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ABSTRACT

Many processes may be used for manufacturing functionally graded materials. Among them, additive

manufacturing seems to be predestined due to near-net shape manufacturing of complex geometries combined with the
possibility of applying different materials in one component. By adjusting the powder composition of the starting
material layer by layer, a macroscopic and step-like gradient can be achieved. To further improve the step-like gradient,
an enhancement of the in-situ mixing degree, which is limited according to the state of the art, is necessary. In this paper,
a novel technique for an enhancement of the in-situ material mixing degree in the melt pool by applying laser remelting
(LR) is described. The effect of layer-wise LR on the formation of the interface was investigated using pure copper and
low-alloy steel in a laser powder bed fusion process. Subsequent cross-sectional selective electron microscopic analyses
were carried out. By applying LR, the mixing degree was enhanced, and the reaction zone thickness between the
materials was increased. Moreover, an additional copper and iron-based phase was formed in the interface, resulting in a
smoother gradient of the chemical composition than the case without LR. The Marangoni convection flow and thermal
diffusion are the driving forces for the observed effect.

KEYWORDS multi-material additive manufacturing (MMAM), functionally graded materials (FGMs), laser

powder bed fusion (L-PBF), laser remelting (LR), pure copper

1 Introduction

Functionally graded materials (FGMs) are characterized
by either a continuous or targeted discrete change in the
chemical composition and microstructure, and thus,
graded thermophysical properties of the parts. The benefit
of FGM is overcoming the limitations of dissimilar metal
joints resulting from interfacial stresses or chemical
incompatibility by a continuous gradient while combining
the respective advantages of different materials, resulting
in superior part properties. According to literature, pro-
duction technologies, such as casting, sintering, powder
metallurgy, diffusion bonding, thermal spraying, and
physical or chemical vapor deposition, may be used for
manufacturing FGM [1-5]. Each of the mentioned
technology shows advantages and limitations.
Technologies such as thermal spraying and physical or
chemical vapor deposition are processes used for econom-
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ical production of functional coatings on part surfaces but
not complete parts. Here, a layer-wise deposition of
different materials by the respective technology is
conducted. Compared with additive manufacturing (AM),
the material deposition of the coating technologies is not
local, and the material thickness is generally limited up to
a few hundred microns. The production of graded near-
net shape parts is not economical nor possible because of
the low deposition rates for the case of chemical and
physical vapor deposition or the process workflow and
characteristics. For the case of diffusion bonding, a
gradient can be achieved by bonding two or more parts of
different materials. The gradient results from the diffu-
sion of the materials. By diffusion bonding, high-quality
bonds of even materials with different thermophysical
characteristics are possible. Since diffusion bonding is an
additional process step in the production chain and
diffusion-driven material transport is time consuming, the
economic efficiency of the whole production chain is
limited. In casting processes, such as controlled mold
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filling, two different materials in liquid state are used for
manufacturing a gradient. In the first step, the mold is
filled with the first material melt. After partial
solidification, the second material melt is casted on top.
The advantage of such a process is high productivity and
the unlimited size of the parts. The disadvantage is the
limited geometrical complexity of the parts. Sintering and
powder metallurgy are original forming processes with
ceramic or metal powder as feedstock material. A
geometrical defined part is formed by solid-state consoli-
dation or partially liquid phase sintering of the preform.
The partially liquid phase sintering and consolidation
processes take place due to diffusion resulting from high
temperature and high mechanical or gas pressure load,
and they are accompanied by densification and thus a
volume loss of the preform. In both cases, a gradient is
achieved by local adjustment of the chemical composition
of the preform. For the case of powder metallurgy by
means of hot isostatic pressing of encapsulated powder,
complex 3D parts with graded chemical composition are
possible. Due to the preform volume loss, the challenge is
the design of the preform resulting in a near-net-shaped
part with complex geometry after the respective process,
particularly for the case of different materials with
different consolidation and densification behavior, and
different thermomechanical properties. Moreover, due to
densification and thus a possible shift of the powder
layers to each other, the gradient may be formed in an
undesired direction.

