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This study investigates the utilization of laser powder bed fusion for fabricating functionally graded parts using a novel maraging steel
named Specialis®. By manipulating the processing strategy involving single and synchronized dual laser exposures, along with remelting, graded
parts are successfully produced. Both the as-built and heat-treated specimens exhibit hardness variations of up to 80 HV across distinct regions.
Notably, a reversal of hardness levels occurs after heat treatment, with the originally harder as-built dual laser zone becoming the softest zone
following the post heat treatment. This phenomenon is attributed to the early precipitation stage resulting in from the intrinsic heat treatment
which occurs during the dual laser processing strategy, which leads to higher hardness in the dual laser as-built condition. However, upon aging,
the peak hardness is attained uniformly across all regions. Thus, the higher proportion of austenite present in the dual laser zone, which was
identified by means of x-ray diffraction and differential scanning calorimetry, lowers the hardness. Therefore, there is an intriguing shift
regarding the area with the highest hardness. These findings offer innovative approaches and eliminate the necessity for complex and time-
consuming intrinsic heat treatment steps. Instead, the manufactured parts can be efficiently furnace-hardened while retaining their graded
properties. These findings facilitate the production of components with tailored hardness profiles, precisely suited for their intended applications.
The versatility of additive manufacturing, combined with the unique capabilities of Specialis®, opens a new avenue for creating functionally

graded parts with improved mechanical properties.
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1. Introduction

Functionally graded materials (FGMs) designate a group
of advanced materials with a progressive variation in
properties regarding the spatial positions by varying the
material, microstructure, defects or macrostructure V. The
fabrication of metal FGMs by means of additive
manufacturing (AM) has been of great interest in recent
years, as the freedom in geometry during the process could
simplify the approach and the flexible use of process
parameters enables a specific adaption of components to the
application (e.g. via different solidification conditions).
Numerous studies have explored the gradation of parts
fabricated by AM by varying the chemical composition 2,
the density ¥, the structure ¥, or the process parameters
which result in a change in the microstructure ¥. An intrinsic
heat treatment (IHT) during the AM process could also
change the microstructure and open new possibilities of
creating FGMs, as already achieved for a maraging steel by
controlled pausing between alternating layers ©.

Maraging steels have been extensively investigated as
suitable materials for laser powder bed fusion (PBF-LB) in
the past decade. They are characterized by a ductile nickel-
matensite matrix with a low amount of C with martensite
finish temperature M, usually between 200 and 300 °C. To
achieve peak hardness, these high-strength steels must
undergo a long aging heat treatment (~6 h) either directly
from as-built state or after a solution heat treatment at
~850 °C. Precipitation hardening occurs during aging due to
the formation of intermetallic phases such as NizMo, NisTi
and FeoMo 7'V, Nevertheless, there has been evidence of
hardness increase after short aging times '>!3 due to early
precipitation formation '¥.
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In this work a novel maraging steel for PBF-LB has been
analyzed regarding the manufacturing of a graded
microstructure by varying the processing strategies. Using
an IHT combined with the short time aging effect enabled a
targeted modification of the microstructure in as-built state.
Differential scanning calorimetry (DSC), hardness
measurements and X-ray crystallography were used to
characterize each processing parameter zone in order to
identify potential correlations between the processing
parameters and the ensuing microstructure. Maraging steels
manufactured by PBF-LB commonly find use in
applications demanding complex geometries and high
strength, such as molds. Therefore, the investigation of the
graded parts were carried out before and after heat treatment.
The primary inquiry was whether the grading, achieved
through the variation of process parameters, could be
maintained after heat treatment.

2. Experiment

2.1 Material

The investigated novel maraging steel, called Specialis®,
has been developed for PBF-LB by SpecMaterials and
processed by Rosswag Engineering. Table 1 contains the
chemical composition of the material, which is based on the
commonly used maraging steels 18Ni300 and 18Ni350, with
an addition of V and Al. The focus of earlier investigations
was on the optimization of material qualification process ',
process parameters '®!7), heat treatment '7, as well as the
analysis of phase transformations and strengthening
mechanisms '®. Specialis® has a relative density of > 99.7 %
and surpasses the hardness of conventional 18Ni300 by
reaching ~700 HV after direct aging and ~760 HV after



solution treatment followed by aging, while requiring a
shorter aging time of 2 h. The main strengthening effects
observed after heat treatment include intermetallic
precipitations and grain refinement.

