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Abstract

The trade-off between strength and plasticity has posed a challenge to the broader
application of conventional metallic structural materials in high-speed, heavy-load,
and extreme service environments. Heterogeneous structure designs could potentially
overcome these limitations with their inherent superior combination of strength and
plasticity. To harness this potential, this study employed a directed energy deposition
additive manufacturing (AM) technology to fabricate a novel heterostructure in
as-built (AB) A131 steel, consisting of alternating coarse and fine-grain layers along
the building direction. In addition, a heat treatment process was applied to fabricate a
near-homogeneous microstructure, allowing for the investigation of the role of crystal
misorientation in tensile anisotropy. Compared to the performance of commercial
hot-rolled ASTM A131 steel (yield strength [, ]: 346.5 MPa; ultimate tensile strength
[6,,(): 545.0 MPa), the AB A131 steel achieved significant enhancements of 168.3%
and 78.0% in o, and 6, respectively, when maintaining a comparable elongation
of 24.6% along the deposition direction similar to the ASTM A131 standard.
Comprehensive experimental characterizations, combined with molecular dynamics
simulations, were conducted to investigate the underlying formation mechanism of
the heterostructure and the origins of mechanical anisotropy. It was found that single-
pass deposition produced three distinct microstructure regions with different grain
sizes owing to dendrite growth. With repeated thermal cycles, these evolved into a
layered heterostructure consisting of alternating fine crystals and coarse-columnar
grains. This heterostructure remarkably contributed to an exceptional improvement
in strength, accompanied by only a minor reduction in plasticity. These findings
present an efficacious avenue for substantially augmenting the mechanical properties
of conventional iron-based alloys, offering useful references for overcoming the
strength-plasticity trade-off in other alloys fabricated by AM.

Keywords: Additive manufacturing; A131 steel; Heterostructure; Mechanical
performance; Molecular dynamics
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1. Introduction

Additive manufacturing (AM) has demonstrated ultra-high
efficiency in producing heavy-load, complex-geometry,
and large-volume equipment, exemplified by the successful
launch of Terran 1, a launch vehicle entirely manufactured
by 3D printing, primarily using directed energy deposition
(DED) technology.! The 2-month production cycle of the
3D-printed rocket set a new record for the fastest rocket
fabrication in history. Large-format metallic structural
components developed using the DED method have been
widely employed in alloys, such as titanium,* aluminum,’
copper, iron,’ and their matrix composites.® Since the
rapid commercialization and development of the aviation
industry, difficult-to-machine alloys (e.g., titanium alloys)
have struggled to meet the demands of resource-efficient
manufacturing. The outstanding performance of the
Falcon’ heavy-launch vehicle outlined that conventional
high-strength steel could also be used in space equipment
with remarkable economic effects. As a result, conventional
iron materials are gaining increasing attention for future
applications in the commercial aerospace industry.

A131 steel, a distinctive low-carbon structural steel
developed over the past century, typically exhibits a
standard yield strength of 235~390 MPa and an elongation
of 19~23%, occupying a significant share in the steel market
due to its comprehensive applications in both civilian
and defensive industries, especially in marine vessels.>®’
However, the structural strength of conventional A131 steel
lacks the strength of conventional aerospace titanium alloy
(e.g., 800~1200 MPa for Ti-6Al-4V [Ti64])."*!" Leveraging
the rapid cooling rates associated with laser melting to
introduce the formation of martensite phases offers a
promising route to enhancing the strength of the A131
steel.>'>"> Wu et al.'*'"® employed a selective laser melting
method, combined with post-treatment, to fabricate
A131 steel. Their results demonstrated a significant
enhancement in strength, with the as-built (AB) A131
steel achieving a tensile strength of 1030 MPa, comparable
to that of Ti64 alloy. However, this enhancement was
accompanied by a reduction in plasticity, as the elongation
of the A131 steel dropped sharply to just 3%. Post-process
heat treatment led to a partial recovery of elongation,
albeit with a notable decrement in strength. Similarly,
Wang et al''® also manufactured A131 steels using a
selective laser melting method with various scanning
strategies. The results revealed the formation of substantial
martensite microstructures, with an improved tensile
strength of 937 MPa and a notable reduction in elongation
(i.e., <6%). Although steel strength can be significantly
improved through selective laser melting methods, it is
often accompanied by a considerable loss in elongation,

rendering the mechanical performance insufficient to
match that of commercial aerospace alloys.

