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ABSTRACT

Laser metal deposition (LMD) is an additive manufacturing process in which a metal powder or wire is added to a laser-induced molten
pool. This localized deposition of material is used for the manufacturing, modification, and repair of a wide range of metal components.
The use of wire as feedstock offers various advantages over the use of powder in terms of the contamination of the process environment,
the material utilization rate, the ease of handling, and the material price. However, to achieve a stable process as well as defined geometrical
and microstructural properties over many layers, precise knowledge on the effects of the input variables of the process on the resulting depo-
sition characteristics is required. In this work, the melt pool temperature was used as an input parameter in LMD with coaxial wire feeding
of stainless steel, which was made possible through the use of a dedicated closed-loop control system based on pyrometry. Initially, a tem-
perature range was determined for different process conditions in which a stable deposition was obtained. Within this range, the cause-
effect relationships between the melt pool temperature and the resulting geometry as well as the material properties were investigated for
individual weld beads. It was found that the melt pool temperature is positively correlated with the width of the weld bead as well as the
dilution. In addition, a dependence of the microhardness distribution over the cross section of a weld bead on the melt pool temperature
was demonstrated, with an increased temperature negatively affecting the hardness.

Key words: laser metal deposition, coaxial wire feeding, additive manufacturing, closed-loop temperature control, annular laser beam,
directed energy deposition, melt pool temperature
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I. INTRODUCTION

Additive manufacturing (AM) of metal components is steadily
gaining importance in various industries such as aerospace, mold
tooling, automotive, and oil and gas.1 For this increased industrial
relevance, laser technologies are key enablers, as they allow for
localized melting of material due to the highly focused and con-
trolled energy input. Laser metal deposition (LMD) is one of the
most economically relevant laser-based AM processes. In LMD, a
filler material in the form of powder or wire is fed into a laser-
induced melt pool. After solidification, a new material layer
remains on the part. This can be used for the deposition of

functional coatings, for the repair of high-value parts, and for the
manufacturing of complex three-dimensional components.2 In con-
trast to the widely used AM processes employing a powder bed,
LMD exhibits significantly higher deposition rates and enables the
deposition on existing free-form surfaces. In addition, compared to
arc welding processes, the defined energy input results in a rela-
tively small heat-affected zone and low residual stresses. Wire as
feedstock material is increasingly demanded by the industry since it
is readily available, inexpensive, easy to handle, and results in less
contamination of the process environment than powder.3 To over-
come the directional dependence of lateral wire feeding, which is
state of the art, recent developments in beam shaping optics allow
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for coaxial feeding of the wire inside a hollow laser beam4 or in the
center of several single laser beams.5

A major challenge in LMD arises from the layered buildup, as
defects are often amplified over many layers. Furthermore, chang-
ing thermal boundary conditions in higher layers or in small fea-
tures can lead to heat accumulation, which results in an unstable
process as well as highly inhomogeneous or defective components.6

To ensure consistent and stable process conditions without exten-
sive parameter studies, approaches for monitoring and closed-loop
control are essential. This particularly applies to wire-based LMD
since self-regulating effects due to overspray do not occur as in the
powder-based process variant.7 One of the most critical variables
regarding the process stability and the quality of the deposition is
the melt pool temperature. Using pyrometers or infrared (IR)
cameras, the melt pool temperature can be measured online and,
thus, be adjusted by means of a closed-loop control. For this, the
laser power is commonly used as the manipulated variable.8 One
advantage of using a pyrometer for the temperature measurement
is the immediate availability of a real-time temperature signal
without computationally intensive image processing steps. A dedi-
cated closed-loop control system based on a well-calibrated pyrom-
eter signal, thus, enables the melt pool temperature to be specified
as an input parameter for the process. However, although a con-
trolled temperature can facilitate maintaining constant process con-
ditions, the effects of different reference temperatures need to be
well understood.