Multi-material additive manufacturing (MMAM) in-
creasingly attracts the industry and academia because of
its numerous technological advantages, such as near-net
shape manufacturing of complex geometries with hollow
structures and the FGM promising possibility of applying
different materials in one component [6,7]. According to
the state of the art, several AM processes are suited for
manufacturing a step-like gradient.

For the case of a laser-directed energy deposition (L-
DED) with powder process, the feedstock material is
deposited into the laser focus on the substrate surface by a
powder nozzle. The feedstock material fuses by melting
and thus forms a geometrically defined part during
solidification. Considering contemporary L-DED with
powder devices have several powder feeders and nozzles
around the laser focus, adjusting the chemical
composition layer-wise is possible by pre-blending the
powder before the process or blending the powder in-situ
in the laser focus. Knoll et al. [8], Li et al. [9], Domack
and Baughman [10], and Ocylok et al. [11] applied this
approach successfully to produce different multi-material
parts. With regard to the middle of each layer, this
approach resulted in a successful gradient of the chemical
composition. Concerning the respective layer interfaces,
the transition of chemical composition was not
continuous but discrete. Such an interface might be
crucial for some material combinations due to interfacial
stresses and chemical incompatibility.

Powder bed fusion (PBF) processes spread the powder
uniformly on the bed platform by means of a hopper and,
depending on the specific technology, a roller or a blade.
Afterwards, the powder is melted locally along the scan
path by the heat source, which can be a laser or an
electron beam. Due to the melting, the powder fuses
locally and thus forms a geometrically defined part during
solidification. Considering the powder around the part is
not melted, it may be used further for manufacturing
other geometries if different powders are not mixed and if
the one-time used powder meets the final application and
industry requirements. Therefore, PBF devices were
originally designed for using one powder source at once
only. Owing to the previously described advantages of
MMAM, efforts were made in academia in the last years
for developing PBF devices with the possibility of
applying more than one powder type and manufacturing
FGM with laser PBF (L-PBF) [12-17]. Wei et al. [18]
gave a comprehensive overview of the different appro-
aches of applying multiple powders in PBF processes and
the respective characteristics. The strategy here is com-
parable to L-DED processes. The gradient is achieved by
adjusting the chemical composition and the process
parameter layer-wise. Unlike the L-DED processes, the
layer thickness in PBF processes is small, resulting in the
possibility of manufacturing a more continuous gradient
if the increment of chemical composition difference of
the feedstock material is small. However, for some
material combinations with different base elements of the
alloys, the interface between the layers may be discrete
due to a lack of the in-situ mixing degree and a limited
solubility of the materials, even in the case of PBF
processes. Particular for the case of a small melt pool,
which does not reach the lower layers with regarding the
upper layer another chemical composition, the in-situ
mixing degree is limited. Further limiting factor regarding
in-situ mixing degree and thus a gradient is the liquid life
time of the melt pool. Thus, for a continuous and smooth
gradient with conventional in-situ mixing degree, many
different powders need to be applied in one part. This is
technically possible but not economical due to the
necessity of extensions of contemporary PBF devices and
additional effort regarding the management of much more
powder sorts, including the investigation of process
parameter for each powder.

2 State of the art

Marangoni convection is a material transport in liquid
metals due to a difference in respective surface tensions
resulting from a temperature gradient in the melt pool
during processes, such as L-PBF, L-DED, welding, or
any fusion-based processes with liquid interactions
(Fig. 1(a)). Material transport by Marangoni convection
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reaches macroscopic range if the liquid lifetime and the
melt pool size are sufficient. No homogeneous material
distribution is expected. Another relevant method of
material transport is atomistic diffusion. The driving force
for thermal diffusion is the concentration gradient, as
shown in Fig. 1(b). According to Fick’s law of diffusion,
the material transport via atomistic diffusion depends on
the material combination-dependent diffusion coefficient,
the concentration gradient, and the temperature. The
range and extent of material transport by atomistic
diffusion are less pronounced than those by Marangoni
convection. Due to the concentration gradient being a
driving force of diffusion, a homogenization of the
material may be possible. Thus, the superposition of both
effects resulting from a layer-wise remelting may be a
suited approach to achieve the targeted enhancement of
the mixing degree during AM in FGM, as shown in
Figs. 1(c) and 1(d).