Constructing a heterogeneous microstructure with a
dual-phase or dual-grain-size structure offers a promising
strategy for enhancing the strength of A131 steel without
reducing plasticity.’ Due to the high freedom and
the ability to deposit multimaterial parts with different
powders,?** the DED technique enables the development
of special heterostructures to improve the performance
of the materials.***® For example, Dan et al.”’ developed
heterogeneous TiAl alloys by alternately depositing
Ti and TiAl layers using DED methods, achieving a
significant improvement in plasticity compared to that
of the heterogeneous TiAl alloy in a submicron scale.
However, the heterogeneous structure still exhibited the
inherent trade-oft between strength and plasticity. Wu
et al.”® successfully fabricated a heterogeneous structure
in lamella-structured titanium alloys, consisting of
alternating coarse and fine-grain regions, through post-
treatment processes. This design led to a remarkable
improvement in tensile strength with a limited reduction
in elongation. Similarly, Li et al.* reported the fabrication
of heterostructures in titanium alloys composed of
alternating coarse and fine grains via a heat-treatment
(HT) process. The results demonstrated a noticeable
improvement in strength when maintaining elongation
comparable to that of the control group. Gao et al***
fabricated heterostructures in SS316L steel via selective
laser melting using an alternating remelting method.
Their resulting heterostructure comprised nanoscale
alternating layers of recrystallized and non-recrystallized
regions, achieving a notable improvement in ultimate
tensile strength with a limited decrement in elongation.
Su et al* designed DED processes incorporating
interlayer pauses to fabricate maraging steels with
heterogeneous layers composed of multiple phases in
alternating layers, achieving a super-high strength of
1.5 GPa in maraging steel. These findings suggest that
if a heterogeneous structure consisting of alternating
coarse and fine-grain layers could be controlled by an AM
method, the A131 steel could also potentially overcome
the trade-off effects of strength and plasticity in a cost-
effective manner. Although selective laser melting has
demonstrated the feasibility of constructing nanoscale
heterogeneous structures to overcome the trade-off
effects, it has limited capabilities in fabricating complex
geometries on a large scale. Therefore, developing DED
methods to construct a submicron heterostructure with
varied grain sizes is a promising strategy for achieving
simultaneous improvements in both strength and
plasticity, particularly for future applications in large-
scale engineering equipment.
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In this study, A131 steel with heterostructures,
comprising alternating layers of coarse and fine grains, was
successfully developed using a DED method that utilizes
the dendritic growth features of melt pools and thermal
cycle behavior. An HT and commercial hot-rolled (HR)
A131 steel was also employed in this study as the control
group. The tensile strength of the AB A131 steel exhibited
an exceptional combination of strength, approaching that
of Ti64 alloy, and plasticity within the range specified
by the ductile ASTM A131 standard. To understand the
formation mechanism of the heterostructure, multitype
microstructure characterization and single-pass deposition
experiments were employed to elucidate the model of the
alternating layer of fine and coarse grains with crystal
misorientation. In addition, molecular dynamics (MD) was
employed to reconstruct the model of the heterogeneous
microstructure according to the observed microstructure.
The model was stretched in the same direction as the
experimental process to reveal the anisotropy of the tensile
behavior of the AB A131 steel. This innovative structural
design strategy presents a promising insight into crafting
traditional iron with a remarkable strength-plasticity
combination free from trade-off effects, with broader
implications for other conventional alloys in the industries.

2. Materials and methods
2.1. Materials

In this study, commercial gas-atomized mild steel powders
(A131 EH36; particle size: 45 - 90 um; Zhongyuan
Advanced Materials Technology Co., Ltd, China) were
utilized (Figure 1A). The powder was approximately
spherical, with a low-carbon equivalent value (0.3%)
(Figure 1B; Table S1). For comparison, commercial HR
A131 steel bulk (ThyssenKrupp Material Services GmbH
Co., Ltd., Germany) was used as the control group. All
materials were used in the as-received state.

Contents (wt%)

Figure 1. Steel powder morphology (A) and elemental composition (B)

2.2. Fabrication process

The AB A131 EH36 steel used in this study was fabricated
using a DED AM machine (Figure 2A) equipped with
a fiber laser (wavelength: 1070 nm; laser beam spot
diameter: 2.5 mm) under an argon atmosphere (1 bar
pressure). The DED settings were: 1.23 kW laser power,
0.5 mm layer thickness, 1200 mm/min moving speed,
1.25 mm track space, and 722.2 mm/min powder feeding
speed with Gaussian distribution. The orthogonal strategy
was used, where the moving direction rotated by 90° for
each alternating layer alongside the building direction
(Figure 2B). To distinguish the building direction, a 3D
axis was constructed with normal direction (ND; parallel
to the laser deposition), transverse direction (ITD), and
rolling direction (RD).

