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Abstract: Steel matrix composites (SMCs) reinforced with WC particles were fabricated via selective laser melting (SLM) by employing vari-
ous laser scan strategies. A detailed relationship between the SLM strategies, defect formation, microstructural evolution, and mechanical prop-
erties of SMCs was established. The laser scan strategies can be manipulated to deliberately alter the thermal history of SMC during SLM pro-
cessing. Particularly, the involved thermal cycling, which encompassed multiple layers, strongly affected the processing quality of SMCs. S-
shaped scan sequence combined with interlayer offset and orthogonal stagger mode can effectively eliminate the metallurgical defects and re-
tained austenite within the produced SMCs. However, due to large thermal stress, microcracks that were perpendicular to the building direction
formed within the SMCs. By employing the checkerboard filling (CBF) hatching mode, the thermal stress arising during SLM can be signific-
antly reduced, thus preventing the evolution of interlayer microcracks. The compressive properties of fabricated SMCs can be tailored at a high
compressive strength (~3031.5 MPa) and fracture strain (~24.8%) by adopting the CBF hatching mode combined with the optimized scan se-
quence and stagger mode. This study demonstrates great feasibility in tuning the mechanical properties of SLM-fabricated SMCs without vary-

ing the set energy input, e.g., laser power and scanning speed.

Keywords: laser additive manufacturing; selective laser melting; scan strategy; defect control; mechanical property

1. Introduction

The 1.2767L alloy is a medium-carbon, cold-work steel
applied to manufacture tools for forging, coining, cutting, and
plastic molding. These tools are subjected to extremely high
loads which arise rapidly and involve high thermal gradients
[1]. The fabricated tools must repeatedly withstand such
loading conditions without large deformation and early fail-
ure. One strategy to fulfill such requirements is to introduce
hard ceramic particles into the steel matrix to achieve the pre-
paration of high-performance steel matrix composites
(SMCs).

SMCs are commonly fabricated by casting or powder me-
tallurgical techniques [2]. These techniques usually enable
the preparation of SMC components with coarse microstruc-
tures and heterogeneously distributed ceramic particles [3].
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Selective laser melting (SLM) is a fast-emerging additive
manufacturing (AM) technology allowing the rapid fabrica-
tion of three-dimensional (3D) SMC parts with unlimited
geometrical freedom directly from composite powder [4].
Defined volumes of each layer are successively melted by the
scanning laser beam in accordance with the slice information
of the respective CAD file [5]. Thus, SLM shows a high po-
tential for the near net-shape fabrication of high-performance
SMC parts with complex geometries, which cannot be read-
ily prepared by the other traditional manufacturing tech-
niques [6]. The development and production period of the
component and cost can be also reduced by utilizing SLM.
Therefore, SLM techniques, which allow the fabrication of
geometrically and highly complex SMC components, have
been and are gaining significant attention in the industry and
academia [7].
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Numerous efforts have been made to improve the pro-
cessing quality and mechanical properties of ceramic
particle-reinforced SMC parts to promote their practical ap-
plication across various industrial fields [8—10]. Particularly,
WC is considered as a suitable reinforcement for steel mater-
ials owing to its high melting point, thermal stability,
strength, hardness, and good wettability. Yan ef al. [11] in-
vestigated the tribological properties of SLM-fabricated
WC/Fe composites, and their results revealed that the good
adhesion of WC particles through their reaction layer to the
Fe-based matrix results in a better wear resistance compared
with single iron-based alloy. Wang et al. [12] revealed that
the main challenge in developing high-performance WC-re-
inforced SMC:s is controlling the evolution of cracks formed
in the reaction layers between the WC particles and iron-
based matrix. Rapid melting and subsequent solidification are
inherent to SLM processing and induce significant thermal
gradients. These thermal gradients can result in the evolution
of large residual stress fields within the SLM part, and they
are especially pronounced in WC-reinforced SMC parts,
where a difference exists in the thermal conductivity between
steel matrix and WC particles. The formation of pronounced
residual stresses results in the evolution of cracks, which gen-
erally propagate along the interface between WC and iron-
based matrix [10]. In this situation, the WC particles cannot
act in a load-bearing manner, and their contribution to the
mechanical properties of the composite material is highly
limited. Additionally, residual stresses can lead to deforma-
tion, especially severe warping, and failure of parts during the
AM processing and/or subsequent post-processing. Many in-
vestigations focused on optimizing the processing paramet-
ers, such as the laser energy density [8], starting size [9], and
additive amount of reinforcements [10], to solve these prob-
lems. In addition to these main parameters, the laser scan
strategy is considered to be another key factor for the fabrica-
tion of high-performance SLM parts. Kruth et al. [13] repor-
ted the origin of residual stress within SLM-fabricated parts
and the effect of exposure strategy, sector scanning order,
and post-scanning on the processing quality of iron-based
parts. They observed that an appropriate scan strategy in-
duces a significant alleviation in thermal deformations, and
the vaporization effect of metal is utilized to restrain the
balling effect. Zhang et al. [14] developed a consecutive sub-
sector scan mode with adjustable scan lengths for SLM. They
revealed that this scan pattern increases the temperature in
small subsectors, facilitating the complete melting of the
powder material. Qian et al. [15] studied the so-called helix
scan strategy applied to SLM and revealed that it alleviates
the deformation of the melted layers. Su and Yang [16] de-
veloped an interlayer offset stagger (IOS) mode for the laser
scan and demonstrated that this stagger mode can improve
the metallurgical bonding between adjacent melting tracks;
as a result, the overmelting phenomenon and intertrack de-

