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% Check for updates Over the last century, improvement in mechanical performance of structural

metals has primarily been achieved by creating more and more complex
chemical compositions. Such compositional complexity raises costs, creates
supply vulnerability, and complicates recycling. As a relatively new metal
processing technique, metal 3D-printing provides a possibility to revisit and
simplify alloy compositions, achieving alloy plainification, which enables
simpler materials to be used versatilely. Here, we demonstrate that high per-
formance simple plain carbon steels can be produced through 3D-printing.
Our 3D-printed plain carbon steels achieve tensile and impact properties
comparable, or even superior to those of ultra-high strength alloy steels such
as Maraging steels. The sequential micro-scale melting and solidification
intrinsic to 3D-printing provides sufficient cooling to directly form martensite
and/or bainite, strengthening the steels while maintaining microstructural and
property homogeneity without dimensional limitations or heat treatment
distortion and cracking. By manipulating 3D-printing parameters, we can tailor
the microstructure, thereby control the properties for customized applica-
tions. This offers a scalable approach to reduce alloy complexity without
compromising mechanical performance and highlights the opportunities for
the 3D-printing to help drive alloy plainification.

Engineering alloys, such as steel and aluminium, are structural mate-
rials of choice in applications where strength and damage tolerance
are required. These alloys have continually been improved over the
last century, growing more and more compositionally complex, with
thousands of different alloys now available in the market that an
engineer or designer can choose from'®. Each composition is tailored
for a given set of properties. This huge expansion and increased
complexity in the alloy compositions cause large issues for recycling,
almost always raises costs due to the alloying elements required, and
challenges the security of supply for certain compositions due to the

geographical distribution of elemental resources. As a result, there has
been growing interest in the plainification of engineering alloys - a
concept promoting a much smaller number of simpler compositions
that can be used across many applications, with consequential benefits
for recycling, re-use, and security of supply®'°.

The historical explosion in the number and complexity of alloy
compositions is easy to understand if we take an example like ferrous
materials - steels and cast irons, by far the most common engineering
alloys. The demand for higher mechanical performance (e.g., ultra-
high strength, wear resistance, etc.) has necessitated increasingly
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precise control over microstructure formation. This is usually obtained
through greater compositional complexity and depends strongly on
the constraints of the available processing technology. For example,
high-performance martensitic or bainitic steels, such as those used in
gears, are normally highly alloyed to ensure adequate hardenability.
This allows them to be cooled relatively slowly from elevated tem-
peratures to avoid quench cracking or geometric distortion while still
obtaining the desired martensitic or bainitic microstructures™? The
alloy chemistry is specifically tailored to accommodate processing
constraints, such as heat transfer during fabrication, ensuring uniform
microstructure and properties throughout the thickness. This tailoring
can even result in different alloy compositions depending on the size
and shape of the component. In the same spirit, complicated-shaped
objects are not directly cast into their final forms due to the challenges
of steel casting, even though it would be economically preferential.
Instead, they are fabricated with additional machining and sometimes
welding. Adding more carbon (and other elements) to produce cast
irons allows one to cast more complex-shaped ferrous components,
but the mechanical properties are then not suitable for structural
applications®. The proliferation in alloy chemistries is as much a con-
sequence of processing technology constraints, as it is a desire to
access new microstructures to deliver improved properties.

In this context, when new processing technologies begin to be used
by industry, it provides an opportunity to revisit and simplify the alloy
compositions being used. This is the case now with metal 3D-printing.
Whilst not a new group of technologies, their extensive uptake by the
industry is relatively recent”. Most 3D-printed components are currently
fabricated with existing, complex alloy compositions, rather than com-
positions specifically simplified to be suitable for metal 3D-printing* .

As one of the most popular metal 3D-printing technologies,
powder bed fusion (PBF) uses a high-energy laser or electron beam to
selectively melt thin layers of metal powder (Fig. 1a). Each layer is
meticulously fused in precise locations to form micro-scale melt pools
(Fig. 1b), enabling the layer-by-layer construction of complex geome-
tries. Such a micro-scale melting process is renowned for the rapid
cooling (10* to 10’K/s) of the melt pools™'. This is a distinct proces-
sing advantage for steels by enabling direct quenching of the com-
ponent upon manufacturing. Unlike traditional quenching techniques
that require rapid cooling of the entire component to obtain the
desirable martensite or bainite microstructure, the micro-scale melt-
ing and solidification dissects the quenching process into a series of
discrete events. Since solidification of a melt pool produces a basic unit
of the 3D-printed part, the microstructure of the whole 3D-printed part
is mostly defined by the microstructure of the solidified melt pool. This
means the localized generation of martensite/bainite within the melt
pools ensures much more homogeneous hardening throughout the
part, regardless of its size and geometry. That is, PBF circumvents the
low hardenability typically associated with plain carbon steels, offering
an opportunity to use them as alloy steels with much higher material
plainification and simplification.