Table 1: Chemical composition of Specialis® in wt%

C Ni Co Mo Ti A% Al Fe
0.01 1827 1069 422 175 1.61 0.19 Bal

2.2. Processing Strategies

All samples were fabricated by the PBF-LB system
SLM®280 HL Twin 400 W with gas flow upgrade by SLM
Solutions Group AG. A schematic overview of the
processing strategies and their influence on the thermal
history of the melt pool is shown in Figure 1.
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Figure 1: Overview of the setup and the influence of a) SL, b) DL, ¢)
RM processing strategy on the thermal history of the melt pool and

the layers underneath.

The following three processing strategies were used with

the optimized parameters, derived from earlier studies '®!7:

e Single laser (SL): only one laser with the power
P17 =200 W is used.

e Dual laser (DL): A second laser with the power
P2 =190 W follows the same path as the first laser
with the power P, keeping a constant time offset of
At, = 6.25 ms to the first laser. This would extend the
cooling time and the resulting IHT.

e Remelting (RM): The second laser has a reduced
power of P3 =125 W compared to the DL strategy
and the distance to the first laser is increased. There
is a time offset of At; =3 s between both lasers,

allowing the material to reach a homogenous

temperature level before the second laser approaches.
The following scanning parameters were kept constant for
all strategies: 800 mm/s scanning speed, 85 um hatch
distance, and 40 pm layer thickness.

2.3 Methods

A DIL 805 dilatometer from TA Instruments was used to
perform the short time aging heat treatments at 500 °C for 5,
10, 25, 50 and 100 s. The process involved inductive heating
within a vacuum chamber filled with helium to prevent
oxidation or evaporation. To regulate the temperature, a type
S thermocouple was spot welded at the center of a 10 mm-
long cylindrical hollow sample, fabricated with SL strategy.

To explore the feasibility of manufacturing graded
components, cubic samples were vertically divided into
three distinct zones, as visible in Figure 2. The fabrication
was carried out by using three processing strategies in each
layer. The chemical composition of these graded samples
was determined using an iCAP 7600 DUO inductively
coupled plasma-optical emission spectrometry (ICP-OES)
instrument from Thermo Fisher Scientific. At least three
samples per strategy were analyzed to obtain a mean value.
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Figure 2: An example of a graded PBF-LB samples fabricated by
using three different processing strategies (SL, DL, RM).

Micro Vickers hardness measurements at HV,; were
conducted on the same cubic samples using a Qness Q30a+
tester, following the DIN EN ISO 6507-1 standard '. The
samples were ground and polished prior to the
measurements. For each sample, three horizontal hardness
profiles and one vertical profile per area (SL, DL, RM) were
generated. The horizontal measurements started and ended
1 mm from the side edges to eliminate the influence of any
boundary effects. For the same reason the vertical
measurements started 0.5 mm below the top surface. The
hardness has been measured both in as-built and heat treated
states. Heat treated samples were subject to a vacuum
furnace aging treatment at 500 °C for 3 h.

The y-phase content was determined through X-ray
diffraction (XRD) analysis using a Bruker D2 Phaser
equipped with CuKa radiation. The scans encompassed a 26
range spanning from 48 to 105 degrees, with a 0.01 step size.



Data analysis followed the ASTM E975 standard 27,
employing a 6-line method to compute the integrated
intensity of individual diffraction peaks (hkl). For the
assessment of austenite, the {200}, {220}, and {311}
diffraction peaks were used, while for martensite, the
analysis was based on the {200}, {211}, and {220}
diffraction peaks. Similar to the hardness measurement, both
as-built and heat treated samples were examined.

Differential scanning calorimetry (DSC) was used to
identify and characterize phase transformations by
measuring heat flow differences as a Specialis® sample and
an empty reference crucible were heated at a constant rate. A
calibrated DSC 404 F1 Pegasus from Netzsch Geritebau
GmbH was employed in an Ar atmosphere (99.9999 %
purity). For this investigation, a round sample with 6 mm
diameter and 1 mm height was wire cut out of each region
(SL, DL, RM). They were heated at 20 K/min up to 1000 °C,
held for 15 minutes, and then naturally cooled in the furnace.
Afterwards the same cycle has been repeated in order to
compare the phase transformations of as-built state with a
solution treated homogenized state.

3. Results

3.1 Phase Transformations

Figure 3 illustrates the results obtained through DSC
analysis. In a previous study '¥ it has been shown that the
Specialis® DSC results contain two exothermic (1Exo and
2Exo0) and two endothermic (3Endo and 4Endo) peaks. The
first and second peak correspond to the cluster and
precipitation formation, whereas the third and fourth peaks
occur during the austenite reversion.
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Figure 3: The results of the DSC investigations for all three
processing strategies. The first cycle corresponds to the phase
transformations of the as-built state upon heating, whereas the
second cycle has a solution treated initial microstructure.