In the HT process, the AB A131 EH36 steel was
quenched and subsequently tempered using a box-type
furnace (MXQ1600-40, MICRO-X Ltd Co., China)
(Figure 2C). The cleaned AB A131 EH36 bulk was heated
(10K/min) at 910°C for 0.5 h, followed by water quenching,
subsequent tempering at 500°C for 2 h (Figure 2D), and
air-cooling. To investigate the formation mechanism of
the microstructure, single-pass deposition of A131 steel
was carried out using the DED method with the same
parameters.

2.3. Material characterization

The starting raw materials and bulks were characterized
using a scanning electron microscope (SEM) (JEOL
JSM-5500LV; JEOL Ltd., Japan) equipped with an
energy-dispersive X-ray spectrometer (EDS). The
microstructure of the bulks was also examined using an
SEM system (Apreo 2 SEM; Thermo Fisher Scientific,
United States of America [USA]) equipped with EDS and
an electron backscatter diffraction (EBSD) detector. The
microstructure was also observed using a laser confocal
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Figure 2. Diagrams of material fabrication and post-treatment process: (A) Schematics of the L-DED process; (B) manufacturing strategy; (C) oven used

for heat treatment; and (D) heat treatment parameters

Abbreviations: L-DED: Laser-directed energy deposition; ND: Nominal direction; TD: Transverse direction; RD: Rolling direction

microscope (Olympus LEXT OLS5000; Alpha Co., USA).
For SEM observation, the surface of the bulk was ground
and polished in accordance with ASTM E3-2011 standards,
followed by etching with an ethylene nitrate mixture (4 mL
HNO, and 100 mL C,H,OH). For EBSD examination,
the surface of the bulk was electrolytically polished in
accordance with ASTM E1558 standards using a 1 wm step
referring to GB/T 36165-2018.!

Phase analysis was performed using X-ray diffraction
(XRD) (SmartLab SE; Rigaku Co., Ltd., Japan) with the
CoKa wavelength (XCO Ka) of 1.79 A, over a rotation-
diffraction angle of 30° - 120° and a scanning speed of
5°/min. The density of all AB bulks was measured using
the Archimedes method (ISO 1183-2017) in an analytical
reagent grade alcohol solution.

2.4. Material property testing

The uniaxial tensile (ISO 6892-1: 2009) and Vicker
hardness test (ISO 6507-1-2018) were carried out at

room temperature to evaluate the material mechanical
properties. The uniaxial tensile performance was examined
using a microcomputer-controlled electronic universal
testing machine (Instron 8501; INSTRON Co., USA) at a
strain rate of 0.5 mm/min. The AB bulks were machined
into a dog bone-shaped specimen, with a total length of
40 mm, thickness of 3 mm, gauge width of 4 mm, and
gauge length of 12 mm. The hardness test was carried out
using a Vickers hardness tester (HV-1000Z; HUAYIN Ltd.,
China) with a load of 200 gf and a dwell time of 15 s.

2.5. Models and computation

The model construction and analysis of deformation
behavior during tensile loading were performed using MD
simulations with the LAMMPS package.’>** This method
has been successfully applied in assessing the mechanical
performance of metals with body-centered cubic (BCC)
crystal structures,*** especially in iron-based materials.”®
The corresponding directions of the model along ND,
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TD, and RD corresponded to the x-, y-, and z-axes,
respectively. The entire configuration was box-shaped (43
x 11 x 43 nm), packed with two kinds of grains with the
same lattice parameter of 2.86 A. These two types of grains
formed a sandwich structure: Fine equiaxed crystals with
an average diameter of 2.86 nm at the edges, and coarse
columnar grains in the center, measuring approximately
2.86 nm in diameter and 7 nm in length.

