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Abstract: The paper presents an analysis of the impact of the volumetric energy density delivered during the Selective Laser
Melting (SLM) of a mixture of H13 tool steel powder and microcrystalline TiB,, on the properties of the obtained metallic matrix
composite. The results of measurements of density and hardness as well as microscopic analysis of six variants of the obtained
composite, differing in the value of energy density provided by the laser beam and the number of passes of this beam on each
fused layer, are presented. The results show that, in the case of a metallic matrix composite, the increase in the volumetric
energy density supplied during the SLM process can lead to the deterioration of the material properties.

Selektywne stapianie laserowe kompozytu w osnowie metalicznej H13-TiB,
- wplyw objetosciowej gestosci energii

Stowa kluczowe: stal narzedziowa H13, TiB,, SLM, selektywne stapianie laserowe, objetosciowa gestosc energii.

Streszczenie: Artykut przedstawia analize wptywu objetosciowe] gestosci energii dostarczanej podczas selektywnego stapiania
laserowego mieszaniny proszku stali H13 oraz mikrokrystalicznego TiB, na wlasciwosci uzyskanego w ten sposéb kompozytu
w osnowie metalicznej. Przedstawiono wyniki pomiaréw gestosci i twardosci oraz analize mikroskopowg sze$ciu wariantow
otrzymanego kompozytu, rdznigcych sie warto$cig gestosci energii dostarczonej przez wigzke lasera i iloscig przejs¢ tej wigzki
na kazdej stapianej warstwie. Wyniki pokazuja, ze w przypadku kompozytu w osnowie metalicznej zwigkszanie objetosciowej

gestosci energii dostarczanej przy stapianiu moze prowadzi¢ do pogorszenia wiasciwosci materiatu.

Introduction

Type H13 steel is a medium-carbon, hot work steel,
which can be subjected to extremely high loads that are
applied rapidly and under high-temperature gradients
[1]. It exhibits high elastic strength, wear resistance,
and high-temperature stability [2, 3]. One way to
improve the properties of such hard-working materials
is by incorporating hard second-phase reinforcement
into the steel matrix. Such particulate-reinforced metal
matrix composites (MMCs) have received considerable
attention because of their improved wear resistance,
reduced cost, isotropic properties, and low density [4, 5].

A specific way to produce fine-structured MMC
materials is the use of mechanical alloying in combination
with laser-based additive manufacturing (in this specific
case, Selective Laser Melting — SLM). Mechanical
alloying is a non-equilibrium, low-temperature, and
solid-state powder processing technique [6, 7]. The
process involves the repeated deformation, fracturing,
and cold welding of powder particles in a high-energy
ball mill. SLM is a powder bed additive manufacturing
technology in which the energy provided by the laser
beam melts the metal powder particles in a layer-by-
layer manner. The rapid solidification rate occurring
in the SLM process eliminates phase segregation (i.e.
promotes better chemical homogeneity) and produces
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avery fine microstructure with a uniform size distribution
of non-metallic inclusions [8, 9]. SLM technology is
currently widely used in unit and small lot production of
metallic parts, the processing of hardly workable alloys,
bioengineering metal matrix composites, metallic
glasses fabrication, and many others [10, 11, 12].

1. Raw material preparation

The powder used in this study was the mixture of
a spherical gas atomized AISI HI3 steel powder with
an average particle size of ~45um (Fig. 2A) and a TiB,
powder with an average particle size 2—12 um (Fig. 2B).
Before mixing with TiB,, the H13 powder was sieved
using an LPzE-2e (MULTISERW-Morek) laboratory
shaker equipped with a 53um sieve. The mechanical
alloying process was carried out in a high-energy ball
mill (Pulverisette 6, Fritsch GmbH) using a 5:1 ball-to-
powder ratio and 200 rpm speed for a period of 8 h. The
milling process was conducted in an argon protective
atmosphere. In order to avoid an excessive temperature
rise within the grinding bowl, there was a 15-min pause
after each 1 h milling cycle. The volume ratio of the
components was 85% (H13) to 15% (TiB,), which was
the result of a previously conducted research [11-14].