Here, we demonstrate that by leveraging the intrinsic characteristics
of PBF, one of the most popular forms of metal 3D-printing, we can strip
out much of the alloy complexity and obtain high mechanical perfor-
mance and geometric complexity from the simplest imaginable steel
chemistry - Fe and C. We demonstrate printing of geometrically complex
parts from simple plain carbon steels (Fig. 1c, d) with a wide processing
window, uniform through-thickness properties, and tensile and impact
properties comparable to, or even superior to low and medium alloy
ultra-high strength steels and some Maraging steels. Metal 3D-printing
technologies should be at the forefront of alloy plainification strategies.

Results

Hardenability evaluation

Plain carbon steels with carbon contents of 0.4 wt.% (AISI 1040) and
0.8 wt.% (AISI 1080) are chosen as two simple alloys to demonstrate the

possibilities. Due to the low hardenability of plain carbon steels, only
small parts with simple shapes can be effectively hardened through
conventional quenching in water or brine, whereas quenching larger
parts or geometrically complicated parts often leads to distortion or
cracking, and results in spatially inhomogeneous properties due to sig-
nificantly reduced internal cooling rates™” This inhomogeneity is
demonstrated by a Jominy End Quench Test on 1080 steel (Fig. 1e),
where one end of a cylindrical sample is quenched with a water spray,
followed by hardness measurements along its length from the quenched
end. As shown in Fig. If, only the region within 6 mm from the end
achieves a high hardness (-60 HRC) and it decreases quickly away from
this region. This behavior is because the martensitic and/or bainitic
transformations only take place at the end of the bar due to the low
hardenability. The same 1080 plain carbon steel composition has been
printed using PBF to create a bar with the same dimensions as the Jominy
bar (Method). The measured hardness along the bar is high and uniform
across the length (Fig. 1f), indicating the formation of uniform marten-
site or bainite microstructures. To further demonstrate the performance
offered by 3D-printing, even in parts with complex geometries, we
printed a 1080 gear-like virtual component (Fig. 1c) with intricate geo-
metry and different thicknesses in the cross-section using PBF (Method).
Such geometric complexity poses major challenges for conventional
water quenching due to distortions and inability to achieve a uniform
hardness. These challenges can be overcome by 3D-printing, as evi-
denced by the precise geometric accuracy and uniform hardness dis-
tribution (-59 HRC) across the entire 3D-printed gear (Fig. 1d). Similar
uniform hardness distributions were also achieved in the 3D-printed
1040 steel (Supplementary Fig. 1). It should be emphasised that this gear-
like component was not intended for specific practical applications as a
gear but rather to demonstrate how 3D-printing can address challenges
typically encountered with conventional water quenching of engineer-
ing structural parts with complex geometries.

3D-printing of plain carbon steels also enables the avoidance of
quench cracking. We prepared two L-shape demonstration parts with
the same dimensions. One was machined from commercial 1080 steel,
followed by austenization and quenching in water and the other was
directly 3D-printed using 1080 steel powder (Method). The water
quenching caused distortion and cracking at the corner (Fig. 1g). In
contrast, the 3D-printed part was free of cracks and distortion (Fig. 1h).
This performance is because the micro-melting dissects quenching
into numerous discrete units, effectively compartmentalizing the
thermal stress whilst the substrate preheating (Method) and the
cyclical thermal profile from the melting of successive layers provides
an in-situ tempering effect, reducing the thermal residual stress™".
Notably, while high cooling rates in 3D-printing are essential for mar-
tensite and/or bainite formation, the subsequent self-tempering from
the cyclic thermal profile does not reach temperatures high enough to
revert martensite or bainite to austenite. Instead, it tempers the
microstructure, relieving transformation and residual stresses without
compromising the benefits of rapid cooling". Thus, the in-situ tem-
pering complements the high cooling rates, enhancing the mechanical
performance of the 3D-printed parts.

We also observe that plain carbon steels have excellent 3D-print-
ability, achieving full densification and consistent hardness distribution
across parts within a very wide processing window (Fig. 1i, Supple-
mentary Fig. 2 and Supplementary Tables 1and 2). This not only ensures
reliable production quality but also offers the scalability in tailoring
their properties using 3D-printing. The hardness of 3D-printed steels
varies with the laser energy inputs that determine the cooling rate. A
lower energy input correlates with a higher cooling rate of the melt
pools, leading to higher hardness®. Thus, the 3D-printing processing
parameter choice helps provide control over the microstructural
characteristics. Manipulating the processing parameters can be used to
tailor microstructures and mechanical properties, rendering them
highly controllable for customized applications with 3D-printing.
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Fig. 1| Hardenability and metal 3D-printing of plain carbon steel AISI 1080.
aSchematic illustration of powder bed fusion (PBF) metal 3D-printing process, with
the inset (al) depicting the morphology of 1080 steel powder feedstock, and (b)
enlarged diagram of the marked area in (a), schematically showing the typical fish-
scale melt pool structure. (c) A bevel gear fabricated by PBF with 1080 steel pow-
der, with the coordinate system showing the plane orientations (Z-axis refers to the
building direction). d Cross-sectional hardness Rockwell C Scale (HRC) distribu-
tions on XZ-plane (upper) and XY-plane (lower) of the bevel gear, indicated by the
arrows in (c). e Schematic illustration of the standard Jominy End Quench Test.

