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Abstract: A variant of a hybrid manufacturing process combines the benefits of laser powder bed
fusion (LPBF) and conventional manufacturing. Hybrid manufacturing can result in dissimilar
material combinations which are prone to process errors. This study is motivated by the future
application of a hybrid manufacturing variant and focusses on dissimilar aluminium alloys were hot
cracks are the dominant process errors. A theoretical model was derived for the composition profile
based on the dilution ratio known from fusion welding. The theory was validated with penetration
depth measurements and energy-dispersive X-ray spectroscopy line scans on samples manufactured
by LPBF (powder AlSi10Mg, building platform Al99.8 and line energies Pv−1 = 0.26–0.42 J·mm−1).
A material combination with a low hot crack susceptibility was chosen to establish the theory. The
results suggest that the dilution ratio is dependent on the penetration depth and the layer thickness.
The used line energies result in a dilution ratio of 67–86% which results in 2–6 re-melted and mixed
layers per added layer. A specific process design metric, the mixture height, is proposed to estimate
the spatial effect of the dilution. The results can be used to adjust process parameters to lessen the
effect of process errors in dissimilar hybrid manufacturing and increase mechanical performance.

Keywords: aluminium alloys; dissimilar aluminium alloy; additive manufacturing; laser powder
bed fusion; dilution ratio; metallurgy; process control; fusion welding

1. Introduction

The laser powder bed fusion (LPBF) process, also known as selective laser melting (SLM), can
produce highly complex geometries at no extra manufacturing time. An additional benefit of LPBF is
that the process parameters are adjustable in a wide parameter field. This allows reaching specific
technological properties, namely, surface roughness or high density. The disadvantage of the LPBF
process is its low built-up rate and the associated high costs of the machine. One way to surpass this
limitation is welding of additive manufactured components to wrought components [1]. Another
possibility is to build up on existing conventionally manufactured parts. This manufacturing method is
a variant of hybrid manufacturing and could be applied in future applications to surpass the limitations
of LPBF.

The here described hybrid manufacturing variant combines the design freedom of the LPBF process
with the relatively lower costs of conventional manufacturing, for example by forging. In principle, the
combination of both manufacturing processes in one manufacturing chain is possible. This is especially
economically interesting for parts with simple base geometry and additional geometrically complex
structures. For example, a disk or ring shaped structure with thin turbine blades on top.

Applying the described hybrid manufacturing variant can lead to dissimilar powder and building
platform materials. The dissimilar combination can be further differentiated between dissimilar base
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alloy, for example a combination of an iron-based and an aluminium-based alloy, or dissimilar alloys,
for example a combination of two different aluminium-based alloys. This study focusses on the
combination of two different aluminium-based alloys. To illustrate the point, powder material and
building platform generally have the same alloy composition. However, in hybrid manufacturing
practice this is not always possible because of the narrow spectrum of available powder alloys-mainly
AlSi10Mg is available for aluminium powder alloys-compared to wrought or casting aluminium
alloys [2,3].

As it is known from fusion welding, dissimilar alloys can lead to specific process errors which
deteriorate the mechanical performance. These process errors are related to the composition of the
mixture and are for example hot cracks, cracks due to dissimilar thermal expansion, intermetallic phases
and segregation [4] (pp. 134, 255, 272, 325). Hot cracks are of particular interest for dissimilar aluminium
alloy combinations because aluminium alloy mixtures can have different hot crack susceptibility than
their respective base alloys. Therefore, filler materials are used in fusion welding [5]. Pinto et al. [6]
analysed different weld configurations, aluminium-based filler materials and dissimilar aluminium
combination in fusion welding. They found that solidification cracking could be avoided by modifying
the weld pool chemistry by using an appropriate filler material and dilution ratios. However, using
filler powder materials in LPBF is not available to avoid these process errors.

