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Abstract: In this work, a systematic study was conducted on the fabrication of multi-material
components obtained employing Laser-Powder Bed Fusion (L-PBF) technology. The idea of making
multi-material components is a winning capability of additive technologies because it allows for the
fabrication of Functionally Graded Materials (FGMs) with the customization of parts according to
different required properties. This study aims to determine the ability of an inexpensive system,
adaptable to the L-PBF machines already on the market, with a powder-spreading technique based
on coaters or rollers, to produce parts with continuously variable properties in each layer. Also,
the correlation between certain selectable factors in the production design and the result obtained
in terms of metallurgical and mechanical properties and chemical composition was investigated.
The factors studied were the relative position of the different materials within the powder chamber
and the geometry of the equipment designed to produce the cFGMs components. The performed
tests involved the use of two materials, a nickel-based superalloy, and a stainless steel, having
different chemical, physical, and mechanical properties to obtain gradual property variations in
the manufactured samples. Based on the results of post-process characterization obtained via
metallographic, chemical, and mechanical analysis, the relative positions of the materials and the
geometry of the developed equipment have a limited effect on the sample’s manufactured properties.
The characteristics of the FGM zone depend on the nature of the employed powders, and its extent
coincides with that defined during the design of the divider.

Keywords: additive manufacturing; laser-powder bed fusion; functionally graded materials; multi-
material layer level; nickel superalloy; stainless steel

1. Introduction

There is a growing need in the manufacturing sector to develop methods and pro-
cesses to produce components that meet increasingly specific requirements. From this
perspective, additive manufacturing is an innovative and versatile tool to meet these chal-
lenges by enabling the fabrication of components with complex geometries in a relatively
cost-effective manner [1–3]. Laser-Powder Bed Fusion (L-PBF) is an additive manufac-
turing process that is advancing in the production of multi-material metallic structures
with complex geometries [4,5]. However, the fabrication of multi-material parts using
L-PBF is a challenging task because it requires the deposition of two or more powders in a
layer-by-layer fashion [6–10]. This can be achieved using machines specifically designed to
process powders of different materials while processing the same layer [4,9,11]. However,
this solution requires a prohibitive capital investment. An alternative is to manufacture
auxiliary equipment for existing L-PBF machines that would allow the different types of
powders to be appropriately separated during the machine set-up. Hence, the powder dis-
tribution system then determines the mixing of the materials via the movement of a coater
or roller [12]. Therefore, by appropriately utilizing the capabilities of L-PBF machines, it
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is possible to achieve smooth transitions between different materials (between the layers
and at the layer level). This result falls within the realm of Functionally Graded Materials
(FGMs), which increase the ability to tailor the final properties of components to their
function [13]. In addition, many studies have already pointed out the challenges involved
in creating multi-materials. One of the main difficulties lies in fabricating components that
combine metal alloys that do not mix easily, such as those that can be differentiated by
toughness and hardness. This is because the distinct interface between these alloys can
cause the formation of weak metal connections, thermal stress buildup, solubility problems,
and discrepancies in thermal properties. FGMs are a promising solution to these problems,
as they allow a smooth transition of properties, eliminating abrupt changes at the inter-
face [13,14]. Given their considerable capabilities, FGMs are found to be particularly useful
in industrial settings (aerospace applications, energy industry, biomechanical applications,
automotive industry, marine applications, etc.).

Several materials have been combined and tested to make FGMs [15–18]. For ex-
ample, parts can be obtained with a lighter core, while the exterior can be made of a
different material compatible with the environment in which the part will be used, avoid-
ing abrupt changes in chemical composition and mechanical properties [19]. In aerospace
contexts, there are many situations where a gradient transition between materials is re-
quired to reduce thermal stresses, for example, in jet engine components that experience
high-temperature gradients; in this case, the use of the stainless steel-SS316L/superalloy-
Rene88DT combination was decisive [20,21].