fects can be eliminated. Prashanth et al. [17] analyzed the
crack propagation mechanism of Al-12Si tensile specimens
fabricated at different laser scan strategies. They revealed the
influence of contour on the tensile properties of SLM-fabric-
ated parts. However, the abovementioned studies did not
provide a unified conclusion clarifying the strategy—process-
ability—property correlation with different measurement
strategies, materials, and parameters being used throughout.
Several publications [18-20] offered contradicting results
with regard to the relation between the direction of greatest
stress, i.e., the direction of stress accumulation, and applied
scan vectors. Thereby, the interaction between laser scan
routes, defect formation, microstructure, and the resulting
mechanical properties of SLM-fabricated SMC parts still
needs to be extensively investigated. Measures permitting the
optimization of the mechanical properties of SMC compon-
ents in-situ during SLM fabrication without changing the
set energy input (i.e., without changing the main laser
parameters, including laser power and scan speed) must be
identified.

In this study, WC particles were used to reinforce 1.2767L
steel, and the powder mixture was processed via SLM. A
method was developed to tune the microstructure and mech-
anical properties of WC-reinforced SMCs by optimizing the
laser scan strategies at which the following parameters were
varied: (1) scan sequence, (2) stagger mode, and (3) hatching
mode. The specimens with different laser scan strategies
were examined with respect to the formation of defects and
residual stress within the SMC parts. Furthermore, the micro-
structural evolution and compressive properties of the fabric-
ated SMCs were assessed. The variations in thermal history
during the melting of the powder layer and the subsequent
solidification using different laser scan strategies were in-
vestigated to provide a deeper understanding of the forma-
tion of microstructural defects and stress accumulation beha-
vior within selectively melted specimens. The possible frac-
ture mechanism of SMC parts fabricated by different scan
strategies was also discussed. This work sets the basis for the
development of optimized scan strategies to achieve the reli-
able manufacturing of high-performance SMC components
via SLM.

2. Experimental
2.1. Powder materials

Spherical gas-atomized 1.2767L tool steel powder (TLS
Technik GmbH, Germany) with a mean particle size D50 of
21.6 pm and spherical WC powder (Zhuzhou Cemented
Carbides Group Co., Ltd., China) with an average size of
around 600 nm were used in this study. Pulverisette 6 planet-
ary mono-mill (Fritsch GmbH, Germany) was applied in this
study to prepare the WC/steel composite powder containing
2wt% WC. The detailed procedures and parameters used in
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Fig. 1.
dispersing on the surface of the steel powder.

ball milling were given in our previous study [3]. Fig. 1
shows the as-prepared composite powder. The micro-sized
WC particles uniformly dispersed on the surface of the steel
powder.

2.2. SLM process

The SLM process was performed using a self-developed
SLM-150 device consisting of a YLR-500 ytterbium fiber
laser with a power of ~500 W and a spot size of 70 pm (IPG
Laser GmbH, Germany). The detailed processing procedures
were given in our previous work [3]. Different laser scan
strategies were implemented via altering the laser scan se-
quence, stagger mode, and hatching mode during SLM. By
employing laser scan sequences, we can determine whether
the adjacent laser scan lines of the same layer are continuous.
The scan sequences used were the so-called Z-shaped scan
(ZS, all scan tracks oriented parallel to each other and dis-
continuous) and S-shaped scan (SS, parallel and continuous
scans), as shown in Figs. 2(a) and 2(b), respectively. The