Current studies in LPBF highlight the feasibility of dissimilar base alloy combinations, such
as iron-based with nickel-based or aluminium-based and copper-based, for hybrid manufacturing
methods. The results of these studies suggest the occurrence of the aforementioned errors. Hinojos et al.
investigated 316L/IN718 and IN718/316L (powder-building platform) with electron beam powder bed
fusion (EPBF) [7]. They found cracks in the combination of 316L/IN718 due to the dissimilar thermal
expansion coefficients of the alloys. Furthermore, dissimilar welds with hot cracks and intermetallic
phases were manufactured such as AlSi10Mg/UNS C18400 copper alloy [8] and Al/316L both with
LPBF [9]. Cyr et al. performed LPBF with maraging steel powder on a tool steel building platform
for a single set of parameters and tested the mechanical performance of the combination [10]. This
combination might be prone to segregation and deterioration of corrosion resistance because of the
difference in the steels composition. Lastly, Zhang et al. successfully manufactured a combination of
AlSi12/AlSi20 with LPBF [11] without any prominent process errors. In conclusion, the mechanical
performance of the combinations could be improved by adjusting the process parameters similar to
fusion welding to achieve a specific dilution ratio which in turn could reduce the deterioration of the
process errors.

The mechanical performance could be improved if the relation between process parameters
and the composition profile is known. To achieve this goal, this study derives a model of the
composition profile based on the dilution ratio for LPBF. The model is validated by LPBF experiments
and microstructural characterisation. The investigated dissimilar aluminium alloys combination is
AlSi10Mg/Al99.8 (powder/building platform). This combination was chosen because it is hypoeutectic.
Therefore, discontinuities in the microstructure are avoided and the resulting composition profile can
be analytically recorded. In addition, the combination is not prone to hot cracks and can be used to
establish the theory without any problems during processing of the parts.

This study derives a theoretical model for the composition profile in dissimilar LPBF based on
the dilution ratio known from fusion welding. The goal of this study is to validate the theoretical
model with penetration depth measurements and energy-dispersive X-ray spectroscopy line scans
on samples manufactured by LPBF (powder AlSi10Mg, building platform Al99.8). The results of this
study can be applied for process design of the described hybrid manufacturing variant, for example
forging combined with LPBF.

2. Materials and Methods

A dissimilar aluminium alloy combination for the powder and the building platform alloy was
chosen. The powder material was a commercial AlSi10Mg powder and the building platform material
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was 99.8% pure aluminium. The chemical compositions in weight percent of the used materials are
listed in Table 1 given by the supplier information.

Table 1. Chemical composition in wt. % of the used powder and building platform material given
by supplier.

Material Si Fe Cu Mn Mg Zn V + Ti Al

AlSi10Mg (EN AC-43000) 9.84 0.10 <0.01 <0.01 0.32 <0.01 <0.01 balance
Al99.8 (P1020) 0.026 0.079 0.001 <0.01 <0.01 <0.01 <0.01 99.88

The top and bottom surface of the building platform was face milled and finished to ensure
parallel sides and a surface roughness equal to standard building platforms. This combination was
chosen because of its good processability, i.e., low hot crack susceptibility. Furthermore, the binary
composition of the combination avoids discontinuities in the microstructure and weld pool due to
other alloying elements.

The commercial AlSi10Mg powder was gas atomized with nitrogen. Its powder density was
1.40 kg·m−3. The size distribution of the powder was (diameter quantile) d10 = 26.57 µm, d50 = 44.94 µm
and d90 = 74.14 µm.

The geometry of the parts were 15 mm × 10 mm × 10 mm (height × width × depth) and were
manufactured with a SLM Solutions 280 HL (SLM Solutions, Luebeck, Germany) LPBF machine by
use of the AlSi10Mg powder on top of the 99.8% pure aluminium plate. All samples were produced
in the same process without supportive structures in an argon atmosphere. The substrate heating
was at Tbp = 150 ◦C. The focus diameter df = 80 µm the nominal laser power P = 350 W, the added
layer thickness tadd = 50 µm and the hatch spacing hs = 170 µm were constant for all samples. A 67◦

hatch strategy was chosen. The laser scan speed v = 850–350 mm·s−1 was varied with a step size of
100 mm·s−1. The range of laser scan speeds is commonly used to process AlSi10Mg on the used SLM
Solutions 280 HL LPBF machine and was obtained at prior screening experiments at Rosswag GmbH
(Rosswag GmbH, Pfinztal, Germany). The process parameters were chosen to avoid any lack of fusion
and to ensure a high penetration depth in the building platform. In total six samples were produced.