During the initial cycle, there is a notable resemblance in
the thermal profiles of SL and RM, while DL demonstrates
distinct characteristics. Specifically, DL exhibits reduced
peak intensities across the entire temperature range in
comparison to SL and RM, with the exception of 2Exo peak,
which corresponds to the intermetallic precipitation

formation. Moving into the second cycle, a convergence in
the thermal profiles of DL with SL and RM is observed for
all peaks, as the material has been homogenized through
solution treatment of the first cycle. Overall, the second
cycle shows an elevation in peak intensities when compared
to the initial cycle.

3.2 Hardness Profiles

The outcomes of the horizontal hardness measurements
conducted on graded components are exhibited in Figure 4.
The position of the horizontal measurement (back, center,
front) does not have any noteworthy influence on the
hardness profile. Nevertheless, clear distinctions can be
observed among the three employed processing approaches.
While SL and RM exhibit comparable vertical mean
hardness values in their as-built states (433+7 and
44149 HV, 4, respectively), DL results in a higher mean
hardness (46011 HV ;). These disparities become even
more pronounced following heat treatment, wherein a
surprising outcome arises: DL demonstrates a diminished
mean hardness (629+18 HV() compared to SL and RM
(71211 and 703+18 HV,., respectively). These trends
remain consistent for samples produced with alternate
sequences of processing strategy zones (DL|SLIRM or
SL|IRM|DL).
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Figure 4: The horizontally measured hardness profiles of a sample in
as-built and heat treated states at three different positions (back,
center, front). Dashed lines approximately mark the transitions
between different processing strategy zones (SL, DL, RM).

Short time aging treatments were carried out on SL
samples in order to investigate potential early stages of
precipitation hardening, which could occur during the
fabrication process. The evolution of hardness over aging
durations up to 100 s is depicted in Figure 5. The results
clearly indicate that even brief aging times are enough to
start the early stages of precipitation and induce an increase
in hardness for Specialis® (~75HV,, after 10s). The



relationship between the hardness H in HVj; and the
logarithm of aging time #, in seconds can be described by the
equation

H = 428 + 75 log(t,),

illustrated as a grey dashed line in Figure 5. The intercept of
this line with the y-axis at 428 aligns closely with the
hardness value of the SL sample in its as-built state
(433+£7 HVq.).
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Figure 5: The evolution of hardness H depending on the aging time
t, after short time aging heat treatments of samples processed in the
SL condition. The dashed grey line represents the linear fit between
H and log (¢,) in seconds, which can be described by the equation
written in the diagram.

3.3 Retained Austenite Amount

Figure 6 displays XRD diffractograms for both as-built
and age hardened states of each processing parameter zone.
The evaluated diffraction peaks are labeled at the bottom of
the diagram. Upon initial observation it is notable that the
heat treated samples have a significantly higher peak for the
v{200} reflection when compared to their as-built
counterparts. Additionally, a higher y{311} peak has been
recorded for the DL sample compared to the other heat
treated samples.

Using these diffractograms and the data analysis method
mentioned in Section 2.3, the amount of retained austenite
before and after heat treatment has been calculated for all
three distinct zones. The results are listed in Table 2 for each
processing parameter zone. In as-built state, both SL and RM
samples contain a similar amount of y-phase (~13 %), which
is lower than in the DL sample (~21 %). The same tendency
can be seen after the aging heat treatment at 500 °C for a
duration of 3 h. However, in the heat-treated state, all
samples show a substantial increase in austenite content
(~40 % for SL and RM samples, and ~59 % for the DL
sample). The increased standard deviation observed in the
results after aging can be attributed to the utilization of
samples with larger dimensions compared to the as-built
state. This observation further elucidates the higher values
measured in this work compared to those reported in the
prior study 7.
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Figure 6: Recorded x-ray diffractograms for the determination of
retained austenite amount in each processing zone, before and after
aging heat treatment. The evaluated diffraction peaks for a-phase and
v-phase are noted in the diagram.

Table 2: Amount of y-phase before and after heat treatment (HT) for

all three processing parameter zones.

v-phase before HT [%]

v-phase after HT [%]

SL 13.1+£5.6 40.2+13.5
DL 21.0+5.1 58.9+134
RM 129+4.4 40.0+ 144

4. Discussion

In the context of the present study, the influence of three
different manufacturing methods (SL, DL, RM) on the
microstructural and mechanical characteristics of the
material were examined, using graded components in as-
built and heat treated states.