@ (b) (©

(a) Representative morphology of the composite powder prepared via ball milling; (b) micro-sized WC particles uniformly

stagger mode determines how the laser scan routes in adja-
cent layers stagger with each other. The IOS (scan lines in
adjacent layers staggered by a certain distance at half of the
hatch distance) and orthogonal stagger (OS, 90° rotation scan
direction between adjacent layers) were conducted in this
study, as shown in Figs. 2(c) and 2(d), respectively. The
hatching mode determines how the laser line fills the pattern
of the cross-sections of the part based on the CAD data. No
pattern filling (NPF, no special fill pattern is used), contour
filling (CF, all the scan tracks are parallel to the sliced con-
tours, and the distance between adjacent scan lines is equal to
the hatch distance), and checkerboard filling (CBF, the same
layer is divided into numerous small checkerboards, and
these checkerboards are laser melted in accordance with a
predetermined sequence) were performed in this work (Figs.
2(e), 2(f), and 2(g), respectively). All the laser scan strategies
were applied with the same processing parameters of laser
power (P) at 450 W, scan speed (v) at 1800 mm/s, hatch dis-
tance (s) at 50 um, and layer thickness (%) at 40 um. The 9
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Fig. 2.
SLM: (a) ZS; (b) SS; (c¢) I0S; (d) OS; (e) NPF; (f) CF; (g) CBF.

Different laser scan strategies implemented via altering the laser scan sequence, stagger mode, and hatching mode during
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mm X 9 mm X 4 mm specimens were built to characterize the
defect formation and microstructure of SLM-processed
SMCs. Additionally, cylindrical samples (¢3 mm, length of 6
mm) were fabricated along the building direction to charac-
terize the mechanical properties of the SMCs.

2.3. Structural characterization

The distribution of defects within SLM-processed SMCs
was tested by computed X-ray tomography (u-CT; phoenix
nanotom m, GE, USA) and the corresponding densification
levels was also determined. X-ray diffraction (XRD; Co K,
radiation; STOE Stadi P, Germany) was performed on the
upper surface of SMC specimens to identify the phases con-
stitution. Field emission scanning electron microscopy (FE-
SEM; Hitachi, Japan) was used to characterize the micro-
structures of SMC samples. The SEM images were pro-
cessed by ImagelJ software, and then the distribution of sec-

(@

ondary phases can be identified. The upper surfaces of SMC
samples were also observed by FE-SEM.

2.4. Residual stress measurement

As the temperature (7) fell rapidly during SLM, the top re-
gion shrunk further, but this shrinkage was restrained by its
bottom region. Thus, tensile and compressive residual
stresses occurred at the top and bottom regions, respectively
(Fig. 3(a)) [21]. The tensile residual stress, in most cases, de-
teriorates the mechanical property of SLM-processed parts.
A D8-ADVANCE X-ray diffractometer (Bruker AXS
GmbH, Germany) was used to identify the highest residual
stresses on the top surface of SMC samples. The residual
stresses (o) were measured at different places to show the
stress distribution (Fig. 3(b)). The residual stress at each point
along the X (o) or Y (o) directions was measured thrice,
and the average of the three readings was recorded.

(b)

Tensile Iy . .
O
Top region Bottom region X'\j M*easurlng points
g | A
- E - - * .
2 ] . - - - Y axis
o i
=
=
2
3
=4
Depth from the top surface

Compressive

Fig. 3.
distribution testing along the X and Y directions.

2.5. Mechanical testing

The MTS Landmark 370 (MTS Systems Corporation,
USA) was used to perform quasi-static compression tests on
the SMC samples at room temperature. The upper and bot-
tom surfaces of all compression samples were lubricated with
zing stearate prior to compression testing to alleviate the fric-
tional effect. The displacement rate was 0.1 mm/min. At least
three specimens were tested to ensure the reproducibility of
the data. The fracture surfaces were observed by FE-SEM.

3. Numerical simulation

The quasi-stationary temperature field and temperature
gradient when using ZS and SS modes were calculated using
the computational fluid dynamics software FLUENT 6.3.26
to investigate the effect of laser scan sequence on the thermal

(a) Theoretical residual stress distribution along the building direction; (b) schematic of the experiments for residual stress

history of melting and solidification process of the powder
layer. The mathematical model, governing equations, con-
vection and radiation, evaporation modes, Gaussian heat
source, and the convergence principle of numerical calcula-
tions have been proposed in our previous study [22] in detail.
Table 1 lists the thermophysical properties of as-used materi-
als. The thermal conductivity of WC is 121 W-m K" with
temperature below the melting point, while the thermal con-
ductivities of steel matrix under different temperatures used
in the numerical simulation were referred to the data in Ref.
[27].

