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Abstract
For high-carbon steels that are particularly sensitive to thermally induced phase 
transformations, the rapid solidification rates inherent to laser powder bed fusion 
(LPBF) offer a promising pathway to develop unconventional microstructures 
directly in the as-printed state. This study demonstrates the formation of a 
supersaturated austenitic matrix – engineered through carbon meta-stabilization 
and rapid solidification for subsequent heat treatments to develop complex, 
hierarchical microstructural constituents. A  predominantly austenitic high-carbon 
steel, decorated with cellular segregation networks, was successfully fabricated 
using LPBF. Post-processing through cryogenic quenching and high-temperature 
solutionizing treatment, followed by low-temperature tempering, yielded a wide 
range of microstructures and hardness values. The cryogenically quenched sample 
exhibited a mixed microstructure of martensite, retained austenite, and cellularly 
segregated regions, achieving a hardness of 737 ± 31 HV. In contrast, the combination 
of solutionizing, cryogenic quenching, and tempering produced a multiphase matrix 
consisting of martensite, bainite, and austenite, with a hardness of 700 ± 20 HV. The 
insights gained into phase transformations and microstructural evolution during 
LPBF, along with secondary hardening via heat treatment, provide a foundation for 
developing tailored post-processing strategies for a broad class of hardenable steels 
produced by additive manufacturing.

Keywords: High-carbon steel; Laser powder bed fusion; Additive manufacturing; 
Austenite; Martensite; Bainite

1. Introduction
Laser powder bed fusion (LPBF) additive manufacturing (AM) can produce 
engineering components with enhanced performance-to-weight ratio, refine the 
microstructure through rapid solidification, and enable innovative design. However, not 
all commercially available alloys are considered compatible with LPBF. Developmental 
efforts for metallic alloys used in LPBF often face technical challenges in undesired flaw 
formation. Even some alloys deemed weldable in the traditional sense have exhibited 
cracking under rapid solidification and often require chemistry modification for crack 
mitigation.1,2 Parts built by AM processes like LPBF experience a very specific thermal 
history.3 Particularly for phase transformation-sensitive steels, rapid quenching from 
the liquid state could produce varying amounts of austenite and martensite across the 
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sample height.4 Subsequent remelting and heating inherent 
to the layer-by-layer process also induce an intrinsic heat 
treatment that can alter the printed microstructure.5 
Therefore, the development of new alloys, specifically for 
the LPBF and other AM technologies, must consider the 
unique thermo-kinetic environment.

The literature concerning high carbon steels has 
been mainly limited to H13 steels,6-9 with some reports 
of other carbon-bearing tool steels;10-15 however, their 
microstructural development can be used as a basis for 
understanding the laser-material interaction in tool steels 
during LPBF. The cellular dendritic microstructure,6 
containing as much as 15 wt.% austenite, was observed in 
as-print H13, and as high as 3 wt.% in the tempered state.16 
Low fractions of M3C carbides can also be found in the 
as-print condition,16 while higher tempering temperatures 
precipitate the M23C6 carbides,17 which can improve wear 
resistance. Holzweissig et al.18 proposed that retained 
austenite in LPBF-processed H13 at a substrate preheat 
of 100°C can form through a mechanism analogous to 
the quenching and partitioning process. The remelting 
of previously transformed martensite, combined with 
continuous heat input, prevents the part from reaching 
the martensite finish temperature. With sufficient thermal 
energy – supported by modest substrate preheating – 
carbon can diffuse from the “quenched” martensite into 
untransformed austenite, promoting its stabilization and 
retention at ambient conditions. Other high-carbon-
bearing steels, such as M2 high-speed steel, require high 
substrate temperature to produce dense and crack-free 
parts.11,19 At a substrate pre-heat temperature of 500°C, 
H11 steel has been observed to transform to an upper 
bainite rather than the desired martensite.12 While the 
use of high substrate preheating temperatures could be 
viable in mitigating detrimental cold cracking,20 phase 
transformation at temperatures imposed by the high 
substrate temperature during LPBF could occur, which 
may require additional post-processing steps, such 
as austenitizing and tempering, to obtain the desired 
microstructure.