A number of works investigated the cause-effect relationships
between the melt pool temperature and the resulting part proper-
ties in an open-loop process. Hua et al.9 used an off-axis pyrometer
in powder-based LMD to evaluate the effect of the main process
parameters on the melt pool temperature. It was demonstrated that
the powder feed rate, the traverse speed, and the laser spot diameter
were negatively correlated with the melt pool temperature, while
there was a positive correlation with the laser power. The influence
of the shielding gas flow on the temperature could be neglected in
the experiments performed. Using a similar experimental setup
with an off-axis pyrometer, these observations were confirmed by
Bi et al.10 with the laser power showing the strongest influence. In
a further study, Bi et al.11 revealed that based on the melt pool tem-
perature, conclusions about the process stability can be drawn and
that larger temperature deviations lead to dimensional errors as
well as an inhomogeneous microstructure and hardness. Pavlov
et al.12 as well as Doubenskaia et al.13 used a setup with a multi-
wavelength pyrometer and an IR camera to monitor the process
zone temperatures in powder-based LMD. In both works, for
the laser power and for the traverse speed, the findings of Refs. 9
and 10 were validated, while it was found that the powder feed rate
had no significant influence on the melt pool temperature for the
given experimental setup. Furthermore, Doubenskaia et al.13

reported a nearly linear increase in the bead height and the dilution
with increasing melt pool temperatures. For wire-based LMD,
Kotar et al.14 used an in-axis pyrometer to demonstrate a positive
correlation of the average melt pool temperature with the laser
power and a negative correlation with the wire feed rate. These cor-
relations were attributed to the influence of the energy per unit
volume on the melt pool temperature. In wire-based LMD, con-
trary to the melt pool temperature, the main process parameters,

i.e., wire feed rate, traverse speed, and laser power, and their effects
on the deposition characteristics were discussed thoroughly in
several studies.14–17

In all studies presented, however, the melt pool temperature
could not be adjusted in a defined way. Various works addressed
the design of thermal control systems in LMD and demonstrated
the increased stability of a thermally controlled process.18–23

However, only a few studies dealt with the effects of controlled
process zone temperatures on the resulting deposition characteris-
tics. Regarding the melt pool temperature in powder-based LMD,
Song and Mazumder19 and Smoqi et al.22 observed that maintain-
ing a constant temperature level through a pyrometer-based
closed-loop control improved the homogeneity of the microstruc-
ture and the microhardness distribution. Furthermore, Salehi and
Brandt24 showed that a proportional integral derivative controller
can improve the quality of deposited coatings in powder-based
LMD. The melt pool temperature was measured using an in-axis
pyrometer and the laser power was adjusted by the controller to
track the reference temperature. It was demonstrated that particu-
larly low temperatures as well as high feed rates tended to result in
an unstable process. However, these correlations were only evalu-
ated for a small range of parameters.

The overall insufficient literature on thermal control of wire-
based LMD and the lack of studies on the cause-effect relationships
between the melt pool temperature and the deposition characteris-
tics served as motivating factors for the present research work.
Consequently, a dedicated closed-loop control system was
employed to specify the melt pool temperature in a defined way
and, thus, examine the influence on the process stability and the
resulting weld bead properties thoroughly. Hence, the melt pool
temperature was utilized to substitute the laser power as an input
parameter of the process. First, a process window containing the
setpoint temperatures that could be tracked in a stable manner was
determined. Subsequently, the correlations between the temperature
and the weld bead characteristics were evaluated in detail within
this process window.

II. MATERIALS AND METHODS

A. Materials

As feedstock material, a standard stainless steel ER316LSi
welding wire with a diameter of 1 mm was used. Sandblasted plates
of austenitic stainless steel AISI 304 with dimensions of
100 × 100 × 10mm3 served as substrate material. Before the experi-
ments, the plates were cleaned with isopropanol to remove existing
contaminants.