Laser remelting (LR) is a post-process applied on, e.g.,
electroplated, laser cladding, or thermal sprayed coatings.
The aims are homogenization, grain refinement, and
porosity reduction of the respective coatings [19-24]. In
the past, several publications described the mentioned
effects of LR on additive manufactured parts [25-27].
Xin et al. [25] described the influence of layer-wise LR
on the microstructure and mechanical properties of thin-
wall structures of 316L manufactured by L-DED. The
application of LR resulted in increased average hardness
and homogenization of the hardness values along the
build-up direction. The supposed reason for the hardness
increase was the stated reduction in the porosity by LR.
Moreover, with LR-application the tensile properties were
improved. In detail, the yield strength, the ultimate tensile
strength, and the elongation could be increased by ~17%,
~19%, and ~59%, respectively. Li et al. [26] reported
about the possibilities of grain refinement during a L-PBF
process of a high-entropy alloy by adding nano TiN-
reinforcement particles to the base powder and additional
layer-wise LR. The TiN-nanoparticles were blended prior
to the L-PBF process to the high-entropy alloy powder to
promote grain refinement by providing nucleation sites
during solidification. By applying LR, a more homoge-
neous distribution of the TiN-nanoparticles and an even

higher effect of grain refinement were achieved, resulting
in improved tensile properties compared with the case of
without adding TiN-particles and adding TiN-particles
but without applying LR. Some amorphous phases with
different amorphization degrees were detected in the AM
parts. Song et al. [27] investigated the influence of LR on
the properties of 18Ni-300 maraging steel manufactured
by L-PBF. The results showed that in dependence of the
LR parameter, a reduction and an increase of porosity are
possible. For the case of porosity reduction, the amount
of pores increased whereas the size of the pores was
significantly reduced, resulting in reduced total porosity
value. Porosity reduction occurred due to (a) the
improved surface quality of the respective layer, leading
to a more uniform powder spreading when coating; and
(b) the elimination of prior existing defects during LR by
the Marangoni-driven melt flow. Since the porosity
reference value without applying LR was below 1%, the
porosity reduction due to LR showed no significant
influence on the yield and ultimate tensile strength. The
elongation, however, increased from 10.5% + 0.8% in as-
build condition to 13% =+ 3.5% for the case of LR
application. The authors supposed the reduced porosity
and the stated formation of more nanoprecipitations to be
responsible for the elongation increase when applying LR.
In these publications, the emphasis was placed on the
influence of LR on morphology formation and the
mechanical properties of different monolithic alloys
processed by AM with laser as energy source. However,
no publications have discussed the influence of LR on the
interface formation of MMAM parts processed with L-
PBF at present. Thus, the present study focused on the
influence of LR during MMAM, particularly on the
interface formation and possible enhancement of the
mixing degree.

3 Experiments

Experiments were conducted with an Aconity MINI
device of Aconity3D (Herzogenrath, Germany). The
L-PBF device was equipped with a 1000 W power and
200 pm spot-size laser. Argon with an oxygen content
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Fig. 1 Schematic of relevant effects: (a) Marangoni convection, (b) diffusion, (c) superposition of Marangoni convection and diffusion,
and (d) layer-wise remelting during additive manufacturing (AM). Mat.: material, LR: laser remelting.
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below 200 ppm O, was used as shielding gas. Due to the
technical limitations of the used device, no preheating of
the build plate was conducted. A low-alloyed steel,
representing the first material, was chosen as the build
plate material because the applied L-PBF device has only
one powder container. Pure copper powder, representing
the second material, with a particle size distribution of
15-45 pm was used as feedstock material. The chemical
composition of the build plate and the copper powder as
measured with EDX prior to L-PBF are stated in Table 1.
The process parameters are shown in Table 2. The
process parameter set V1 was chosen on the basis of a
previous study to improve process stability and the part
properties for AM of copper with the used device. This
parameter set represents the as-build condition and is
used as reference for V2 and V3. The V2 and V3 para-
meter sets were chosen to evaluate the influence of LR or

Table 1 Chemical compositions of build plate and copper powder

Component Fe/wt.% Mn/wt.% Cu/wt.% Additional information
Build plate Balance 2.6-3.4 0 Bulk material
Copper powder 0 0 100 Powder, 1545 um