High-strength steels and other carbon-bearing 
steels can possess martensitic microstructures by taking 
advantage of the rapid solidification inherent in the LPBF 
process. However, good printability (i.e., no cold cracking) 
has been limited to low-alloy steels with low to medium 
levels of carbon concentrations.5,21-23 Excellent printability 
for austenitic steels relies on a higher Ni equivalent than 
Cr equivalent in this type of steel, stabilizing the austenitic 
phase,24 and is therefore inhibited from the martensitic 
transformation for strengthening. High austenite 
stabilization provided by high carbon concentrations in 

rapidly solidified steels produced by LPBF could give rise 
to an austenitic microstructure in the as-print condition. 
Hence, ultra-high-carbon steels may be printable without 
the need for elevated substrate preheating temperatures. 
This study demonstrates that carbon-induced stabilization 
of austenite, combined with the rapid solidification 
characteristics of LPBF, can yield a nearly fully austenitic 
microstructure in the as-printed condition – achieved 
without high substrate preheating. This approach offers a 
pathway to improve the printability of high-performance, 
ultra-high-carbon steels tailored for AM. The resulting 
austenitic matrix, with its enhanced ductility and resistance 
to cracking during LPBF, serves as an ideal precursor for 
subsequent heat treatments aimed at developing complex, 
hierarchical microstructures.

The primary objective of this work is to harness the 
synergistic effects of elevated carbon content and rapid 
solidification inherent to LPBF to produce a predominantly 
austenitic as-built microstructure, which can then be 
selectively transformed through post-processing. This 
study explores the subsequent phase transformations of the 
as-printed steel under cryogenic quenching and thermal 
treatment. We demonstrate that controlled heat treatments 
can convert the austenitic matrix into a tailored mixture 
of martensite, bainite, and retained austenite, yielding a 
microstructure with excellent hardness. These findings 
highlight the potential of LPBF for processing high-carbon 
steels and underscore the need for further exploration of 
this alloy class, which offers a promising combination of 
microstructural versatility and mechanical performance.

2. Materials and methods
2.1. Material selection

Figure  1A presents the time-temperature-transformation 
(TTT) diagrams, calculated using JMatPro™ (version 7.0), 
for an ultra-high-strength steel composition previously 
investigated for LPBF processing.23,25,26 The diagrams 
consider varying carbon concentrations while assuming 
a prior austenite grain size of 50 μm.25 Figure  1B 
displays the equilibrium phase fractions as a function of 
temperature, calculated using JMatPro™ (version  7.0) 
based on the nominal composition examined in this 
study. Increasing the carbon concentration effectively 
suppresses both the martensite start (MS) temperature and 
the bainitic transformation curve, shifting them to lower 
temperatures. This behavior is consistent with the well-
established role of carbon in stabilizing the austenite phase 
and hindering the diffusion-controlled transformation 
kinetics of ferrite and bainite. These effects are particularly 
relevant in the context of LPBF, where rapid solidification 
rates on the order of 10⁵ – 10⁶ K/s, coupled with steep 
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thermal gradients, can impact phase transformations 
and the resulting microstructure. LPBF-fabricated parts 
commonly exhibit cellular dendritic microsegregation of 
alloying elements,23,27,28 leading to spatial variations in local 
composition at the sub-micron scale, which can deviate 
from the nominal alloy chemistry.

These compositional inhomogeneities can significantly 
influence phase stability and transformation behavior, 
making it difficult to accurately predict or control the final 
microstructure based solely on nominal compositions. 
To address this, calculating the MS temperature across a 
range of carbon concentrations offers valuable insight into 
phase stability during LPBF. As displayed in Figure 1A, the 
MS temperature decreases substantially with increasing 
carbon content – dropping to approximately, 116°C at 
0.85 wt.% C, and further to ~74°C at 1 wt.% C. Coupled 
with rapid solidification inherent to LPBF and a relatively 
low substrate temperature of 100°C, it becomes feasible 
to suppress martensitic transformation below room 
temperature at higher carbon levels. This would enable 
the retention of a predominantly austenitic matrix in the 
as-printed state. Accordingly, the primary focus of this 
study is to exploit the rapid cooling rates in LPBF and 
the elevated carbon content to produce a predominantly 

austenitic as-built alloy, which can then be subsequently 
heat treated to develop complex, hierarchical micro-
constituents.