(h), and layer thickness (d). In turn, the scanning speed
represents the ratio of the distance between every melted
spot (a) to the exposition time of the laser beam in it (t).
The exact meaning of the above parameters is shown
in Figure 1A. Figures 1B and C shows the scanning
strategies used in this study, which is described as an
“alternate hatches” pattern, in which a layer is scanned
by a laser beam once or twice and then a 90deg rotation
of hatches is applied on the next layer. All samples were
manufactured on a steel base plate preheated to 200C
degrees. The SLM process was conducted in an argon
protective atmosphere with an oxygen level below 0.5%.

Table 1. Summary of processing parameters used in the

experiment

No.| | vt (w1 | g e | ) ot
passes

1 60 278 100 | 0.12 | 0.05 | 0.08 | 0.000288 1

2 60 278 100 | 0.12 | 0.05 | 0.08 | 0.000288 2

3 80 208 100 | 0.12 | 0.05 | 0.08 | 0.000384 1

4 80 208 100 | 0.12 | 0.05 | 0.08 | 0.000384 2

5 100 167 100 | 0.12 | 0.05 | 0.08 | 0.00048 1

6 100 167 100 | 0.12 [ 0.05 | 0.08 | 0.00048 2

2. SLM process

3. Material characterizations

The feedstock powder obtained by the mechanical
alloying process was used to fabricate cylindrical
samples with a diameter of 10mm and a height of 6mm.
Two different scanning strategies and three different sets
of process parameters were used, resulting in six different
sample fabrication conditions (Tab. 1). Different process
parameters were aimed to achieve different volumetric
energy density [15] (E density) supplied to the processed
material. E density TEPTCSENLS the energy supplied by the
laser beam to a volumetric unit of the powder, and it
is equal to the laser power (P) divided by the result of
multiplication of a scanning speed (V), hatching space

The microstructures of the fabricated composites
were analysed using a HITACHI SU scanning electron
microscope equipped with a THERMO FISHER
NORAN 7 microanalysis adapter and a FEI Nova
Nano 230 scanning electron microscope. Specimens for
metallographic examinations were prepared according
to the standard metallographic procedures. The relative
densities of each composite variant were calculated
based on the Archimedes principle. The Vickers
hardness values of the SLM-fabricated composites were
measured using a LECO LM247AT microhardness tester
with a load of 0.03 kG and an indentation time of 10 s.
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Fig. 1. The meaning of process parameters (A) and scanning strategies applied in the study: B — alternate
hatches, single pass of the laser beam; C — alternate hatches, double pass of the laser beam

Source: Authors.
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3. Results and discussion

After 8 h of milling, some of the milled TiB,/H13
steel particles retained their spherical morphology, while
some were flattened, as shown in Fig. 2C. A spherical
morphology suggests the effectiveness of the milling
procedure for SLM.

The density measurements results (Fig. 3) revealed
that there is a clearly visible downward trend related
to increasing volumetric energy density in both once
and twice scanned samples. Particularly noteworthy is
the fact that double laser scanning caused a significant
decrease in density in all cases of the energy density

Fig. 2. SEM images of the starting materials: A — H13
tool steel powder, B — TiB, powder, C — H13/TiB,
mixture after ball milling

Source: Authors.

analysed. This phenomenon is opposite to the typical
increase in the density of metallic materials processed
using SLM technology, which occurs with increasing
density of energy supplied [16, 17]. It follows that its
origin should be sought in the application of TiB, as
a reinforcing phase. The probable explanation may be
the high viscosity of the molten metal, which causes
its attraction to the particles of the strengthening phase,
thereby disrupting the uniform distribution of the material
on each layer. As shown in the microscopic studies in the
further part of the article, the particles of the strengthening
phase showed a tendency to form agglomerates, which
increases with the increase of energy density, which may
also enhance the above phenomenon. As a consequence,
this led to an uneven thickness of each subsequent layer
of powder applied, and thus to the appearance of places
where the powder may not have been completely melted,
and the additional liquefaction caused by the re-passage
of the laser beam that has deepened this effect.
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Fig. 3. Density measurements results
Source: Authors.