B. Experimental setup

The core of the experimental setup was a wire deposition head
(CoaxPrinter, Precitec GmbH & Co. KG, Germany) that enabled
coaxial feeding of the wire inside an annular laser beam profile.
Consequently, a direction-independent LMD process was possible.
The laser beam source used was a 4 kW disk laser (TruDisk 4001,
TRUMPF GmbH & Co. KG, Germany) emitting at 1030 nm in
continuous wave mode. The laser radiation was guided to the wire
deposition head by a fiber optic cable with a core diameter of
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600 μm. In the process zone, a maximum achievable laser power of
only 3756W was experimentally determined, which is due to radia-
tion losses in the optical components. These losses are taken into
account for all laser powers given in the following. The feedstock
was provided by an industrial wire feeding unit (DIX FDE PN 100
L, DINSE GmbH, Germany). To compensate for the curvature of
the wire, which was delivered in a coil, a precisely adjusted two-
plane wire straightening unit was used. An accurate positioning of
the wire deposition head was enabled by a six-axis industrial robot
(KR 60 HA, KUKA AG, Germany) with a maximum payload of
60 kg, which was actuated by a robotic control system (KR C4,
KUKA AG, Germany).

For a coaxial measurement of the melt pool temperature Tm, a
pyrometer (METIS M322, Sensortherm GmbH, Germany) in one-
color mode (sensitive in the range of 1.45–1.65 μm) with a temper-
ature measurement range of 600–2300 °C was mounted to the wire
deposition head. Although the pyrometer also featured a two-color
mode, it was used in one-color mode due to the significantly lower
noise in the signal.25 A precise calibration of the pyrometer to
measure the surface temperature of the melt pool was carried out,
following the procedure described by Zapata et al.25 The focal posi-
tion of the processing laser beam was set at −6 mm (below the
surface of the substrate), resulting in an annular laser spot with an
outer diameter of 2.75 mm. According to Ref. 25, a medium-sized
pyrometer spot with an outer diameter of 2.4 mm was adjusted
through an individual focusing unit to ensure a measurement
entirely within the melt pool. For the experiments conducted, a
possible temperature dependence of the emissivity was considered
negligible.26

The processing of the measurement and control signals and
the data acquisition were carried out by a programmable logic con-
troller with a sampling rate of 1 kHz. To control the melt pool tem-
perature, a proportional integral controller was used. The controller
design is described in Ref. 27. For the closed-loop system, a band-
width in the range of a few hertz was obtained. The closed-loop
control algorithm was implemented on the internal microcontroller
of the pyrometer. The laser power PL served as the manipulated
variable and was set by the controller based on the temperature
signal. In Fig. 1, the experimental setup is presented schematically
together with the main information streams of the system.

C. Experimental procedure

The purpose of the deposition experiments was a detailed
investigation of different melt pool temperatures in LMD with
coaxial wire feeding. For this, first, a range of melt pool tempera-
tures that could be adjusted by the control system in a stable and
defect-free manner was determined. Therefore, individual weld
beads with a length of 85 mm were deposited on the substrate
plates, whereby the reference temperature was systematically varied
in steps of 40 K. Based on Ref. 16, three parameter sets were
selected for the investigations, such that a low, a medium, and a
high deposition rate were evaluated. A constant speed ratio vr
between the wire feed rate vw and the traverse speed vt of 1 was
applied to ensure comparability between the different parameter
sets. The parameter sets, which are designated A, B, and C, are
given in Table I. The different deposition rates used resulted in a

large range of thermal boundary conditions due to the varying
volumes of material to be melted in a given time. During all experi-
ments, the laser power PL was commanded by the controller.
Between the trials, it was ensured that the substrate plate had
cooled down to room temperature. In order to reduce oxidation, a
constant shielding gas flow (argon) of 20 l/min was applied.

Based on a visual inspection, the weld beads produced were
evaluated for the defect patterns of dripping or stubbing, which are
typical for wire-based LMD.16,28 Furthermore, the logged melt pool
temperature signals were analyzed (see Sec. III A) to verify whether
the setpoint temperature was reliably attained. An experiment

TABLE I. Process parameters for the temperature controlled deposition of individual
weld beads.

Parameter set A B C

Wire feed rate vw 0.5 m/min 1.0 m/min 1.5 m/min
Traverse speed vt 0.5 m/min 1.0 m/min 1.5 m/min
Range of laser power PL 75–3756W
Focal position −6 mm
Shielding gas flow 20 l/min

FIG. 1. Configuration of the closed-loop controlled LMD system with coaxial
wire feeding.
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result was classified as good if no defects occurred during the depo-
sition and the average temperature over the considered track range
deviated by no more than 5 K from the reference temperature.
These samples labeled as good were subsequently further examined
for their resulting weld bead characteristics.