After manufacturing, the samples were sawed perpendicular to the build plate plane and prepared
for the metallographic analysis. The metallographic analysis consisted of scanning electron microscopy
(SEM) done with Auriga SEM system (Carl Zeiss AG, Oberkochen, Germany) and light microscopy
(LM) done with a Z-502 LM system (Leica Microsystems, Wetzlar, Germany). The samples were
electrochemically polished with a flow rate of 9 with 20 V for 20 s on a Struers LECTROPOL for SEM.
The electrolyte used contained 90 mL distilled water with 730 mL ethanol, 100 mL 2-butoxyethanol
and 78 mL perchloric acid. The centre of the samples were analysed with an energy-dispersive X-ray
spectroscopy (EDX) (Carl Zeiss AG, Oberkochen, Germany) line parallel to the building direction.
Five parallel EDX line scans (Figure 1a) were measured in the middle of each of the sample. The EDX
parameters were: 500 points per line with a step size of 5 µm, an integration time of 800 ms and an
acceleration voltage of 15 kV. The five measured EDX line scans were averaged in order to reduce
any effects of the position of the line scan. Afterwards the averaged profiles were smoothed with the
Savitzky–Golay filter (convolution coefficient of c = 5). The smoothing filter was used to obtain an
averaged value over the heterogeneous microstructure without data loss (Figure 1b).
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Figure 1. (a): Scanning electron microscopy (SEM) of the mixture zone orientated in building 
direction. Darker appearing material (bottom half) is the building platform, lighter AlSi10Mg (upper 
half). The five energy-dispersive X-ray spectroscopy (EDX) line scans are highlighted with white lines 
parallel to the building direction. (b): Comparison of averaged and filtered EDX profile section. 

After the EDX measurements, the samples were polished and etched for the measurement of the 
weld penetration depth tdepth. For the etching a mixture with 60 mL H2O, 10 g NaOH and 5 g 
potassium ferry cyanide was used. The etch time was a few seconds long. After the preparation step 
the contours of the melt pools could be clearly differentiated under the light microscope, see Figure 
2. 

 
Figure 2. Etched cross sections of a sample. The dash-dot line marks the building platform surface 
and the dashed line indicates the penetration depth into the building platform. The penetration depth 
is the distance between building platform surface and the bottom of the melt track. 

In the light microscope, a horizontal line on the building platform surface was manually aligned, 
then the weld penetration depth tdepth was measured in the middle of each sample at five different 
melt traces (i = 5) and the mean value and the minimum and maximum values of the weld penetration 
depth were calculated. 

3. Theory Composition Profile Model for LPBF 

The dilution ratio needs to be discussed in order to model the composition profile in LPBF. 
Welding dissimilar alloys is a common practice in fusion welding [4] (p. 275). The weld material 
composition cwm can be approximated with the dilution ratio Φ and the composition of the base 
material cbm and the added alloy cadd according to Equation (1). 

c = Φ c + (1 − Φ) c  (1) 

The LPBF process is comparable to fusion welding or deposition welding. A powder alloy is 
added on an existing building platform and then selectively melted. The two alloys are mixed 
depending on the area fractions. Figure 3 illustrates a single melt track for the first layer in LPBF. 

Figure 1. (a): Scanning electron microscopy (SEM) of the mixture zone orientated in building direction.
Darker appearing material (bottom half) is the building platform, lighter AlSi10Mg (upper half). The
five energy-dispersive X-ray spectroscopy (EDX) line scans are highlighted with white lines parallel to
the building direction. (b): Comparison of averaged and filtered EDX profile section.

After the EDX measurements, the samples were polished and etched for the measurement of
the weld penetration depth tdepth. For the etching a mixture with 60 mL H2O, 10 g NaOH and 5 g
potassium ferry cyanide was used. The etch time was a few seconds long. After the preparation step
the contours of the melt pools could be clearly differentiated under the light microscope, see Figure 2.
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Figure 2. Etched cross sections of a sample. The dash-dot line marks the building platform surface and
the dashed line indicates the penetration depth into the building platform. The penetration depth is the
distance between building platform surface and the bottom of the melt track.

In the light microscope, a horizontal line on the building platform surface was manually aligned,
then the weld penetration depth tdepth was measured in the middle of each sample at five different
melt traces (i = 5) and the mean value and the minimum and maximum values of the weld penetration
depth were calculated.