As showed in Figure 4, opposite trends in hardness
values can be observed: In the case of the composite
obtained by single laser scanning, there is a hardness
decrease together with an increase of the energy density;
whereas, in the case of the second material variant, the
hardness increases. However, the values obtained for
a double scanned material are noticeably lower until the
100 J/mm?® energy density is used, which is when the
lowest value of a single scanned composite is reached.
This interesting phenomenon may be explained by the
lower density of the second variant of the composite,
while the increasing hardness trend, which is contrary to
the downward trend observed in the case of single scanned
composites, may result from additional hardening of
H13 steel, which is the result of an additional, short-term
transition to the liquid state and back to the solid state,
which facilitates the formation of new martensite nuclei.
However, there is further crystallographic analysis
required for an exact explanation.
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Fig. 4. Hardness measurements results
Source: Authors.

Figure 5 presents images obtained by a single laser
scanning on each layer, and Figure 6 presents their
double scanned counterparts. The X-ray diffraction of
the composite, previously published by the authors [11],
clearly confirmed the presence of the TiB, phase, both in

]
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the powder mixture, and in the material obtained after
the SLM process. The identification of this phase was
performed on the basis of elemental mapping (in this
case, Ti was chosen due to the fact that the boron lies at
the limit of the traceability range in the EDS analysis),
and it is shown in Figures 5 and 6 in the middle column.
Figure 5A shows the composite manufactured using
60 J/mm?® energy density — the lower magnification image
(left side) reveals good dispersion and uniform size of
the reinforcing phase particles. Magnification of a single
TiB, particle (right side) shows its correct integration
into the matrix, and small cracks of the particle are also
visible. Figure 5B shows the composite manufactured
using 80 J/mm? energy density, where a tendency to form
agglomerates by the particles of the strengthening phase
is noticeable, and the shapes of the particles become
more extended. With the magnification of a single
TiB, particle, cracks can also be observed. The third
variant of a composite, which was manufactured using
100 J/mm? energy density, is presented in Fig. 5C.
A noticeable increase in the porosity of the structure is
visible, as well as the tendency to form agglomerates,
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Fig. 5. SEM images of a single scanned composites: A — 60 J/mm?3, B — 80 J/mm?, C — 100 J/mm?
Source: Authors.
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which is even more advanced than in the 80 J/mm?
composite. Worth noting is the fact that most of the
reinforcing phase particles surround the pores and their
shape is longitudinal. The cracks on the magnified
particle can also be observed.

Figure 6A shows the composite obtained by use of
60 J/mm® and double laser scanning. In comparison to
the structure shown in Figure 5A, the distribution of the
strengthening phase particles has changed very clearly;
they form agglomerates of elongated shape, similar to
the results of higher energy densities used in the one-
time scanned composites. Variants of the composite
formed by double scanning of the laser providing either
80 J/mm? or 100 J/mm? are also characterized by a more
noticeable agglomeration of the particles, and there is
also noticeable porosity. Magnifications of individual
particles, as before, show their small cracks.

SEM imaging showed a strong dependence of the
structure of presented composites on the amount of
energy supplied by the laser beam. Increasing the energy
density and using additional laser scanning caused the

tam3[ )
200 pm
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TiB, particles to concentrate into larger clusters and
a tendency to form longitudinal fields. These phenomena
may result from the dynamics of liquefied metal during
the melting process, because the laser beam is pulsed
rather than firing continuously, so the melted path
consists of individual melted fields. Too much energy
supplied by the laser in a single spot caused the scattering
of the particles of the strengthening phase and set them
in external areas. This was previously explained by
Simchi and Asgharzadeh [18] and Gu et al. [19], who
reported that Marangoni convection within the molten
pool, generated by high temperature and high surface
tension, induced a liquid capillary force that caused the
rearrangement of reinforcing particles.

Conclusion

The presented research uses the method of
changing the volume energy density by changing the
exposure time of a laser beam in a single spot. This is

o O 17

Fig. 6. SEM images of a double scanned composites: A — 60 J/mm?, B — 80 J/mm?, C — 100 J/mm?
Source: Authors.
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just one of the possibilities, because the same effect can
be theoretically obtained by changing the laser power,
the thickness of the layer, the distance between the
laser tracks, or the distance between individual melted
spots. Recent scientific work in this field [20] indicates
that this approach can give completely different results;
therefore, it is a reasonable direction for further research.
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