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Abstract

Additively manufactured parts are characterized by a peculiar microstructure, originated by the distinctive layer-by-layer
process. In case of additive technology based on the localized melting of a metallic feedstock, as laser-based powder bed
fusion (LPBF), the resulting microstructure has a hierarchical arrangement, consisting of macro- and microscopical features
affecting the final properties. Commonly, several advanced metallographic techniques are adopted in order to reveal the LPBF
microstructure. However, main microstructural features can be also qualitatively appreciated by means of conventional light
microscopy. The present work aims at describing how the peculiar LPBF microstructure of the Co28Cr6Mo alloy can be
characterized, along with its main microstructural features, by means of the sole light microscopy.

Keywords Additive manufacturing - Powder bed fusion - Selective laser melting - Co alloys

Introduction

In the most recent years, metal additive manufacturing
technologies, and especially the laser-based powder bed
fusion (LPBF) one, have benefited from high interest of
both research and industrial fields [1, 2]. LPBF relies on
the localized melting of subsequent layers of fine metal-
lic powder by means of a laser beam and owes its success
mainly in the possibility of realizing component with a
high degree of geometrical complexity. Such complexity
is facilitated by the layer-wise solution that allows over-
coming most of the technological restrains of the so-called
conventional manufacturing routes. However, it should
be mentioned that from the material point of view, LPBF
results also in a distinctive, extremely fine and metastable
microstructure that guarantees good mechanical proper-
ties even in the as-built condition [3]. The origin of such
distinctive microstructure lies in the peculiar solidification
conditions that the processed alloy experiences [4]. For
each subsequent layer, the metal, initially in the form of
spherical powder, is selectively melted by the laser beam
forming the so-called melt pool. Due to the high cooling
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rate, approx. 10° K/s, the metal rapidly solidifies following
the direction of the maximum thermal gradient (e.g. the
building direction). As a consequence, molten metal solid-
ifies on a solid substrate made of its same chemical com-
position (i.e. the previously processed layer), leading to
an epitaxial grain growth [5]. Additionally, because of the
high cooling rate, the final microstructure is extremely fine
and the solubility of alloy elements is generally extended,
inducing a supersaturated metastable solid solution [6].
In summary, LPBF microstructure is characterized by the
following peculiar microstructural features: (i) a layered
structure formed by subsequent solidified melt pools, (ii)
epitaxial grains crossing-over layers, (iii) very fine sub-
structure formed within grains. These features, appreci-
able from low to high magnifications, make the LPBF
microstructure hierarchical. Solidified melt pools are
usually observed by conventional light microscopy, while
the other microstructural features usually need advanced
metallographic techniques. In case of the Co28Cr6Mo
LPBF alloy here investigated, for example, epitaxial
grain growth was examined with electron backscattered
diffraction (EBSD) [7, 8] and scanning electron micros-
copy (SEM) [9]. The fine substructure, characterized by a
cellular morphology for this alloy, is commonly resolved
by SEM [9-12]. The present work aims at showing how,
with the only adoption of conventional light microscopy,
the above-mentioned LPBF microstructural features can be
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observed. Furthermore, by adopting a sole instrument it
is also possible to investigate possible interactions among
the features, being the main advantage of this method. In
the present work, the method was applied to a Co28Cr6Mo
alloy for biomedical application, but it was also success-
fully adopted in case of others metal alloys processed by
additive manufacturing, such as the AISI 304L austenitic
stainless steel [13].

Experimental

Small blocks (20 x 6 x 30 mm?) were produced starting
from gas-atomized Co28Cr6Mo powder (LPW Technology
Ltd, Runcorn, UK) using a LPBF machine equipped with
a continuous wave laser source (SISMA MYSINT100).
Process parameters were chosen in order to obtain high-
density optimized samples, as described in previous
works [14, 15]. A rotating chessboard scanning pattern
was employed and samples were built along the direction
perpendicular to the building platform (i.e. vertical direc-
tion). As no post-process heat treatments were applied to
the samples, the microstructure was characterized in the
as-built condition.

Microstructural analyses were carried out on both verti-
cal (V, i.e. parallel to the building direction), and horizon-
tal (H, i.e. parallel to the building platform) sections, as
described in Fig. 1. The analysis of both V and H sections,
in fact, allows the investigation of the microstructural ani-
sotropy typical of additive process as LPBF.

Metallographic sections were embedded in a phenolic
resin and subjected to the following metallographic prepa-
ration, as described in [16]:

e Grinding with SiC papers: 180, 320, 600, 800 and 1200
grit.

e Polishing with polycrystalline diamond suspensions (9,
3 and 1 um) up to a mirror finish.

Vertical section (V)

Horizontal section (H)

Building direction

Building platform

Fig. 1 Schematic representation of metallographic sections extraction
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e Electrochemical etching performed at4 V for20sina 5
mL HCI, 10 g FeCl; and 100 mL H,O solution.

Conventional light microscopy (LM) was chosen to inves-
tigate the distinctive microstructure of the LPBF alloy. A
Zeiss Imager A1 optical microscope was adopted, operat-
ing at low (5%) and high (50x) magnification with a 0.5
camera adapter. Polarized light, bright and dark fields were
exploited to reveal the microstructural features peculiar of
LPBF.