D. Characterization

To determine the cause-effect relationships between the melt
pool temperature and the weld bead geometry, the samples were
scanned employing a 3D profilometer (VR-3100, Keyence
Corporation, Osaka, Japan). Using the software provided by the
manufacturer, thermal distortions of the substrate plates were com-
pensated. The width w and the height h of each bead were mea-
sured at three positions and the mean value was calculated. In
Fig. 2, the relevant dimensions of a weld bead are shown
schematically.

For the metallographic analysis and the examination of the
degree of dilution, cross sections taken from the beads were pol-
ished to 1 μm and subsequently treated with an etching solution
(Adler). To evaluate the cross sections, a laser scanning confocal
microscope (VK-X 1000, Keyence Corporation, Osaka, Japan) was
applied. The degree of dilution η is an important quality criterion
when applying functional coatings as well as in additive manufac-
turing as it allows the mixing of the feedstock with the substrate
material or the previous layer to be quantified. It strongly depends
on the energy per unit length, the molten mass per unit length,
and the heat conduction conditions in the substrate. The degree of
dilution was defined as the ratio between the remelted area under
the substrate surface As and the total melted area (As +Ab) in the
cross section of a bead,14

η ¼ As

As þ Ab
:

Here, Ab is the cross-sectional area of the weld bead (see Fig. 2).
For every bead, a mean value from the determined degrees of dilu-
tion at three positions was calculated.

On individual cross sections, Vickers microhardness measure-
ments according to DIN EN ISO 6507-1 were subsequently per-
formed employing a fully automated hardness tester (Qness 60 A+
EVO, ATM Qness GmbH, Mammelzen, Germany). Based on the
literature and preliminary measurements, hardness values between
180 HV and 270 HV were expected. Therefore, the test force was
set to 0.9807 N, which corresponds to HV0.1, as suggested by DIN

EN ISO 6507-4. The dwell time was set to 10 s. For the areal hard-
ness mappings, the distance between the center points of two adja-
cent indentations was set to 90 μm, which corresponded to
approximately three times the diagonal length of the indentations.
The resulting hardness maps were plotted using MATLAB R2021a.

III. RESULTS AND DISCUSSION

A. Process window

For each of the investigated parameter sets, the reference melt
pool temperature to be tracked by the controller was systematically
varied to determine the range in which a stable and defect-free
process was present. An exemplary temperature curve is shown in
Fig. 3 together with the corresponding laser power. At the begin-
ning of the process, it took approximately 500 ms to reach a steady
state at the specified temperature. Thereafter, the temperature was
maintained at a constant level over the entire track. In order to
achieve this, the laser power had to be lowered continuously by the
controller due to the increasing substrate temperature resulting
from the continuous energy input.

The resulting stable temperature ranges for the three parame-
ter sets investigated are illustrated in Fig. 4. Applying parameter set
A, defect-free samples were obtained for temperatures between
1500 and 1700 °C. At 1460 °C, defects occurred in the form of stub-
bing. At this temperature, which is only slightly above the melting
temperature of 1450 °C,29 a stable process could not be maintained
due to the low energy input. In contrast, for 1740 °C, the resulting
energy input per unit length was too high, leading to droplet for-
mation. For parameter sets B and C, the stable range was signifi-
cantly larger than for parameter set A. In both cases, stubbing
occurred at 1500 °C. Using parameter set B, the highest tempera-
ture at which a defect-free deposition could be achieved was
1940 °C. With parameter set C, temperatures above 1980 °C could
not be attained, as the maximum output power of the laser beam
source was reached.

The results indicate that, with the given setup, the melt pool
can be superheated by 15%–31% above the melting temperature

FIG. 2. Characteristics of a weld bead: width w, height h, remelted area As, and
deposited area Ab.