However, research of extreme interest related to FGM fabrication is the study and
characterization of powders used in the process. The characterization of metal powders
used in L-PBF processes is a topic that many researchers have investigated to determine
the correlations between the measurable and observable properties of the particles prior to
melting and the quality of the manufactured components. Hilzenthaler et al. investigated
the characterization of virgin and recycled steel powders via morphological, chemical,
mechanical, and electrical analyses [22]. Among other results, they confirmed that a larger
powder particle size results in higher flowability, as also verified in previous work [22,23].
The mechanical properties of the components were also related to the powder particle size
in the case of 17-4 PH steel. The results show that the best properties are obtained when the
particle diameter is in the range of 20 ÷ 40 µm [24]. It is likely that the different physical,
chemical, and geometric properties of different powders affect the way they interact during
the spreading phase from the powder chamber to the building platform.

Several studies, performed with more complex spreading systems not based on a
coater or roller, have verified the feasibility of powder bed laser processing on different
materials mixed in the same layer and have investigated the metallurgical properties of
the resulting parts [25–27]. Demir and Previtali demonstrated the ability to produce FGM
(Fe/Al-12Si) components using a prototype L-PBF machine that allows two different pow-
ders to be mixed with different percentages, according to the manufacturer’s requirements,
and spread from the top using hoppers. This is the case for FGM components between
layers, i.e., along the Z-axis of the structure [26]. While Wei et al. demonstrated the ability
to produce FGM components within the same layer. In this study, 316L/Cu10Sn materials
were combined using a prototype machine patented by the same research group. The
prototype system consists of a selective multiple powder distribution system (up to six dif-
ferent materials) operating via programmed ultrasonic vibrations combined with a selective
powder removal system [27]. The latter is the case for FGM components layer-level.

Regarding systems using the coater or roller for powder bed spreading, some studies
have attempted to use numerical simulations to infer the influence of powder particle
size and flowability on the built samples [28,29]. However, various results obtained have
been irrelevant due to the strong experimental limitations associated with this fabrication
methodology, such as contamination problems, as mentioned extensively in the litera-
ture [5]. The main objective of this study is to determine the ability of a low-cost system,
adaptable to L-PBF machines already on the market, with a coater or roller for powder bed



Metals 2023, 13, 1588 3 of 14

spreading, to produce parts with continuously variable properties in each layer (cFGMs).
Also, the correlation between certain selectable factors in the production design and the
result obtained in terms of metallurgical and mechanical properties and chemical com-
position was investigated. Hence, this is the first systematic experimental work on the
influence of the mutual position of the different materials within the powder chamber
during the distribution of the powder bed via the coater or the roller. Analyses were made
to evaluate whether the initial position of the powders affects the formation of the powder
bed and, ultimately, the properties of the manufactured components. In addition, the effect
of the geometry of the auxiliary equipment, designed to allow the appropriate separation
of different types of powders during machine set-up, on the mechanical and metallurgical
properties of the samples produced was evaluated. In order to obtain the desired properties
of the samples, tests were conducted using two materials—a nickel-based superalloy and a
stainless steel—each with different chemical, physical, and mechanical properties. Accord-
ing to the results of post-process characterization obtained via metallographic, chemical,
and mechanical analyses, the relative positions of the materials and the geometry of the
developed equipment have a limited effect on the sample’s manufactured properties.

