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Featured Application: The work reported in this article leads towards the potential development
of functionally graded structures and components using laser powder bed fusion.

Abstract: The aim of this project is to demonstrate a proof of concept by using Additive Manufacturing
(AM) technology in order to demonstrate its viability for the production of tailor-made components
with regions of varying (higher and lower) hardness and surface roughness within a single part.
In order to do this, first a test piece is designed and printed following a full factorial design of
the experiment with eight runs with varying process parameters set within different regions of
one part. The structure is printed several times with the laser-powder-bed-fusion-based metal-
additive-manufacturing system “Sodick LPM 325” using AISI 420 in order to test and validate the
change in the achievable mechanical property and surface roughness. The above-mentioned quality
marks are characterized using a tactile profilometer, Rockwell test and part density, and the results
are statistically analyzed using MATLAB. The results show that the linear energy density plays a
significant role in controlling the surface roughness of the top surface of the components while the
hardness on the top surface is unaffected. On the side surfaces, it is known that the layer thickness
plays a significant role on the surface roughness as well as hardness. Looking at the results obtained,
it is seen that the variation in the obtained side surface roughness is not significant to changes in the
Linear Energy Density (LED) as the layer thickness was kept constant, with only slight reductions
in hardness seen. The annealing process resulted in a significant reduction in hardness. This work
has shown that through the careful tailoring of processing conditions, multi-functionality within one
part can be integrated and has created promising avenues for further research into achieving fully
functionally graded structures.

Keywords: laser powder bed fusion; AISI 420; functional grading; tailored mechanical properties;
hardness; surface roughness; additive manufacturing

1. Introduction

Metal-additive manufacturing (MAM) has established itself as a new manufacturing
method for light, complex and customized parts in the automotive, aerospace and medical
sectors due to its design freedom and short throughput time. As one of the most common
industrial AM techniques, laser powder bed fusion (LPBF) is an MAM technology based
on the powder-bed-fusion (PBF) process. In this process, a thin layer of powder, in this case
metal powder, is spread onto the build platform by a recoater arm, and then selectively
melted by a laser, whereupon it fuses with surrounding powder particles as well as the
previous layer and builds up on the part. After the layer is finished, the platform moves
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downwards, is recoated again and the process is repeated [1] (as seen in Figure 1). The
process and its outcomes such as printing time, part quality and material properties depend
on printing parameters such as laser power, scan speed, scan spacing, layer thickness and
laser spot size [2].
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Since the parts are built on a base plate, which is attached to the platform, post-
processing steps are necessary to remove the built part from the base plate, e.g., with
wire EDM [3]. Further post-processing might include a heat treatment to strengthen the
mechanical properties and for the removal of residual stresses that might induce warpages
and distortion in the parts, or a surface treatment such as polishing or cutting, to reduce
surface roughness and to improve the overall surface finish [4].

The part quality of AM parts, regarding surface roughness and mechanical properties,
is still a challenging issue to be addressed since the as-built quality is still not comparable
to those produced by conventional subtractive manufacturing methods [5]. Therefore, post
processing is often necessary, which diminishes the advantage of shorter production time
and the design freedom offered [6,7]. Delgado et al. [8] investigated the correlation of
different process parameters, such as scan speed, layer thickness and build direction, with
surface roughness and macrohardness (HB) of iron-based LPBF-manufactured parts. It was
found that the build direction and layer thickness have a noticeable correlation with the
mechanical properties such as bending strength and elongation with no effect on tensile
strength. Wang D. et al. [9] examined the effect of laser energy density E, which is influenced
by laser power, scan speed and hatch spacing, on the relative density and surface roughness
(microstructure) of LPBF-fabricated parts. A total of 32 cuboids with different sets of the
above-mentioned parameters were printed and investigated, resulting in a range of investi-
gated energy densities of 48–208 J/mm3. It was found that energy density has a significant
effect on surface roughness and can be divided into four different value ranges, which
affect the outcome. In particular, these are the “insufficient melting zone” (E < 75 J/mm3),
the “partially balling zone” (75 J/mm3 < E < 120 J/mm3), the “successful fabricating zone”
(120 J/mm3 < E < 170 J/mm3) and the “excessive melting zone” (E > 180 J/mm3). In a
following paper, Wang D. et al. [10] enlarged their study on surface morphology by concen-
trating on varying laser power (100–500 W) and scan speed (600–1600 mm/s) and keeping
hatch spacing constant at 0.08 µm. As a result, they added another zone between the
“successful fabricating zone” and the “excessive melting zone”, the “smooth forming zone”,
and specified the parameter values for each zone, such as laser power (150 W) and scan
speed (800 mm/s) for the “successful fabricating zone”. Wang L. et al. [11] also looked into
the effect of laser energy density on surface roughness and microhardness (HV) of selective
laser-melted 30CrMnSiA steel parts by modifying the laser power and exposure time. The
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experiment displayed a maximum hardness at 48.72 J/mm3 E, above which the hardness
decreased. For surface roughness, a vice versa trend was found, leading to the conclusion
of an optimal laser energy density of 46.15–51.28 J/mm3. Majeed et al. [12] studied the
surface quality of AlSi10Mg LPBF-manufactured parts by evaluating the influence of laser
power, scan speed, overlap rate and hatch distance. The results showed that low laser
power leads to a smoother surface. Moreover, if high laser power is combined with wide
hatch distances, then surface roughness increases, indicating a positive correlation. Finally,
optimized values for minimum surface roughness were obtained, in particular 0.32 W laser
power, 0.60 m/s scan speed and 88.7 µm hatch distance.