Pre-alloyed charges were inductively melted and gas-
atomized using an-house double-induction gas atomizer. 
Metal charges were melted under ultra-high purity argon 
(99.99%), shrouded in an alumina crucible, and atomized 
using ultra-high purity argon pre-set to 3 MPa. Gas 
atomized powders were mechanically sieved using an 
industry-standard No. 200 (75 μm) sieve compatible with 
a Ro-Tap™ mechanical shaker. Particle size was verified 
using a laser diffraction particle size analyzer (Beckman 
Coulter LS™ 13  320; Beckman Coulter, United States 
to obtain a particle size distribution suitable for LPBF 
outlined in Figure 1C. The powder morphology is featured 
in Figure 1D, and the composition of the powders reported 
in Table  1 was measured using X-ray energy-dispersive 
spectroscopy (XEDS).

X-ray diffraction (XRD) patterns were acquired 
using a PANalytical Empyrean™ diffractometer (Malvern 
Panalytical, the Netherlands) equipped with a Cu Kα 
radiation source operating at 45 kV and 40 mA. The XRD 
patterns were obtained using a step size of 0.03°, dwell time 
of 60 s, and 2θ range between 30° and 85°. The direct 

Figure 1. Materials selection and gas atomized alloy powders. (A) Time-temperature-transformation (TTT) diagram of the present alloy with varying 
carbon concentrations calculated using JMatPro™ (version  7). Red arrows indicate the decreasing martensite start (Ms) temperature as a function of 
increasing carbon concentration. (B) Phase fraction calculated using JMatPro™ (version 7) based on the nominal composition. (C and D) Particle size 
distribution (C) and secondary electron micrograph (D) of gas-atomized powders
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comparison method was used to approximate the volume 
fraction of retained austenite (Vγ), from integrated 
intensities of γ(111) and α(110) diffraction peaks, Iγ(111) and 
I α(110), respectively, using the expression:29,30

×
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+
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In Equation I, carbide formation is assumed negligible 
and does not account for any signification volume fraction. 
Further microstructural examination of the optimized 
processing parameters was conducted using a scanning 
electron microscope (Zeiss Ultra 55 SEM; Carl Zeiss AG, 
Germany) operating at 20  kV equipped with an XEDS 
detector.

2.2. LPBF and sample preparation

Gas-atomized and sieved powders with a mean particle 
size of 53.7 μm were used to fabricate rectangular bars with 
dimensions of 8 × 8 × 100 mm in an SLM 125HL system 
(Nikon-SLM Solutions, Germany equipped with a Yb-fiber 
laser capable of producing a spot size of 70 μm. Samples 
were fabricated directly on a stainless steel 316L substrate 
preheated to 100°C within an argon atmosphere at oxygen 
concentrations below 0.1%. Laser power, scan speed, 
hatch spacing, and slice thickness were held constant at 
200 W, 800 mm/s, 120 µm, and 30 µm, respectively, from 
a cursory study of parameter optimization based on the 
highest relative density. The laser was scanned with 10 mm 
stripe widths at a constant interlayer rotation of 16°. The 
rectangular bars were removed from the substrate through 
wire electric discharge machining (EDM) without stress-
relieving and cross-sectioned using a slow-speed diamond 
saw. Cross-sections were obtained parallel to the build 
direction and kept in the as-print condition to characterize 
for baseline reference. All cross-sectioned surfaces were 
mounted in epoxy resin and metallographically polished 
down to a 1 µm finish and chemically etched with 4% Nital.