FIG. 3. Melt pool temperature and laser power set by the controller during the
deposition of a weld bead using parameter set B and a setpoint temperature of
1660 °C.
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without defects occurring, depending on the parameter set. At
higher feed rates, more of the energy supplied was utilized to melt
the wire and the substrate, which is why an unstable process and
defects occurred at higher temperatures. Regarding this process
window, it is noteworthy that in particular at the maximum and
minimum setpoint temperatures, the process can become unstable
despite the closed-loop process control when thermal boundary
conditions change, for example, due to a variation of the substrate
thickness. This has to be considered when selecting a setpoint tem-
perature for a specific application case.

For a quantification of the existing fluctuations in the temper-
ature signal, the standard deviations at the respective setpoint tem-
peratures were calculated. In order to consider only the
steady-state range of the process, the data obtained within the first
25 mm as well as the last 8 mm of the weld beads were omitted, as
indicated in Fig. 3. Due to the different mean temperatures, the
coefficient of variance cv, i.e., the ratio of the standard deviation to
the mean value, was determined. This relative measure of variance
in the temperature signal is shown in Fig. 5(a) for the experiments
carried out.

The fluctuations in the temperature signal tended to increase
significantly with higher setpoint temperatures. This can be
explained by the increasingly dynamic melt pool at higher tem-
peratures. Since the control system was mainly designed to com-
pensate for changing heat sink capacities and had a bandwidth of
a few hertz, these high-frequency fluctuations were not counter-
acted. For parameter set C, the coefficient of variation decreased
at high temperatures. This is due to the fact that the maximum
laser power was temporarily reached during the deposition.
Because of this saturation, deviations in the temperature signal
were compensated more slowly, while the setpoint temperature

was still reached by the mean value due to the integral term in the
controller.

Furthermore, the mean laser powers �PL of the respective
experiments over the considered range are given in Fig. 5(b). As
could be expected, the laser power was consistently increased for
higher setpoint temperatures. However, the increase in the required
power is nonlinear and tends to stagnate at higher temperatures. In
addition, only minor differences are apparent in the required laser
powers at different deposition rates. These observations suggest
that the conditions of heat transport directly at the melt pool
surface change only marginally for the different parameter sets,
and the heat dissipation toward the substrate remains virtually
constant. In the melt pool, the finite rate of heat conduction inevi-
tably results in a temperature gradient, with the highest tempera-
ture occurring at the melt pool surface, i.e., the point of incidence
of the laser beam and the origin of the radiation detected by the
pyrometer, respectively. In this context, it is also relevant that the
thermal conductivity of stainless steel increases for higher tempera-
tures.29 Due to the constant heat dissipation virtually independent
of the parameter set used, there are only minor differences in the
average laser powers at a given setpoint temperature. Given the dif-
ferent traverse speeds, this results in large differences in the energy
per unit length, which is particularly evident for the dilution of the
weld beads (see Sec. III C).

B. Influence of the melt pool temperature on the
geometric track characteristics

Within the determined stable temperature ranges, the influ-
ence of the melt pool temperature on the geometry of the weld
beads was evaluated. Figure 6 depicts the bead widths w and

FIG. 4. Stable range of melt pool temperatures for the three parameter sets
investigated.

FIG. 5. (a) Coefficients of variation of the melt pool temperature signals; (b)
mean laser powers over the steady-state range of the process.
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heights h depending on the setpoint temperature for the three
investigated parameter sets. For all parameter sets, a continuous
increase in the bead width was observed with increasing tempera-
tures [see Fig. 6(a)]. This confirms previous findings in the litera-
ture that there is a positive correlation between melt pool width
and melt pool temperature not only for powder-based LMD but
also for wire-based LMD.23,30 Thus, although in LMD processes
the bead width depends primarily on the laser beam diameter on
the substrate, an adjustment via the specified melt pool temperature
is also possible to a certain extent. The bead width varied between
2.46 and 2.77 mm for parameter set A, 2.45 and 2.88 mm for
parameter set B, and 2.38 and 2.80 mm for parameter set C, respec-
tively. This qualitative correlation was also observed for the laser
power,14–16 which is closely related to the melt pool temperature
under constant thermal boundary conditions (see Sec. III A). Since
the energy introduced by the laser beam was mainly used to melt
either the wire or the substrate material, an increased energy input as
a result of a higher laser power led to a larger melt pool.
Furthermore, it stands out that significantly larger bead widths were
achieved for lower deposition rates at a given temperature. This rela-
tionship can be explained by the limited heat conduction rate within
the substrate. At a lower traverse speed and a virtually equal energy
input [see Fig. 5(b)], a smaller temperature gradient prevailed in the
process zone, which allowed for a greater expansion of the melt pool.