f Hardness distributions along the conventional wrought 1080 steel bar after
Jominy End Quench Test and the 3D-printed 1080 steel Jominy bar. L-shape

1080 steel demonstration parts: (g) conventionally water quenched sample,
showing quenching distortion and cracking at the sharp corner as demonstrated by
(g1) the optical micrograph, contrasted against (h) 3D-printed sample with a flaw-
less structure free from distortion and cracking, as demonstrated by (hl) the optical
micrograph. i Densification behaviors and hardness of the 3D-printed 1080 steel at
various laser energy input, showing the excellent printability of this steel. The
shaded error bands in (i) indicate the standard deviation, calculated as the mean of
four tests. The arrows in (i) pinpoint the three chosen samples subjected to
microstructural characterizations and property validation. Source data are pro-
vided as a Source Data file.

Microstructural characterization

To delve deeper into the microstructural and mechanical features, we
conducted comprehensive characterizations and validations on
selected 1080 and 1040 samples 3D-printed with different processing
parameters (energy input density), as indicated in Fig. 1i and Supple-
mentary Fig. 3d. X-ray diffraction (XRD) analysis identifies a single
ferritic («’) phase in our 3D-printed 1080 steels, with no austenite or
carbides detected (Fig. 2a). Microstructural examination with electron
backscattered diffraction inverse pole figure (EBSD-IPF) mapping
demonstrates that the ferrite manifests as fine, plate-like features,
uniformly distributed without preferential orientations (Fig. 2b—d).
Statistical analysis reveals consistent o’-block sizes, ranging from -1 pum

to ~10 pm with an average size of -2 pm. The corresponding pole fig-
ures (Supplementary Fig. 3) demonstrate an orientation relationship
between the o’-blocks and prior y grains approximating to the
Greninger-Troiano relation, which has been reported in martensitic
and bainitic steels”"®, These results show the occurrence of either
martensitic or bainitic transformations during the 3D-printing process,
and the suppression of the pearlite transformation for all energy inputs
examined.

Grain Average Band Contrast (BC) maps (Fig. 2e-g) were directly
derived from the EBSD data to further differentiate martensite and
bainite in our 3D-printed 1080 steel (Method). Generally, martensite
exhibits relatively lower BC values than bainite**. In the 1080 sample
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Fig. 2 | Microstructural analysis of 3D-printed 1080 steels. a X-ray diffraction

(XRD) spectra. b-d 3D stereographic electron backscattered diffraction inverse pole
figure (EBSD-IPF) maps of samples fabricated with energy inputs of (b) 69 J/mm3,

(c) 93J/mm?3, and (d) 114 J/mm?3, with coordinate system showing the plane orien-
tations (Z-axis refers to building direction). e-g Grain Average Band Contrast maps,
retrieved from b-d, respectively. The color scales represent the band contrast (BC)
values. h Focused-ion-beam lift-out specimen at the marked area in (e). i Bright-field

¥
Beam//[011]a’

transmission electron microscopy (TEM) micrograph of the marked areas in (h),
with the white-dashed line delineating the o’-block with high BC value and labels
B and M representing bainitic and martensitic o-laths, respectively. j, m Higher
magnified TEM images of the areas marked in (i), taken close to the [011],, zone axis.
k, n The diffraction patterns of (j) and (m), respectively, taken close to the

[011],, axis. I, o Dark-field TEM images taken from the diffraction spots marked in
(k) and (n), respectively. Source data are provided as a Source Data file.

printed with low energy input (69 J/mm?3), the majority of the «’-blocks
exhibit relatively low BC values below 70 (Fig. 2e), indicative of a
predominance of martensite with low Kikuchi pattern qualities.
Increasing the laser energy input results in a higher fraction of o’-
blocks with high BC values over 100. Notably, the sample produced
with high energy input (116 J/mm3) exhibits a microstructure pre-
dominantly composed of high BC-valued o’-blocks (Fig. 2g). This
implies that an increase in laser energy input prompts a transition from

a martensite-dominant to a bainite-dominant microstructure in our
3D-printed 1080 steel.

To further corroborate this differentiation, we employed trans-
mission electron microscopy (TEM) examination of these 1080 sam-
ples. As shown in Fig. 2h, a TEM thin foil was lifted out from a region
encompassing o’-blocks with both low and high BC values in the low-
energy-produced sample using the focused-ion-beam technique. Our
TEM observation reveals that individual o’-blocks with high BC value
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comprise a series of subdivided o’-laths with submicron widths,
showing microstructural characteristic of bainite. The laths exhibit a
relative scarcity of lattice imperfections like twins and dislocations but
contain nano-sized carbides (Fig. 2i, j). The associated diffraction
pattern (Fig. 2k) and high-resolution TEM image (Supplementary
Fig. 4a) further confirm the carbide as cementite (0-Fe;C) and a well-
established orientation relationship between these two phases™:

[011] ||[101]g, (211) [I(303)q

This is a different format of the Isaichev orientation relationship?.
These results evidence a typical bainite feature of this o’-block, con-
sistent with its high BC value.

