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Abstract: A newly developed medium-carbon carbide-free bainitic steel was fabricated for the first
time utilizing the laser powder bed fusion (L-PBF) technique. Process parameters were optimized,
and a high density of 99.8% was achieved. The impact of austempering heat treatment on the bainite
morphology and transformation kinetics was investigated by high-resolution microstructural analysis
(SEM, TEM, and EDS) and dilatometric analysis, and results were compared with conventionally
produced counterparts. Faster kinetics and finer microstructures in the L-PBF specimens were found
as a consequence of the as-built microstructure, characterized by fine grains and high dislocation
density. However, a bimodal distribution of bainitic ferrite plate thickness (average value 60 nm and
200 nm, respectively) was found at prior melt pool boundaries resulting from carbon depletion at
such sites.
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1. Introduction

Metal additive manufacturing (MAM) has emerged as a highly appealing manufac-
turing technique both in industry and academia [1]. MAM offers several advantages over
conventional methods, including lower material waste during fabrication, shorter pro-
duction lead time, enhanced flexibility, and the ability to achieve full, dense [2] net-shape
components with complex geometry and high reproducibility thanks to the latest advance-
ments [3]. These advantages have contributed to the widespread adoption of MAM in
various industries. Gisario et al. [4] reported that the ability to produce customized parts
enhances the industrial interest in MAM processes. These techniques can be categorized
into different groups [1], with laser powder bed fusion (L-PBF) being the most diffused
method. Extensive research on L-PBF is available in the literature [5-10], highlighting
its superior accuracy and the high quality of the final components it produces. L-PBF
involves the deposition of layers of powders on a build platform and the subsequent
melting, adopting a high-power laser beam. The process is repeated in asynchronous
cycles until the completion of the CAD-designed component. It is common knowledge that
various parameters, such as laser power, scan speed, layer thickness, hatch spacing, and
scan strategy, need to be optimized for each specific material during the L-PBF fabrication.
These parameters directly influence the final microstructure and properties of fabricated
components [11], which explains why extensive research is dedicated to parameter op-
timization [12]. However, despite many advantages, MAM processes comprise certain
challenges and limitations. Firstly, they have a low mass production rate; electrical, thermal,
and mechanical anisotropy in various directions [13,14]; high surface roughness; and wide
dimensional/geometrical tolerances [15].
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In the past two decades, Bhadeshia, Caballero, and Garcia-Mateo, applying the theories
of the displacive transformation, developed a new generation of advanced high-strength
steels manufactured by conventional methods characterized and exceptional mechanical
performances: nanostructured bainitic steels, also called low-temperature bainitic steels
or superbainitic steels [16-18]. These are silicon-based steels (>1.5 wt.%) characterized
by ultimate tensile strength values above 2000 MPa and elongation up to 20% [19,20].
These findings have thus served as inspiration for numerous studies that have led to
the development of novel steel compositions with tailored properties, which have found
applications in various industrial sectors thanks to the remarkable weight reduction of the
structures [21-28]. For example, currently, tunnel boring machines, high-power generators,
components for wind turbines [29], and diesel injector systems [29] are manufactured with
nanostructured steels.

These remarkable mechanical characteristics are attributed to the composite microstruc-
ture, consisting of bainitic ferrite and carbon-enriched retained austenite, which is generally
achieved after isothermal holdings above martensite start (Ms) temperature after austeniti-
zation [30]. Furthermore, low-temperature bainite formation results in finer microstructures
due to the higher strength of the parent phase (austenite) that inhibits the growth of the
bainitic ferrite plates.

On the one hand, the strength is ascribed to bainitic ferrite, characterized by a
submicron-nanometric scale, which contributes to the solution strengthening and dis-
location forests. On the other hand, the major contribution to the ductility is associated
with the TRIP effect, i.e., the strain-induced martensitic transformation of the retained
during loading; then, the contribution of twins in austenite should be considered as a strain
hardening mechanism that enhances the ductility of these microstructures [31].

Furthermore, a considerable silicon content (>1.5 wt.%), coupled with the addition
of aluminum, is considered to suppress the cementite precipitation during the isothermal
holding treatments. As silicon and aluminum are not soluble in cementite, their presence in
austenite delays or even impedes the cementite formation in austenite, making the austenite
highly carbon-enriched and stable at room temperature. In fact, the high carbon in the
solid solution enables the reduction of the onset of the martensitic transformation below
room temperature, impeding any other phase transformation after the final cooling stage.
Retained austenite, in addition, can be differentiated into two morphologies: the film-like
morphology and the block-like morphology [32]. The film-like structure substitutes with
bainitic ferrite inside the sheaves and is characterized by a carbon content usually superior
to 1% (which confers high mechanical and thermal stability). The latter exists between the
sheaves and is commonly considered by lower carbon content. Thus, the composition and
heat treatment parameters play an important role in the constituent phases and distribution
and size of austenite in the microstructure, directly affecting the mechanical performance
of the final components.