2. Materials and Methods
2.1. Materials and Equipment

This experimental work was performed using an L-PBF processing machine via Con-
cept Laser (M1 Cusing). The machine is equipped with a Nd:YAG laser source with a
wavelength of 1064 nm. The machine uses a rubber coater as a powder-spreading system
that moves from the powder chamber to the building platform. The first material selected
for experimentation was AISI 316L austenitic steel provided by Mimete Metalpowders
(Osnago, Italy). The other alloy was a nickel-based superalloy provided by Praxair (Dan-
bury, CT, USA). Both powders were obtained via a gas atomization manufacturing process
and were sieved to select particle sizes between 15 and 45 µm. The diameter of the sieved
particles was measured via SEM image analysis to confirm the sieving quality (Figure 1).
The chemical composition of the two powders was determined via EDX microanalysis
using a scanning electron microscope, the results of which, compatible with the nominal
values indicated by the suppliers, are shown in Table 1. The SEM analysis also showed
that the powder particles of both materials had a well-defined spherical shape, with few
anomalies, such as satellites or elongated particles, that could affect the proper formation of
the powder bed (Figure 1). To properly separate the two materials during machine set-up
and subsequently achieve their mixing in a well-defined horizontal band on the building
platform, specific auxiliary equipment was designed and constructed. This equipment
consists mainly of two vertical thin walls inclined at an appropriate angle α to the coater’s
direction of movement (Figure 2). The angle was chosen to obtain a mixing zone between
the two materials with a width of 20 mm. In this zone, the composition of the mixture
changed gradually from the first material to the second, according to a theoretically linear
law. In this way, a component called Continuous Functionally Graded Material (CFGM)
was obtained.

Table 1. Chemical compositions of the two materials’ elements from EDX microanalysis.

Nickel Superalloy [wt.%] AISI 316L [wt.%]

C Ni Cr Mn Co C Ni Cr Mn Co

0.16 Bal 15.60 - 10.73 0.02 10.10 16.70 1.00 -

Mo Al Ti W Fe Mo Al Ti W Fe

1.20 2.98 5.17 2.11 - 2.04 - - - Bal.
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Figure 1. SEM micrograph of the appearance of the powders used in the experiment: (a) AISI 316L
steel and (b) nickel superalloy.
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Figure 2. Sketch of the setup used for experimentation showing the two types of dividers: (a) α1-type
divider and (b) α2-type divider.

2.2. Experimental Plan and Process Parameters

To maximize the results of each test, two dividers were used, each having two parallel
walls. Thus, two different combinations were tested in the same production batch. In fact,
in Figure 2a, it can be seen that the walls of the divider were inclined by the angle α1 with
respect to the direction of movement of the coater. This inclination determined the mixing
mode between the powder outside the two walls, AISI 316L (henceforth referred to as A),
and the powder between them, Nickel Superalloy (henceforth referred to as B). The angle
α1 causes material B to be dragged over material A in the band defined by the top wall
of the partition. The mixing mode of the materials is reversed in the zone of influence of
the lower wall of the same divider, so that here, material A is dragged onto material B.
Figure 2b shows that the walls of the second divider are tilted in the opposite direction
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to the previous case, resulting in an opposite effect during the distribution and mixing of
the materials. The experiment then involved the fabrication of four types of specimens,
identified by the angle of wall tilt and the order in which the materials were mixed. The
specimens had a total length in the plane (XY) of 30 mm, with a 5 mm zone consisting
of AISI316L at one end and a 5 mm zone consisting of the nickel superalloy at the other
end. The total height of the specimens along the Z-axis and the length along the X-axis
were equal to 10 mm. Between these two zones, there was a transition area 20 mm long,
where materials A (AISI316L) and B (nickel superalloy) gradually mixed. A schematic of
the composition of the sample is shown in Figure 3.
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Figure 3. Schematic representation of specimen composition.

For each type of specimen, a replication was made in each print to allow for further
investigation. Finally, Figure 4 shows a sketch of the specimens made with the identification
used (the symbol “ ‘ “ indicates that it is the replication of the specimen with the same name).

Process parameter values optimized in previous work were used to create all sam-
ples [12]. Furthermore, the same set of process parameters were used across the whole
laser-scanned surface despite the presence of two different materials. The following pa-
rameters were used: 100 W laser power (equal to the maximum power of the laser source)
and 200 µm laser spot size (not modifiable on the machine used). The layer thickness equal
to 30 µm, the hatch spacing equal to 140 µm, and the scanning speed set at 200 mm/s
were chosen because it has been demonstrated that this combination of parameters allows
porosity in austenitic steel to be reduced to below 1% [30,31]). To minimize the thermal
stresses generated during printing, samples were made using the random square island
scanning technique, each square with a side of 5 mm.