The entire system was first thermalized and equilibrated
to zero pressure using the isothermal-isobaric ensemble
(NPT) under 3D periodic boundary conditions. For the
uniaxial tension simulation, all the samples were deformed
either along the ND and TD axes at a constant strain rate
of 1 x 10° s'. Periodic boundary conditions were applied
along RD. For ND and TD, the tensile direction was set as
“periodic;” while the non-loading direction was assigned as
“surface” In addition, zero normal stress was maintained
along RD during deformation. Virial stresses in the
tensile direction were calculated at each strain level. The
engineering strain at each time step was calculated as:

-1,
T v

where [ and [ represent the length of the present and
initial box along the tensile direction, respectively. The
interaction between individual atoms in the Fe matrix was
modeled using a many-body embedded-atom method
based on the interatomic potential, which can be expressed
as:

By =5 2V + L)
p=2.p(x)

j#i

(ID)

where V(ri].) is the pair potential, r, is the atomic
separation between j and 4, F is the embedded energy as a
function of p,,and p(r) is the atomic function.

3. Results
3.1. Phase configuration and microstructure

Figure 3A displays the measured density and the relative
density for the AB samples and control group, with
the corresponding data summarized in Table S2. The
measured density of all the steel bulks exceeded 7.7 g/cm®
with minor variation, and the values of the AB steels were
slightly higher than those of the control group. Compared
to the theoretical density of A131 steel (7.85 g/cm?), all the
relative densities were above 98%, illustrating that both
AB and HT steels were well-consolidated with minimal
defects.

Figure 3B displays the XRD patterns of the steels,
with similar peak profiles across A131 steels subjected to
different post-processing treatments. This suggests that the
crystal structure for the primary phase remained largely
unchanged, consisting mainly of the ferrite (o.-Fe) and/
or martensite (o."), both of which possessed a BCC crystal
structure.” The o’-phase was preferentially formed in
the AB A131 steel due to non-equilibrium consolidation
and rapid cooling rates (10* - 10° K/s) in the melt pool.”
Subsequent treatments (HT or HR) facilitated the
transformation of the o’-phase into a-Fe.® In addition,
the most prominent diffraction peak corresponded
to the crystal plane in all bulks, indicating a preferred
crystallographic orientation, which might contribute to
anisotropic mechanical performance.

Figure 4 displays the 3D-reconstructed optical
microscope (OM) image of the AB bulk microstructure in
an orthographic view. Figure 4A features the microstructure
of AB A131 steel, revealing minor visible defects, such as
holes and unfused particles, further confirming that the
AB A131 steel was well-consolidated with full density.
The grain size and grain profile were significantly different
along ND and TD, which is due to dendritic growth during
the consolidation of the melt pool.*”*® In addition, there
was a significant sandwich structure for the grain size in the
TD section, a novel heterogeneous structure was formed
layer-by-layer, consisting of coarse columnar grains and
fine crystals, alongside the laser deposition direction.
The layer thickness of columnar grains was ~300 pm,
and fine acicular martensite and equiaxed crystals were
observed, likely resulting from the high cooling rate and
thermal cycles* induced by alternating laser deposition
layers. Therefore, the imbalanced consolidation provided
insufficient kinetics for the phase transformation from
y-Fe to o-Fe and pearlite, when promoting the formation
of fine martensite.” In addition, the thermal cycle offered
necessary thermodynamic advantages for the grain
growth of fine crystals alongside ND, where a sandwich-
heterostructure was formed, consisting of columnar grains
and fine crystals. This heterostructure contributed to the
anisotropy in grain orientation, consistent with the XRD
results, and eventually induced variations in mechanical
performance.

Following tempering, Figure 4B displays the
microstructure of HT AI131 steel, with significant
variations observed for grain sizes and crystal profiles.
The sandwich heterostructure was visible but disappeared
when the grain size increased. The microstructure
of HT A131 steel consisted of equiaxed grains with a
typical ferrite-pearlite structure, indicating negligible
variation in grain profiles alongside ND and TD. This
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Figure 3. The density (n = 5) (A) and XRD patterns (B) of A131 samples subjected to different processes

Abbreviations: AB: As-built; HT: Heat treatment; HR: Hot rolling

B TND

Figure 4. 3D-reconstructed microstructure of A131 steel: (A) AB; and
(B) HT. Black arrows in (B) indicate pearlite

Abbreviations: AB: As-built; HT: Heat treatment; ND: Nominal direction;
TD: Transverse direction; RD: Rolling direction

is most likely due to the HT process, which provided
sufficient kinetic and thermodynamic conditions for
both phase transformation and grain growth. In addition,
the anisotropy of the microstructure was significantly
reduced, which could be beneficial to the isotropic
mechanical properties.

