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ABSTRACT

Fe-Ti-B high modulus steel (HMS) fabricated via laser powder bed fusion exhibits in-situ
precipitation of nanostructured TiB, particles within a ferritic Fe-matrix. However, porosity and
cracking are common challenges associated with this process. This study systematically varies
process parameters, specifically volume energy density and substrate temperature, to analyse
macroscopic defects formation and propose methods to prevent their occurrence through
detailed microstructure characterisation. For substrate temperatures of 400, 600, and 800 °C, an
optimal combination of laser power and scan velocity was determined, resulting in minimised
specimen porosity (< 1%). Yet, pronounced cracking occurred at 400 and 600 °C substrate
temperature, most likely attributed to the presence of hard and brittle non-equilibrium
microstructure constituents. Increasing the substrate temperature to 800 °C further reduces
porosity and promotes the formation of the equilibrium constituents Fe-a and TiB,. These phases
are desirable as they improve the stiffness-to-density ratio while reducing hardness and
brittleness. By mitigating thermal gradient and resulting lower stresses, the successful fabrication
of HMS samples with the desired microstructure and defect-free macrostructures becomes
feasible. Potential future steps, such as incorporating in-situ heat treatments between layer
depositions, are outlined and discussed as means to lower the substrate preheating temperature.
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1. Introduction

Light, stiff, and strong high modulus steels (HMS) are
ideal candidates for the development of next-generation
lightweight materials [1-4]. HMS are designated metal
matrix composites (MMC), wherein lightweight and
rigid particles (e.g. TiB,, CrB,, or TiC) are incorporated in
a strong and ductile iron (Fe) based matrix [2,5,6].
Among various HMS alloy systems, Fe-TiB, [4] has
found the most widespread use, as TiB, displays highly
advantageous specific modulus, denoted as the ratio of
elastic modus (E) to density (p), thus E/p [1,7]. This
unique combination enables the formation of an in-situ
composite during the solidification of Fe-Ti-B melts,
and it exhibits suitable wettability within a Fe-matrix.
Consequently, conventional casting processes can be
employed for HMS production. However, especially at
higher TiB, concentrations, particularly near and above

certain challenges arise. The slow cooling rates from con-
ventional casting processes, typically in the range of
1-10 K/s, lead to the coarsening of the particles in the
micrometer range and the formation of sharp edge par-
ticles [4,8]. These larger particles facilitate stress concen-
tration during loading and initiate cracking. Regrettably,
such occurrences result in embrittlement, limiting the
technical application of HMS materials [4].

Spray forming, a rapid solidification process, has been
effectively utilised to mitigate the formation of larger par-
ticles [8]. The inherent higher solidification rates during
this advanced technique (10*-10° K/s) provide a homo-
geneous microstructure and grain refinement [9].
Notably, when processing HMS Fe-TiB, (12 vol.%) with
spray forming, it resulted in the formation of nanometre-
sized TiB, particles with ca. 80 nm in diameter, contrasting
to the micrometee-sized TiB, particles (around 10 um in

the eutectic composition (approximately 12vol.%),  diameter) produced through conventional casting. This
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significant reduction in particle size supports preventing
the matrix grain growth during subsequent thermo-mech-
anical treatment [8]. Furthermore, additional advantages
are seen in the increase of tensile strength of the as-
sprayed materials by approx. 60% and the E/p ratio by
25% compared to conventional cast materials.

These findings present promising opportunities to
explore the processing of HMS Fe-TiB, using alternative
and highly efficient techniques that enable high cooling
rates, such as laser powder bed fusion (PBF-LB/M). In the
PBF-LB/M process, the metal powder is melted by a fast-
moving laser beam, leading to rapid solidification in a
non-equilibrium metallurgical process [10,11]. Previous
investigations on TiB,-reinforced composites (at 5 and
10 vol.%) of 316L stainless steels manufactured through
-PBF-LB/M exhibited a refined grain structure and the
presence of nanometre-sized particles with excellent
room and high-temperature yield strengths [12]. Likewise,
a recent feasibility study utilising PBF-LB/M processing on
HMS material with Fe-TiB, (12 vol.%) using gas-atomized
powders similarly yielded nanosized TiB, particles of
about 20-150 nm in diameter embedded in the ferrite
matrix, primarily located along the grain boundary [8].