Nevertheless, the primary obstacles to the widespread industrial adoption of these
steel grades lie in the poor weldability and the slow transformation kinetics of the bainitic
reaction. Firstly, the high hardenability of these steels leads to martensite formation in
the heat-affected zone, which depletes the material’s ductility and toughness. On the
other hand, the latter makes the time required to complete the bainitic transformation
during isothermal treatments sustainable only for niche applications. There are several
approaches that lead to an acceleration of the bainitic transformation, such as the chemical
modification that includes a reduction of the carbon content, as with the steel considered
in this study, which, in turn, slightly reduces the mechanical strength and the partial
substitution of silicon with aluminum. At the same time, thermomechanical processes,
called ausforming or two-step austempering treatments, lead to a reduction in the required
time to achieve the completion of the bainitic transformation. Ausforming accelerates the
bainitic transformation since the deformations modify the activation energy for the bainitic
ferrite formation, leading to stress- and strain-induced transformations that enhance the
transformation kinetics [28,33-36]. Additionally, double-step treatments [24,37] lead to the
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acceleration of the bainitic transformation by the formation of a first population of bainitic
ferrite at high temperatures, where the reaction kinetic is generally faster compared to
low-temperature transformation. Moreover, this provides nucleation sites for bainitic ferrite
plates, which are refined since they formed at a low temperature, significantly reducing
the incubation period. Finally, the resulting bimodal distribution of bainitic ferrite plates
results in better mechanical performances.

Extensive research has been conducted on the L-PBF production of stainless, tool [38,39],
and maraging steels [40-42] and silicon-containing ferrous alloys for the production of
soft magnetic devices or electrical applications, with [43] and without post-manufacturing
heat treatments [43,44]. However, despite the numerous advantages of bainitic steels and
their use in demanding applications that require both high strength and elongation, to
the best of our knowledge, there is a lack of research on their fabrication using the L-PBF
method. Furthermore, it is also unclear whether it is possible to fabricate fully dense parts
with mechanical and microstructural characteristics comparable to those produced using
conventional methods.

Moreover, it is important to note that the microstructure and chemical composition of
the alloys considered in the previous studies mentioned are completely different from the
case of carbide-free bainitic and low-alloyed high-strength steels. Most studies have focused
on the MAM process wire arc additive manufacturing (WAAM) technique [45-47] or on
the production of coating by means of laser cladding [48-50]. Despite higher productivity,
less expensive equipment, and larger components compared to the L-PBF method, WAAM
is associated with a lower surface quality, higher distortions, and a significantly higher
number of defects, particularly at the interpass zone (e.g., the formation of brittle phases,
i.e., martensite), and residual stresses, which are among the disadvantages of WAAM
method. Thus, L-PBF could potentially be a more reliable and promising technique for the
production of high-quality bainitic steels [45,51-53].

In the current investigation, an attempt was made for the L-PBF fabrication of novel
carbide-free nanostructured bainitic steel with a newly developed composition of medium-
carbon, high-silicon, and carbide-free bainitic steel (0.4C-3.25i-2.6Mn-0.1Al) [24,28] devel-
oped following the bainite transformation theory proposed by Bhadeshia. The parameter
optimization had been performed to obtain high-density specimens. Moreover, the effect
of post-fabrication heat treatments on the specimen microstructure was also analyzed and
compared with the conventional alloy developed by the same authors [24] by means of
dilatometry and microstructural observations (SEM, TEM, XRD). The carbon concentration
is maintained at a medium level to improve weldability and achieve low Ms [54] to obtain
a carbide-free bainitic microstructure [32,37,55,56]. Furthermore, Si and Al were added to
avoid cementite precipitation from untransformed retained austenite during isothermal
treatments and control the reaction kinetic of the bainitic transformation [21,57,58], while
manganese stabilizes and strengthens austenite.

2. Experimental Procedures
2.1. L-PBF Fabrication and Parameter Optimization

Argon-atomized powders of a newly developed, medium-carbon bainitic steel were
employed in this study with the chemical composition shown in Table 1 (wt.%), with the
estimated Ms equal to 245 °C (dilatometric studies reported elsewhere [23,26] along with
melting temperatures estimated by JMatPro v7.0 [59] simulations of the phase diagram, as
illustrated in Figure 1).

Table 1. Chemical composition of gas atomized powder (wt.%).

Fe

Si

Mn (0] Al Ms (Adapted from Ref. [27]) Melting Temperature (°C)

Bal.

0.35

3.17

2.81 0.02 0.1 245 °C 1440
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Figure 1. Phase diagram simulated by means of JMatPro v7.0 software.

The diameter size range of the powder was 15-53 pm, measured with a Malvern
laser granulometry (Malvern Panalytical, Malvern, United Kingdom).Figure 2a,b depict
the SEM micrographs of the produced powder, highlighting the overall spherical shape of
the particles with a few cases of satellite defects on the surface of the big ones (less than
53 um). In addition, an in-depth analysis of the microstructure of the particles, as shown in
Figure 2c, reveals a martensitic microstructure («”), which could be a consequence of the
rapid cooling during the atomization process, inhibiting the diffusional transformations,
such as the pearlitic ones.

Figure 2. (a,b) SEM micrograph showing the morphology of the powder; (¢) SEM micrograph
showing the powder microstructure; (d) schematic illustration of the scanning strategy.

L-PBF samples were fabricated with a commercial Renishaw AM400 (Renishaw,
Dundee Township, IL, USA) system, with a YAG fiber laser with a laser spot size of
70 ym and a maximum nominal laser power of 400 W. The system was equipped with
an automatic powder feeding and recycling system under a controlled atmosphere of
argon (99.99%). Cubic samples with dimensions of 10 x 10 x 10 mm3 were fabricated
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on triangular support using process parameters summarized in Table 2, with the aim of
detecting the possible correlation of process parameters with consequent pore density and
microstructural characteristics. Process parameters considered in this study were laser
power (LP) and scanning speed (SS), while hatch space (HS) and layer thickness (LT) were
kept constant. A bidirectional scanning strategy with a rotational angle of 67 degrees
between two consecutive layers, as displayed in Figure 2d, was utilized, and the fabrication
process was conducted without preheating the build platform.