Some engineering components must possess multiple mechanical properties at dif-
ferent locations in order to fulfil their functionality. Crankshafts, for example, should
have higher hardness on their outer surface than in the internal layers to withstand higher
and different dynamic loads and stresses. This is usually achieved using processes such
as case hardening where the outer layer of the material is exceedingly hardened using
conventional case-hardening/treatment techniques. However, due to the thermal nature of
the case-hardening process, it is not easy to control the thickness of the layer to be hardened.
The AM of functionally graded structures is a popular research topic since AM might
provide a precise alternative to unpredictable processes such as case hardening. Niendorf
et al. attempted the printing of functionally graded materials using LPBF and reported that
varying process parameters can create a steep microstructural gradient resulting in distinct
local mechanical properties [13]. Zou et al. successfully demonstrated that by controlling
the process parameters it is possible to control the grain orientation of parts printed using
LPBF, thereby achieving tailored magnetic properties in Ni–Fe-based soft magnets [14].
Sridharan et al. successfully demonstrated that using MAM with steel, it is possible to
fabricate components with pre-defined spatial hierarchies that emulate natural bio-inspired
structures that provide components with multi-functionality [15].

It can be seen that the layer-wise nature of AM allows the production of parts with
customized shapes and functionalities, which enables the integration of multi-mechanical
properties in one part. In this context, the aim of this study is to examine the effect of
different process parameters, namely scan speed, hatch spacing and laser power, on the
output variables of surface roughness and microhardness and compare it to the standard
set of parameters, and thus to demonstrate the potential to precisely tailor these parameters
to the desired process outcome and produce parts with multi-functionality of varying
hardness and surface roughness within a single part.

2. Materials and Methods
2.1. Design of Experiments

In order to enable the testing of the tailoring of properties so as to instill different
surface textures and mechanical properties within one part, one cuboid with the dimensions
of 15.5 × 15 × 30 mm (H ×W × D) was printed as seen in Figure 2. An additional 0.5 mm
was added to the height in order to compensate for the height loss when the parts were
removed from a base plate by wire cutting. The parameters were set in such a way as
to create two equal distinct volumes within the cuboid that were printed with different
parameter settings. This is also seen in Figure 2, where the parameter settings of the half
colored in red were kept constant with standard processing parameters, and the settings of
the blue cuboidal volume were varied according to a Design of Experiments (DoE).

The factors of scan speed (v), hatch spacing (h) and laser power (P) were varied at two
levels, whereas the layer thickness (t) was kept constant. The linear energy density was
also calculated as seen in Equation (1), as it allowed an understanding of the melt-pool
level dynamics involved.

E =
P
v

(1)

A design of experiments was performed, where the red cuboid represents the standard
printing settings and serves as the reference data (v = 1200 mm/s, h = 0.08 mm, P = 400 W),
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whereas the settings of the blue cuboid were changed following a full factorial plan with
eight runs (see Figure 2).