The final product quality during the PBF-LB/M process
is influenced by several parameters. These include laser
power, laser scan velocity, laser strategy/scanning
pattern, laser spot diameter, powder layer thickness,
hatch distance, and powder size [10,11,13-16]. The
volume energy density E, (laser power/volume) is com-
monly used to summarise the influence of parameters
[17-19], given by:

Ey = J/mm3 (1)

(Vs - h)
where Ey is the volume energy density, P is the laser
power (W), v, is the laser scan velocity (mm/s), | is the
powder layer thickness (mm), and h is the hatch distance
(mm) [19,20]. This energy input exerts a significant
influence on the size of the melt pool [21], subsequently
impacting both the morphology and quantity of defects.
As defects often compromise the mechanical properties
of additively manufactured parts [22], strategies such as
additional remelting cycles can be employed to mitigate
the presence of defects on surfaces [23]. Hence, par-
ameter studies are typically conducted to establish pro-
cessing windows with minimal defect levels. Another
viable approach involves alloy modification through the
introduction of additional alloying elements, as demon-
strated in the case of a 7075 alloy with the incorporation
of Zr [24] and Er [25] to reduce the occurrence of cracking.
Persisting defects are frequently remedied via hot iso-
static pressing [26], which simultaneously serve as a
method for heat treatment of the microstructure.

While these strategies are commonly applied to con-
ventional alloys, the Fe-TiB, system presents unique chal-
lenges in parameter selection due to its specific kinetics,
dictated by the thermal history. These alloys demand
rapid cooling rates to achieve fine TiB2 particles, as
heat treatment is no longer effective for refinement.
Understanding the kinetics of the Fe-TiB, system under
typical thermal histories in PBF-LB/M is a central focus
of this study, as this area remains incompletely explored.

The successful processing of HMS Fe-TiB, via PBF-LB/
M presents a challenging task, necessitating rigorous
efforts to identify an appropriate set of processing par-
ameters. Insufficient volume energy density leads to
rough and irregular surface condition and porosity due
to the higher melt viscosity [27]. In contrast, an excessive
E, induces gas entrapment by creating voids in the melt
pool (resulting in porosity), disrupts the spread of the
melt, and may even promote material evaporation
[27,28]. It is noteworthy that during the PBF-LB/M pro-
cessing of MMCs, a lower E, may result in an inhomo-
geneous distribution of the reinforcing particles,
whereas a higher E, may cause particle coarsening,
thereby adversely deteriorating the microstructure and
mechanical properties [29].

Recently, Springer et al. [30] have demonstrated the
PBF-LB/M processability and grain refinement of HMS
Fe-TiB,. The present work continues this research by
evaluating the impact of substrate pre-heating as a
means to mitigate embrittlement and prevent crack for-
mation. Hence, a systematic parameter study is con-
ducted to investigate its effect on the formation of
porosity, homogeneity, and microstructure in the bulk
composite material. Confocal pyrometry was employed
to characterise the thermal impact of different process
conditions, including substrate preheating. While high
cooling rates result in smaller TiB, particle sizes within
the matrix, such conditions may be unsuitable to
achieve low defect levels. Thus, substrate preheating
emerges as an additional crucial parameter in thermal
history. This study aims to demonstrate and elucidate
the significant impact of these parameters on the final
properties of the material, thereby providing valuable
insights for further advancements in the processing
HMS composites with enhanced mechanical properties.

2. Experiments
2.1. Powder synthesis

The HMS Fe-TiB, alloy was prepared using the close-
coupled gas atomisation technique. The atomisation
tower was initially purged with Argon to establish an
inert atmosphere, and the process was carried out with



pre-heated Argon as the processing gas [31]. The melt
was superheated to a temperature of 1550 °C before
removing the stopper rod to start the atomisation
process. The impact of the high-velocity gas stream
accounts for the disintegration of the melt flow into dro-
plets, which solidified during flight inside the atomisa-
tion tower and were collected at the bottom. The
powder was subsequently classified into the size fraction
20-63 um, commonly employed at PBF-LB/M, by means
of air-classification at 20 um (Multiprocess system 50
ATP, Hosokawa Alpine) and vibratory sieving at 63 pm
(Compact Sieve 4 Russell Finex), both under inert gas
atmosphere. The Fe-TiB, powders are reproducible
[32], spherical, and exhibit nanoscaled TiB, in the Fe-
matrix [33]. The chemical composition was determined
using wet-chemical analysis (Table 1). Before PBF-LB/M
processing, the powder was dried at 200 °C for two
hours to eliminate residual moisture.