Figure 5A-C displays the magnified image of the AB
A131 steel microstructure in the ND section. Figure 5A
presents an OM image of the fine acicular martensite
structure predominated with some coarse equiaxed grains
(black arrows), and the acicular martensite possessed a
submicron size without specific orientation (Figure 5A,
inset). Figure 5B presents an SEM image of the acicular
martensite-equiaxed grain structure with notable particle
defects (white arrows). These particles (300~800 nm) were
randomly distributed (Figure 5B, inset), most likely due to
oxidation during the deposition process. As these particles
were relatively small (<1 wm), their influence on density
is negligible. The magnified SEM image (Figure 5C)
highlights the submicron equiaxed grains (~2 um) and
acicular martensite blocks (~5 wm).

Figure 5D-F displays the AB A131 steel microstructure
along the TD section at different magnifications.
Figure 5D presents the transitional interface between
the fine and coarse grains, where the boundary is not
distinctive. The coarse-grain part mainly consisted of
three types of grains: Coarse columnar grain, middle-
size equiaxed crystal, and fine acicular martensite. The
maximum length of the continued columnar reached
83.4 wm, surrounded by other small-sized grains. The
dimension of equiaxed grains was measured as 16.5 um,
smaller than that of columnar grains (Figure 5D, inset).
The size of the fine acicular martensite was the same
as the grains in the fine grain region (Figure 5E). The
boundary between the coarse- and fine-grain regions
depended on the distribution of the columnar grains,
and the fine grains primarily consisted of equiaxed grains
and acicular martensite (Figure 5E, inset) in a submicron
size. The magnified image (Figure 5F) reveals randomly
distributed submicron defects and columnar grains
as discontinuous lamellae along ND. This observation
suggested that the heterogeneous structure was related
to dendritic growth in the melt pools, resulting in partial
grain coarsening.

To observe the AB A131 steel heterostructure, EBSD
analysis was performed on the TD section. Figure 6A
features an inverse pole figure (IPF) with grain orientations
in different colors, revealing a non-uniform distribution
and an optimal grain orientation consistent with the XRD
results. According to grain size and grain profiles, the IPF
image was divided into three parts (resembling a sandwich
structure): Fine grain region (#1), coarse grain region (#2),
and fine grain region (#3). The distribution of equivalent
circle diameter for the relative regions is displayed in
Figure 6B. The fine-grain region (#1) primarily consisted
of acicular martensite and small equiaxed grains (average
diameter: 6.91 um), and the maximum diameter was
<20 um. Compared to region #1, grains in coarse grain
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* Discontinued columnargrain

Figure 5. Microstructure of AB A131 along ND (A-C) and TD (D-F). Yellow arrow (B-C): Particle defects. Scale bars: 100 um (A, D and E); 50 um (B and

F); 10 pm (C)

Abbreviations: AB: As-built; ND: Nominal direction; TD: Transverse direction
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Abbreviations: AB: As-built; IPF: Inverse pole figures; TD: Transverse direction; KAM: Kernel average misorientation

region #2 have a larger average diameter of 8.14 um and
a maximum diameter of up to 80 wm, the increase in
both parameters is likely due to the columnar grains. This
further confirmed that the coarse-grain region primarily
consisted of discontinued columnar grains formed by

dendritic growth. In region #3, the average diameter of the
grains was 6.8 um (relatively similar to that of region #1),
and the maximum diameter was <25 pum. This indicated
that the fine-grain region mainly consisted of fine acicular
martensite and small equiaxed grains.
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Figure 6C displays the Kernel average misorientation
(KAM) mappings, revealing the misorientation angle
of the grains related to the lattice distortion. It can be
observed that the misorientation was related to the grain
size, with smaller grains exhibiting larger misorientation
angles. A large misorientation angle corresponds to higher
stress within the crystal, most likely due to the martensite
phase and rapid cooling rates.

After tempering, the IPF mappings (Figure 7A)
display equiaxed grains in HT Al31 steel with
uniformly distributed colors, suggesting reduced
crystal misorientation compared to AB A131 steel. The
corresponding pole figures (Figures S1 and S2) further
confirmed that the HT process contributed to reducing
the maximum orientation density of the grain (from 2.01°
to 1.59°). In addition, the heterostructure disappeared,
and both grain size and grain profiles became identical
(average grain size: 7.93 um), similar to that of the coarse
grain region. This indicated that the HT process led to
recrystallization, resulting in different orientations and the
formation of equiaxed grains. Compared to AB A131 steel,
the KAM mappings (Figure 7B) of HT A131 steel displayed
smaller misorientation angles within the grains, likely due
to reduced martensite content and grain growth, which
helped reduce lattice distortion.