Table 2. Process parameters for L-PBF fabrication.

P*‘Gr‘;‘(jf;er LP(W)  SS(m/9)  HS(um) LT (um) E“eff/fnﬂe;)‘s‘ty
1 220 0.5 110 60 66.7
2 195 0.75 110 60 39.4
3 220 0.75 110 60 44 .4
4 170 0.5 110 60 514
5 270 0.75 110 60 545
6 295 0.5 110 60 89.4
7 245 0.5 110 60 74.2
8 170 0.75 110 60 22.2
9 245 0.75 110 60 49.5
10 295 0.75 110 60 59.6
1 195 05 110 60 59.1
12 270 0.5 110 60 81.8

2.2. Porosity, Melt Pool, and Microstructural Analysis

Pore analysis of L-PBF-fabricated specimens was performed to evaluate the density
of the samples, the distribution of porosities, and their properties. It is worth mentioning
that since powder particles could be entrapped in pore sites, the conventional Archimedes
method was not applied for density analysis, while microscopic and image analyses were
performed as an alternative for higher precision of the reported results. To have a clear idea
regarding the variation of porosity from the surface to the center, specimens were cut cross-
sectionally from the center both along the build direction and along the transverse direction,
and porosity analysis was performed both near surface and in the center of the specimens.
To quantify the porosity of the samples, cross-sectioned surfaces of the specimens were
ground and polished up to a mirror finish according to standard metallographic sample
preparation up to 1 um diamond polycrystalline suspension. Porosity assessment was
performed by optical microscopy (OM) using a LEICA DMRE optical microscope (Leica
Microsystems S.r.l., Milan, Italy). With the aim of having a good statistical model for
the pore characterization, 5 pictures were taken from each magnification of 50, 100, and
200x from both the center and surface of the cross-sectioned surface, according to the
procedure reported by the authors in [9,10,60]. Subsequently, the images were analyzed
with Image] 1.54d [61], and statistical analysis was performed utilizing the OriginLab 2023b
software [62]. It is worth mentioning that in order to remove excess impurities caused by
metallographic sample preparation, specimens were washed ultrasonically in 10% ethanol
solution in distilled and deionized water for 10 min and rinsed with acetone prior to the
optical microscopy observations. Furthermore, the melt pools were evaluated after etching
the specimens with Nital 2 etchant solution (98% ethanol and 2% nitric acid). Ten photos
were taken at 50 and 100x magnifications and analyzed using Image] software as well.

Grain structure and microstructural constituents were studied along the building
direction by scanning electron microscopy (SEM Zeiss EVO MA10, Zeiss, Oberkochen,
Germany) equipped with an electron dispersive spectroscopy (EDS) detector of INCA
(Oxford Instruments, Oxfordshire, UK). To reveal the grain and the solidification structure,
Rigsbee and Vander Arend chemical etchant solution, consisting of 2 g of ammonium,
2 mL of hydrofluoric acid, 50 mL of acetic acid, and 150 mL of water, was used, while
microstructural constituents were revealed by Nital2 etching [63]. Compositional variation
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was also analyzed through EDS measurements performed at 20 kV accelerating voltage.
TEM analysis was performed with a FEI Tecnai G2 TEM (FEI Company, Hillsboro, Oregon)
microscope operating at 120 kV. Samples were prepared for TEM analysis according to [24],
including mechanical thinning up to 50 um with SiC papers, cutting 3 mm discs with a disc
puncher, and twin-jet electropolishing up to perforation with a Struers Tenupol 3 system.
A 95% acetic acid (CH3COOH) and 5% perchloric acid (HClIO,) solution was used as an
electrolyte at 45 V and at room temperature for the electropolishing of the specimens.

2.3. Hardness Measurements

Hardness was evaluated through Vickers HV( 3 measurements utilizing the Leitz
DURIMET (Leica Microsystem S.r.l., Milan, Italy) hardness tester. Measurements were
performed on the same cross-sectioned surface of the samples, previously prepared for the
porosity and melt pool analysis, both near the surface and at the center of the specimens.
Additionally, to have a clear idea regarding the hardness and microstructural variation
in each melt pool, measurements were also performed at various points at melt pool
boundaries and at the center as well. Measurements were also performed on heat-treated
samples. It is worth mentioning that the reported results for the hardness measurement in
the current manuscript are the average value of a minimum of 20 measurements that had
been performed in each case.

2.4. Heat Treatment and Comparison with Conventionally Fabricated Material

The austempering heat treatment was performed on L-PBF-fabricated samples in
order to compare its effect on the microstructure and the constitutive phases with the
bulk material produced by conventional methods and with identical composition [24].
Both L-PBF and conventional alloys were subjected to the same austempering treatment.
Cylindrical samples with a diameter of 4 mm and length of 10 mm were prepared by
machining procedures. Heat treatments were performed utilizing a DIL 805 A/D (TA
Instruments, Hiillhorst, Germany) high-resolution quenching dilatometer with an induction
heating coil. Specimens were austenitized at 900 °C for 5 min in order to guarantee full
austenitization and homogeneous solid solution, then cooled at 325 °C and held at the same
temperature for 3 h to achieve bainitic transformation completion, and finally cooled at
room temperature. Heating and cooling rates were set equal to 10 °C/s based on previous
studies [24]. Heating and isothermal holding periods were performed in a vacuum, while
gaseous argon was used as a coolant. Specimen’s temperature was monitored with a
K-thermocouple spot welded on the center of the specimen surface, and the change in
length was measured with a fused silica push rod and an LVDT (linear variable differential
transducer) system. The heat-treated samples were compared through SEM observation
and XRD diffraction measurements for phase identification and quantification, utilizing a
Siemens D500 X-ray diffractometer (Siemens, Munich, Germany) with a Cu K« radiation
tube, working at 40 kV and 30 mA. A 20 angular range between 40 and 105° was analyzed
with scan step of 0.025° and counting time of 3 s per step. For phase quantification, Rietveld
analysis was performed with the support of Maud software 2.996 [64]. Carbon content was
determined according to the equation presented by Chen et al. [65]. Moreover, bainitic
ferrite plate thickness was also measured by analyzing the obtained SEM images through
the linear intercept method in the transverse direction with respect to the length of the
sheaves. A stereological correction was applied, multiplying the measured thickness by a
factor of 2/m, according to the method presented by Garcia-Mateo et al. [66].
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3. Results
3.1. General Characterization