2.2. PBF-LB/M -processing

Cuboidal samples (dimension: 5 x 5 x 10 mm?>) were addi-
tively manufactured using a commercial PBF-LB/M set-up
(AconityMINI by Aconity3D, Herzogenrath, Germany). The
preheated substrate temperatures of 400, 600, and 800 °C
were selected for investigation. The laser scan velocity
(700-900 mm/s) and laser power (200-250 W) were
varied systematically, while maintaining constant values
for the laser spot diameter (0.05 mm), powder layer thick-
ness (0.05 mm), and hatch distance (0.08 mm), resulting
in a variation of the volume energy density between
the range of 55-90 J/mm?. A bidirectional laser scanning
strategy was implemented, with 90° rotation between
layers. The powder deposition velocity, i.e. the speed of
the recoater blade to which the powder is spread over
the built substrate, was kept constant at 100 mm/s.
Table 2 summarises the laser parameters used in this
study. A confocal pyrometer was used to characterise
the temperature surface behind the melt pool. Detailed
information of the confocally measured surface radiation
can be found in Gartner et al. [34]. For porosity and metal-
lographic analyses, two samples were produced for each
parameter set.

2.3. Porosity analysis

To avoid the influence of process gas cooling in the
sample width direction, the surface side impacted by

Table 1. Wet-chemical analysis of the gas-atomized Fe-TiB,

powder.
Elements B Ti Fe
wt.% 2.52 5.92 bal.
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the gas was selected for subsequent analysis (see
Figure 1). The samples were metallographically ground
and polished. Cross-sections images were captured
with an optical microscope image device (OM, Wild
Heerbrugg M420 ZOOM) at the centre in Z-direction of
the polished as-printed samples. The porosity fraction
expressed as percentage of the area (approx.
45 mmx9.5mm), as well as the pore shapes, were
quantified using the freely available software ImageJ.

2.4. Microstructure analysis

Subsequently, cross-sections of the samples were ana-
lysed with scanning electron microscopy (SEM; Zeiss
Sigma 500 with a Gemini-type field emission gun in BSE
mode). Backscattered Electrons mode (BSE) was used to
obtain especially high-resolution images with high con-
trast. Phase identification was performed with the elec-
tron backscatter diffraction analysis (EBSD; EDAX
detector and TSL OIM 7.2 software) in SEM JEOL JSM
6500F. Additionally, a coupled energy-dispersive X-ray
analysis (EDS) detector was employed for chemical com-
position analysis. Selected samples were characterised
using transmission electron microscopy (TEM; JEOL JEM-
2110Plus) operated at 200 kV on samples prepared with
a focussed ion beam system (FIB; FEI Helios G4 CX) oper-
ated at 30 kV). X-ray diffraction (XRD, D8 advance A25-X1
Bruker) with a Co-Ka radiation and step size of 0.009° was
used for generating diffraction patterns, sequentially
evaluated with Rietveld refinement using the X'Pert High-
Score software (Malvern Panalytical) for comprehensive
phase identification. For detailed examination at the
atomic scale, atom probe measurements were performed
on a LEAP 5108 HR for elemental identification and accu-
rate quantification of Fe, Ti, and B components.

2.5. Mechanical characterisation

Vickers hardness measurements were performed on a
NEMESIS 5100 hardness testing system in automatic

Table 2. Process parameters for the PBF-LB/M runs with Fe-TiB,.

Parameters Unit Value
Particle size pm 20-63
Substrate diameter [mm] mm 100
Substrate material 316L
Powder supply factor - 3

Powder deposition velocity =~ mm/s 100
Substrate temperature °C 400, 600, 800
Hatch distance mm 0.08

Spot diameter mm 0.05

Scan pattern - Bidirectional — 90°
Layer thickness mm 0.05

Laser power W 200, 225, 250
Scan velocity mm/s 700, 800, 900
Sample size mm 5% 5% 10, length x width X height
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Figure 1. Coordinate system used for sample fabrication, indi-
cating surface area used for corresponding analysis.

mode, using a test load of HV1 for area measurements.
For nanoindentation analysis, a Tribolndenter from Hysi-
tron equipped with a Tip North star cube corner Ti 051
indenter was used. A total of 400 data points was
recorded, measured with a test load of 300 uN and a
load function of 0.5 s (loading) — 0.5 s (holding).

