibly be
dispensed with in the application of LHWC process.

4 Conclusion

In this study, it was demonstrated that the use of a process
chamber flooded with argon affects the process stability and
the chemical as well as mechanical properties of high carbon
claddings. The following conclusions can be drawn:

• The dilution of the claddings manufactured in the pro-
cess chamber is significantly lower than the dilution of
claddings manufactured outside of the chamber. This
indicates that the shielding gas coverage outside the
chamber is not adequate for thismaterial and that reaction
of the melt pool with the ambient air occurs.

• During welding of AISI 52100 strong sparking occurs
with some parameter sets. This effect can be suppressed
by using a process chamber due to the suppressed oxida-
tion.

• The process chamber leads to a reduction of pore
occurrence, but not to a complete suppression of pore
occurrence. The reason for the reduction has to be fur-
ther investigated.

• The amount of alloying elements is higher in the
claddingsmanufactured in a process chamberwhich indi-
cates the burn-off of alloying elements during welding
without the process chamber.

• The process chamber leads to a reduction of wire burn-
back and thereby increases process stability. This also
suggests that a reaction of the melt pool with ambient air
takes place outside the process chamber.

• High hardness values of 700 HV0.1 to 850 HV0.1 are
achieved in most of the claddings. The increase in hard-
ness of the cladding in the process chamber is statistically
significant in all cases.

The results suggest that a process chamber and the associ-
ated improvement in shielding gas coverage can considerably
increase the claddingquality. Since the use of a process cham-
ber entails a more complex and less flexible design of the test
setup, the next step should be to optimize the shielding gas
coverage during welding outside the chamber to reproduce
the conditions in the chamber. For this purpose, a deter-
mination of the shielding gas flow by means of Schlieren
photography can be used to analyze and optimize the shield-
ing gas flow.

Preheating of the substrate should also be considered in
the simulation and design, as this is often used with high
carbon steels to prevent cracking.

After improving the shielding gas coverage, investigations
can be carried out to improve the cladding quality. The aim
here is to achieve a defect-free cladding with a low level of
dilution. The hardness values obtained in this and the previ-
ous investigation suggest that such a cladding can be used for
application on highly loaded components, e.g., with rolling
contact.
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