3. Theory Composition Profile Model for LPBF

The dilution ratio needs to be discussed in order to model the composition profile in LPBF. Welding
dissimilar alloys is a common practice in fusion welding [4] (p. 275). The weld material composition
cwm can be approximated with the dilution ratio Φ and the composition of the base material cbm and
the added alloy cadd according to Equation (1).

cwm = Φ cbm + (1−Φ) cadd (1)

The LPBF process is comparable to fusion welding or deposition welding. A powder alloy
is added on an existing building platform and then selectively melted. The two alloys are mixed
depending on the area fractions. Figure 3 illustrates a single melt track for the first layer in LPBF.



Metals 2020, 10, 1222 5 of 12

Metals 2020, 10, x FOR PEER REVIEW 5 of 11 

 

 
Figure 3. Equation (2) explained for the laser powder bed fusion LPBF process for the first layer of a 
single melt track. 

The penetrated melt area Adepth is diluted with the added powder layer Aadd. The dilution ratio 
Φ for LPBF is expressed based on the definition of fusion welding in Equation (2) [12]: 

dilution ratio =
penetrated melt area

penetrated melt area + added area
=

A
A + A

 (2) 

Equation (2) describes the dilution ratio as a function of the area fractions which are illustrated 
in Figure 3. The cross sectional areas cannot be identified unambiguously in LPBF because the melt 
tracks overlap. Therefore, a simplification is used. It is assumed that there is only a composition 
gradient in the z-direction (the building direction) because of the overlap of the melt tracks in one 
layer. Thus, the area ratios of Equation (2) can be expressed by the penetration depth tdepth and the 
added layer thickness tadd. 

Φ =
A

A + A
≈

t
t + t

=
1

1 + t
t

 (3) 

Equation (3) describes the dilution ratio only as a function of the depth ratio t /t . The 
dilution ratio can vary between 0 < Φ < 1. The lower boundary is described by the minimum melt 
track depth. The melt track depth t = t + t  must be always greater than t  to ensure 
fusion. Therefore, the minimum condition to ensure fusion is t = t . This leads to a negligible 
penetration depth t = 0 and to the minimum theoretical dilution ratio of Φ = 0. The upper 
boundary is described by the extreme case that t ≫  t . Thus, the dilution ratio Φ ≈ 1 if the 
depth ratio t /t  is negligible small. In the here conducted experiments the processing 
parameters were chosen to avoid lack of fusion and ensure a high penetration depth in the building 
platform. 

Next up, the model for the composition profile is presented. The composition cm,i of each mixed 
layers m and component i in the LPBF process is calculated analogue to the calculation of the weld 
material composition in fusion welding cwm. Figure 4 depicts the resulting stair case composition 
profile due to the re-melting of prior layers. The extend of the initial melt pool contour marks the 
origin of the z’-axis. The z’-axis will be used from now on to locate the mixed layers. The mixed layers 
are defined as the zones of the part that are equal in height to the layer thickness and are not re-
melted by the subsequent melt tracks. The mixed layers are depicted in Figure 4 by the height 
difference between the melt pool tracks between the first, second and third layer. 

Figure 3. Equation (2) explained for the laser powder bed fusion LPBF process for the first layer of a
single melt track.

The penetrated melt area Adepth is diluted with the added powder layer Aadd. The dilution ratio
Φ for LPBF is expressed based on the definition of fusion welding in Equation (2) [12]:

dilution ratio =
penetrated melt area

penetrated melt area + added area
=

Adepth

Adepth + Aadd
(2)

Equation (2) describes the dilution ratio as a function of the area fractions which are illustrated in
Figure 3. The cross sectional areas cannot be identified unambiguously in LPBF because the melt tracks
overlap. Therefore, a simplification is used. It is assumed that there is only a composition gradient in
the z-direction (the building direction) because of the overlap of the melt tracks in one layer. Thus,
the area ratios of Equation (2) can be expressed by the penetration depth tdepth and the added layer
thickness tadd.

Φ =
Adepth

Adepth + Aadd
≈

tdepth

tdepth + tadd
=

1

1 + tadd
tdepth

(3)

Equation (3) describes the dilution ratio only as a function of the depth ratio tadd/tdepth. The
dilution ratio can vary between 0 < Φ < 1. The lower boundary is described by the minimum melt
track depth. The melt track depth t = tadd + tdepth must be always greater than tadd to ensure fusion.
Therefore, the minimum condition to ensure fusion is t = tadd. This leads to a negligible penetration
depth tdepth = 0 and to the minimum theoretical dilution ratio of Φ = 0. The upper boundary is
described by the extreme case that tdepth � tadd. Thus, the dilution ratio Φ ≈ 1 if the depth ratio
tadd/tdepth is negligible small. In the here conducted experiments the processing parameters were
chosen to avoid lack of fusion and ensure a high penetration depth in the building platform.