Table2 AM and LR process parameter

a higher energy density as alternative to LR on the mixing
degree, respectively. V4 was selected as the LR effect
parameter set for V3. Except in Table 2 stated parameter,
the following parameters were constant. A layer thickness
of s =30 um and a scan path distance of d = 100 pm were
applied. For the samples with LR application, the same
power and scan velocity as for the AM process were
applied for every layer when remelting. The samples had
a geometry of a cuboid with a base of 4 = 10 mm x
10 mm and a height of # = 2 mm. The samples were cut
diagonally to obtain cross sections with sufficient size for
the analyses. Subsequent scanning electron microscopic
(SEM) analyses of the sample cross-sections, including
energy dispersive X-ray (EDX) spectroscopy, were
carried out on Phenom XL G2 (ThermoFisher Scientific,
Waltham, USA).

4 Results and discussion

Figure 2 shows the SEM cross-sectional images of the
sample manufactured with P =800 W and v = 1000 mm/s
and without LR application. Some pores are visible in the

Scan velocity/

Sample Power/W (mm-s-1) Remelting Object
Vi1 800 1000 Not applied Regarding AM process optimized parameter set: reference for V2 and V3
V2 800 1000 Applied, LR parameter same as AM Influence of LR on V1 regarding mixing degree

. Influence of higher energy density on V1 regarding mixing degree and
V3 1000 1000 Not applied reference for V4
V4 1000 1000 Applied, LR parameter same as AM Influence of LR on V3 regarding mixing degree

(c) EDX results in wt.%

Fig. 2(b)
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Fig. 2 Scanning electron microscopic cross-sectional images of a sample manufactured with P =800 W and v = 1000 mm/s and without
laser remelting application and energy dispersive X-ray (EDX) spectroscopy results: (a) overview image, (b) detailed image indicating
positions of EDX measurements, (c) EDX results in wt.%, and (d) detailed image of the interface.



Alexander SCHMIDT et al. Functionally graded AM—components via laser remelting 5

copper AM part. Furthermore, pore formation occurred
preferably in the upper layers of the sample. By carefully
choosing the AM parameter, the porosity may be reduced
further. The application of post processes, such as hot
isostatic pressing, is another alternative for improving the
porosity value. The maximal interaction distance which is
the distance of the material transport by means of the
Marangoni effect and thermal diffusion is d = 300 pum and
varies along the interface, as shown in Fig. 2(a).

The visible material transport of copper into the steel
base material was more pronounced than vice versa. In
detail, the maximal penetration depth of copper into steel
was about 190 um and that of steel into the copper was
about 110 pm. The penetration depth was irregular along
the interface. According to the grey scales, five different
morphologies with different chemical compositions were
visible within the interaction zone between pure copper
and the base material, as shown in Fig. 2(b). EDX mea-
surements were performed in the regions depicted in
Fig. 2(b) to evaluate the chemical composition, and the
results are shown in Fig.2(c). The base material

contained xpeps = 97.4 wWt.% iron and xymps = 2.6 Wt.%
manganese, correlating with the chemical composition of
the applied low alloy steel.

The iron—copper (Fe—Cu) phase diagram is characteri-
zed by a miscibility gap and a limited maximal solubility
of copper and iron in the a-iron (a-Fe), y-iron (y-Fe), and
the B-copper (B-Cu) phases, as shown in Fig. 3(a).
Therefore, a chemical gradient can be adjusted only by a
rising or a sloping fraction of segregations in the matrix.
The iron fraction in the region P1 was xpep; = 5.9 wt.%.
Considering that the maximal solubility of iron in B-Cu
phase was 4.1 wt.%, the high thermal cooling rates during
the AM process may result in supersaturation of iron in
the B-Cu in the case of P1. Furthermore, the EDX
measurements showed a chemical composition of xp.p, =
27.5 wt.% iron and xcyp2 = 72.5 wt.% copper for the case
of P2 region, and xgep3 = 75.7 wt.% iron and xc, p3 = 24.3
wt.% copper for the case of P3 region. Given that the
amount of iron in the B-Cu and of copper in the a- or y-Fe
was far above the maximal solubility of the respective
phases, the supersaturation was assumed to be not the
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1500 90Fe10Cu: Xy = 100% 10Fe90Cu: x40 = 98%
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O v-Fe+L
2
2
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=
£
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000 v-Fe + B-Cu B-Cu
e
700 o-Fe a-Fe + B-Cu
1 1 1 | | 1 1 1 1
Fe 10 20 30 40 50 60 70 80 90 Cu
Weight percentage of Cu/wt.%
(b)
I Increasing Cu fraction