In contrast, «-laths in the low BC blocks are devoid of cementite
and exhibit a nano-twinned substructure (Fig. 2i). These twins possess
widths ranging from 10 to 30 nm (Fig. 2m) and a typical {112}<111> —
type twining mode, verified by the corresponding diffraction pattern
(Fig. 2n). In addition to the diffraction spots from the «’-matrix and o~
twin, we also observed extra weak (110),, and (220),, spots that belong
to w-Fe phase. High-resolution TEM (Supplementary Fig. 4b) demon-
strates that the w-Fe phase has a thickness of several atomic layers,
distributing along the twin boundaries. The w-Fe is known as a meta-
stable interfacial-twin-boundary phase that commonly forms in twin-
ned martensite to alleviate stress concentrations and minimize
interfacial energy” *. These observations demonstrate high-carbon
martensite in the sample, consistent with its low overall BC
value (Fig. 2e).

In addition to the martensite-dominant microstructure in samples
produced with low energy input, TEM analysis of the high-energy-
produced 1080 steel sample reveals a bainite-dominant micro-
structure (Supplementary Fig. 5), consistent with its elevated overall
BC value shown in Fig. 2g. Compared with martensite, bainite is
characterized with a mix of bainite o’-phase with lower carbon super-
saturation and 0-Fe;C nanoparticles™. In contrast to classic bainite with
coarse carbides in conventionally processed high carbon plain steels,
the bainite in our 3D-printed 1080 steel features nanometer-sized
cementite. This can be ascribed to the fast cooling intrinsic to the
micro-scale melting and solidification process.

Similar to the 1080 steel, a single ferrite phase is observed in the
3D-printed 1040 steels (Fig. 3a) and the pearlitic transformation was
fully suppressed (Fig. 3a—-d). However, achieving a martensite-
dominant microstructure in 1040 steel is more challenging than in
the 1080 steel even with low energy input. This is evidenced by the
Grain Average Band Contrast maps (Fig. 3e—g) and the complementary
TEM characterization (Fig. 3h—n). As shown in Fig. 3e, the sample
produced with a lower energy input of 69 J/mm?3 still contains «’-blocks
with high BC values that is greater than 100, interspersed with some
low BC-valued o’-blocks. This indicates a microstructure mixed with
both bainite and martensite, with the former being dominant. This is
due to the lower carbon content of the 1040 steel, which is associated
with lower martensitic hardenability, favouring the bainite formation'>.
Nevertheless, such bainitic microstructures distinguish themselves by
hosting nano-scale o’-laths (Fig. 3i) interspersed with a few nano-sized,
metastable w’-carbides (Fig. 3j, k) rather than the high fraction of
coarser needle or particulate cementite typical of conventional bainite
commonly observed in plain carbon steels”. This is due to the sup-
pression of cementite growth by rapid cooling and substantial
remaining carbon supersaturation within the bainitic o’-laths during
the 3D-printing process. Such a condition favors bainite formation at
lower temperatures, resulting in finer bainite laths. While the micro-
structure predominantly consists of bainite, regions of {112}<111> —
type twinned martensite are also present in the sample (Fig. 31-n).

Increasing the laser energy input results in a higher fraction of o’
blocks with high BC values over 100 (Fig. 3f, g). At the energy input of
127 )/mm? (Fig. 3g), a full bainite microstructure is obtained. Our TEM

(Supplementary Fig. 6) further confirms that, unlike the nanos-
tructured bainite formed in the low-energy-produced samples, bainite
formed in the high-energy-produced sample contains coarser carbides
even though the o’-laths are still at nanometer scale.

Mechanical performance

We performed tensile testing and Charpy impact testing (Fig. 4) to
evaluate the basic mechanical performance of the 3D-printed 1080 and
1040 plain carbon steels. The determined yield strength (YS), ultimate
tensile strength (UTS), elongation to fracture (El) and impact tough-
ness are summarized in Supplementary Table 3. Like all conventionally
fabricated martensitic steels, tempering is necessary for 3D-printed
1080 steels due to the formation of martensite. Our as-printed
1080 samples were tempered at 300 °C for 2h before mechanical
testing to reduce residual stresses and to mitigate the intrinsic brit-
tleness of fresh martensite. Note that this tempering temperature may
not be optimal for these steels, whereas a more suitable tempering
process for a particular 3D-printed carbon steel can be optimized in
the future in terms of actual application requirements. For the
1040 steel, we found that good strength-ductility-toughness trade-off
can be achieved directly after 3D-printing, alleviating the need of heat
treatment. This is due to the auto-tempering effect typical of bainitic
transformation (Supplementary Section 8). Thus, the mechanical
performance of 1040 steel discussed here is focused on the as-printed
condition.

Benefiting from the high-carbon martensite, the plain carbon
1080 steel fabricated with low energy input exhibits a yield strength of
1773 MPa and a tensile strength of nearly 2000 MPa (Fig. 4a). However,
the associated elongation and impact toughness were 5.3% and 8],
respectively. Increasing the laser energy input prompts a transition
from martensitic to bainitic microstructure (Fig. 2e-g). Compared with
martensite, bainite is characterized with a mix of bainite o’-phase with
lower carbon supersaturation and 0-Fe;C nanoparticles (Supplemen-
tary Fig. 5), providing a configuration that is a little softer but more
resistant to crack propagation®. Specifically, the YS, UTS, El and impact
toughness of the 1080 steel fabricated with high energy input were
determined to be 1100 MPa, 1327 MPa, 13% and 22J, respectively.