3. Results
3.1. Online pyrometry

Figure 2 shows the average pyrometer signals of each
layer on the printed surface at three substrate

. --8--Ts: 400 °C
2000 Ts: 600 °C
8N --A--Ts: 800 °C
1800 {  S-th--p-
E A= B Ao A p o pm Ao
T
S, 1600 -
®
2 1400 |
o - -- -8B - -8
o 12 II
& 1200 §§-£
Alloy: FeTiB, (15 vol.%)
1000 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Sample height h [mm]

Figure 2. Pyrometer signal during PBF-LB/M at similar layers
manufactured with different substrate preheating (T;: 400,
600, and 800 °C).

temperatures. At 400 and 600 °C, similar pyrometer
signals are measured, indicating comparable melt pool
temperatures. However, when the substrate tempera-
ture is increased from 600 to 800 °C, the pyrometer
signal significantly rises by approximately 22%. This
can be explained by the substrate being preheated
above the Curie point of Fe (770 °C), before which the
specific heat reached a pronounced maximum. At
lower substrate temperatures, a significant fraction of
the laser energy was required to surpass this specific
heat peak. In contrast, heating the substrate to 800 °C
results in a much greater impact of laser energy on the
melt pool temperature. (Figure 3)

3.2. Porosity and defect analysis

The resulting volume energy density as a function of
laser power and scan velocity are presented in Table 3.

Figure 4 shows the results of porosity (excluding
cracks) and average pore sphericity at the three
different substrate temperatures with varying volume
energy density. At substrate temperatures of 400 and
600 °C, porosity levels range between approx. 1% and
1.5% for the majority of the volume energy density
values (with exceptions at 400 °C exceeding 2 area-%).
A substrate temperature of 800 °C results in significantly
lower porosity levels ranging between 0.16% and 0.28%
for volume energy densities between 55 and 70 J/mm?>.
However, a further increase of volume energy to 90 J/
mm?3density leads to an increase of porosity of 1.38%,
surpassing that obtained at a Ts =400 °C.

These results are consistent with the melt pool temp-
eratures measured with pyrometry: when the substrate
is preheated above Curie temperature, minimal heat is
needed to obtain full melting. However, if this heat
flow is further increased, unstable keyhole configur-
ations may result, leading to increased porosity.

As seen in Figure 4, cracks occurred for lower sub-
strate temperatures (T, =400 and 600 °C) regardless of
E, values, suggesting the impact of the thermal gradient
on residual stress accumulation within the material. The
cracks originated primarily from the bottom and side
edge of the samples. Along with those, smaller cracks
are found within the samples. Cracking (area %) tenden-
tially decreases with increasing volume energy density
(Figure 4(a)). For 800 °C preheating, mostly crack-free
samples were produced within the selected parameter
window, revealing the positive influence of increasing
the substrate temperature on sample fabrication. As evi-
denced by the representative optical micrographs dis-
played in Figure 4(b-d), the formation of large
cracking along the sample was entirely prevented by
increasing the substrate preheating temperature.
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Figure 3. Impact of volume energy density £, on; (a) porosity (area %) and (b) sphericity of pores.

Hence, the lack of cracking quantified when employing
of Ts=800 °C demonstrate the advantages of this
approach.

Regarding pore morphology, the pores exhibit mostly
spherical shapes (sphericity ranging from 0.8 to 0.95) for
all substrate preheating temperatures (Figure 4(b)), indi-
cating consistent morphological characteristics indepen-
dent of the substrate temperatures.

Figure 5(a-c) shows the results of hardness measure-
ments of the as-printed samples with lowest porosity at
the three different substrate temperatures. The average
hardness values for Ts =400 °C and T5 = 600 °C fall within
a similar range, measuring 656 + 96 HV1 and 635+ 87
HV1, respectively. At Ts = 800 °C, however, a significantly
decreased hardness of 297 +11 HV1 was measured,
accompanied by a notably decreased standard devi-
ation. In Figure 5(a and b), a slight reduction of the hard-
ness with higher specimen height and at the right side of
the specimen is observed. In order to visualise the spatial
hardness distribution for the sample with a substrate
temperature of Ts=800 °C, the color-scale is adapted
in Figure 5(d). The result demonstrates a more uniform
hardness distribution compared to lower substrate pre-
heating temperatures (Ts=400 °C and Ts=600 °C). In
addition, localised differences can also be identified on
the right side of the specimen. In Figure 5(e—g), the

Table 3. Process parameters (laser powder and scan speed) and
resulting volume energy densities of the PBF-LB/M formed
samples.