Twelve different sets of parameters and corresponding specimens were analyzed
in the current investigation. Specimens of groups 8 to 12 were eliminated during the
fabrication before the end of the L-PBF, as illustrated in Figure 3, process as a consequence
of over-melted powder and the presence of several spatters that developed during the laser
scans and adversely affected the quality of powder deposition. This might be ascribed to
ineffective laser power-scan speed combinations and the specimen position on the building
platform with respect to the gas flow, as mentioned in references [67,68].

GAS FLOW

l RECOATER

Figure 3. Building platform with the completed (1 to 7) and failed specimens (X) during the L-PBF
fabrication process. The red cross indicates the failed specimens.

General observations of the specimens highlighted the presence of cracks in the cross-
sectioned surface near the supports (Figure 4). However, for the specimens of group one,
cracks are also observed in the center of the cross-sectioned surface, as shown in Figure 4.
Moreover, specimens of groups six and seven depicted over-melting signs on the surface,
which was a consequence of the high energy input density. For all specimens, melt pools
were continuous, and the measurement of the melt pool width was intuitive. However, the
melt pool height, which corresponds to the layers as depicted in Figure 5, highlights the
lower sensitivity of the melt pool height with the process parameters, resulting from the
combined effect of laser power and scan speed on the height of the melt pools.

Moreover, the hardness measurement of the specimens, both in the center and adjacent
to the surface, is summarized in Table 3. The obtained results revealed that, in general,
for all specimens, the hardness adjacent to the surface was lower by 15 to 25 HV than the
center of the specimens. For the case of group one, the difference was more significant,
which could be a result of the higher porosity for this group when adjacent to the surface.
Specimens of group one indicated the highest hardness among all, with a value of 539 HV.
Furthermore, the lowest hardness corresponded to group six with a value of 465 HYV,
highlighting a slight correlation between the hardness value and the energy input density.
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Figure 4. (a) Crack in the cross-sectioned surface initiated near the supports; (b) crack in the center of
the cross-sectioned surface.

200 pm 200 pm . 200 pm
— —

200 pm 200 pm 200 pum

200 pm

Figure 5. OM micrograph depicting the melt pool boundaries: (a) group 1; (b) group 2; (c) group 3;
(d) group 4; (e) group 5; (f) group 6; (g) group 7.
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Table 3. Measured mean hardness values of the L-PBF specimens. * Bulk hardness refers to the
quenched state.

Group Mean [HV 3]

1 539 + 37

2 501 + 6

3 485 + 18

4 503 + 12

5 485 + 12

6 465 + 11

7 478 + 1
Bulk * 670 =4

3.2. Pore Density

Pore analysis was performed to shed light on the correlation of energy input density
with the surface defect distribution and size (Figure 6). Specimens of group one showed
the worst condition compared to other groups in both the thickness of the layer (in the
cross-section) and the pore size. The thickness of the high-porosity region near the surface
measured 2.54 mm for specimens belonging to group one, signifying a denser concentration
of pores adjacent to the boundaries of the manufactured specimens. In contrast, the
thickness of such a high-porosity zone was comparatively less prominent in the other
groups when compared to group one.

Figure 6. OM micrograph showing the high-porosity zone near the surface in specimens of (a) group
one and (b) group two.
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The total number of detected pores adjacent to the surface was 30,857 counts for the
specimen of group one with an interquartile (Q1-Q3) value of 41.38 um?, which reduced
to 6770 counts for the specimens of group 6, with an interquartile surface of 222.51 um?,
highlighting the reduction of surface pore count from sample 1 to sample 6 and an increase
in the size of the pores close to the surface. Though, considering both lower pore count
and size, specimens of group 2 showed more encouraging results regarding the surface
condition, with a total number of 8427 pores and an interquartile pore surface area of
90.46 um?. The surface pores of specimens of group 1 and group 2 are shown in Figure 6.
On the other hand, pore analysis of the center of the specimens unveiled better performance
of group seven compared to other specimens, with a total pore count of 3739 and an
interquartile surface area of 19.12 um?. Considering the pore count, specimens of group 6
had the highest pore count, with a total number of 6510, which decreased significantly for
the specimens of group 7, with a pore count of 3739. However, in the case of considering the
pore surface area in the interquartile region, a higher pore surface area for the specimens
of group 2, with a value of 45.75 pm?, was observed, which was significantly higher than
specimens of group 6, with a value of 18.59 um?. Moreover, there existed a meaningful
correlation between the energy input density (considered in the current investigation) and
the overall pore density. As shown in Figure 7, pore density gradually decreases from
2.15% for the specimens of group two to 0.24% for group seven, highlighting significant
improvement in pore density with an increase in energy input density. However, pore
density increased with a further increase in energy input density from 74.2 (for group 7) to
89.4, indicating an interquartile surface area of 19.12 for group 6. It is worth mentioning that
the pore surface area was considered instead of the pore size or pore equivalent diameter,
which is generally considered for reporting the pore analysis. In this way, pore analysis
is more accurate irrespective of the shape of the defects and could accurately consider
various types of pores, such as lack of fusion (LOF), gas pores, and keyholes. Therefore, the
surface area was chosen as the characteristic parameter to enable a more precise comparison
of specimens and the assessment of manufacturing defects. The shape of the pores was
generally LOF for the specimens of groups two to five, while groups one, six, and seven
presented a few signs of keyhole defects. In general, specimens of group seven indicated
the best condition by both lower pore count and size, emphasizing the presence of an
optimum energy input density for the production of almost full-density components from
the novel bainitic steel under investigation. The optical micrograph of the cross-section of
the as-built cubes is depicted in Figure 8, while the statistical analysis of the pore surface
area for L-PBF specimens is summarized in Table 4. Finally, the analysis of transverse
porosity compared to the building direction has shown similar results, with an uncertainty
of 0.2%.