Next up, the model for the composition profile is presented. The composition cm,i of each mixed
layers m and component i in the LPBF process is calculated analogue to the calculation of the weld
material composition in fusion welding cwm. Figure 4 depicts the resulting stair case composition
profile due to the re-melting of prior layers. The extend of the initial melt pool contour marks the
origin of the z’-axis. The z’-axis will be used from now on to locate the mixed layers. The mixed layers
are defined as the zones of the part that are equal in height to the layer thickness and are not re-melted
by the subsequent melt tracks. The mixed layers are depicted in Figure 4 by the height difference
between the melt pool tracks between the first, second and third layer.
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The composition of the first mixed layer m = 1 can be described by the initial composition of the
powder alloy cpowder and of the building platform cbp and the dilution ratio Φ. The fraction of the
component i is given by Equation (4).

c1,i = Φ cbp,i + (1−Φ) cpowder,i (4)

The powder layers are added sequentially during the LPBF process until the specified part height
is reached. Each subsequent layer is mixed with the layers below. Therefore, the resulting composition
of the mixed layer m = 2 depends on the composition of the previous layer.

c2,i = Φ c1,i + (1−Φ) cpowder,i (5)

Combining Equations (4) and (5) yields the composition profile of the second mixed layer:

c2,i = Φ2 cbp,i +
(
1−Φ2

)
cpowder,i (6)

and Equation (6) can be generalised as a discrete limited growth to calculate the composition of the
mixed layer m. The growth limit yields to lim

m→∞
cm,i = cpowder,i. The final model of the composition

profile in LPBF is given by Equation (7).

cm,i = Φm cbp,i + (1−Φm) cpowder,i (7)

4. Results and Discussion

4.1. Influence of the Process Parameter on the Penetration Depth

Figure 5 shows the penetration depth as a function of the line energy Pv−1. The depicted data
points are the arithmetic mean of five experimental measurements of the penetration depth. The error
bars represent the minimum and maximum experimentally determined penetration depth for each
line energy. The higher the used line energy Pv−1 is the higher is the resulting penetration depth
tdepth. The minimal measured penetration depth is tdepth,min ≈ 100 µm. This is equal to mmin ≈ 2
layers (tadd = 50 µm). The maximum measured penetration depth is tdepth,max ≈ 300 µm, which
equals to mmax ≈ 6 layers. This means that for each newly added powder layer m ≈ 2–6 layers are
re-melted and mixed with the newly added powder layer depending on the used line energy. This
results in dilution ratios between Φ ≈ 67–86% according to Equation (3). The penetration depths
measured in the cubic samples in this study (P = 350 W; v = 850–1350 mm s−1; Pv−1 = 0.26–0.41 J ·
mm−1; df = 80 µm; tadd = 50 µm; Tbp = 150 ◦C) are in a similar range compared to single tracks
found in literature [13–15].
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Figure 5. Results of the light microscopy measurement of the penetration depth. Minimum, mean and
maximum of i = 5 measurements are depicted for each line energy.

4.2. Influence of Process Parameter on the Composition Profile

Figure 6 shows the averaged and filtered EDX line scans of the minimum Pv−1 = 0.26 Jmm−1

and maximum line energy Pv−1 = 0.41 Jmm−1. The measured trend corresponds to a limited growth,
as described in the model Equation (7). Similar composition profiles were found in literature [9] and
in gradient materials such as [16]. The minimum line energy leads to a low penetration depth and
thus to a lower dilution rate. It is expected that the limit-approaching region is reached at lower
heights because of the lower penetration depth. In contrast, the penetration depth increases and the
limit-approaching region is reached after a higher number of added layers if the line energy increases.
This means that a low line energy, or a low penetration depth, results in a lower influence of the
building platform material in the building direction as it can be seen in Figure 6. The measured silicon
content in the limit-approaching region cn,Si( z ′ > 800 µm) is lower than the silicon content of the
powder material cpowder,Si ≈ 9.84 wt. %. This deviation can have different causes. First, the EDX
measurement is a semi-quantitative measurement thus only an approximation of the real composition
profile. Second, the microstructure is heterogeneous (α-aluminium phase and β-silicon). This leads to
higher fluctuations depending on the position and size of the electron beam.
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4.3. Comparison of Experiment and Model