Laser power [W]

Volume energy density [J/mm?] 200 225 250
Scan velocity [mm/s] 700 71 80 20
800 62 70 78

900 55 62 70

nanoindentation results show that the ground level at
lower substrate temperatures is higher than at Ts= 800
°C. In particular, it can be seen that at Ts=800 °C, the
higher hardness values are more tightly localised.

Figure 6 shows the SEM images and the results of the
EDS measurement. A fine nanometric scale microstruc-
ture consisting of three constituents at Ts =400 °C and
Ts=600 °C is observed. At Ts=800 °C, only the com-
ponents ferritic matrix and precipitates are visible. The
different areas consist of (i) a granular matrix, (ii) a
second phase between the matrix grains, as well as (jii)
small particles of a darker contrast. These inhomo-
geneous distributed dark particles with an approximate
size of 50-70 nm at 400 and 600 °C and an approximate
size of 200-300 nm at T5 =800 °C could be determined
as TiB, borides in a previous work [33]. EDS revealed
that the phase between the Fe-containing islands con-
sists of Fe and Ti.

Figure 7(a and b) display representative SEM micro-
graphs of the obtained microstructure and crack pro-
gression for Ts=400 °C, revealing an inhomogeneous
microstructure. The EBSD measurement (Figure 7(c))
suggests that the matrix consists of a-Fe with an
average grain diameter of 0.54 + 0.14 um. A closer exam-
ination of the cracks (Figure 7(d)) reveals their initiation
and propagation between the insular ferritic matrix.
Together with the corresponding EDS results, these
findings suggest a second phase consisting of brittle
intermetallic compounds. TEM analyses (Figure 7(d and
e)) further confirm the existence of the a-Fe and a
second phase between the ferritic grains. Due to pre-
vious publications in which the TiB2 phase was charac-
terised in detail, it was not investigated by TEM [33].
The diffraction patterns of the second phase analysis
indicate similarity with FesB. The diffraction patterns of
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Figure 5. Hardness (a—d) and nanohardness (e—g) of the as-printed samples with lowest porosity at different substrate temperatures.
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Figure 6. SEM BSE and EDS characterisation of printed Fe-TiB,

the intergranular area are absent from the TiB, com-
pound. Subsequent XRD measurement (Figure 7)
yielded a result consistent with the TEM analysis, in
which the distinct crystalline peaks were assigned to a-
Fe [35]. Notably, neither TiB, nor any other compound
could be successfully identified.

Figure 8 summarises the results of high-resolution
microstructure characterisation for T3=600 °C. The
SEM images (Figure 8(a)) reveal a fine nanometric scale
microstructure with finely distributed TiB, borides,
similar to observations at 400 °C. The borides are distrib-
uted inhomogeneously in the sample. In addition to the
island-shaped ferritic matrix and the TiB, particles, a
third phase consisting of B, Fe and Ti is also observed,
identified as Fe3B by Rietveld analysis. These characteris-
ation methods were unable to detect any significant
difference in microstructure composition and the sizes
of the phases with regard to substrate temperatures
400 and 600 °C. The crack progression (Figure 8(c))
showed a similar pattern to the one observed at a sub-
strate temperature of Ts=400 °C.

For further investigation of the unknown phase and
gain a deeper understanding of the local chemical com-
position, atom probe tomography was performed
between the ferritic matrix (Figure 9). Results indicate
local chemical differences within the matrix (Figure 9
(@)). A measurement within the marked region showed
that this phase consists of equal amounts of Fe and B,
with a smaller percentage of Ti (Figure 9(b)).

Ti

1 pm
)

1 um

B

1 um

samples at (a) T, =400 °C, (b) T,=600 °C and, (c) T,=800 °C.