Various post-processing treatments were performed 
to document the phase transformations of the as-printed 
samples as follows. As-printed samples were quenched 
in liquid nitrogen (LN2) and held for 2.5  h to produce 

quenched martensite directly from the as-printed 
condition. Solutionizing treatment at 950, 1050, or 1075°C 
for 1 h, followed by water quenching, was also carried out 
to dissolve cellular dendrites apparent in the as-printed 
condition. Low-temperature tempering of as-printed 
samples was carried out with reference to Figure  1A at 
125, 175, 200, 250, and 300°C for 3 h to probe the bainitic 
transformation as a function of temperature. Finally, a 
combination of cryogenic quenching, solutionizing, and 
tempering was carried out to obtain a mixed microstructure 
consisting of martensite, bainite, and austenite. The 
microhardness of the samples was measured using a LECO 
LV700 Vickers hardness indenter (LECO Corporation, 
United States) following ASTM E92-17 using a load of 
10 kg and dwell time of 10 s. A total of five indents were 
performed for each sample to obtain sufficient statistical 
confidence.

3. Results

3.1. Martensitic transformation

Figure 2A presents the XRD pattern, and Figure 2B displays 
the austenitic microstructure characterized by fine cellular 
dendrites in the as-print specimen produced by LPBF. Qiao 
et al.31 reported that the retained austenite, transforming 
to martensite in high-carbon steel after exposure to 
cryogenic conditions, exhibited a decrease from 12% after 
2 h to approximately 10% after 48 h. Thus, a soak time of 
2.5 h in LN2 is reasonable for the majority of the austenite 
in the as-printed condition to transform. To explore the 
phase transformation of the austenitic microstructure 
observed in the as-printed condition, as-printed samples 
were quenched in liquid nitrogen at room temperature 
for up to 2.5 h. As displayed in Figure 2A, the intensity of 
the austenitic (γ) peak at 43.3° observed for the quenched 
sample is lower than that observed for the as-printed 
sample. The martensitic (M) peak observed just to the 
right of the γ(111) peak has become the dominant phase 
after quenching, which indicates that the austenite retained 
at room temperature has transformed into martensite, 
approximately 76 vol.%, after quenching in LN2. The 
evidence for the transformation of the as-printed austenitic 
microstructure depicted in Figure  2B can be seen in the 
secondary electron micrograph in Figure  2C. Here, the 

Table 1. Composition of powders and the as‑printed sample determined by XEDS

ID Composition (wt.%) 

Fe Si Cr Mo Ni Mn V C* O* N* S*

Powders Bal. 0.69±0.07 2.64±0.19 0.91±0.07 0.89±0.18 0.58±0.30 0.13±0.05 1.48 0.14 0.02 0.001

As‑printed Bal. 0.73±0.06 2.77±0.11 0.93±0.09 1.02±0.13 0.47±0.30 0.14±0.07 1.04 0.03 Neg. 0.001

Note: *Determined by LECO combustion analysis following ASTM E1019‑18.
Abbreviation: XEDS: X‑ray energy‑dispersive spectroscopy.
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surface undulations from the displacive movements of the 
martensitic transformation after cryogenic quench were 
visible. Since no reconstructive phase transformation has 
occurred, the backscatter electron (BSE) micrograph of 
the quenched sample in Figure 2D demonstrated that the 
cellular dendrites from the rapid solidification process still 
decorate the microstructure, which can be dissolved by 
solutionizing treatment.

3.2. Solutionizing treatment

Figure 3 compares the XRD patterns from the as-printed 
sample and those solutionized at 950, 1050, and 1075°C 
for 1  h. The as-printed sample consisted primarily of 
austenite with peaks observed at 43.3°, 50.4°, and 73.9°. 
When solutionized at 950°C for 1 h, the now convoluted 
γ(111) peak exhibited a slight shift to a higher 2θ, with a 
more dominant peak appearing roughly at the 2θ position 
for martensite, which accounted for approximately 90 
vol.%. The rightward shift is most likely due to the outward 
diffusion of C and Cr from the supersaturated matrix to 
form carbides. When solutionized at 1050 and 1075°C, 
the austenitic peak was pronounced, and the convoluted 

martensitic or ferritic peak was noticeably less dominant 
compared to the 950°C solutionizing temperature. 
Particularly for the 1075°C anneal, the dominant austenitic 
peak is approximated to be 45 vol.%.