The formation of martensite in our 3D-printed plain carbon steels
opens the opportunity to further enhance the properties through post
heat-treatment. We further conducted microstructural characteriza-
tion and mechanical tests (Supplementary Figs. 7-9 and Supplemen-
tary Table 3) on the 3D-printed 1080 steel after tempering at various
temperatures. Increasing the tempering temperature facilitates the
transition of fresh high-carbon martensite to a typical tempered high-
carbon martensite characterized by detwinning and the formation of a
high fraction of nano-sized carbides. This provides access to other
strength-ductility-toughness combinations. For example, tempering at
350 °C for 2 h led to a mechanical profile in the low-energy-produced
1080 steel, with an YS of 1533 MPa, UTS of 1726 MPa, El of -10% and
toughness of 11)J.

Properties of the 3D-printed 1040 steels are also sound (Fig. 4b).
The sample produced with low energy input achieved an YS of
1340 MPa, UTS of 1430 MPa, El of -10% and impact toughness of 30 .
Increasing the laser energy input led to a reduction in YS to 1000 MPa
and UTS to 1100 MPa, while enhancing El and impact toughness to
approximately 14% and 106 ], respectively. Notably, these properties
were achieved directly after 3D-printing, and subsequent tempering
treatments had only a marginal effect on the mechanical performance
of this steel (Supplementary Fig. 9). 3D-printed materials typically
require post heat-treatments to release the residual stress and homo-
genize the microstructure, thereby optimize strength-ductility trade-
off®. The impressive as-printed mechanical performance of the
1040 steel highlights the convenience and efficacy of 3D-printing for
fabricating this steel, alleviating the need for subsequent heat
treatment.
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nanoparticles. Source data are provided as a Source Data file.

To compare the mechanical properties of the 3D-printed plain
carbon steels with conventional wrought steels of the same grade,
Fig. 4c, d present Ashby plots showing the combinations of yield
strength and elongation, and yield strength and impact energy”* .
Owing to the inherent low hardenability, large wrought parts made of
1080 and 1040 steels primarily exhibit pearlite or ferrite-pearlite
microstructures, characterized by their limited strength. In parti-

cular, the conventional wrought 1080 steel even shows an impact

toughness less than 10) due to the coarse pearlitic carbides that
facilitate crack propagation”?***, In comparison, the emergence of
ultrafine martensite and bainite structures in our 3D-printed samples
delivers an improved strength-ductility-toughness synergy out-
performing their wrought counterparts.

A comparison with conventional wrought alloy steels (Fig. 4e, f)
demonstrates that the 3D-printed plain carbon steels exhibit strength-
ductility-toughness combinations comparable with many highly
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Fig. 4 | Mechanical properties. Typical engineering tensile stress-strain curves of
the 3D-printed (a) 1080 steels and (b) 1040 steels at different laser energy inputs,
with insets and arrows showing the sample sectioning orientation and building
direction (BD), respectively. Ashby plots illustrating mechanical properties of 3D-
printed (c) 1080 and (d) 1040 steels in comparison with their conventionally
wrought counterparts* >, Ashby plots comparing mechanical properties of 3D-
printed plain carbon steels against typical commercial ultra-high strength steels
(UHSS) manufactured by (e, f) wrought and (g) 3D-printing, as reported
previously**>>*, The commercialized steels in (e-g) includes 4130, 4140, 4340,

8640, and 300 M as typical low alloy UHSS, H11 and H13 as typical medium alloy
UHSS, and 18Ni(200), 18Ni(250) and 18Ni(300) maraging steels. The shaded bands
in these Ashby plots show the populated areas, derived from the corresponding
data distributions. Note that the data of the 3D-printed plain carbon steels in these
Ashby plots were selected from Supplementary Table 3 to effectively illustrate the
distribution of the achievable properties while avoiding excessive data overlap. The
full data for all properties at different processing conditions is listed in Supple-
mentary Table 3. Source data are provided as a Source Data file.

alloyed ultra-high strength steels (UHSS) after standard heat treat-
ments, such as 4340, 8640 and 300 M low alloy steels, and H11 and H13
medium alloy steels”, and are even close to maraging steels”**. This
comparison particularly demonstrates that in PBF, compositional
complexity is not required for high mechanical performance and the
simple composition of the 1040 and 1080 steels offers significant
sustainability and cost-saving advantages compared to the heavily
alloyed steels.