An increase in the substrate temperature from Ts=
600 to Ts=800 °C is associated with a significant
change in the microstructure (Figure 10(a, b)). The micro-
structure exhibits a clear coarsening of the grains and
particles. Specifically, the ferritic matrix undergoes coar-
sening, with grain sizes reaching several micrometres
and displaying an irregular shape. Additionally, the par-
ticle size increases to about 200-300 nm Figure 10(c).
Unlike the lower substrate temperatures Tg=400 °C
and Ts=600 °C, no additional intergranular constituent
is present between the ferritic grains. TEM analysis
reveals the presence of TiB, in addition to a-Fe, attribu-
ted to its increased size. Furthermore, a-Fe was ident-
ified as the primary matrix alongside TiB,. These
findings are further confirmed through XRD measure-
ment, which exhibits characteristic peaks corresponding
to a-Fe and TiB,, thus corroborating the TEM results.

4. Discussion

The results of the present study clearly demonstrate that
both the volume energy density (laser parameter) and
the substrate temperature directly influence the porosity
of HMS processed by PBF-LB/M (Figure 4). For the con-
stant laser parameters, the samples manufactured on a
substrate heated to 400 °C contained 1-3.5% higher por-
osity than the samples with 800 °C substrate tempera-
ture, which is consistent with the measured surface
temperature level (Figure 2). Lower preheating
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(e,f) and corresponding TEM analysis with SAD patterns and (g)
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temperatures lead to increased temperature gradients
and resultingly to cracks, as shown in Figure 4. In con-
trast, almost crack-free samples could be produced
with Ts=800 °C, achieving a density of approximately
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Figure 8. High resolution microstructure characterisation of the
printed Fe-TiB, samples at T; = 600 °C, SEM BEC micrograph (a,b)
SEM image, (c) EBSD map, (d,e) corresponding TEM analysis with
SAD patterns and (f) XRD graph.

99.8%. The results suggest the favourable influence of
elevating the substrate temperature on the production
of high-quality, densely consolidated parts via PBF-LB/M.

Figure 11: summarises the process window overview
employed in this study. It is observed that achieving
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Figure 9. Atom probe measurement of the printed Fe-TiB,
samples at T,=600 °C, (a) measured atom probe tip with
marked area for detailed measurement, (b) chemical compo-
sition in at.% of the marked area.

high material density necessitates higher laser powers
and appropriate laser velocities, particularly at lower
substrate preheating temperatures, as otherwise high
porosity occurs. Nevertheless, crack formation within
the investigated parameters was inevitable up to a sub-
strate preheating temperature of 600 °C. Therefore, con-
ducting further investigations within the temperature
range of Ts=600 °C to 800 °C would contribute to iden-
tifying a suitable process window for crack-free HMS.
However, it is important to note that achieving substrate
preheating of 600 °C and above during the PBF-LB/M
process presents challenges for more complex
geometries.

The micro-hardness measurements reveal similar
results with higher and inhomogeneous hardness distri-
butions observed at Ts=400 and 600 °C, attributed to
the higher cooling rates. These local hardness variations
can be associated with pronounced thermal fluctuation
due to lower surface temperatures and resultingly
higher local cooling rates. Consequently, this spatial dis-
tribution of cooling rates leads to distinct microstruc-
tures and hardness.

In contrast, at Ts=800 °C, thermal fluctuations
become smaller, promoting a more homogeneous
microstructure and a uniform hardness distribution.
Besides, the resulting hardness of 325+ 10 HV1 is sub-
stantially higher than that of spray-formed material

VIRTUAL AND PHYSICAL PROTOTYPING . 9
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Figure 10. High resolution microstructure characterisation of
the printed Fe-TiB, samples at T, = 800 °C, SEM BEC micrograph
(a,b) SEM image, (c) EBSD map, (d,e) corresponding TEM analysis
with SAD patterns and (f) XRD graph.

(about 250 HV1) of identical composition [8]. This com-
pares well to the PBF-LB/M materials post-heat treated
at 1000°C (about 358 HV1 [33]), but without the extra
effort of heat treatment.
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Figure 11. Investigated PBF-LB/M process window for Fe-TiB, at different substrate temperatures, further investigated samples

marked.