4. Results and discussion

4.1. Effect of laser scan strategy on defect formation
within SLM-fabricated SMCs

The laser scan sequence determined the sequence of melt

Table 1. As-used material properties
Material Laser Density/  Melting point/ Melting heat/ Ambient temperature, 7, Marangoni coefficient, 0y/0T /
absorptivity (g-em™) K J-gh /K (N'-m"K™)
wC 0.61 [23] 15.6 3134 590 [25] 300 —
Steel 0.47 [24] 7.9 1808 269 -0.52 x 107 [26]
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tracks. Powder particles absorbed laser energy until they
were melted. Hence, the laser scan sequence determined the
heat transfer within the powder bed, thereby greatly affecting
the final processing quality of the SLM-fabricated SMCs.
Fig. 4 highlights the surface morphologies of the SMC
samples fabricated using ZS scan sequence (named SMC-
ZS) and SS scan sequence (named SMC-SS). Surfaces at the
center and marginal region of the top surface were depicted.
A severe “marginal balling effect” was observed at the mar-
gin of the SMC-ZS sample, whereas the SMC-SS sample
showed a smooth and stable margin. The SMC-ZS sample
showed a rougher top surface compared with the SMC-SS
sample. The distinction in the surface morphology between
SMC-ZS and -SS samples indicated that the laser scan se-
quence played a vital role in SLM processing of the compos-
ite powder. The scanning path of laser beam influenced the
thermomechanical behaviors of the laser-processed powder
region and thus affected the final processing quality of the
manufactured SMCs. Fig. 5 illustrates the thermal behavior
of the molten pool, namely, the temperature distribution and
gradient along the Y-direction dependent on the laser scan se-
quence. The molten pool for the SMC-ZS sample showed a

Int. J. Miner. Metall. Mater., Vol. 28, No. 3, Mar. 2021

similar maximum temperature to the SMC-SS sample during
SLM, whereas the thermal gradients along the Y-direction
largely differed. A larger thermal gradient ((07/0Y)max =
—3.28 x 107 K/m) along the Y-direction of the molten pool
evolved within the SMC-ZS sample in comparison with the
SMC-SS sample ((87/3y)max = —2.01 x 10" K/m). Large
thermal gradient always leads to an evolution of a pro-
nounced gradient in surface tension of the liquid. Thus, the
melt turns into metallic agglomerates with spherical shape to
minimize the surface energy, hence resulting in the evolution
of the so-called “marginal balling effect” (MBE) [28]. The
MBE obstructed the movement of the powder-spreading
device when a fresh powder layer was deposited, thus facilit-
ating the formation of metallurgical defects within the SMC
sample. When SMCs were fabricated using the SS sequence,
this undesirable effect can be effectively alleviated, because a
reduced temperature gradient is effective within the molten
pool. Adjacent melting tracks were then preheated, resulting
in the decreased surface tension gradient and capillary in-
stability of the melt during the synthesis of SMC-SS sample,
leading to an enhanced surface quality of the final SMC com-
ponents.

Smooth and stable margin

SLM-fabricated
cubic sample

Fig. 4. FE-SEM images showing the surface morphologies of SLM-fabricated SMCs using ZS and SS laser scanning sequences.

Residual stresses and deformations are inherent to SLM-
manufactured components and limit their application. Highly
localized laser energy input generally causes large thermal
gradients to evolve in the manufactured material, ultimately
leading to the generation of residual stresses during SLM
processing. With the repeated layer-by-layer AM processing,
these stresses can accumulate and may lead to serious distor-
tion and failure, such as layer cracking or delamination [29].
Therefore, the stagger mode of the laser scan between adja-
cent layers should be well designed to optimize the local heat
distribution during SLM. IOS is an effective stagger mode to
improve the surface quality and reduce metallurgical defects
in SLM-fabricated SMC parts while achieving a homogen-

eous Gaussian distribution of laser energy at the adjacent
processing layers [16]. I0OS avoids the repetition of melting
tracks at the same position along the building direction and
eliminates defects that can form at overlapping regions.
Without the IOS mode, the laser energy density at the center
of the melting track was notably larger than that at the over-
lapping regions. Therefore, metallurgical defects tended to
form at the overlapping region without sufficient laser en-
ergy input (Fig. 6(a)). By contrast, IOS enabled a uniform en-
ergy distribution at the processed layer. Overlapping regions
within the last processed layer were melted when the stagger
laser scan mode, which entails the elimination of interlayer
pores, was applied and hence improved the processing qual-
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Fig. 5. Temperature contour plots in top view, temperature distributions, and temperature gradients along the Y direction: (a, ¢) ZS

sequence; (b, d) SS sequence.