The current activities on 3D-printing of structural steel in the
research community are mostly focussed on highly alloyed UHSS such
as H13, 4340, and Maraging steels'**°, The strength of these alloy steels
primarily arises from the formation of ultrafine martensite or bainite
microstructure, but this can be obtained in 3D-printed plain carbon
steels. Notably, in some alloy steels, the high level of alloying element
additions can lead to pronounced solute segregation and the forma-
tion of cellular structures under rapid solidification conditions during
3D-prinitng®. These structures can strengthen the steel by providing
effective grain boundaries that impede dislocation movement. How-
ever, significant solute segregation may also result in the formation of
brittle phases at the cell boundaries, decreasing ductility and tough-
ness. A typical example is the formation of mechanically unstable
retained austenite networks in the 3D-printed H13 steels. In contrast,
the plainified composition of carbon steels circumvents this issue
while capitalizing on rapid cooling to facilitate steel hardening. As a
result, 3D-printed plain carbon steels attain a favorable combination of
strength and ductility, which are comparable or even superior to some
3D-printed UHSS, as shown in Fig. 4g'*?¢*54,

To further understand the superior mechanical performance of
the 3D-printed plain carbon steels, the underlying strengthening
mechanisms are briefly discussed. The strengthening of steels

generally includes contributions from lattice friction, solid solution,
precipitation, dislocations, and effective grain boundaries®. In the 3D-
printed 1080 and 1040 steels, the formation of martensite and bainite
with hierarchical nano-sized substructures provides substantial
boundaries, which act as effective barriers to dislocation motion. Due
to the shear formation mechanism, martensite and bainite, particularly
the former, are typically carbon supersaturated. This leads to severe
lattice distortions, raising energy barriers against dislocation propa-
gation within the o’-blocks. Furthermore, TEM observations reveal
numerous nano-sized carbides within the bainite and tempered mar-
tensite microstructures, as shown in Figs. 2 and 3, and in Supplemen-
tary Figs. 5-8. These carbides further enhance precipitation hardening
by suppressing dislocation movement.

Discussion

Our work demonstrates the potential of transforming plain carbon
steels into high-performance materials through metal 3D-printing. The
fast cooling during micro-scale melting can effectively inhibit pearlite
formation in plain carbon 1040 and 1080 steels within a broad 3D-
printing processing window. By strategically manipulating the 3D-
printing parameters, we can achieve microstructure customization in
these steels, enabling a choice between ultrafine martensitic or bainitic
microstructures that offer properties comparable to UHSS. This is
equivalent to the outcomes achieved by complex and extensive
alloying strategies but with significantly increased material plainifica-
tion and simplification. Although achieving a martensite-dominant
microstructure in 1040 steel is more challenging than in 1080 steel, the
fast-cooling rate at the low energy input allows the formation of
nanostructured bainite in the 1040 steel. Such a microstructure
resembles those of nano-bainitic steel*** rather than the conventional
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bainite'>. Typically, nano-bainitic steels require a precise alloying
strategy through incorporating significant amounts of substitutional
solutes such as Si, Mn, Mo, Cr and Ni to inhibit cementite formation
and enable bainite transformation at lower temperatures®. Our find-
ings demonstrate an alternative way to obtain nano-bainite in plain
carbon steels via 3D-printing. This underscores an additional benefit of
micro-scale melting in metal 3D-printing beyond the direct quenching
effect, potentially simplifying the manufacturing of high-performance
steel components. This may also widen the applications of metal 3D-
printing technologies.

While 3D-printing offers high flexibility to craft tailored micro-
structure, it generally subjects materials to directional solidification
conditions due to the large thermal gradients within the melt pools®.
This often results in the epitaxial columnar grain growth and a pro-
nounced texture as commonly observed in austenitic steels, titanium
and aluminium alloys**~°, In the case of plain carbon steels, the
martensitic and bainitic transformations mitigate this effect. These
transformations create multiple o’-blocks with different crystal-
lographic orientations within a single prior austenite grain, effec-
tively counteracting the typical columnar structures and texture
formed during directional solidification*. The resulting ultrafine,
almost texture-free microstructures of our 3D-printed plain carbon
steels (Figs. 2 and 3) are testament to this mechanism. This micro-
structural refinement also contributes to the reduction in property
anisotropy, addressing a common issue in 3D-printed alloys with
columnar grains, as demonstrated by Supplementary Fig. 10 which
compares the tensile responses of horizontally and vertically printed
samples.

This work demonstrates that very high mechanical performance
can be obtained in 3D-printed plain carbon steels. Large alloying
additions are not required for high mechanical performance from 3D-
printed metallic components, with consequential benefits on cost,
recyclability, and security of supply of materials required for these
components. The promising properties achieved in the 3D-printed
plain carbon steels underscore the imperative need for future work in
this domain, particularly in other properties such as fatigue resistance,
fracture toughness, and stress corrosion cracking. Naturally, improv-
ing properties like corrosion resistance will require the addition of
elements such as chromium, while other strategic alloying elements
may be necessary for specific properties such as oxidation resistance.
The principle remains to add complexity to the composition only when
absolutely necessary. Such developments align closely with the
ongoing focus on material sustainability and plainification, positioning
metal 3D-printing as versatile and forward-looking choices in the
evolving landscape of materials technology.

Methods

Powder feedstock preparation

Gas-atomized spherical pure iron powder with commercial purity
(99.5 wt.%) and size of 15—-53 um, and AISI 1080 steel powder with size
ranging from 10-60 pm were sourced from Changsha Tijo Metal
Material Co., Ltd. These powders served as the raw material for our 3D-
printing processes. The 1080 powder has chemical composition of
0.8wt.% C, 0.4wt.% Si, 0.8 wt.% Mn and Fe (balance), determined by
inductively coupled plasma atomic emission spectroscopy. The
1040 steel powder feedstock was prepared by mixing pure iron pow-
der and 1080 steel powder using mechanical agitation process in a
TURBULA® shaker mixer for 2 h.