Appl. Sci. 2022, 12, 6193 4 of 16 
 

𝐸 = 𝑃𝑣 (1)

A design of experiments was performed, where the red cuboid represents the stand-
ard printing settings and serves as the reference data (v = 1200 mm/s, h = 0.08 mm, P = 400 
W), whereas the settings of the blue cuboid were changed following a full factorial plan 
with eight runs (see Figure 2). 

 
Figure 2. Test structure and respective CCD (all dimensions are in mm). 

The values for the DoE were chosen based on previous experience with the LPBF 
system and represent values adjacent to the standard processing parameters as suggested 
by the machine manufacturer. Basically, one level value for the DoE was chosen below the 
standard setting and one above it, except for the hatch-spacing values, since due to limi-
tations in the printer settings, only two hatch-spacing values were adjustable (as seen in 
Table 1). 

Table 1. Applied Design of Experiment. 

Run 
Scan Speed (v) Hatch Spacing (h) Laser Power (P) Linear Energy Density (E) 

[mm/s] [mm] [W] [J/mm] 
1 900 0.08 350 0.39 
2 1500 0.08 350 0.23 
3 900 0.08 450 0.50 
4 1500 0.08 450 0.30 
5 900 0.12 350 0.39 
6 1500 0.12 350 0.23 
7 900 0.12 450 0.50 
8 1500 0.12 450 0.30 

9 (Ref) 1200 0.08 400 0.33 

The regression analysis was performed with MATLAB (R2019a) and only the ob-
tained data from the blue cuboid was used. The measured values of the standard printed 
cuboid were used as reference values to determine the impact of the process parameters 
differing from the recommended standard settings. 

2.2. Printing Process 
For each run, a set of four samples was printed with the 3D MAM system “Sodick 

LPM 325” (see printed samples in Figure 3). Using the software “LS-Beams” the printing 
process parameters were set. For all the samples, a layer thickness of 50 µm and the scan-
ning pattern visualized in Figure 4 was applied. It was a rectangular cell pattern where 
the contour was scanned first and then the inside. The printer was equipped with an Yb-

Figure 2. Test structure and respective CCD (all dimensions are in mm).

The values for the DoE were chosen based on previous experience with the LPBF
system and represent values adjacent to the standard processing parameters as suggested
by the machine manufacturer. Basically, one level value for the DoE was chosen below
the standard setting and one above it, except for the hatch-spacing values, since due to
limitations in the printer settings, only two hatch-spacing values were adjustable (as seen
in Table 1).

Table 1. Applied Design of Experiment.

Run
Scan Speed (v) Hatch Spacing (h) Laser Power (P) Linear Energy Density (E)

[mm/s] [mm] [W] [J/mm]

1 900 0.08 350 0.39
2 1500 0.08 350 0.23
3 900 0.08 450 0.50
4 1500 0.08 450 0.30
5 900 0.12 350 0.39
6 1500 0.12 350 0.23
7 900 0.12 450 0.50
8 1500 0.12 450 0.30

9 (Ref) 1200 0.08 400 0.33

The regression analysis was performed with MATLAB (R2019a) and only the obtained
data from the blue cuboid was used. The measured values of the standard printed cuboid
were used as reference values to determine the impact of the process parameters differing
from the recommended standard settings.

2.2. Printing Process

For each run, a set of four samples was printed with the 3D MAM system “Sodick LPM
325” (see printed samples in Figure 3). Using the software “LS-Beams” the printing process
parameters were set. For all the samples, a layer thickness of 50 µm and the scanning
pattern visualized in Figure 4 was applied. It was a rectangular cell pattern where the
contour was scanned first and then the inside. The printer was equipped with an Yb-fiber
laser with a wavelength of 1070 nm. The material used for printing was recycled AISI 420
with a particle size of 25–45 µm.
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2.3. Characterization
2.3.1. Surface Roughness

To investigate the surface roughness, the arithmetical mean roughness Ra (see
Equation (2) [16]) was measured with a tactile profilometer (Mitutoyo SJ-410) according to
ISO 4287–1997 [17], with an expected roughness around 10 µm resulting in a measuring
length of 12.5 mm.