ity of the SLM-fabricated SMC sample (SMC-IOS, Fig.

can balance the residual stress within SLM-fabricated parts

6(b)). [30]. Controlling the residual stresses avoids the warping of

In addition to I0S, OS is a useful laser stagger mode that
SMC-SS SMC-10S

Defects forming at the

apping region : ;
i e Improved metallurgical bonding
e
\
’

Fig. 6. Different metallurgical bonding behaviors of the SMC samples processed (a) without and (b) with IOS mode.

the current layer from the previous one. As a consequence,
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the interlayer cracking within the SMC samples can be cir-
cumvented. According to the literature [31], a relationship
exists between the length of the scan line and the evolving
stress within the SMC samples:

— KDH (i,

P==c- | i (1)

where P is the residual stress of a scan path along the single
direction, ¢, is the consumption time when the laser beam
moves from the start scan position to the current position, v,
is the vector velocity at time ¢ along the scan direction, H is
the average melting thickness of the scan path, D is the aver-
age melting width of the scan path, C is the thermal conduct-
ivity of the metal powder, and K is a material specific con-
stant. Eq. (1) indicates that the laser scanning along a single

Int. J. Miner. Metall. Mater., Vol. 28, No. 3, Mar. 2021

direction resulted in the accumulation of residual stress. Fig.
7 illustrates the comparison of the residual stress in SMC
samples, which were fabricated with and without OS stagger
mode, at their top surface along the X and Y directions. The
highest oy and oy of SMC sample with OS mode were both
detected at around 300 MPa. By contrast, the sample without
OS displayed a nonuniform stress distribution. The highest
oy (390 MPa) was considerably larger than the highest oy
(234 MPa), indicating that the accumulation of residual stress
generally occurred in directions parallel to the scan direction.
OS entailed a more balanced distribution of the residual stress
within the SLM-fabricated parts compared with IOS. There-
fore, the directional distortion and potential failure of SMC
samples can be reduced.

Fig. 7. Residual stresses at different measuring points along the X and Y directions of the SMC samples fabricated (a, b) with and

(¢, d) without OS mode.

After selecting the best laser scan sequence and stagger
mode for fabricating SMCs by SLM, the optimized filling
pattern to hatch the cross-section of the 3D mode of SMCs
parts should be determined. NPF, CF, and CBF are the most
used hatching modes in SLM [29]. Thus, in the following, the
defect formation and stress development within SMCs
samples prepared by NPF, CF, and CBF hatching mode (fur-
ther named SMC-NPF, SMC-CF, and SMC-CBF) were in-
vestigated. All these hatching modes were applied with SS,
I0S, and OS scanning strategies to reduce the formation of
metallurgical defects and to balance the thermal stress within

the SMC parts during SLM.

The surface morphologies of SLM-processed SMCs were
characterized using SEM to further investigate the depend-
ence of defect formation on the hatching mode. The size-dis-
tribution of the pores inherent to the SMC specimen was
identified by u-CT. Fig. 8 reveals the corresponding results
for SMC samples fabricated by different hatching modes. Ta-
ble 2 lists the statistical residual stresses along the X- and Y-
axis obtained on the surface of SMC samples prepared by
different hatching modes. The surface of SMC-CF specimen
showed high roughness and apparent pores, which mainly
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formed around the center region, with a size of about 80 pm
in diameter (Fig. 8(a)). From the pu-CT reconstruction map,
the pores were distributed throughout the SMC-CF specimen
(Fig. 8(b)), which had a relatively low density (~92.8%).
When a rectangle-shaped layer was hatched in accordance
with the CF, residual stresses evolved along the vertical dir-
ection of the scan path pointing toward the center of the rect-
angle contour [32]. This specific stress distribution led to the
evolution of considerable bending stress (the average oy, ox
= 263 MPa; the average oy, oy =271 MPa) on the top sur-
face of the SLM parts. The bending stress deteriorated the
geometric accuracy and surface quality of SLM-fabricated
SMCs, resulting in an unfavored metallurgical bonding
between layers. As the scan line became increasingly shorter,
which indicates its proximity toward the center region, the
overheating phenomenon can easily occur because of the
pronounced thermal accumulation effect, resulting in the
formation of pore defects. By contrast, the SMC-NPF
sample, which presented a smooth top surface (Fig. 8(c)),
showed the highest relative density (~99.3%). In lieu of
pores, microcracks with a length of about 1 mm can be ob-
served (Fig. 8(d)). Vertically and horizontally oriented cracks
with respect to the building direction were visible. Accord-
ing to the literature [33], large residual stresses within SMC
(ox =265 MPa; oy =287 MPa) easily caused an interrup-
tion of liquid film at the molten pool boundaries during solid-
ification, which resulted in the formation of microcracks. The