In its as-built state, DL offers a notably higher level of
hardness (~460 HV ) compared to SL and RM counterparts
(~437 HV.1). This phenomenon can be attributed to the IHT
generated by the second laser employed in the DL process,
which leads to the early stages of precipitation hardening.
This hypothesis is convincingly validated by the results
obtained from short time aging experiments, wherein the
hardness of SL specimens surpasses 500 HV,;, even
following a mere 10s aging at 500 °C. However, an
unexpected deviation emerges after post-heat treatment,
where DL's hardness (~629 HV ) falls below that of SL and
RM (~707 HVy1). In order to verify if any elements were
evaporated due to high temperatures during PBF-LB
fabrication process, a chemical analysis was carried out
using ICP-OES. Yet the results showed no difference in the
chemical composition of the three areas. Given the observed
uniformity in the chemical composition, the diversion in
hardness implies a modification within the microstructure of
DL zone.



XRD investigations have provided an explanation about
the mechanisms behind this intriguing shift. DL samples
exhibit elevated contents of austenite phase both before and
after aging heat treatment. In the as-built state, the melt pool
does not undergo complete cooling during the DL strategy
before the second laser initiates the first stages of aging.
Consequently, less martensite is formed compared to SL and
RM samples. This can also be seen in the DSC outcomes,
where the DL sample results in a lower heat flow during the
austenite reversion, which leads to the conclusion that less
martensite is present for the phase transformation. It is worth
mentioning that SL and RM samples also contain ~13 %
retained austenite, primarily because the M; of Specialis® is
below room temperature and is thus inaccessible within this
fabrication process !”. However, the impact of the higher
austenite content in the DL sample (~21 %) does not
manifest in the hardness results due to the previously noted
dominance of early stages of precipitation hardening. After
undergoing an aging heat treatment, there is a notable
increase in the amount of y-phase due to Ni-segregation at
grain boundaries, since Ni serves as an austenite stabilizer
and promotes austenite reversion 2%, In this context, the
elevated amount of austenite in the heat treated DL sample
(~59 %) compared to SL and RM samples (~40 %) provides
a plausible explanation for the observed reduction in
hardness. In fact, the peak hardness of Specialis® is already
attained after 2h of aging '7, rendering the earlier
precipitation hardening in the DL zone no longer significant
and emphasizing the dominant influence of austenite
content.

A few questions remain unanswered in the pursuit of
understanding the distinctions between DL and other
processing strategies. Firstly, a more in-depth exploration is
needed to uncover the fundamental factors responsible for
the reduced intensity of DSC peaks in DL samples during the
initial cluster formation. Secondly, an analysis of the
observed grain refinement effects in Specialis® '® and their
comparison to conventional maraging steels is essential in
order to evaluate how different processing strategies impact
the final microstructure of materials. To address these open
questions and shed light on these disparities, comprehensive
microstructural characterization is crucial. This approach
should incorporate advanced techniques such as scanning
electron microscopy coupled with energy dispersive x-ray
spectroscopy and electron backscatter diffraction (SEM
EDX and EBSD). Through these efforts, a better
understanding of materials processing strategies and their
implications can be achieved, ultimately leading to improved
materials for various applications.

Nevertheless, leveraging the observed effects so far, a
graded component was successfully manufactured,
demonstrating the capability to preserve its graded
microstructure even after undergoing heat treatment.

5. Conclusions

In Summary, this study involved the PBF-LB fabrication
of graded components out of Specialis® maraging steel,
utilizing three distinct manufacturing approaches: SL, DL,
and RM. The following can be concluded:

e Despite having a higher amount of retained austenite

in as-built state, DL showcased elevated initial

hardness owing to early precipitation stages, a
consequence of the IHT introduced by its second
laser.

e In contrast, following heat treatment and the
progression of precipitation hardening, both SL and
RM exhibited superior hardness, although it was
confirmed through chemical analysis that no
significant amount of elements were evaporated
during the processes.

e As peak hardness is already reached after 3 h of
aging, the amount of austenite is the dominant effect
after heat treatment, leading to the lower hardness of
DL zone.

e Nevertheless, graded parts with a variation of up to
~80 HV, .1 were successfully fabricated in as-built and
heat treated states.

The findings open up the possibility of manufacturing
complex geometries out of the maraging steel Specialis®
with a graded microstructure, creating FGMs. For instance,
it enables the achievement of surface hardening without
incurring a hardness decline in overaged regions.
Furthermore, the heat treatment can be performed
throughout the entire part in a furnace, rather than being
limited to the surface. This feature allows complex
geometries to be topologically and metallurgically optimized
to contain a tailored hardness profile specifically adapted to
the application.
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