2.3. Metallographic and Hardness Test

To assess the quality of the fabricated samples qualitatively and quantitatively and to
evaluate the influence of the different combinations studied (mentioned in Section 2.2) on
the final properties of the produced components, extensive metallurgical (defect, microstruc-
tural, and chemical analysis) and mechanical (microhardness tests) characterization was
carried out on all the fabricated samples. The metallographic examination was performed
by cutting the specimens in a metallographic cut-off machine, hot mounting sections in
resin, and polishing them with abrasive papers and diamond pastes. Subsequently, the
specimens were observed in the as-polished state to easily quantify the porosity and ob-
serve the possible presence of other defects, such as cracks and lack of fusion. A Nikon
Eclipse MA200 (Nikon Corporation, Tokyo, Japan) inverted optical microscope was used
for this purpose.

The test specimens were subjected to chemical etching to highlight the microstructure
and more clearly observe the result of cFGM-oriented fabrication. Glyceregia was used
as the chemical reagent. This etching solution consisted of lactic acid, hydrochloric acid,
and nitric acid in a ratio of 6:2:1. The analysis of the acquired images was performed using
the open-source software ImageJ ver.1.54f, which allowed the extraction of quantitative
information that was subsequently processed using Matlab R2023a.
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To determine the trends in the composition of the samples, a chemical elemental
analysis was performed using a GeminiSEM 500 scanning electron microscope (SEM) (Carl
Zeiss Microscopy, New York, NY, USA) equipped with an OXFORD EDS Oxford Aztec
Live with Ultim Max 100 detector (Carl Zeiss Microscopy, New York, NY, USA).

The Vickers HV1 mechanical hardness test was performed using Shimadzu HMV-G
microhardness tester (Shimadzu, Kyoto, Japan) on the same sections used for the metallo-
graphic examination.
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3. Results and Discussion
3.1. Metallographic Examination

Metallographic analyses to determine the metallurgical quality and microstructure
of the samples were carried out by sectioning in both XY and YZ planes. Considering
Figure 4, the identification of the metallographic specimens is shown in Table 2. After
polishing the mounted section surfaces, they were observed with an optical microscope and
photographed, revealing the appearance of a central band on the specimens that extends
along the Y direction (Figure 5). Figure 5 shows that, in all four cases and in the respective
replications, the transition zone between the two materials was free of defects such as
lack of fusion and delamination, which demonstrated the goodness of the equipment
implemented in this study for cFGM fabrication [12].

Table 2. Metallographic specimen identification.

Samples ID Metallographic Specimen ID Cut Direction

α1AB 4T YZ plane

α1AB′ 4L XY plane

α1BA 3T YZ plane

α1BA′ 3L XY plane

α2AB 1T YZ plane

α2AB′ 1L XY plane

α2BA 2T YZ plane

α2BA′ 2L XY plane
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However, micrographs without chemical etching showed that the two materials be-
haved differently towards the L-PBF process. The nickel superalloy, which is always on the
left in the various images, was affected by numerous cracks that usually plague materials
that are not very resistant to rapid melting and resolidification cycles [32]. The austenitic
steel, on the other hand, was crack-free and showed only a small percentage of porosity,
which is considered physiological in the L-PBF process.

Figure 6 shows the distribution of the number of discontinuities along the XY and
YZ planes. The examined sections were divided into bands of 2 mm width, and in each
band, the detected discontinuities were counted without taking into account their size. This
distribution seemed to follow the same trend as the percentage of nickel superalloy powder,
with a maximum value at the left end and tending to decrease, moving toward AISI 316L
(see Figure 6a). However, this behavior was not perfectly the same as the angle of the wall
changes. In fact, in the metallographic specimens 3 and 4 (see Figure 6c), this tendency is
less pronounced, and the total number of discontinuities is also reduced compared with
those in specimens 1 and 2 (see Figure 6b).
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After etching, each area of the specimen composed of one of the two materials showed
the typical microstructures of that alloy. In fact, Figure 7a shows an austenitic structure.
Furthermore, in the section parallel to the XY plane, the edges of the 45◦ laser passes are
visible, in accordance with the square island strategy used for manufacturing. Figure 7c, on
the other hand, shows the microstructure of the nickel superalloy observed in the cross-
section, characterized by a dendritic morphology [33]. Figure 7b shows the appearance of
the microstructure within the mixed zone, where the characteristics of both materials were
found [34].