SMC specimen, which was fabricated by employing the CBF
hatching mode, showed a high densification level of 98.1%
and a low residual stress (ox = 187 MPa; oy = 176 MPa).
The p-CT reconstruction map demonstrated the fabrication
of high-density SMC, in which several apparent pores were
present, and no cracks can be observed (Fig. 8(f)). By em-
ploying the CBF mode, the SMC sample with a reduced re-
sidual stress can be fabricated, given that a decreased scan
vector length is utilized. As inferred from Eq. (1), the value
of J;‘V;dt decreases as the scan line becomes shorter. Thus,
|7’)| was reduced along the corresponding scan direction. The
reduced thermal stress prevented the SMC sample from early
cracking and premature fracture during SLM processing.
Nevertheless, controlling the overlapping between adjacent
checkerboards is notably challenging. As depicted by the sur-
face morphology of the appendant SMC specimen (Fig.
8(e)), key-hole-type defects were visible at these overlapping
regions. Their formation is the major obstacle for the fabrica-
tion of fully dense SMC samples.

Table 2. Overview of statistical residual stresses along the X-
and Y-axis obtained at the surface of SMC samples prepared
under different hatching modes

Hatching mode ox/ MPa oy/ MPa
CF 263 £ 36 271 £39
NPF 265+ 41 287 + 35
CBF 187 32 176 + 34

Building
direction

(d) ®
700 pm | l

Fig. 8. Characteristic morphologies at the upper surface of SMC samples and the distributions of pores within SMC samples pre-
pared under various hatching modes: (a, b) CF; (c, d) NPF; (e, f) CBF.

4.2. Effect of laser scan strategies on the microstructural
evolution of SLM-fabricated SMCs

The laser scanning strategies determine the thermal his-
tory of the processed thin powder layer during melting and
subsequent solidification, thus leading to different micro-

structural features of the SMC samples. Fig. 9 displays the
typical XRD patterns of the SMC-CF, SMC-NPF, and SMC-
CBF samples. The XRD data demonstrated that the micro-
structures of all fabricated SMC samples were composed of
martensite as the main phase and retained austenite with a
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low volume fraction. The content of retained austenite within
SMCs varied depending on the hatching mode used. The
SMC-CF sample contained about 27.8vol% retained austen-
ite, which was almost twice those of the SMC-NPF
(12.1vol%) and SMC-CBF (14.6vo0l%) samples. Martensite
formed directly from the undercooled austenite, because ex-
tremely high cooling rates were effective during the rapid so-
lidification of the molten pool [34]. During SLM processing
of the overlying powder layer, heat was extracted through the
previous solidified layer. Thereby, a fraction of the martens-
ite was retransformed into austenite, which was retained
within the solidified microstructure. From the variation of the
content of retained austenite in different SMC samples, vari-
ous laser scanning strategies caused varied thermal cycling
behaviors during SLM, resulting in the differences in the
phase constitution of the SMC samples. The residual heat ef-
fect, which resulted from the short scanning path at the cen-
ter region of the SMC-CF sample, caused the heat flux to in-
crease significantly. The heat flux originated from the mol-
ten regions and was extracted toward the building platform.
Thus, the temperature of the center regions within the previ-
ously solidified layers reached values above the martensite
start temperature (M;). This condition resulted in the retrans-
formation of martensite into austenite. By contrast, less
thermal heat accumulated during the layer-by-layer fabrica-
tion within the SMC-NPF and SMC-CBF samples. Most
martensite was not retransformed into austenite. Thus, the
microstructures of SMC-NPF and SMC-CBF samples con-
tained less retained austenite.

"' —— SMC-NPF + Austenite
| —— SMC-CBF » Martensite
|. —— SMC-CF

_JII’}U'\ A A
AN A I\

Intensity / a.u.

Fig. 9. XRD spectra of SLM-fabricated SMC samples (center
region) prepared under different laser hatching modes.