(1) Fe-rich matrix with
B-Cu segregations

- B-Cu segregations

Transition areas from
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Fe-rich segregations

e
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Fig. 3 (a) Fe—Cu phase diagram according to Ref. [28] indicating the liquid fraction at a temperature of 7= 1300 °C in dependence of
the local chemical composition and (b) scanning electron microscopic images indicating the phase formation with the influence of the

local chemical composition.
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reason for the present morphology and chemical
composition. In fact, the formation of the present
interaction zone is more complex and is supposed to
result from a superposition of different metallurgical
effects. In detail, next to the Marangoni effect and
thermal diffusion, particularly along the grain boundaries,
segregations are supposed to be the relevant effects
resulting in the present morphology and the respective
chemical compositions. Thus, during the solidification of
initially homogenous liquid Cu-Fe alloy, segregations of
B-Cu in the Fe-rich matrix and vice versa may be formed
when the respective temperature-dependent solubility
limit is undercut (Fig. 3(b)). Furthermore, particularly
within the thixotropic temperature range and thus during
the melting or solidification process, the Marangoni
convection is supposed to distribute either the solidified
segregations or un-melted base material iron in the liquid
matrix, resulting in the present morphology. Lastly, in the
case of liquid copper, the microscopic diffusion along
grain boundaries resulting in the dissolution of Fe-rich
phases by B-Cu is a relevant effect, enhancing the copper
amount in a macroscopic homogenous Fe-rich matrix
(Fig. 2(d)).

Figure 4(a) shows an overview of the SEM cross-
sectional image of the sample manufactured with P =

Copper

800 W, v = 1000 mm/s, and LR application for every
layer. A visual comparison of V2 to V1 showed that the
porosity was lower when applying LR. This finding
correlates with state of the art. The interface between the
unmolten base material and the interaction zone was more
irregular than in the case of no LR application. The
maximal interaction distance and penetration depth were
d = 610 and 350 um, respectively, and they varied along
the interface. Therefore, by applying LR, the maximal
interaction zone thickness and the penetration depth was
doubled, resulting in a higher mixing degree and thus, in
a smoother gradient between the base material and the
AM part. However, the deviation of the mixing degree
and the continuity of the gradient varied along the
interface. Figure 4(b) shows a detailed SEM image of the
interaction zone and depicts the regions of the conducted
EDX measurements. The EDX results indicated a
smoother gradient of the chemical composition,
particularly for the regions P1-P5, as illustrated in Fig.
4(c). These regions were characterized by a f-Cu matrix
with graded amount of Fe-rich segregations, as shown in
Fig. 5. According to the EDX spot measurements, the
fraction of copper in the Fe-rich segregations varied in
the range of 20 wt.% < xcy < 30 wt.% and is thus above
the chemical composition of y-Fe. The positions of the

Porosity—Y
+~g—Residuals

Fig. 4(b)

(b) Pl= (c) EDX results in wt.%
Fe Cu Mn
A Pl 47 953 -
P2 104 896 -
P3=
: P3 246 754 -
P4 549 451 -
PS5 674 326 -
P6 8.0 97 13
P7 972 - 2.8

200 um m———

Fig. 4 Scanning electron microscopic cross-sectional images of sample manufactured with P = 800 W, v = 1000 mm/s, and laser
remelting application and energy dispersive X-ray (EDX) spectroscopy results: (a) overview image, (b) detailed image indicating positions
of EDX measurements, (c) EDX results in wt.%, and (d) detailed image of the interface indicating Marangoni convection.
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conducted EDX spot measurements of Fe-rich
segregations are marked with a red circle in Fig. 5.