Ra =
1
l

∫ l

0
|z| dz (2)

Hence, for each sample, the top perpendicular to the longer edge of the sample and
the front-facing side perpendicular to the layers were assessed (see Figure 5).
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2.3.2. Hardness

In order to measure the hardness, it was necessary to prepare the samples through
grinding and polishing. Again, the top and front-facing sides were assessed, though only
one sample was investigated using the “Future Tech–Rockwell Hardness Tester FR” (as
seen in Figure 6).
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The Rockwell hardness test uses an indenter, onto which two different forces are
applied and the resulting indentation depth in the material is measured. Depending on the
material and application, different forces and indenter types are used, referred to as the
Rockwell hardness scale. In this study, the Rockwell hardness scale C (HRC) was applied
with a diamond indenter and an initial force of 10 kgf followed by 150 kgf. The hardness
number was calculated by the hardness tester following the structure of Equation (3) [18].

HR = 100− d
0.002 mm

(3)

2.3.3. Heat Treatment

For the heat treatment, annealing was chosen, since during the printing process a lot
of internal stress arises inside the built part due to repeated heating and cooling processes.
Hence, annealing is often used to release that internal stress inside MAM parts. However,
an annealing heat treatment is accompanied by an unintended reduction in hardness [19].
Therefore, an investigation of the influence of annealing on the hardness affected by the
chosen parameters was conducted.

The temperature development during the annealing process can be divided into three
steps. First, the oven was heated up from room temperature to 650 ◦C over two hours.
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During the next two hours, the samples were annealed at 650 ◦C. Within approximately
20 h the parts cooled down to room temperature.

2.3.4. Density Measurement

Selected samples of high and low LED were subjected to density measurements using
the Archimedes principle. The measurements were carried out using a Sartorius YDK03
system with an accuracy scale of 0.0001 g and the measurements were made with a water
temperature of 25.5 ◦C.

3. Results and Discussion

In this section, the effect of the process parameters and their interactions on the
two output variables will be analyzed, interpreted and checked against previous studies.
Furthermore, a comparison between top- and side-surface results as well as between
measured values before and after the heat treatment will be drawn. Note that the results of
the standard parameters are highlighted in the graphs.

3.1. Surface Roughness

In Figure 7, the measured values of the roughness Ra on all top and side samples are
summarized. Overall, clear trends are visible. With an increase in the linear energy density
of the top surface, the Ra decreased up to a certain point (Approx. 0.40 J/mm) before it
increased once again. This can be attributed to the fact that at low LED, there is insufficient
energy to achieve the complete melting of the powder particles on the top surface, which
results in spatter and balling due to the unsteady melt pool. This is known to create high
surface roughness [5]. The surface roughness was seen to drop when the LED increased
and operated closer to a stable melt-pool condition, such as in a conduction mode [20]. A
higher LED can lead to keyhole melt mode of the melt pool that can lead to further surface
defects caused by the unstable melt pool [21]. While for the side surface, it can be seen that
the LED did not have a significant trend and the Ra remained constant throughout with
only minute variations. This could be explained by the applied layer thickness, which was
the same for all samples. Hence, the roughness profile on the side is similar. Using the LED
of 0.39 J/mm, a lower surface roughness was achieved on the top surface in comparison to
the standard parameter within the same component.
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3.1.1. Top Surface

Looking at Figure 8, laser power had the greatest effect on the top surface roughness
with increasing laser power also increasing the roughness due to the increased LED, as
explained above. This result agrees with the results of the analysis of variance (ANOVA),
which indicate the interaction of laser power and scan speed as the most significant (p-value:
0.037), followed by laser power (p-value: 0.044). Generally, it can be said that all three
parameters increased surface roughness proportionally.
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In Figure 9, the interactions of the three parameters are displayed. Scan speed and
laser power did seem to have a strong interaction effect on surface roughness, since varying
them caused large variations in roughness, while hatch spacing did not seem to have a
significant effect.
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3.1.2. Side Surface