3.2. Mechanical properties

Tofurtherinvestigate theeffectsof A131 steelmicrostructure
on mechanical performance, uniaxial tensile and hardness

Figure 7. HT A131 steel heterostructure along TD: (A) IPF image; and
(B) KAM mappings. (A, inset) a bar chart of the grainsize distribution.
Scale bars: 100 pm

Abbreviations: HT: Heat treatment; IPF: Inverse pole figures;
KAM: Kernel average misorientation; TD: Transverse direction

tests were performed along ND and TD, respectively.
From the stress-strain curves (Figure 8A), AB A131 steel
exhibited outstanding tensile strength compared to the
other groups, while elongation significantly decreased
compared to that of commercial steel along TD (HR-TD).
In addition, AB A131 steel exhibited strong anisotropy in
tensile strength, with both tensile strength and elongation
of AB A131 steel along ND (AB-ND) surpassing those
along TD (AB-TD). After the HT process, the performance
of HT A131 steel tested along ND (HT-ND) also exceeded
that along TD (HT-TD), suggesting that the HT process
played a limited role in reducing anisotropy in mechanical
performance. Moreover, an interesting Portevin-Le
Chandelier (PLC) phenomenon**' was observed in
the curves of both AB-TD and HT-TD, leading to stress
serrations in the curves. This observation is likely due to
the negative strain rate sensitivity induced by dynamic
strain aging effects,**** where crystal misorientation of the
grains led to increased dislocation interactions along TD
under the given strain rate.

Figure 8B displays true stress-strain curves and
corresponding work-hardening behavior based on
Figure 8A, indicating that the work-hardening curve of
HR-TD gradually decreases after the yield strength (o)
point, with the rate of work-hardening declining gradually
as elongation increases. The work-hardening rates of AB
A131 steel decreased dramatically against the increasing
rates of strains, especially for the AB-TD curve, likely
due to limited elongation. Moreover, significant stress
serrations were observed in the work-hardening curves
along TD for both AB and HT A131 steel, attributed to
the PLC effects, leading to notable stress fluctuations. This
suggested that work hardening was limited in resisting
deformation during the tensile test along TD at the given
strain rate.

The corresponding ©,, ultimate tensile strength
(0,)> and elongation are displayed in Figure 8C, and the
corresponding data are summarized in Table S3. Compared
tothe 6, (346.5 MPa) and 6 (545.0 MPa) of HR-TD, the
o, and 6 . of AB-ND dramatically improved by 168.3%
and 78.0%, respectively, with the strain of 24.6% meets the
definition of the EH A131 standard (19~26% in strain).
The performance of AB A131 steel decreased slightly in
TD but reported enhanced 6., and G, of 132.2% and
46.6%, respectively, with a 65.5% reduction in elongation.
This was attributed to the predominant acicular martensite
and fine equiaxed grain (Figures 4-6), resulting in notable
improvements in strength. After the HT process, HT
A131 steel reported reduced strength, with enhancements
of 70.0% and 24.1% in o, and G, respectively, for
HT-ND, while HT-ND exhibited a 4.6% decrease in G, ..
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This observation was attributed to the elimination of fine
martensite and the misorientation of the grains (Figure 7),
leading to significant anisotropy in resistance deformation
along the TD orientation.

Figure 8D displays the Vicker hardness of A131 steels
along ND and TD, with corresponding values summarized
in Table S4. All steels exhibited notable hardness anisotropy,
with strength and elongation anisotropy ratios estimated
in Table S5. In both AB and HT A131 steels, hardness was
higher in ND compared to TD, whereas HR A131 steel
displayed the opposite trend. Similar to the tensile results,
AB A131 steel displayed the highest hardness, achieving
a 75.5% increase over HR A131 steel in ND (139 HV).
After HT, HT A131 steel exhibited a notable decrement in
hardness in both directions, likely due to the formation of
equiaxed grains with reduced misorientation. While HT
A131 steel had a similar phase composition to HR A131,
it offered only a marginal hardness advantage, though
both retained higher anisotropy ratios than A131 steel
fabricated using other DED methods'” or wire-arc AM.*