259Group 2

2.0 *‘ i
= \{Group 3
®
2154 A
= \ &
g k Group 4
qu 1.0 y
& S

0.5 S~ iGroup 1

Group 5 “{»——"— Eroup®
0.0
Group 7
9 50 e 70 s 9
Energy Density (J/mm?)

Figure 7. Pore density (%) as a function of the energy density (J/ mm?).
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Figure 8. Optical micrographs of the polished cross-sections of the as-built cubes displaying the
porosity values measured using area analysis of the images: (a) group 1; (b) group 2; (c) group 3;

(d) group 4; (e) group 5; (f) group 6; (g) group 7.

Table 4. Statistical analysis of pore surface area for L-PBF specimens. SD: standard deviation; Q1:
first quartile; Q3: third quartile; Q1-Q3: interquartile.

Group Mean (um?) SD (um?) Median (um?) Min (um?) Max (um?) Q1-Q3 (um?)
C S C S C S C S C S C
1 148.76 65.81  1435.87  448.55 13.49 14.98 0.18 0.04 137,421.07 16,543.51 4138  40.33
2 555.63  160.96 3831.04 1162.18 23.03 12.58 0.18 0.04  207,901.31 29,988.02 9046  45.75
3 409.92 15145 3022.70 1246.70  26.63 15.61 0.18 0.04 189,71497 48,625.89 111.32 43.85
4 662.02 9476  5833.39 532.71 24.73 7.80 0.18 0.04 41257729 19,110.32 107.57 30.77
5 286.92 3444 241034 167.48 18.42 5.77 0.18 0.04  225,042.27 7328.49 7350 1947
6 985.80 29.85 741840 105.27  40.524 5.72 0.18 0.04  285,760.28 3291.84 22251 18.59
7 682.25 29.78 621699 10517  32.419 6.44 0.18 0.04  303,005.76 3632.25 97.07  19.12

3.3. Microstructural Analysis

Microstructural analysis of the as-built samples at the cross-sectioned surface is pro-
vided in Figure 9. For the sake of simplicity, only the microstructure of sample 7 is reported
herein, as it is representative of the printed specimens, and analogous considerations can
be undertaken for all the fabricated specimens. Moreover, it is the one characterized by the
best characteristics in terms of pore density. As depicted in Figure 5, the etched surface
revealed the melt pool boundaries and the various fabricated layers. A stark contrast can
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be observed between the top layer of each cube and the layers below. As reported in the
work from Seede et al. [23], this is a direct consequence of the heating cycles that the cubes
underwent during the fabrication. Furthermore, as illustrated in Figure 9a, it can be noted
that within the single layer, there is a different reaction to the etching. Indeed, there are
dark and brighter regions within the single layer, which are induced by microstructural
inhomogeneity.

100 um

Figure 9. SEM micrograph of the (a) top layer; (b) magnified microstructure of the top layer; (c) verti-
cal cross-section in as-built condition showing the layers; (d,e) detail of columnar grain (dashed line:
sub-grain boundaries; continuous line: melt pool boundary).

Firstly, as shown in the magnified SEM micrograph in Figure 9, there is a discon-
tinuous sub-structure with different levels of epitaxial growth in different regions of the
microstructure. At the melt pool sides, a columnar structure was detected that extends
toward the central region of the melt pool track (highlighted by red arrows), with a thick-
ness of less than 1 um, in agreement with [69]. The low thickness is indicative of very high
solidification cooling rates that have been undergone during the build process, whereas
in Figure 9, columnar grain growth stretching across the melt pool boundary was also
observed.
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Concerning the microstructural constituents around the melt pool boundary, a marten-
sitic microstructure of the material can be observed in Figure 10a (displayed at higher mag-
nification in Figure 10b), as well as an auto-tempered portion of the material (Figure 10a,
magnified in Figure 10c) at the core. Moreover, both in the tempered and in the untempered
zone (Figure 11a), small blocks of retained austenite can be observed, as illustrated in the
phase distribution map depicted in Figure 11b. The discontinuity of the microstructural
constituents is highlighted by hardness measurements performed on several fabricated
layers, revealing that around the melt pool boundaries, where the microstructure is mainly
martensitic, the material is harder (492 4= 7 HV0.3) with respect to the tempered regions
(444 + 6 HV0.3).