Fig. 10 shows the SEM images and corresponding ImageJ-
processed images of the center region of the SLM-fabricated
SMC samples prepared with different hatching modes after
etching. The microstructures showed a cellular morphology
with secondary phases precipitating along the cell boundar-
ies. The martensite was etched out; thus, the typical martens-
itic lath structures were hardly visible. Our previous study
[35] demonstrated that the secondary phases, which precipit-
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ate along the cell boundaries, are (Fe,W),C-type carbides.
During the rapid solidification process, W and C were se-
gregated to the cell boundaries. There, they reacted with Fe,
leading to the formation of (Fe,W):C-type carbidic network.
However, the (Fe,W),C carbides cannot be identified by
XRD analysis because their low volume fraction in the SMCs
was below the resolution limit of the XRD device used. Figs.
10(b), 10(d), and 10(f) show the distributions of (Fe,W),C
carbides within the iron-based matrix using ImageJ software.
The laser scanning strategies significantly affected the final
morphology of the Fe,W,C carbidic network. When the CF
hatching mode was utilized, a significant amount of heat ac-
cumulated in the center region. Consequently, the carbides
dissolved into the iron-based matrix, and the carbidic net-
work became discontinuous. Additionally, compared with
the SMC-NPF and SMC-CBF samples, the average size of
the cell structure in SMC-CF sample was larger. This finding
indicated that the pronounced residual heat effect resulted in
the growth of the cell structure. By contrast, the carbidic net-
work in SMC-NPF and SMC-CBF samples showed a decent
continuity. The average sizes of the cell structures in SMC-
NPF and SMC-CBF samples were 1.45 and 1.76 pm, re-
spectively. The difference in the sizes of the cell structure in-
dicated the different crystallization behaviors of the iron-
based matrix. As described by Cheng et al. [29], the sub-
strate experienced the highest minimum temperature when
the CBF hatching mode was employed. In comparison with
the other hatching modes, more time was needed to complete
a layer using CBF, and thus, more heat was introduced into
the substrate. The energy input was more concentrated when
the laser sequentially filled the small checker areas, leading to
a more pronounced residual heat effect between adjacent
scanning tracks in the SMC-CBF sample in comparison with
the SMC-NPF sample. Accordingly, the cell structures in
SMC-CBF sample were promoted to grow or merge with
each other, resulting in a coarser microstructure compared
with the SMC-NPF sample.

4.3. Effect of laser scan strategies on mechanical proper-
ties of SLM-fabricated SMCs

Fig. 11 shows the representative engineering stress—strain
curves of various SMC samples subjected to uniaxial com-
pression. The fracture surfaces of compressive specimens
were observed by SEM to reveal their corresponding fracture
mechanism (Fig. 12). The compressive properties of SLM-
fabricated SMCs depended on the laser scan strategy used.
The SMC-CF sample showed the lowest compressive
strength of ~2365.4 MPa and a limited fracture strain of
~21.2%. The low densification and high content of retained
austenite were the main reasons for the poor compressive
properties. The corresponding fracture surface presented
evidently large voids with a size of ~80 um (Fig. 12(a)). The
void defects within the SMC-CF sample generally acted as
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Fig. 10. (a, ¢, ¢) SEM images and (b, d, f) corresponding ImageJ-processed images of the microstructures of the center region of
SMC samples prepared at different laser hatching mode after etching: (a, b) CF; (c, d) NPF; (e, f) CBF.
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Fig. 11. Typical compressive stress—strain curves of the SMC
samples prepared using different laser scanning strategies.

stress concentrators during loading and as main sites for the
initiation and rapid propagation of cracks. The retransforma-
tion of martensite into austenite, which was due to the resid-
ual heat effect during SLM, limited the martensitic harden-

ing effect and resulted in a low strength of SMCs. Addition-
ally, the large residual stress and attendant limited metallur-
gical bonding between adjacent layers also led to the early
failure of SMCs. By contrast, the SMC-NPF and SMC-CF
samples showed high compressive strength (~3184.3 and
~3031.5 MPa, respectively) and an improved fracture strain
(~23.5% and ~24.8%, respectively). The high densification
levels and low contents of retained austenite significantly
strengthened the SMCs. Furthermore, their microstructures
consisted of substantially refined grains (Figs. 10(c)-10(f)),
involving high volume fractions of grain boundaries. As a
result, the SMC-NPF and SMC-CBF samples showed in-
creased strength. The work of Wang et al. [36] suggested that
the cells in the SMC samples should be subgrains. Similar to
grain boundaries, cell boundaries also contribute to the
strengthening of the fabricated materials, with the segrega-
tion products at the cell boundaries (such as the MC carbide
in this study) effectively hindering the movement of disloca-
tions [37]. The ductility of the SMC-NPF sample was inferi-
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Fig. 12. Characteristic fracture surfaces of compressive SMC samples produced using different laser scanning strategies: (a) CF;

(b) NPF; (c) CBF.