3.2. Hardness Test

The Vickers HV1 hardness test was carried out according to the international standard
ISO 6507-1 [35] using a load application time of 15 s on the surface to be tested. Each specimen
listed in Table 2 was tested in six different equispaced zones along the main direction of the
specimen, as shown in Figure 8. Three tests were performed at each measurement position,
and their mean and standard deviation were calculated to statistically compare the results and
verify the influence of different factors on the hardness (see Figures 9 and 10). In particular,
an attempt was made to determine how the angle of the divider’s wall and the reciprocal
position of the powders could affect the mechanical properties of the specimens. However,
the comparison between the XY plane and YZ plane sections was not carried out because
the L-PBF manufacturing process results in an anisotropic structure in the manufactured
components. Therefore, it is obvious to detect differences even in the hardness values
measured on perpendicular surfaces. The results showed that although, in all cases, there
was a gradual reduction in hardness moving towards AISI 316L, going from ≈370 HV to
≈220 HV, both the angle of the divider and the relative position between the powders had
an influence on the evolution of the values. The values obtained were consistent with the
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principle that the average hardness can be calculated as the sum of the hardness values of
the individual phases multiplied by their volume fractions [36].
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materials during the distribution of the powder bed: (a,c) hardness results of α2 type specimens and
(b,d) hardness results of α1 type specimens.

Figure 9 shows the summary graphs of the observed hardness trends in the differ-
ent cases analyzed, comparing the hardness values of the fabricated specimens with the
different divider angles. Comparing the graphs, it can be seen that the hardness of the
AB-type specimens produced with the angle α1 tended to remain higher than that of the
AB-type specimens produced with the angle α2 divider up to half the tested length (see
Figure 9a,c). Since the higher hardness is due to the greater presence of nickel superalloy, it
can be concluded that it was transported to a much greater extent along the Y-direction
when the α1 angle divider was used than in the other case (as for the AB-type samples).
This difference is not observed in the case of the BA-type specimens produced with both
angles because the values of hardness found were comparable in the different cases (see
Figure 9b,d).
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Figure 10 shows the summary graphs of the observed hardness trends in the different
cases analyzed, comparing the hardness values of the fabricated specimens with different
mutual positions of the materials during the distribution of the powder bed. Comparing the
graphs, it is possible to show that in the case of the α2 divider (see Figure 10a,c), the BA-type
specimens showed a greater extent of the area affected by the nickel superalloy. This result
was due to higher hardness values for almost half of the specimen (a result that was more
evident in the case of the XY plane sections). In the case of the α1 divider (see Figure 10b,d),
the same kind of phenomenon is observed in the AB-type specimens (especially in the
specimens obtained from the sections along the YZ plane). The results indicate that the
factors considered in the experiment have limited influence on the hardness of different
samples produced.