Microstructures with similar matrix and particle size,
but without preheating [33], were observed at Ts=400
and 600 °C. Although not revealed by XRD, due to par-
ticle size being below the measurement range, TiB;
could be detected by SEM. The second phase in these
microstructures appears to be a metastable boride,
FesB, similarly found in a Fe-B alloy produced through
rapid solidification [36] and possessing a similar B
content. The resulting increase in hardness can be attrib-
uted to the presence of such metastable Fe3B, which
exhibits a hardness of 9.1 GPa [37], surpassing the
measured values in this study. However, the small size
and impure form of the FesB phase pose challenges
for individual measurement. In addition, the identifi-
cation is further complicated by the elevated Ti
content within this phase. Other possible phases, includ-
ing Ti, TiC, Mey3Ce, TiFe, and Ti Fe have already been
excluded based onprevious research [33] that provided
a more detailed investigation of this phase in a similar
material system. The resulting metastable intermediate
phase is caused by the rapid solidification in the PBF-
LB/M process. The rapid solidification prevents the for-
mation of the equilibrium phase TiB2, causing the frac-
tion of the TiB2 phase to decrease with increasing
cooling rate and favours the formation of the metastable
intermediate phase.

Investigation of the crack profiles at the substrate
temperatures Ts=400 °C and Ts=600 °C reveals that
cracks initiate in the second phase and only cross the fer-
ritic grains during the cracking process. This observation,
along with the higher hardness compared to the sample
with a substrate temperature of Ts=800 °C and the
larger areas of increased hardness values within the
nanoindentation, shows that the intermetallic Fe;B
phase exhibits an enhanced hardness compared to the

ferritic matrix. Another potential factor contributing to
increased hardness at lower substrate temperatures
can be attributed to the grain size. Here, the substantial
difference in grain size between the lower substrate
temperatures and the 800 °C suggests grain refinement.
In contrast, a distinct microstructure is observed at Ts=
800 °C, which can be attributed to the higher tempera-
ture level and the occurrence of a phase transformation
between 600 °C and 800 °C. At Ts=800 °C, both the
grains and particles exhibit significant enlargement
due to coarsening at a slower cooling rate, resulting in
punctate hardness increases detectable within nanoin-
dentation. This softer yet more ductile matrix inherent
to the coarser microstructure, coupled with the
absence of the Fe;B phase, positively contributes to
reducing crack formation.

It has been demonstrated in previous work [33] that
the TiB, phase can be formed in the matrix through sub-
sequent heat treatment. In this context, annealing of the
printed layer using a secondary laser with reduced
energy levels may introduce coarsening and in-situ for-
mation of the TiB,. Additional alloying elements, e.g.
Mn, may further enhance the material properties and
suppress the second phase. The identified process
window for FeTiB, can serve as valuable guideline for
other alloys, such as those containing 12 vol.% and
20 vol.%.

5. Conclusion

The present work describes a systemic study of the PBF-
LB/M process parameters and subsequent microstruc-
ture analyses of Fe-TiB, high modulus steels. Substrate
temperatures from 400 °C to 800 °C were investigated
in an attempt to avoid crack formation in the matrix.



An PBF-LB/M process window for denser and crack-free
HMS has been identified, positively contributing to pro-
ducing more complex geometries.

The following key conclusions can be drawn from this
study:

o Crack-free samples with a density of about 99.8% can be
successfully achieved with substrate preheating of 800 °
C. At temperatures of 400 and 600 °C, crack formation
and propagation occurred, requiring higher laser ener-
gies to manufacture comparably dense specimens.

o Analysis of the melting surface temperatures revealed
almost identical signals at 400 and 600 °C, while a
notable increase of approx. 22% higher was observed
at 800 °C substrate preheating temperature. This
observation may be associated with the laser’s
absorptivity characteristics on the surface at higher
pre-heating temperatures.

» Inhomogeneously distributed high hardness values
were measured in the PBF-LB/M samples manufac-
tured with 400 and 600 °C preheating temperatures.
In contrast, softer and more homogeneous materials
have been produced at 800 °C.

¢ Due to faster cooling rates, comparable microstruc-
tures and grain sizes were formed at 400 and 600 °C
substrate preheating temperatures. Further investi-
gations are required to ensure that the second
phase is FesB. At 800 °C, TiB, has been distinctly
detected in the Fe-matrix, in which the microstructure
is comparable with spray-formed materials.

In conclusion, this study highlights the potential of
the PBF-LB/M process for producing crack-free high-
modulus steels. The identified process window enables
the fabrication of denser and more complex geometries.
To further enhance mechanical properties, future
research should focus on confirming the nature of the
second phase and exploring the optimisation of
process parameters and alloying elements. By incorpor-
ating these findings into practical applications, additive
manufacturing capabilities will be significantly elevated
across in various industries.
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