The composition profile model, Equation (7) is applied and compared with the averaged and
filtered composition profiles, see Figure 7. The applied model is discrete and describes the composition
of a single diluted layer. Therefore, the calculated composition profile is represented as a staircase. The
minimum and maximum measured values of the penetration depth are used to calculate the deviation
of the model. Furthermore, the initial concentrations of the powder material cpowder,Si and building
platform csp,Si were calculated from the averaged and filtered composition profile. The compositions
cpowder,Si and csp,Si were averaged, respectively, over the first and last ten points of the composition
profile. Moreover, the starting point of the first layer was chosen as the first point that exceeded the
initial concentration of cpowder,Si. Furthermore, it is assumed that the dilution ratio is independent of
the composition and is constant for each set of process parameters.

Metals 2020, 10, x FOR PEER REVIEW 8 of 11 

 

4.3. Comparison of Experiment and Model 

The composition profile model, Equation (7) is applied and compared with the averaged and 
filtered composition profiles, see Figure 7. The applied model is discrete and describes the 
composition of a single diluted layer. Therefore, the calculated composition profile is represented as 
a staircase. The minimum and maximum measured values of the penetration depth are used to 
calculate the deviation of the model. Furthermore, the initial concentrations of the powder material 
c ,  and building platform c ,  were calculated from the averaged and filtered composition 
profile. The compositions c ,  and c ,  were averaged, respectively, over the first and last ten 
points of the composition profile. Moreover, the starting point of the first layer was chosen as the first 
point that exceeded the initial concentration of c , . Furthermore, it is assumed that the dilution 
ratio is independent of the composition and is constant for each set of process parameters. 

 
Figure 7. Comparison of composition profile approximated by the model and of the averaged and 
filtered profiles. (A) Pv = 0.26 Jmm ; Φ = 67.7 .

. %; (B)Pv = 0.28 Jmm ; Φ = 69.4 .
. %; (C) 

Pv = 0.30 Jmm ; Φ = 74.3 .
. % ; (D) Pv = 0.33 Jmm ; Φ = 80.8 .

. % ; (E) Pv =
0.37 Jmm ; Φ = 84.2 .

. %; and (F) Pv = 0.41 Jmm ; Φ = 84.8 .
. %. 

The model describes the composition profile trend qualitatively. At lower line energies (Figure 
7A–C), the model is within good agreement with the approximated composition profile. The greatest 
deviation is seen in (Figure 7E). The results suggest that the model is a reasonable good 
approximation for the composition profile. 

The composition profile model can be used for improving hybrid manufacturing. It is shown 
that the penetration depth and the added layer thickness are the main influence factors. Both 

Figure 7. Comparison of composition profile approximated by the model and of the averaged and
filtered profiles.(A) Pv−1 = 0.26 Jmm−1; Φ = 67.7+2.0

−5.0 ; (B) Pv−1 = 0.28 Jmm−1; Φ = 69.4+2.4
−1.7 %;

(C) Pv−1 = 0.30 Jmm−1; Φ = 74.3+3.7
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The model describes the composition profile trend qualitatively. At lower line energies
(Figure 7A–C), the model is within good agreement with the approximated composition profile.
The greatest deviation is seen in (Figure 7E). The results suggest that the model is a reasonable good
approximation for the composition profile.
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The composition profile model can be used for improving hybrid manufacturing. It is shown that
the penetration depth and the added layer thickness are the main influence factors. Both parameters
can be adjusted by the highly adjustable LPBF process. For example, the penetration depth can be
increased by increasing the line energy. This in turn alters the dilution ratio and affects the resulting
composition profile. Subsequently, this has an effect on the process errors experienced in LPBF of
dissimilar aluminium alloys. It would be useful to alter the process parameters specifically for the zone
that is diluted. Afterwards the optimum parameters for the powder alloy could be chosen. However,
the size of the region, in which the dilution affects the composition profile, is unknown.