3.3. Chemical Analysis

Chemical analysis via scanning electron microscope was carried out on the YZ plane
of all samples at 2.5 mm intervals. The weight concentration of the chemical elements
differentiating the two materials was measured to see if the theoretical linear variation
imposed by the shape of the divider was confirmed via instrumental analysis. The elements
present in one material and absent in the other were examined. Specifically, the elements
Mn, Fe (present in AISI 316L and absent in the nickel superalloy), Co, Al, and Ti (present in
the nickel superalloy and absent in AISI 316L) were analyzed. To better highlight trends
in chemical concentrations, the values related to the maximum measured value for each
chemical element were plotted. As seen in the graphs in Figure 11, in all four cases studied,
all the measured chemical elements showed a weight percentage that follows the expected
trend. The first three measurement points, which belonged to the area where only AISI 316L
steel was present, showed a flat trend precisely because this was a part of the sample not
affected by the cFGM. The same result was found for the last three points, which belonged
to the area where only nickel superalloy was present.
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These results were identical for all the tested samples. Hence, the designed equipment
allowed to obtain components with gradual chemical compositions changing within a
predetermined range and in a well-defined bandwidth, avoiding any type of contamination
in the other areas. This is an excellent result compared to the results already published
in the scientific literature. In fact, as mentioned in the review by Wang et al. [5], L-PBF
machines already on the market with a bottom-down powder chamber and a coater-based
powder spreading system are severely limited for multi-material fabrication within the
same layer due to strong contamination problems.
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From the results shown in Figure 11, it can also be noted that the BA-type specimens,
in both the α1 and α2 cases, showed a less gradual trend; in fact, as seen in both Figure 11b,c,
which referred to the 2T and 3T specimens, respectively, there was a sudden change in
the chemical concentration of the elements in the 20 mm–25 mm range (along Y-direction).
On the other hand, for the AB-type samples, in both cases of α, the change in chemical
concentration of the representative elements was more gradual throughout the sample.
This result showed that the relative position between materials is influential in cFGM
fabrication at the layer level and is a parameter that can be considered, while the different
angle of the divider is negligible, at least from the point of view of chemical analysis.

The results of the chemical analysis were consistent with the results of the hardness
tests. It can be seen that in the case of the BA-type specimens, a portion of the specimens
about 20 mm long had a hardness value very close to that of AISI 316L (see Figure 9b). This
result was consistent with what is seen in Figure 11b,c, where about 20 mm of the specimen
had a chemical composition very close to that of AISI 316L. The AB-type specimens showed
a gradual change both in mechanical properties, as determined via hardness tests (see
Figure 9a), and chemical properties (see Figure 11a,d).

4. Conclusions

This experimental work presents a systematic study of the fabrication of multi-material
parts at the layer level using the Laser-Powder Bed Fusion process. Specifically, this study
aimed to determine the ability of an inexpensive system, adaptable to the L-PBF machines
already on the market, to produce parts with continuously variable properties in each
layer. Also, the correlation between certain selectable factors in the production design
and the result obtained in terms of metallurgical and mechanical properties and chemical
composition was investigated. The factors studied were the relative position of the different
materials within the powder chamber and the geometry of the equipment designed to
produce the cFGMs components. The analyses performed and the main results obtained
are summarized below.

• Metallographic examinations have demonstrated the feasibility of producing cFGMs
components at the layer level with the system presented in this work; in fact, the
interface of the produced samples appeared to be free of defects such as lack of fusion
and delamination, synonymous with the good metallurgical bond created between
the materials investigated in this work.

• The hardness tests confirmed the presence of a graded zone equal to that set by the
divider (20 mm, along the Y direction), within which there was a continuous and
gradual change in mechanical properties. In addition, the hardness test results showed
a limited influence of both analyzed factors on the final mechanical properties of the
produced samples.

• The chemical analyses revealed the variation in chemical properties along the grading
direction in all the produced samples; however, from the same analyses, the factor of
relative position between different powders was found to have a certain influence on
the final result.

According to the results of post-process characterization obtained via metallographic,
chemical, and mechanical analyses, it can be stated that the used divider could be designed
in different configurations without significantly affecting the properties of the samples
produced. The characteristics of the FGM zone depend on the nature of the employed
powders, and its extent coincides with that defined during the design of the divider.

Further development of this work could include (i) the study of the tribological char-
acteristics of the powders used and how the contact between chemically and geometrically
different particles affects the powder bed coating, also using numerical simulations, and
(ii) the study of homogeneity of the FGM zone along the X-axis, using materials with
significantly different thermo-physical properties (density, melting temperature, etc.) and
particle sizes.
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