Figure 9 presents the fracture morphologies of AB A131
steel along ND. Figure 9A displays the fracture surface at the
edge close to the necking section, with numerous internal
defects (whitearrows). A magnified view (Figure 9B) reveals
submicron holes (~20 wm) (Figure 9B, inset) surrounded

by abundant dimples. These defects likely originated from
small closed pores and inclusions inside the melt pools,
which enlarged under tensile stress. Figure 9C highlights
broken, spherical inclusions surrounded by dimples. EDS
analysis (Figure 9C, inset) verified that these inclusions
were rich in oxygen (> 50 at%), identifying them as oxide
inclusions. Figure 9D features the middle of the fracture
surface, also revealing visible holes (Figure 9E) and oxide
inclusions (Figure 9F). These defects likely contributed to
a significant decrease in elongation and a rapid decline in
work-hardening rates. However, the prevalence of dimples
indicates that plastic deformation remained predominant
under tensile loading.

4, Discussion

In this experiment, AB A131 steel exhibited a unique
heterogeneous structure composed of alternating
coarse- and fine-grain regions, leading to significantly
enhanced mechanical performance. To reveal the
formation mechanism of the heterostructure, a single-pass
deposition was carried out with the same DED parameters.

The overall cross-sectional microstructure is displayed
in Figure S3, with high-magnification images presented
in Figure 10. Figure 10A displays an OM image of the
top region, revealing a notable orientation of the crystals
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along ND. The grains were relatively small and comprised
columnar grains, fine acicular martensite, and some
equiaxed grains, attributed to dendritic growth during the
consolidation of the melt pool under rapid cooling rates.*
Discontinuous columnar crystals were formed along ND
and surrounded by fine martensite. The IPF mappings
(Figure 10B) further confirmed dendritic crystal formation
along the build direction, consisting of columnar and fine-
equiaxed grains with a weak (101) crystal orientation and a
huge misorientation angle of 5.24° (Figure S4). The average
equivalent grain size was 6.33 wm, with a maximum of
83.6 um due to dendritic growth of the columnar grains.

Figure 10D displays the microstructure of the single-
pass track in the middle region, featuring coarse columnar
grains and acicular martensite. Compared to the top
region (Figure 10A-C), the columnar grains are more
evident (Figure 10E), indicating significant coarsening due
to limited thermal conduction and a lower temperature
gradient at the center of the melt pool.* This results in
a discrepancy in grain size from the center to the edge,
accompanied by increased crystal misorientation of 6.03°
(Figure S5). The average grain size slightly decreased
to 5.93 um, but the maximum grain size significantly
increased to 146.8 um with a high area ratio (Figure 10F),
substantially greater than in AB A131 steel (Figure 6).
This suggests that alternating remelting and cyclic thermal
effects helped refine the coarse columnar grains.

Figure 9. Broken surface of the tensile sample of AB A131 steel: (A-C) SEM images of defects at the edge; and (D-F) SEM images of defects in the middle.
(C, inset) EDS spectrums of the particle defect. Scale bars: 500 um (A and D); 50 um (B and E); 20 um (C); 10 um (F)

Abbreviations: AB: As-built; SEM: Scanning electron microstructure; EDS: Energy dispersive spectrometer; O: Oxygen; Al: Aluminum; N: Nitrogen; Mn:
Manganese

Figure 10G displays the microstructure at the interface
between the single-pass track and the 304L steel substrate,
consisting of equiaxed grains and acicular martensite.
A distinctive interface could be observed, where fine
A131 steel grains are deposited on the top of coarse
304L substrate grains. Compared to the microstructure
of the single-pass track at the top (Figure 10A-C) and
middle (Figure 10D-F) regions, the grains near the
substrate (Figure 10H) resemble the fine-grained regions
(Figures 4A; 5D and E; and 6), and the misorientation
significantly decreased (Figure S6). The average grain size
is approximately 5.45 um (Figure 10I), slightly smaller
than that of AB A131 steel (6.8 um), with a maximum
diameter of 31.6 um. This suggests that laser thermal
cycling promotes submicron-scale grain growth, leading
to a slight increase in the average size. Such effects
facilitate the formation of alternating fine- and coarse-
grain regions during one-pass deposition. Subsequent
passes remelt the surface with similar thermal gradients
to those near the 304L substrate, promoting the formation
of fined equiaxed crystals. These repeated thermal cycles
contributed to the uniform distribution of heterogeneous
structures at alternating layers.