SEM micrographs (Supplementary Fig. 11) reveal that both feed-
stock powders have numerous satellites on their surfaces. This satel-
liting effect is commonly observed in gas-atomized metal powders,
resulting from collisions between small particles and incompletely
solidified larger droplets®. Despite this, the powder showed excellent
flowability during the printing process.

Materials processing

Both 1080 and 1040 steels were produced in a SLMI25HL laser
powder-bed-fusion 3D-priting system (SLM Solutions Group AG). The
machine is equipped with an ytterbium fiber laser with a wavelength of
1.06 pm and a maximum power of 400 W. Samples were built onto a
316 L steel platform preheated to 200 °C and the building process was
performed under an inert and high purity (=99.99%) argon atmo-
sphere, maintaining an oxygen concentration below 0.05 vol.%. A
series of 10 mm x 10 mm x 10 mm cubic samples were fabricated at
different processing parameters, listed in Supplementary Table 1, for
evaluating the 3D-printability of each steel. These variables were
integrated into the volumetric energy density (E, J/mm?), with E = %
for easier comparison, as listed in Supplementary Table 2. After opti-
mization of the processing window, selected processing parameter
sets were also used to fabricated large-sized samples for testing tensile
properties, Charpy impact toughness, and hardness distribution as
detailed in the following sections.

Densification and hardness measurements

The 3D-printability of these plain carbon steels was assessed by the
sample densification through image analysis method using the ImageJ
software (Version 1.52a) as per the procedure outlined in our previous
work®>2, Samples were sectioned along the longitudinal direction, i.e.,
building direction (BD), from the 3D-printed cubic blocks, followed by
mechanical grinding and polishing down to 0.04 pm colloidal silica
suspension to obtain the appropriate surface finish. The densification
behavior of each sample was examined using a Reichert-Jung POLYVAR
MET optical microscope. For each sample, four cross-sectional images
were captured to perform statistical analysis to ensure the
reproducibility.

Rockwell hardness measurements, employing a load of 1.5kN,
were also conducted on the cubic samples to assess the hardness
achieved under different processing parameters. These hardness
values served as indicators for selecting appropriate processing para-
meters for subsequent microstructural analysis and property valida-
tion. For each sample, four hardness tests were conducted to ensure
the reproducibility.

Hardenability testing

We performed the Jominy End Quench Test to evidence the low
hardenability of plain carbon steels. A cylindrical specimen with a
diameter of 25mm and length of 100 mm was sectioned from a
wrought 1080 steel bar, supplied by Baosteel Group. The specimen
was austenitized at 900 °C for 30 min and then subjected to the
standard Jominy End Quench Test as per the procedure outlined in the
ASTM A255 standard (Fig. le). After the specimen cooled to room
temperature, shallow flat ~-0.4 mm deep was ground along its length
for hardness testing. Rockwell hardness measurements with a load of
1.5 kN were taken along the ground flat, starting from the quenched
end up to a distance of 70 mm. Hardness readings were recorded at
intervals of 1.5-2 mm within the initial 20 mm, and thereafter 5 mm
intervals for the remaining length.

To demonstrate the superior performance of 3D-printing in
achieving steel hardening and microstructure homogeneity, a Jominy
bar was 3D-printed using the 1080 steel powder with the laser power of
150 W and scanning speed of 600 mm/s (i.e., energy density of 69 )/
mm?®). Then the hardness profile was measured using the same method
as stated above. In addition, to show the advantage of 3D-printing in
producing parts with shape complexity while also achieving both
microstructural and property homogeneity for plain carbon steels, a
bevel gear with an overall height of 40 mm and a diameter of 80 mm
was manufactured using the 1080 steel powder with the optimized
parameter set consisting of laser power of 150 W and scanning speed
of 600 mm/s. This gear was deliberately designed with intricate
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geometry and varied thickness from 1 mm to 80 mm to demonstrate
the challenges in achieving uniform hardness that are typically
encountered with conventional quenching. The 3D-printed gear was
sectioned from both longitudinal and transverse directions, followed
by Rockwell hardness measurements taken on each cross-section at
intervals of 3-4 mm.

Quenching distortion and cracking testing

To demonstrate that 3D-printing also enables avoiding of quenching
cracking and distortion of plain carbon steels, we prepared two
L-shape demonstration parts with the same dimensions: lengths of
30 mm (horizontal) and 20 mm (vertical), width of 10 mm and thick-
ness of 5mm. One was machined from commercial 1080 wrought
steel, followed by austenization at 900 °C for 30 min and quenching in
water, and the other was directly 3D-printed using 1080 steel powder
with the laser power of 150 W and scanning speed of 600 mm/s (i.e.,
the low-energy-input of 69 J/mm?® for martensitic microstructure). The
sample was built horizontally with its wall (i.e., the thickness side)
attached to the substrate. The cross-section of each sample was
characterized using a digital camera and optical microscopy to
determine the geometric integrity.