Untempered region

(a)

Untempere
d
region

Tempered region

Melt pool boundary

Tempered

region

10 um

¥ Untempered ‘5;,

Figure 10. SEM micrograph showing (a) the as-built microstructure, magnification of the (b) untem-
pered zone and (c) tempered zone, and (d) hardness measurement of tempered and untempered

zones.
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(b)
) pum | 20 pm

Figure 11. (a) EBSD inverse pole figure; (b) phase distribution map (red: BCC; blue: FCC).

Furthermore, to better analyze the distribution of the alloying elements in the as-built
L-PBF-fabricated samples, SEM-EDS was employed. The EDS elemental map, depicted in
Figure 12, clearly shows the uniform distribution, which is also in correspondence with
fabrication defects.

Figure 12. EDX map on the as-built sample showing uniform element distribution in the samples.
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3.4. Comparative Study after Heat Treatment between Conventional Material and
L-PBF-Fabricated Sample

The typical dilatometric curve time vs. relative change in length (RCL) and differential
relative change in length (DRCL) recorded for the conventional and L-PBF specimen
are reported in Figure 13a,b. Focusing on the time vs. RCL (Figure 13a), the curve is
characterized by the typical S-shape and three different stages can be individuated. Firstly,
the curves are characterized by an incubation period (highlighted in the inset in the figure),
during which the transformation did not start, or the variation in the RCL is not detectable.
Then, during the second stage, a rapid increase in the RCL can be observed, while bainite
is forming, until the end of the transformation, where the RCL becomes constant and a
plateau is reached. Moreover, in the insert in Figure 13, it can be observed that both the
incubation period and total dilatation at the end of the bainitic transformation (0.38 and
0.51, respectively) are lower in the L-PBF-fabricated sample with respect to the conventional
sample.

PTTR: 558 s

0.06 4 /

0.04 4

DRCL (um/s)

/PTTR: 1328 s

0.02 4

0.00 4 —a-

T T 1 T 1
3000 6000 9000 3000 6000 9000

0
Time (s) (b) Time (s)

Figure 13. (a) Time vs. relative change in length (RCL) during isothermal treatments for both
conventional and L-PBF; (b) time vs. differential relative change in length (DRCL).

In Figure 13b, the typical time vs. DRCL, showing a conventional bell shape, is
depicted. Being a reflection of the RCL [70], the curve indicated that after the incubation
time, the transformation rate increases, reaching a maximum value, then decreases to 0
when the transformation is almost completed, suggesting that the transformation becomes
more sluggish as the volume fraction of the formed bainite increases. From the curve, it can
be observed that the kinetic and the peak time transformation rates [71] are smaller in the
case of the L-PBF-fabricated specimens in comparison with the conventional material (558
and 1100 s, respectively). Furthermore, from the application of the approach developed
by San-Martin and co-authors [70], for the evaluation of the end of the transformation of
the DRCL curve, considering a FW@M, with @ = 1/20, it was found that the end of the
transformation is reached after 2376 s in the case of additively manufactured material and
after 3530 s in the case of the conventional bulk material.

In Figures 14 and 15, both SEM TEM micrographs depicting the microstructure of
the bulk and L-PBF-fabricated samples are reported. Starting from the bulk material, after
austempering, it exhibits a carbide free-bainitic microstructure consisting of bainitic ferrite
and carbon-enriched retained austenite, with both a film (yf) and blocky (yb) morphology.
Similarly, the additive-manufactured samples exhibit similar microstructures. However, it is
possible to observe a few differences in the microstructure despite identical microstructural
constituents. From the micrograph, it is possible to observe that sheaves in the L-PBF
samples appeared shorter compared with the conventional bulk material. In the case of the
conventional bulk material, the thickness is 83 4= 39 nm, while in the additive-manufactured
specimens, the plate thickness is 60 + 15 nm; moreover, the length of the sheaves is
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significantly lower, with more impingement. Regarding the austenite morphology, in the
conventional material, larger blocks also appeared, located between different sheaves and at
the grain boundaries; in the case of L-PBF samples, they appear smaller. Furthermore, from
TEM observations (Figure 15b), high dislocation forests in bainitic ferrite were observed in
additive manufacturing specimens in comparison with the conventional material.

Figure 14. SEM micrograph of the heat-treated samples. (a) Conventionally fabricated; (b) L-PBF-
fabricated material (ab: bainitic ferrite; yf: filmy retained austenite; yb: blocky retained austenite).

Figure 15. TEM micrographs (bright field) of the heat-treated samples. (a) Conventional material;
(b) L-PBF-fabricated material («b: bainitic ferrite; yf: filmy retained austenite; yb: blocky retained

17

austenite). The red arrow indicates the dislocation forests, while and “**” indicate the locations

where the the Selected Area Diffraction Patterns were acquired.

However, the major differences in the microstructure were observed at the prior melt
pool boundaries. As displayed in the SEM micrograph in Figure 16, there is a bimodal
distribution of bainitic ferrite with thick ferritic plates that modifies the overall phase
balance. Results of the XRD analysis are reported in Figure 17 and Table 5. As shown
by the Rietveld refinement, both for the conventionally fabricated material and the L-
PBF-fabricated, the microstructure consists of bainitic ferrite and carbon-enriched retained
austenite. In particular, regarding the conventional material, the presented carbon content is
at an average value, considering both the filmy morphology and block morphology; in fact,
during refinement, the two populations were not distinguished in this work. Concerning
bainitic ferrite, Rietveld refinement showed tetragonality and carbon supersaturation,
which is in agreement with Caballero et al. [72].
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Figure 16. Bainite morphology at prior melt pool boundary (a). Low magnification (b) and (c) high

magnification of the dashed square.
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Figure 17. XRD patterns acquired after austempering heat treatment on both conventionally fabri-

cated and L-PBF-fabricated materials.