Regarding the side surface, the three chosen process parameters did not seem to have
a significant influence, although a trend is recognizable in Figure 10 in all three plots. This
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was verified by ANOVA, with laser power being the most influencing parameter with a
p-value of 0.18, which was not considered as significant since it was greater than 0.05. The
second- and third-most influencing aspects were the interaction of scan speed and hatch
spacing (p-value = 0.24) and the interaction of scan speed and laser power (p-value = 0.28),
which were also not regarded as significant. This result could be explained by the fact that
the layer thickness was the same in all samples and therefore, the outer surface roughness
on the side remained similar and unaffected by the different LED values.
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Figure 11 displays the interaction effects of the three parameters regarding the surface
roughness on the side. By comparing these to the ANOVA results, it is visible that inter-
actions with the parameter scan speed were more influencing since the gaps between the
graphs and the tilt were greater. Low scan speeds, paired with either small hatch spacing
or high laser power, caused higher roughness due to the over-melting of the powder.
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3.2. Hardness

Figure 12 illustrates the overall results of the measured Rockwell hardness on the top
and side surfaces, showing an overall higher hardness on the top surface.
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Considering the range of the error bars of the values measured on the side, the results
could not be regarded as solid and reliable. Therefore, no linear regression analysis was
conducted for the effect of the process parameters on the hardness on the side surface.
This high standard deviation of the values can be attributed to the layer profile on the side
surface, meaning that due to the layer-by-layer addition of material, there can be locations
on the side surface, such as the areas in between layers, where there might be pores, or
the presence of unmelted powder, etc., which will affect the side hardness measurement.
Therefore, during indentation, the tip might contact solid material or porous areas, which
creates the large variations due to different surface conditions at the indentation points (as
seen in Figure 13).
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Hardness of Top Surface

As abstracted from Figure 14 and ANOVA, the three process parameters had no
significant influence on the hardness of the top surface. The most important parameter
obtained from ANOVA, though not significant, was the scan speed with a p-value of 0.579.

Appl. Sci. 2022, 12, 6193 11 of 16 
 

Considering the range of the error bars of the values measured on the side, the results 
could not be regarded as solid and reliable. Therefore, no linear regression analysis was 
conducted for the effect of the process parameters on the hardness on the side surface. 
This high standard deviation of the values can be attributed to the layer profile on the side 
surface, meaning that due to the layer-by-layer addition of material, there can be locations 
on the side surface, such as the areas in between layers, where there might be pores, or 
the presence of unmelted powder, etc., which will affect the side hardness measurement. 
Therefore, during indentation, the tip might contact solid material or porous areas, which 
creates the large variations due to different surface conditions at the indentation points 
(as seen in Figure 13). 

 
Figure 13. Possible indentation points on the side surface. 

Hardness of Top Surface 
As abstracted from Figure 14 and ANOVA, the three process parameters had no sig-

nificant influence on the hardness of the top surface. The most important parameter ob-
tained from ANOVA, though not significant, was the scan speed with a p-value of 0.579.  

 
Figure 14. Predicted effects of changes in process parameters on the Rockwell hardness HRC on the 
top surface, where the green lines are the predictions of hardness on top surfaces and the dotted red 
lines present the 95% confidence bounds. 

Additionally, the interaction plots illustrated in Figure 15 show no clear interaction 
effects between the parameters. Only the effects of laser power and hatch spacing are more 
distinctive, which was validated by being the second-most important term in ANOVA (p-
value = 0.626). It can be said that when applying small hatch-spacing values, the laser 
power can make a small difference regarding the hardness. The effect of scan speed at 
certain laser powers causes slight deviations in hardness. 

Figure 14. Predicted effects of changes in process parameters on the Rockwell hardness HRC on the
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Additionally, the interaction plots illustrated in Figure 15 show no clear interaction
effects between the parameters. Only the effects of laser power and hatch spacing are more
distinctive, which was validated by being the second-most important term in ANOVA
(p-value = 0.626). It can be said that when applying small hatch-spacing values, the laser
power can make a small difference regarding the hardness. The effect of scan speed at
certain laser powers causes slight deviations in hardness.
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3.3. Effect of Annealing

The effect of annealing on the hardness is clearly detectable in Figures 16 and 17. The
hardness was reduced by approximately 40% on the top and 50% on the side. The decrease
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in hardness can be attributed to a reduction in internal stress through annealing; however,
the trend of the reduced hardness due to the annealing step remained consistent on both
the top and side surfaces.
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3.4. Microscopic Analysis