Starting from the interface between P5 and P6 and thus
the regions with Fe-rich matrix, the gradient was less
continuous, and discrete interfaces were visible. Conside-
ring that the liquidus temperature of the relevant Fe-rich
phase was higher and the liquid fraction was lower than
that of B-Cu, the liquid lifetime of the Fe-rich matrix
regions is supposed to be smaller, resulting in a lower
effect of Marangoni convection regarding the mixing
degree, as shown in Fig. 3(a). Figure 4(d) indicates a
higher effect of the Marangoni convection in the region
with the B-Cu matrix than in the region with Fe-rich
matrix. The Marangoni effect was evaluated from the
grayscales of the corresponding phases, and their distri-
bution and the turbulences corresponding to the melt flow.
In detail, the turbulences and the melt flow were aligned
horizontally and less pronounced in the case of the Fe-
rich matrix. For the case of B-Cu matrix, the turbulences,
which indicate the melt flow, were aligned horizontally
and vertically and more pronounced. Regions with a
pronounced Marangoni flow were characterized by a
local higher mixing degree, resulting in a local higher
ratio of copper to iron for the case of regions below the
original interface.

:
:
)

5 pm I

V2, P5 region

. Fe-rich segregations o e

Figure 6 shows the SEM cross-sectional images of
the sample manufactured with P = 1000 W and v =
1000 mm/s and without LR application and the EDX
results. Figure 6(a) shows an overview of the SEM cross-
sectional image of the sample manufactured with P =
1000 W and v = 1000 mm/s and without LR application.
By the higher energy density, the melt pool temperature
and size and the effect of Marangoni convection
enhanced compared with those in V1. This finding
resulted in a maximal interaction distance of d = 410 um.
The maximal penetration depth was about 240 um, and it
varied along the interface. However, the maximal
interaction distance and the penetration depth were lower
than in the case of V2. The upper surface roughness was
higher than in the case of V1 or V2. Although a higher
energy density was applied, the porosity was significantly
higher than that in V1 or V2. Furthermore, some un-
melted powder was entrapped in the pores, as shown in
Fig. 6(d). According to Refs. [29-31], this effect may
result from the keyhole mode or of an excessively
pronounced Marangoni convection. The keyhole mode is
characterized by material evaporation and may result in
pore formation. Furthermore, high energy density results
in excessively pronounced Marangoni convection, and
thus, the pronounced melt pool dynamic drags some un-

S um I

VAN X ¢ {
\

S um V2, P6 region S um

Fig. 5 Detailed scanning electron microscopic images of regions with conducted energy dispersive X-ray (EDX) spectroscopy area
measurements regarding Fig. 4(b) of the sample V2, (a) P1 region, (b) P2 region, (c) P3 region indicating positions of EDX spot
measurements, (d) P4 region indicating positions of EDX spot measurements, (¢) P5 region, and (f) P6 region.
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Fig. 6 Scanning electron microscopic cross-sectional images of sample manufactured (with P = 1000 W and v = 1000 mm/s and without
laser remelting application) and energy dispersive X-ray (EDX) spectroscopy results: (a) overview image, (b) detailed image indicating
positions of EDX measurements, (¢) EDX results in wt.%, and (d) detailed image of a pore with entrapped partially melted powder.

melted side particles into the melt pool. Due to the
present high cooling rates and short liquid lifetime, the
particles remained completely or partially un-melted once
the melt pool around solidified. Therefore, when melting
the powder for the first time, the in-sifu mixing degree is
limited by the keyhole mode and an excessively melt pool
dynamic due to excessive Marangoni convection resulting
in the formation of pores. Thus, using a parameter set
with higher energy densities is not appropriate to achieve
pore free and high-quality FGM. Figure 6(b) shows a
detailed SEM image of the interaction zone and depicts
the regions of the conducted EDX measurements. The
EDX results indicated a smoother gradient than that in V1
but a less smooth gradient than that in V2, as shown in
Fig. 6(c).

Figure 7 shows an overview of the SEM cross-sectional
image of the sample manufactured with P = 1000 W, v =
1000 mm/s, and LR application. Compared with those in
V3, the upper surface roughness and porosity were
improved by applying LR. Furthermore, by applying LR,
the interaction distance and the penetration depth were
increased. In detail, the maximal interaction distance was
d = 750 pm, and the maximal penetration depth was
about 440 um, indicating a higher mixing degree, and
thus, a smoother gradient. Figure 7(b) shows a detailed
SEM image of the interaction zone and depicts the
regions of the EDX measurements. For the regions P1-P5,
the gradient was found to be the smoothest among other
samples, as shown in Fig. 7(c). The interface between the
regions P6 and P7 was discrete.