Table 5. Result of Rietveld X-ray diffraction pattern refinement.

Sample Vv (%) Cvy (wt.%) Vab (%) Cab (wt.%)
Conventionally fabricated material 25+ 3 1.22 £0.04 75+3 0.17 + 0.04
L-PBF-fabricated material 21+3 1.06 = 0.04 79 +t3 0.16 £+ 0.04
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4. Discussion
4.1. General Aspects and Challenges

From the process parameter optimization performed in the current investigation, it
could be stated that the possibility of reaching full-density components from the novel
bainitic alloy developed by the authors is straightforward, with comparable mechanical
and microstructural characteristics to those of the conventional counterpart. It must be em-
phasized that the process parameter window for obtaining high densities without cracking
and other defects is quite narrow for the material under investigation. Generally, residual
stresses are generated in L-PBF components resulting from extreme thermal gradients
within melt pools, leading to the formation of large quantities of thermal expansion and
shrinkage and non-uniform plastic deformation between adjacent melt pools [73-75]). The
shrinkage occurring during the solidification of each melting pool is restrained by the
adjacent solidified melt pools and successive fabricated layers. In general, with an increase
in laser power or the reduction of the scan speed, the amount of shrinkage substantially
increases, leading to the formation of cracks, delamination, and distortion of the part [73,75].
However, the density and probability of cracking during the L-PBF process are more de-
pendent on laser power as a result of a stronger temperature profile, which is reported to
be more sensitive to laser power rather than scan speed [76]. Thus, a sharper temperature
gradient caused by higher laser power might consequently lead to higher thermal gradients,
leading to higher residual stress magnitudes, thereby increasing the risk of crack formation.
However, in the process window chosen for the current investigation, cracks were observed
in the case of mild laser powers with low scan speeds, which are in line with the previous
investigations. The most conspicuous conclusion to emerge from the experimental results
is the possibility of obtaining almost full-density L-PBF components from bainitic steels
with low defects overall.

4.2. As-Built Microstructure

The last deposited layer in the as-built microstructure consists of the martensite due
to the high cooling rates achieved during the L-PBF process, which is in the order of
10°~107 °C/s [77]. On the other hand, moving from a melt pool core toward the bottom
of the cross-section parallel to the building direction, variations in the microstructural
constituents can also be observed, evidenced by the different coloring achieved due to the
etching. The explanation for such inhomogeneity observed within the single layer lies in the
layer-by-layer fabrication process involved in the laser bed fusion process. Firstly, once the
n layer is deposited, the developed microstructure after solidification is austenite, which,
upon rapid cooling to room temperature, transforms into martensite. Moreover, since
the martensite finish temperature of the steel is higher than room temperature (~150 °C),
it ensures the complete transformation of y to &’ in the melt pool region of the deposit.
In agreement with the findings of Dilip et al. [62] or the result reported by Seede and
co-authors [23], the material deposition during LPBF is comparable to a welding process in
which every n + 1 deposited layer affects the microstructure of the previously deposited
one. Indeed, the deposition of a new layer of the melt pool boundary is exposed to a large
amount of energy, which leads to a significant increase in temperature, which results in
material austenitization. After the deposition, this newly austenitized layer will again
transform into martensite. On the other hand, further away from the boundary, they will
reach lower temperatures below Ac3 or even below Acl, resulting in different degrees of
layer auto-tempering, which is supported by the detected hardness gradient, as reported
in [69].

The presence of a significant amount of retained austenite at the melt core can be
ascribed to local mechanical stabilization phenomena [16] and the high cooling rates that
hinder the transformation of the parent phase (austenite), which is the product of the solid-
ification into martensite upon cooling. Displacive transformations involve the coordinated
movement of atoms, but this coordination cannot be maintained in the presence of robust
defects like grain boundaries [16]. Consequently, martensite plates formed through this
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mechanism are unable to traverse austenite grain boundaries, resulting in the possibility of
detecting the columnar grain boundaries, which are the prior austenite grains in this par-
ticular case. In addition, this high number of boundaries and smaller defects like isolated
dislocations impede the progress of these transformations but can often integrate into the
martensite lattice. However, significant deformation of austenite and stresses, in this case,
derived from the LPBF process before its transformation, obstructs martensite growth, lead-
ing to a decrease in transformation fraction despite a higher density of nucleation sites. In
addition, in the heat-affected zone by the deposition of a subsequent layer, where reheating
occurs, as reports Deb et al. [78], the material may also achieve partial austenitization, and
carbon partitioning may occur, leading to the chemical stabilization of austenite, increasing
the retainable volume fraction. On the other hand, it must be considered that during the
L-PBF process, decarburization can also occur. Zhao et al. [79] reported that, at elevated
temperatures, carbon is more active than iron with the oxygen present in the atmosphere
and in the powders. Thus, carbon tends to react with oxygen, forming CO and creating
a carbon-depleted zone at the melt pool boundaries. Unfortunately, it was not possible
to clearly identify which phenomenon makes the larger contribution because it was not
possible to measure the carbon content at that scale with the techniques adopted in this
research.

4.3. Response of the L-PBF-Fabricated and the Conventional Alloys to Austempering Treatments

To elucidate the possibility and the characteristics of obtaining a bainitic microstructure
from the AM-fabricated material, a comparison with the conventional bulk material after
heat treatment was performed.