To further investigate the heterostructure on
anisotropic mechanical performance, an MD model of the
sandwich structure was built, consisting of the fine- and
columnar-grain regions with a similar volume ratio
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(Figure 11A). Tensile tests were simulated along ND and
TD at room temperature, and the resulting stress-strain
curves are depicted in Figure 11B. The AB A131 steel
exhibited optimal tensile strength and elongation along
ND. Assuming the fine-grain regions possess isotropy in
mechanical performance with a constant elastic modulus
(Eo), the coarse columnar grain was considered anisotropic,
with distinct elastic moduli along ND (E, ) and TD (E,).
The relationship of the modulus is:

E,,>E,, ~E, (111)

When applying the load on the model along ND,
according to the parallel connection principle, the
relationship of the stress (6,,) and strain (&) could be
estimated as:

_ 2EE

0—ND

= v
E, +Eyp ()

GND

When the load was only applied along TD, the 6, -&
could be assessed as:

E, +E,,
™= € (V)
2
Uniaxial deformation also induces shear stresses in
other directions. To simplify the stress model, the ratio of
the stresses along TD and ND can be expressed as:

nzcﬂz (Eo +END)(E0 +ETD)8 1)
Onp 4E Ey,

Ideally, since E, ~E, n is generally <1, the tensile stress
along ND is expected to be higher than that along TD at
the same strain level, suggesting a greater tensile strength
in the ND orientation.

After applying the load in ND, the tensile results
(Figure 11C) reveal an elliptical deformation profile
within the coarse-grain region, attributed to strain-
induced boundary migration. The fine-grain region was
largely consumed, exhibiting minimal misorientation
along TD. Strain mappings indicated a high density of
localized shear strain at both ends, suggesting that strain
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deformation primarily occurred in the fine-grain region.
This behavior contributed to the enhanced tensile strength
and high plasticity, consistent with the experiment results
of AB-ND.

Under tensile loading in TD, the deformed model
(Figure 11D) exhibited an irregular grain profile with
notable misorientation along TD. A significant necking
phenomenon occurred, characterized by a narrow
region where the primary shear strain was concentrated.
This suggests uneven deformation and notable stress
concentration, which facilitated premature crack initiation
and propagation, ultimately reducing tensile strength and
elongation. Moreover, the stress concentration also limited
the work-hardening capacity under constant loading,
consistent with the experimental AB-TD results. Even after
HT, HT A131 steel retained the anisotropy performance as
tested along different directions, though the heterostructure
disappeared. This can be attributed to the optimal crystal

orientation along ND (Figures 3B and 7A), which also
resulted in significant grain disorientation (Figure S2)
and maintained tensile strength differences along different
orientations.

5. Conclusion

This study demonstrated the formation of a heterostructure
comprising alternative layers of coarse and fine grains
in A131 steel fabricated using the DED technique and
post-treatment processes. The structure featured notable
improvement in strength without the plasticity trade-off.
The phase configuration, heterogeneous microstructure,
and anisotropyin mechanical performance were thoroughly
investigated, with comparisons made to commercial A131
steel. Finally, the formation of the heterostructure and the
tensile performance were discussed based on the single-
pass deposition and MD simulation, respectively. The
main conclusions were summarized as follows:
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(i)  The AB A131 steel exhibited a high 5, of 929.5 MPa

and o, of 970.4 MPa, approximately 168% and
78% enhancement compared to those of commercial
A131 steel (0,: 346.5 MPa; 6 : 545.0 MPa), with an
elongation of 24.5%. After HT, the strength of A131
steel was significantly reduced compared to that
before tempering, when retaining 70% enhancement
in 6, compared to commercial A131 steel.

The A131 steel fabricated by DED methods possesses
a significant heterostructure comprising alternating
layers of coarse- and fine-grain sections (~300 um
thick), formed due to dendritic growth and thermal
cycling. The coarse-grain region mainly consisted of
fine columnar grains and acicular martensite, while
the fine-grain region featured small equiaxed crystals
and fine martensite.

Tempering treatment of AB Al131 steel induced
martensite-to-ferrite phase transformation and grain
growth into equiaxed structures, reducing crystal
misorientation and anisotropy in the microstructure
but significantly decreasing mechanical strength.

The heterostructure induced notable anisotropy in
tensile performance, where the tensile properties and
hardness of the A131 steel along ND significantly
exceeded those in TD. HD had limited impact on
reducing anisotropy, even resulting in a 4.6% decrease
in o, along TD compared to commercial A131 steel.
MD simulations demonstrated that uniaxial load
at ND promoted uniform deformation, enhancing
strength and elongation. In contrast, applied load
along TD could induce partial stress concentration
and necking, reducing both tensile strength and
plasticity.
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