Regarding the bead height, only for the parameter set A, a dis-
tinct trend with an increasing height for increasing melt pool tem-
peratures is apparent, while for parameter sets B and C no clear
correlation with the temperature could be found. The significant
increase in the bead height for parameter set A is related to the
large melt pool volumes, as discussed in more detail in Sec. III C.

In general, a lower deposition rate results in a greater bead height
at a given temperature.

C. Influence of the melt pool temperature on the
degree of dilution

The influence of the melt pool temperature on the degree of
dilution was evaluated based on cross sections. Figure 7 shows the
cross sections of the weld beads with the lowest as well as the
highest stable melt pool temperature for each of the three parame-
ter sets investigated. To allow for a direct comparison between the
parameter sets at a fixed temperature, the respective samples pro-
duced with a setpoint temperature of 1660 °C are displayed.

For all parameter sets, the welding depth was significantly
larger at the maximum than at the minimum temperature. This dif-
ference was most pronounced for the parameter set A. The effects
of the differences in the energy per unit length resulting from the
similar average laser powers become clear from the direct compari-
son at a setpoint temperature of 1660 °C. Despite an identical tem-
perature of the melt pool surface, the melted volume of the
substrate was significantly lower with higher feed rates.

Furthermore, Fig. 8 illustrates the degrees of dilution of the
good weld beads over the respective setpoint temperatures. As can
be observed qualitatively from Fig. 7, the degree of dilution was
consistently smaller for higher deposition rates. The minimum
values achieved were 37.4% for the parameter set A, 63.7% for the
parameter set B, and 52.7% for the parameter set C, while the
maximum values were 80.7%, 76.5%, and 71.8%, respectively.
Similar to the required mean laser powers (see Fig. 5), asymptotic

FIG. 6. Influence of the melt pool temperature on (a) the weld bead width w
and (b) the weld bead height h.

FIG. 7. Cross sections of the weld beads produced with (a)–(c) the minimum
stable temperatures, (d)–( f ) a temperature of 1660 °C, and (g)–(i) the maximum
stable temperatures, respectively.
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curves can be observed, with the degree of dilution varying only
slightly with higher temperatures for each parameter set. A lower
deposition rate resulted in a significantly larger degree of dilution
at a given temperature due to the differences in the energy per unit
length described above. With parameter set A, a very low degree of
dilution is noticeable at a temperature of 1500 °C. The fact that a
stable process was still possible at this temperature in contrast to
the other parameter sets is due to the low feed rate and the result-
ing disproportionately higher energy per unit length. In this experi-
ment, just enough energy was introduced into the melt pool so that
the wire was completely melted and no defects occurred, resulting
in a low degree of dilution.

Remarkably, an increase in the volume of the deposited weld
beads is apparent for higher temperatures in Figs. 6 and 7, respec-
tively, despite the constant speed ratio. This volume change is pro-
portional to the molten pool volume and can possibly be explained
by phase transformations31 or the formation of intermetallic com-
pounds32 during solidification and cooling. A relation to micropo-
rosity is considered improbable since it is practically nonexistent
within weld beads produced by wire-based LMD and no pores
were detected in any of the cross sections examined. However, an
in-depth investigation of the underlying mechanisms is beyond the
scope of this work and should be addressed in future studies.

D. Microhardness distribution of selected cross
sections

Finally, the influence of the melt pool temperature on the
local mechanical properties was examined based on the hardness
distribution over cross sections of individual weld beads. For this
purpose, the samples produced with parameter set B at the highest
as well as the lowest stable temperature [see Figs. 7(b) and 7(h)]
were selected. Figure 9 shows the hardness maps of these samples,
which were obtained based on 793 and 1213 individual hardness
indentations, respectively. In both cases, the contour of the melt
pool was superimposed with a dashed line corresponding to the
fusion line in the cross section.