Microscopic images of the top surface along with 3D height maps of various samples
produced with different laser energy densities can be seen in Figure 18 and Figure 19,
respectively. These images allow us to explain various aspects that resulted in the observed
and measured surface roughness and hardness.
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When looking at the surfaces seen in Figure 18, it is clear that the surface of the samples
produced with low LED, as in Figure 18a, exhibits a high surface roughness, as there are a
lot of randomized asperities that cause an uneven surface texture, which is responsible for
the high average surface roughness. The surface in Figure 18b displays more regularity
and therefore a slightly lower measured surface roughness, while Figure 18c is of a surface
that displays large wavy topography and large depressions and peaks at the border of scan
tracks, which are also responsible for the increased surface roughness. Figure 19 goes on to
support these claims; it can be seen that major depressions are formed on the surface at
the locations where scan vectors change direction, namely at the border of the scanning
cell. From Figure 19a,b, it is clear that that this depression is smaller when printing with a
lower LED, as the melt pools formed are smaller and do not have large drilling effects on
the surface. However, as can be seen in Figure 19c, when printing with a larger LED, the
melt pool, especially at the edge of the scan vectors, can transition into the keyhole mode,
which results in larger drilling into the surface, which agrees with what was reported
in [21]. This also results in a higher surface roughness and possibly in the incidence of
keyhole-induced porosity.

Figure 20 shows microscopic images of the polished surfaces, which can provide
a better idea of the surface integrity that can affect the hardness. Figure 20a shows a
surface that manifested with a large number of porosities and a lack of fusion defects that
were caused due to insufficient melting energy absorbed from the laser. This increased
porosity was responsible for the marginally decreased hardness of the low-LED sample. In
Figure 20b, we see the absence of surface defects, which explains the higher hardness of
this surface, and Figure 20c also shows the absence of any major porosity, which explains
the slightly higher measured hardness of the sample. Minor defects may have manifested
in the form of keyhole-induced porosity [21].
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The observations made above were confirmed using density measurements made by
employing the Archimedes principle. Noting that annealed grade AISI 420 has a density of
7.800 g/cm3, the measured density for the low-LED (0.23 J/mm) sample was 7.668 g/cm3,
which indicates the presence of a higher amount of porosity within the volume of the
sample according to the explanations provided above, such as due to a lack of fusion
pores. This increased porosity of the lower-LED samples was also responsible for the lower
measured hardness.

The high-LED (50 J/mm) sample exhibited an average density of 7.715 g/cm3, which
points towards the presence of lower porosity in the sample. This is also in accordance
with the explanations provided above, where the reduced density may have been caused
by the presence of a small number of keyhole pores. The increased density contributed to
the higher hardness when compared to the lower-LED samples.

4. Conclusions and Outlook

This study experimentally investigated the influence of applying different printing
process parameters within the bulk of the same part in order to induce and tailor surface as
well as mechanical properties within one component. To achieve this, surface roughness and
hardness measurements were systematically acquired by conducting a DoE and regression
analysis. After evaluating the results, it can be said that the most important parameters
were laser power, scan speed, and their interaction, which led to the creation of parts
with different functional performances at different locations. The following are specific
conclusions that can be made:

1. The linear energy density applied by the laser played a major role in the top surface
roughness with high surface roughness seen in low energy densities, caused by insuffi-
cient melting. The surface roughness decreased as a more stable melt pool was reached
when the LED increased. However, after a point, the surface roughness increased
once again due to other printing defects that manifested due to the high LED.

2. Surface roughness on the side surfaces was seen to be consistent as they were mostly
affected by the chosen layer thickness, which was kept constant for all the trials.

3. The hardness on the side surface was highly unpredictable due to the unstable nature
of measuring the hardness created due to the layers.

4. For the hardness on the top surface, the hardness remained consistent for the various
LEDs tested, with the scan speed seen as the most influential parameter.

5. Low-LED samples had lower density than the higher-LED samples, which was con-
sistent with the resultant hardness.

This research work has proven to be a step towards integrating multi-functionality
and functionally graded materials within one part through gradually tuning the process
parameters across a component. In order to obtain a deeper understanding of said topic, it
could also be helpful to investigate the microstructure of the parts and shed some light on
the grain structure and size, which will be the topic of future studies.
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