Microstructural characterization

The phase analysis of the 3D-printed steels was performed using XRD
in a Bruker D8 Advanced Powder X-ray diffractometer, operated at
40 kV and 40 mA. The scan rate of 1° /min and a step size of 0.02° were
used at diffraction angle 20 ranging from 20° to 120°. All XRD scans
were performed on the longitudinal planes of the 3D-printed steels.

A JOEL 7800 field emission scanning electron microscope
(FESEM), equipped with electron backscattered diffraction (EBSD), was
used to characterize the morphology of the feedstock powders and the
microstructures of the 3D-printed steels. Metallographic samples were
cut from the 3D-printed samples along the longitudinal direction,
followed by mechanically grinding and polishing with 0.04 pm col-
loidal silica suspension to obtain the appropriate surface finish. The o/-
block morphology and texture of each steel were characterized using
EBSD with a step size of 0.13 pum. Block boundaries were identified with
a critical misorientation angle of 15°. Statistically determined average
«’-block size was expressed with the circle equivalent diameters
(dequar) Of the block areas measured from the EBSD-inverse pole figure
(IPF) maps using the AZtecCrystal software. The dq, Of each a’-block
is defined as the diameter of a circle with an equal block area (A4),
calculated by deqya = Zﬂ.

Grain Average Band Contrast (BC) maps were derived directly
from EBSD data to evaluate the Kikuchi patterns quality and thereby to
qualitatively differentiate martensite and bainite in the steels. Gen-
erally, martensite contains a higher density of lattice imperfections
(e.g., solute saturation, dislocations, twins, and low-angle boundaries)
than bainite®, influencing the Kikuchi diffraction. Therefore, at iden-
tical EBSD scanning conditions, the Kikuchi patterns from martensite
appear comparatively dimmer and blurrier than those from bainite,
leading to relatively lower BC values for martensite**°. While this
method is not universally applicable for an accurate differentiation
between martensite and bainite due to the dimensionless nature of BC
value and the sensitivity of the phase-identification threshold to EBSD
analysis and sample conditions, it nonetheless offers valuable quali-
tative insights when comparing parallel experimental results.

A Hitachi HF5000 transmission electron microscope (TEM),
equipped with a probe aberration corrector and operated at an
acceleration voltage of 200 kV, was used to further characterize the
microstructure of the 3D-printed steels. Selected area electron dif-
fraction (SAED) technique was applied to determine the orientation
relationship (OR) between adjacent phases. High-resolution TEM
(HRTEM) and fast Fourier transforming (FFT) techniques were used to
examine the atomic matching and OR between adjacent phases. The

HRTEM images presented herein were post-processed by inverse fast
Fourier transforming (IFFT) using the Gatan DigitalMicrograph™ to
reduce noise. TEM foils were prepared in a FEI Dual FIB/SEM-SCIOS
focused ion beam (FIB) milling system.

Mechanical testing

Specimens for tensile and Charpy impact toughness testing were
initially fabricated as blocks measuring 40 mm (width) x 12 mm
(thickness) x 25 mm (height) and 55 mm (width) x 12 mm (thickness) x
40 mm (height), respectively. Prior to sample sectioning, some blocks
were undergone direct tempering at 300 °C, 350 °C, and 400 °C to
alleviate residual stresses and reveal the effect of different tempering
temperatures on their microstructures and mechanical performances.

For tensile testing, dog-bone samples with gauge dimensions of
12.5mm (length) x 3 mm (width) x2mm (thickness) were sectioned
horizontally from the tensile blocks using electro-discharge machin-
ing. Tensile tests were carried out at a constant crosshead velocity of
1 mm/min in an Instron 5584 machine, equipped with a video extens-
ometer to measure the strain until fracture. For each steel at each
tempering condition, three samples were tested to ensure
reproducibility.

To evaluate the property anisotropy, additional tensile tests were
conducted along the vertical direction (i.e., the build direction) on the
as-printed 1040 steel. Tensile dog-bone samples with the same dimen-
sions were sectioned vertically from the initially fabricated blocks
measuring 25 mm (width) x 12 mm (thickness) x 40 mm (height).

Charpy v-notch impact toughness specimens were machined
from the corresponding blocks into 55mm (length) x 10 mm
(width) x 10 mm (thickness) standard Charpy impact test specimens
with ASTM E23-07a type A notch. Testing of these specimens was
conducted at room temperature using a Mohr Federhaff A.G. (PSW 30)
pendulum impact testing machine. Similar to the tensile tests, three
samples for each steel and tempering condition were assessed to
ensure reproducibility.

Statistics & reproducibility

No statistical method was used to predetermine sample size. All data
were included in the analyses, and no data points were excluded.
Sample sizes for mechanical and microstructural tests were chosen
based on standard practice in materials science to ensure reliable
measurements. Each test (e.g., densification, hardness, tensile, and
Charpy impact) was repeated 3—4 times to confirm reproducibility.

Data availability
The experimental data generated in this study have been deposited in
Figshare®. Source data are provided with this paper.
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