4.4. Limitations of the Developed Theoretical Model

The here presented theoretical model described by Equation (7) takes the penetration depth and
the layer thickness as well as the chemical composition of the powder and the building platform into
account. The theoretical model is in good agreement with the experimental measured composition
profile. However, the theoretical model is limited to an ideal mixture of the two materials in the melt
pool of each layer. As it is known from fusion welding, macrosegregation within a weld pool is possible
due to high welding speeds in electron or laser fusion welding [4] (pp. 255–257). The presented
theoretical model does not consider the latter described behavior. Therefore, the here presented model
is limited to the analysed laser scan speeds of v = 850− 1350 mm s−1. Furthermore, the assumption
of an ideal mixture is not valid if the material combination results into a miscibility gap. Lastly, the
penetration depth can vary with increasing layers due to heating of the part during build up. This is
also not taken into account in the presented model.

5. Implications for Process Design

In this section, the model is applied in order to derive the spatial effect of the diluted region. The
mixture height hmix is proposed as a process design metric. It can be used to approximate the number
of layers that are diluted with the building platform.

On the one hand, this could be useful for processing dissimilar aluminium alloys with LPBF. On
the other hand, the here presented model and process characteristic could be beneficial to process
dissimilar base alloys with LPBF, such as Al and 316L as Nguyen et al. [9] did. They found that
with increasing line energy the failure of the joint occurred in earlier layers, which indicates that the
dilution ratio between Al and Fe plays an important role as it is known from dissimilar fusion welding.
Furthermore, the model could be beneficial for improving the combination of 316L/IN718 in EBM [7].
The results of Hinojos et al. suggest that the high composition gradient leads to a high gradient in the
thermal expansion coefficient and increases the proclivity to cracks in the interface. One way to reduce
the effect is to lower the composition gradient or to increase the mixture height. The applicability of
the here presented model is not yet validated for different base materials. However, it could be used as
an initial approach for further research.

It is assumed that the size of the dilution-affected region is described by the mixture height.
The mixture height hmix is defined in this study as the height at which the composition profile
reaches 98% (α = 0.98) of the powder alloy composition. This leads to a known layer composition of
cmix,i(m = mmix) = α · cpowder,i = 0.98 · cpowder,i. Applying this to Equation (7) results in Equation
(8) which describes the desired mixture layer mmix. It is assumed that cpowder,Si > cpb,i.

mmix = ln

 1−α

1−
cbp,i

cpowder,i

 · 1
ln(Φ)

(8)



Metals 2020, 10, 1222 10 of 12

The mixture height can be simply calculated by the thickness of the added layers hmix = mmix · tadd.
In a special case, where the initial concentration cbp,i = 0 the mixture layer yields:

mmix = ln(1−α) ·
1

ln(Φ)
; cbp,i = 0 (9)

and is only a function of the dilution ratio φ. The Equation (9) is further generalised for the ratio of the
initial compositions of the powder and building platform alloy β = cpb,i/cpowder,i.

mmix = ln
(

1−α
1−β

)
·

1
ln(Φ)

; β =
cpb,i

cpowder,i
(10)

Figure 8 shows the influence of the dilution ratio and the depth ratio on the mixture layer
according to Equation (10). An increased mixture layer leads to a flatter slope of the composition profile.
In the current study, the mixture height varies between hmix ≈ 500–1500 µm for a layer thickness
of tadd = 50 µm. The mixture height can be used as a process design metric. For example, the
process parameters can be adapted, in this case, for the initial 10–30 layers, where dilution affects
the composition.
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6. Conclusions

A model for the composition profile for hybrid manufacturing of dissimilar aluminium alloys
with LPBF was derived. Al99.8 was used as the building platform material and AlSi10Mg as the
powder material. The process parameters were chosen to avoid lack of fusion and ensure high
penetration depth. The theoretical model was validated through averaged and filtered EDX and light
microscopy measurements of the analysed dissimilar aluminium alloy parts. The influence factor
of the dilution ratio is shown to depend solely on the penetration depth and the layer thickness
according to Equation (3). It was found that the dilution ratio in the here conducted experiments
(Pv−1 = 0.26–0.41 J·mm−1) were Φ ≈ 67–86%. Furthermore, the number of layers re-melted per layer is
between m = 2 –6 layers. A process design metric, the mixture height hmix, was introduced to calculate
the number of diluted layers that are affected. This metric allows to adjust the process parameters
specifically for the diluted zone. The applicability of the model on dissimilar base materials, such as a
combination of iron-based and aluminium-based alloys, must be investigated in further research.
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