or to that of SMC-CBF sample. This result indicated that the
formation of cracks within the SMC-NPF sample was detri-
mental to their plastic deformability, because cracks result-
ing from large stresses were more irregularly shaped and an-
gular than pores. The fracture surface of the SMC-NPF
sample showed an uneven morphology characterized by
dimples (Fig. 12(b)), which were deeper than those observed
on the fracture surface of the SMC-CBF sample. Numerous
small fracture zones initiated at defective sites with a high
stress level and simultaneously connected with each other
[38]. By contrast, the SMC-CBF sample showed a different
fracture mechanism. The fracture surface of SMC-CBF
showed a mixed fracture mode of dimple-plastic and brittle-
fracture features (Fig. 12(c)). The CBF hatching mode en-
tailed an increase in overlapping regions between separated
small checkerboards and overlaps along the individual
hatches. The overlapping regions between the checkerboards
and individual hatches were generally considered as weak
points for fracture due to the present defects and inherent
tensile residual stresses [39]. Cracks most likely initiated
from these weak points, which served as stress concentrators.
The cracks subsequently propagated through the overlapping
“network” [40]. The CBF hatching mode produced more
overlapping regions within the SMC sample thus resulting in
alower compressive strength in SMC-CBF sample com-
pared with the SMC-NPF sample.

Based on the above discussion, the CBF hatching mode is
the most suitable to fabricate high-quality SMC samples. The
main challenge to obtain fully dense CBF-SMC parts is to
eliminate the formation of metallurgical defects between
checkerboards. Setting an appropriate laser scan compensa-
tion value between checkerboards is a promising approach to
overcome this challenge. A detailed investigation will be
conducted in the near future to reveal the effect of laser com-
pensation value on the processing quality and resulting
mechanical properties of SMC-CBF sample.

5. Conclusions

(1) Laser scan strategies can greatly affect the processing

quality of SLM-fabricated SMC components. When the SS
sequence was employed, the MBE can be effectively allevi-
ated, leading to an improved surface quality of the fabricated
SMCs. By utilizing the IOS stagger mode, internal defects
within SMCs were reduced, because the laser energy input at
neighboring layers was distributed in a uniform manner. The
OS stagger mode alleviated the stress accumulation along a
single direction, preventing deviations from the intended
component shape. When the SS laser scanning sequence was
employed together with the IOS and OS stagger modes,
highly dense SMC parts can be fabricated. However, un-
desired microcracks oriented perpendicular to the building
direction formed within the SMC samples. When SMCs were
fabricated using the CBF hatching mode, the evolution of re-
sidual stresses can be significantly reduced, preventing the
formation of microcracks. Consequently, the SMC-CBF spe-
cimen showed a high densification level of 98.1%.

(2) Regardless of the employed laser scanning strategies,
the microstructures of all SLM-fabricated SMCs were com-
posed of martensite as the main phase and retained austenite
with a low volume fraction. The content of retained austenite
within SMCs depended on the hatching mode used. The
SMC-CF sample contained retained austenite of about
27.8vol%, which was almost twice those of SMC-NPF
(12.1vol%) and SMC-CBF (14.6vol%) samples. Different
laser scanning strategies also caused varied thermal cycling
behaviors during SLM, entailing different phase constitu-
tions of SMC samples. The microstructure showed a cellular
morphology with ring-like (Fe,W)sC carbides that formed
along the cell boundaries. The laser scanning strategies signi-
ficantly influenced the final morphologies of the Fe,W,C
carbidic network. The carbidic network in NPF and CBF
samples showed a decent continuity. The average sizes of the
cell structures in NPF and CBF samples were 1.45 and 1.76
um, respectively.

(3) Laser scan strategy significantly influenced the mech-
anical properties of the SLM-fabricated SMCs. The SMC-CF
specimen exhibited the lowest compressive strength of
~2365.4 MPa and a limited fracture strain of ~21.2%. By
contrast, the SMC-NPF sample demonstrated the highest
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compressive strength of ~3184.3 MPa among all the tested
samples and an improved fracture strain of ~23.5%. Never-
theless, the ductility of SMC-NFP sample was inferior to that
of SMC-CBF sample (~24.8%). This finding indicated that
the formation of cracks within the SMC-NFP sample was
detrimental to the corresponding plastic deformability.
Cracks are less regularly shaped and more angular than
pores, and hence pose larger stress concentrators. The SMC
sample fabricated using the CBF hatching mode showed the
greatest potential to be pore- and crack-free. Setting an ap-
propriate laser scan compensation value between checker-
boards is a promising approach to further increase the dens-
ity of SMC-CBF parts. A more detailed investigation about
this strategy will be conducted in the near future.
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