In the hardness maps, the solidified melt pool can be clearly
identified from a drop in the hardness compared to the substrate

material. For both samples, the lowest hardness values (190–200 HV)
were measured in the area close to the melt pool surface, where the
highest temperatures occurred during the process. Toward the fusion
line, a gradual increase in hardness could be observed. In the substrate
material, hardness values between 215 HV and 255 HV were found.
Moreover, a higher temperature resulted in an overall lower hardness
of the solidified melt pool.

It is hypothesized that these observations are related to the
occurring cooling rates as a result of the different energy inputs per
unit length. The higher melt pool temperature is, thus, associated
with a lower cooling rate, which leads to coarsening of the grain
structure according to solidification theory.33 To confirm this, a
grain size analysis was performed according to ASTM E112, where
five measurements were taken for each sample following the
Abrams Three-Circle Procedure. This yielded an average ASTM
grain size number G of 12.7 for a melt pool temperature of 1540 °C
and 12.0 for 1940 °C. Thus, the average grain size was smaller at a
lower melt pool temperature. Therefore, an increase in grain size is
most likely the dominant mechanism for the decrease in hardness
at a higher melt pool temperature.

FIG. 8. Influence of the melt pool temperature on the degree of dilution η for
the three parameter sets investigated.

FIG. 9. Hardness maps of the samples produced with parameter set B at a
melt pool temperature of (a) 1540 and (b) 1940 °C.
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IV. CONCLUSIONS AND OUTLOOK

In this work, the cause-effect relationships between the melt
pool temperature and the resulting weld bead characteristics were
investigated in detail for laser metal deposition with coaxial wire
feeding. This was enabled by using a dedicated closed-loop control
system based on an in-axis pyrometer signal, where the laser power
was used as the manipulated variable and was commanded by a
proportional integral controller. First, a process window was deter-
mined for different parameter sets in which the temperature could
be controlled in a stable manner without the occurrence of defects.
Higher temperatures were associated with higher mean laser
powers as well as increased melt pool dynamics, which manifested
themselves in higher fluctuations in the temperature signal.
Subsequently, the effects on the resulting weld bead characteristics
were investigated in detail within this process window. A distinct
positive correlation between the surface temperature of the melt
pool and the weld bead width was demonstrated. Regarding the
weld bead height, only for the parameter set with the lowest deposi-
tion rate, a clear correlation was evident. For the degree of dilution,
a strong correlation with the melt pool temperature was found
through the evaluation of cross sections, with higher temperatures
and lower deposition rates leading to a higher volume of the
melted substrate material. Furthermore, for a higher melt pool tem-
perature, a lower hardness was determined within the solidified
weld bead, which was attributed to a coarser grain structure result-
ing from its decreased cooling rate.

The findings obtained provide the foundation for further
studies on temperature-controlled wire-based laser metal deposition
as they will facilitate the selection of a suitable melt pool temperature
and the interpretation of the melt pool temperature signal, respec-
tively. In future work, the thermally controlled buildup of multilayer
parts will be investigated. In this regard, for higher layers, it should
be considered that low temperatures within the process window may
not be attainable due to the altered conditions of heat conduction. In
this respect, great attention has to be paid to suitable setpoint tem-
peratures at different heights of the part to be produced. In this
context, a layer-to-layer control similar to the approach of Tang and
Landers21 with an adjustment of the laser power depending on the
average temperature of the last layer could prove beneficial. This
approach can contribute to process stability since fluctuations in the
pyrometer signal due to varying melt pool shapes and, thus, changed
radiation angles in higher layers can potentially be avoided.
Moreover, it has to be considered that in a wire-based process the
feedstock material has to be fully melted at all times in order to
maintain a stable process. For this reason, appropriate limits on the
specified laser power should be included in order to avoid the defect
patterns of stubbing and dripping. Through a controlled heat input,
it will be possible to avoid time-consuming parameter studies for
novel part geometries. Furthermore, in order to obtain a fully con-
trolled LMD process, a multivariable control will be implemented,
through which the layer height as well as the heat input into the
component are adjusted simultaneously.
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