Results and Discussion

The expected microstructure resulting from LPBF process is
schematically represented in Fig. 2. Three main microstruc-
tural features can be identified: (i) borders of the solidified
melt pools, (ii) epitaxial grains and (iii) fine cellular sub-
structure formed within grains. As depicted by the scheme
in Fig. 2, the above-mentioned features change their mor-
phology according to the observed sections. In fact, as LPBF
relies in the melting of subsequent layers of metallic pow-
der, whose solidification follows the building direction, the
resulting microstructure is typically highly oriented [3]. By
observing a V section, semicircular melt pools can be iden-
tified, formed as a consequence of localized melting of the
powder bed by means of the laser beam. Along an H section,
instead, melt pools appear elongated as they represent traces
of the scanning pattern followed by the laser beam when
processing each layer. It is worth mentioning, in fact, that in
the present work a chessboard scanning pattern was adopted
and the laser wave was continuous. As mentioned above,
the solidification of the molten alloy is driven by epitaxial
growth that follows the direction of maximum thermal gra-
dient (i.e. the building direction). Therefore, long epitaxial
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Fig.2 Schematic representation of the typical LPBF microstructure:
evidence of the anisotropy of microstructural features in the direction
parallel (V) and perpendicular (H) to the building one
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grains crossing-over layers are formed along the V direction.
The same grains, in an H section, appear almost equiaxed.
Finally, the fine substructure has a cellular morphology in
both V and H directions. As will be hereafter discussed,
results of the microstructural investigations agreed with the
schematic representation here examined.

Low-magnification LM

Low-magnification LM (Fig. 3) enables the general view of
the LPBF microstructure, revealing the macro-level micro-
structural features (i.e. solidified melt pools and epitaxial
grains). As a first information, a sound and regular micro-
structure with no major discontinuities (i.e. defects) was
revealed (Fig. 3a, b), proving that processing parameters
resulted in high-density samples. Additionally, the anisot-
ropy in the microstructure was revealed as well, demon-
strated by the different shape of the solidified melt pools
along V and H directions. The layered structure formed by
subsequent semicircular melt pools is appreciable in section
V (Fig. 3b), while in section H (Fig. 3a) elongated melt pools
forming the chessboard scanning pattern were evidenced.

Accordingly, polarized light microscopy of V sections
(Fig. 3d) highlighted large columnar grains crossing-over
layers, due to epitaxy; the same, in H sections (Fig. 3c),
appeared as equiaxed grains.

Fig. 3 Low-magnification LM
micrographs, bright field and
polarized light, of: (a) and (¢) H
section; (b) and (d) V section

Bright field

Polarized light

High-magnification LM

High-magnification LM (Fig. 4) facilitates the investigation
of micro-level microstructural features (i.e. cellular sub-
structure) and the observation of interactions between all
microstructural features. For that purpose, the same region
was observed using polarized light, bright and dark field.
Solidified melt pools due to successive laser scans could be
better highlighted by high-magnification bright-field analy-
ses (Fig. 4a, b), whose shape is defined by the melt pool
borders (highlighted by white dashed lines in Fig. 4a, b).
The fine cellular substructure could be observed by dark
filed analyses (Fig. 4c, d) that underlined the presence of an
extremely fine structure inside the solidified melt pools. It
should be mentioned that, in order to completely resolve the
morphology of this substructure, scanning electron micros-
copy is needed [14, 15]. However, by comparison with high-
magnification polarized LM (Fig. 4e, f) it could be found
that differently oriented cellular structures belonged to dif-
ferent grains, in case of both V and H sections, proving the
highly oriented organization of the LPBF microstructure.
This information is usually acquired by more advanced tech-
nologies (such as SEM-EBSD). Furthermore, by comparison
of bright-field (Fig. 4a, b) and polarized light observations
(Fig. 4e, f), it was possible to confirm that epitaxial grains
in V section crossed-over several layers. Additionally, each
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Fig.4 High-magnification LM
micrographs, bright field, dark
field and polarized light, of: (a),
(¢), (e) H section; (b), (d), (f) V
section.

Bright field

Melt pool borders *,
N

Dark field

Polarized light

melt pool was crossed by more than one epitaxial grain,
proving that, starting from the border, several grains grew
along the single melt pool. The same consideration can be
drawn also in case of H section, where multiple grains were
found inside a single melt pool and, in many cases, grains
crossed-over adjacent solidified melt pools.

Conclusions
In the present work, conventional light microscopy (LM)

was adopted to characterize and investigate the peculiar
microstructure of the Co28Cr6Mo alloy processed by the
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additive laser-based powder bed fusion (LPBF) process.
Two main directions were considered: the vertical one
(parallel to the building direction) and the horizontal one
(parallel to the building platform). Results showed that
main microstructural features typical of LPBF (solidified
melt pools, grains and fine substructure) can be simulta-
neously investigated by LM, with the aid of bright and
dark fields and polarized light. As a consequence, con-
ventional light microscopy can be adopted to facilitate and
accelerate the preliminary characterization of the peculiar
hierarchical and highly oriented microstructure of metal
alloys processed by innovative LPBF technology. Basing
on a proper optical microscopy, further advanced analyses
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can be more successfully planned and targeted on specific
aspects.
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