From the analysis of the dilatometric curves and SEM investigation, it could be stated
that the conventional and the L-PBF cases exhibited different responses to the heat treat-
ments. On the one hand, for the L-PBF, the transformation kinetic is faster, the incubation
time is lower, and the transformation reaches completion in a shorter period. On the other
hand, after austempering heat treatment, both bulk and additively manufactured speci-
mens exhibited, as expected, a carbide-free bainitic microstructure with bainitic ferrite and
carbon-enriched austenite. However, a finer microstructure was observed in the former.

These differences could be ascribed to the influence of the prior microstructure, in
particular, a difference in the prior austenite grain size and in the strength of undercooled
austenite, which influences bainite growth and the ratio between the nucleation at the grain
boundaries and the autocatalytic, being bainitic transformation displacive in nature. Since
the microstructure of the L-PBF-fabricated material has a microstructure with a hierarchical
nature [80], the density of dislocations and the low-angle boundary are very large in
comparison with conventional material [81]. In addition, as reported by Li et al. [81], in a
situation where the number of low grain boundaries is high, the austenitization process
is accelerated, and smaller prior austenite grains (PAG) are formed, as demonstrated by
thermal etching. As a consequence of smaller PAGB, as reported by Hu et al. [82], the
bainitic reaction is accelerated. In addition, the higher austenite yield strength, deriving
from the smaller grain boundaries combined with the higher dislocation density, as shown
previously in TEM micrographs (Figure 12), which acts as nucleation sites for bainitic
ferrite, and the plate thickness is considerably lower in the case of the AM sample.

Furthermore, as reported by Chakraborty et al. [83], due to the nanometric thickness of
the plates of the bainitic ferrite in the L-PBF samples, populated by tangles of dislocations,
the glide of linear defects is restricted, obstructing plastic deformation, leading to a possible
improvement in the strength level. Caballero and Garcia-Mateo [21] reported, in fact, that
the outstanding properties of nanostructured bainite are related to the properties of bainitic
ferrite; that is, in the dominant phase, the lower the thickness and the higher the dislocation
density, the higher the yield strength offered by the material. Furthermore, as established
by Langford and Cohen [84-87], there is a linear relationship describing the effect of bainitic
ferrite plate thickness (L, um), ¢ = %, enhancing the importance of the investigation of the
steel grades produced not only by an appropriate alloy design but also with AM methods.
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Moreover, the large dislocation density, especially in the L-PBF specimens, plays
an important role in the carbon distribution and the carbide precipitation since TEM
observations and XRD measurements, both on conventional and L-PBF specimens, failed
to detect cementite particles. On the one hand, it is well known that silicon prevents
its precipitation due to its lower solubility in cementite [88,89]; on the other hand, as
reported by Caballero and Garcia-Mateo [84], carbon is trapped at the crystal defects,
preventing the precipitation. The absence of cementite particles dispersed in the bainitic
ferrite matrix affects the material toughness and the response to the impact loads in a very
significant way; indeed, it is well known from Caballero et al. [90] that cementite depletes
the toughness because it is brittle and exhibits a high tendency to crack under impact
loading and the dislocation pile-up. Finally, it is remarkable that this carbon distribution
contributes positively to material strengthening since the strengthening due to carbon in
solid solutions varies with the square root of the weight fraction [84].

Furthermore, even though there is a difference in the final dilatation of the specimens
between the conventional and the L-PBF, this does not represent a variation in the volume
fraction of bainitic ferrite formed, as the XRD analysis confirmed, but is derived from the
impact of the prior austenite grains. The volume fraction of bainite is not dependent on
the PAG size because it is controlled by the TO curve and the chemical driving force of the
bainitic transformation that depends on the isothermal transformation temperature [16].

On the subject of the non-homogeneous bainitic microstructure in the L-PBF case, the
explanation can be found as a combination of two possible competitive phenomena. First
is the coalescence of bainite, which is similar to the case of welding [91-94]. Bhadeshia and
co-authors [91-94] demonstrated and evidenced the possibility that bainitic plates sharing
the same crystallographic orientation can coalesce at the early stage of the transformation
when strong impingement is not occurring. On the other hand, such morphology of bainite
can be correlated with the decarburization process during the layer deposition described
before. However, the latter hypothesis requires further investigation. In addition, regions
with bainite morphology different from those of conventional materials may contribute to
different performances in terms of mechanical properties, as reported by Bhadeshia [95].
Furthermore, Rietveld’s refinement of the acquired XRD pattern can contribute to the ex-
planation of the microstructural observation. In particular, the lower carbon enrichment in
retained austenite may derive from the local decarburization that occurred in the specimens
during the additive manufacturing fabrication.

In the end, as deduced from the review by Morales-Rivas et al. [20], L-PBF fabrication
of bainitic steels may therefore represent an opportunity for the production of nanostruc-
tured steels with ultra-high strength combined with high ductility without the use of
expensive alloying elements or complex thermomechanical treatments.

5. Conclusions

This paper investigated the fabrication of a novel medium-carbon carbide-free bainitic
steel employing laser powder bed fusion. The effect of process parameters, e.g., laser power
and scan speed, on the density and the as-built microstructure was studied. Moreover,
the response and the effect of austempering treatments on the microstructure of the L-
PBF-fabricated specimen were studied and compared with the conventionally fabricated
material. The main conclusions of the current study can be summarized as follows:

The pore density decreases as the energy density input decreases;
L-PBF-fabricated samples exhibited a carbide-free bainitic microstructure with fine
bainitic ferrite plates in comparison with the conventionally fabricated material due to
the finer prior austenite grains generated as a consequence of the L-PBF process;

e  L-PBF-fabricated samples showed a faster transformation kinetic of the bainitic trans-
formation due to acceleration provided by the finer prior austenite grain size.
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