5 Summary and conclusions

The Marangoni convection was shown to be the main
driving force for the material transport in the melt pool
during the AM process. Next to the Marangoni convec-
tion, thermal diffusion was supposed to be a relevant
effect concerning local homogenization of the chemical
composition. On the one hand, applying high energy
densities during the first-time melting of the powder
enhanced the mixing degree. On the other hand, high
energy densities influenced the quality of the AM part
negatively by promoting the formation of pores in general
and pores with entrapped un-melted or partially melted
powder. This finding was supposed to be due to the
excessively pronounced melt pool dynamic dragging side
powder particles into the melt pool, suggesting that with
regard on the quality of the AM part, the possible
maximal mixing degree is limited during one-time
melting.

Therefore, LR application is necessary to enhance the
mixing degree in a controlled manner without lowering
the quality of the AM part. The LR experiments showed
that the interaction distance and the penetration depth
were enhanced approximately by two times, resulting in a
smoother gradient. In this context, Fig. 8 shows the
distribution of Fe and Cu in depth direction (Z-axis)
starting from the original interface. The mixing of the
elements in depth direction was clearly more pronounced
(factor 2) when using the LR process. As a side effect, the
porosity of the AM parts and the upper surface roughness
improved, which correlates with the state of the art.
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Fig. 7 Scanning electron microscopic cross-sectional images of sample manufactured with P = 1000 W, v = 1000 mm/s, and laser

remelting application and energy dispersive X-ray (EDX) spectroscopy results: (a) overview image, (b) detailed image indicating positions
of EDX measurements, and (c¢) EDX results in wt.%.

a) 100
@ P P6 P5 P4 518
e
80 2 5
SE

P5

[oN]
(=]
o~}
w
=

P4

| .
20 - -
— V1: P=3800 W, v= 1000 mm/s, remelting not applied \.
—_—V2: 1.J =800 W, v= 1000 mm/§, remelting a‘pplied ,

0
—400 =300 -200 -100 0 100 300 400
Base material<@— Z position/pm —3p» AM-part

Weight percentage of Fe/wt.%

100

| —— V1: P=800 W, v=1000 mm/s, remelting not applied

= V2: P =800 W, v= 1000 mm/s, remelting applied /.
80
P2

| Vil

i A
P4

40 / [

I P5
20 P3

P6 =
P7 R

0 ] A [ A A [ " [ A 1 A
—400 =300 —200 -100 0 100 200 300 400
Base material<@— Z position/um —Jp» AM-part

Weight percentage of Cu/wt.% =

Original
interface

Fig. 8 Estimated chemical composition along Z-axis of V1 and V2 according to conducted energy dispersive X-ray spectroscopy
measurements: weight percentages of (a) Fe and (b) Cu. AM: additive manufacturing.



10 Front. Mech. Eng. 2023, 18(4): 49

Therefore, layer-wise LR application is a promising
approach to achieve a sufficient mixing degree resulting
in a continuous gradient and a high-quality part simul-
taneously. Each technology has advantages and disadvan-
tages when comparing the presented approach with the
state of the art and namely blending powders in L-DED
and L-PBF processes. For the case, the gradation quality
of the chemical composition between two layers is the
decisive criterion for technology selection the presented
LR-approach fulfils the requirements in a higher degree.
For the case, a specific step-like gradient with no regard
on the formation of the interface between two layers is
sufficient the approaches with applied blended powders
are more economical due to the necessity of one-time
melting in each layer only. Furthermore, the LR approach
and the approach of applying different or blended
powders complement each other.

Nomenclature

AM Additive manufacturing

EDX Energy dispersive X-ray

FGM Functionally graded material

L-DED Laser-directed energy deposition
L-PBF Laser powder bed fusion

LR Laser remelting

MMAM Multi-material additive manufacturing
PBF Powder bed fusion

SEM Scanning electron microscopic
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