Findings from XRD were confirmed by electron 
micrographs presented in Figure  4. The as-printed 
microstructure in Figure  4A is primarily austenitic, 
decorated by fine cellular dendrites with some martensite 
growing across multiple cells. After solutionizing at 
950°C for 1 h, the cellular microstructure was replaced by 
carbides nucleated within and along the grain boundaries. 
These carbides are predicted to be M7C3 according to 
thermodynamic calculations presented in Figure 1B.

No cells were observed within the matrix, which indicates 
that the solutionizing treatment at this temperature is 
sufficient for the dissolution of cells. Although the sample 
was immediately quenched in water, partial formation of 
martensite or Widmanstätten ferrite within the austenite 
grains was observed. The microstructure of the sample 
solutionized at 1050°C for 1 h also highlights the dissolution 
of cells; however, the number of carbides observed is much 

Figure 2. Macrostructural characteristics of the as-printed samples. (A) X-ray diffraction patterns of the as-printed sample and the sample quenched in 
LN2 for 2.5 h. (B-D) Electron micrographs of the as-printed (B) and quenched samples (C and D)
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lower compared to that seen in Figure 4B. Interestingly, the 
white phase observed within the grains closely resembles 
that of plate-like Widmanstätten ferrite nucleated from 
the austenite grain boundaries and growing directionally 
within the austenite grains. Solutionizing at 1075°C for 1 h 
resulted in the total dissolution of cells, and the matrix was 
practically carbide-free; however, some Widmanstätten 
ferrite was still observed.

3.3. Bainitic transformation

Researchers have produced lower-bainite steels with high 
hardness and toughness by heat treatment at moderately 
low temperatures.32,33 The steel examined in this study has 
austenite stability at room temperature, and it was reported 
that some martensite existed within the microstructure 
when printed on a substrate preheated at 100°C. While 
100°C could be high enough for the formation of bainite 
to occur, the sluggish kinetics would require an extended 
annealing duration for the first bainitic ferrites to form at 

this temperature. To document the bainitic transformation, 
it is necessary to increase the annealing temperature to 
accelerate the transformation rate in the as-printed sample. 
Figure 5 presents the XRD patterns for the transformation 
of bainite at 125, 175, 200, 250, and 300°C for 3 h. As the 
transformation temperature increased, the fraction of 
bainite increased from approximately 35 vol.% at 125°C 
to 45 vol.% at 300°C. Figure 6B displays that some lower 
bainite could form at temperatures as low as 125°C. At 
175 °C, the bainite sheaves appeared long and slender. 
Increasing the annealing temperature to 200 °C and 250 °
C resulted in only a slight coarsening of the sheaves 
when transformed at 300°C for 3  h (Figure  6F), the 
sheaves became much coarser with additional aggregates 
of shorter and slimmer sheaves growing around them.

Young and Bhadeshia.34 demonstrated that in a 0.4 wt.% 
C high-strength steel containing a mix of martensite and 
bainite, the strength contribution of bainite increased to 
a maximum when the fraction of bainite was 20%. Above 
20%, the strength of the alloy decreased continuously 
and reached a minimum when fully bainitic steel was 
obtained. In other words, if the present alloy is heat 
treated at too high of a temperature, the higher fraction 
of transformed bainite could significantly soften the alloy. 
As evident from the XRD patterns and the microstructures 
featured in Figures 5 and 6, it is necessary to adopt a low-
temperature rather than a high-temperature treatment for 
bainitic transformation. The sluggish reconstructive phase 
transformation at low temperatures would require an 
extended period of time for any substantial increase in the 
fraction of bainite to severely weaken the overall matrix. 
As such, the lower bainite transformation at 175°C for 3 
and 24 h is presented in Figure 7A and B, respectively. The 
initial nucleation of bainite was clearly visible in the etched 
micrographs. After 24 h exposure at 175°C, no substantial 

Figure  4. Backscatter electron micrographs of samples (A) as printed, 
(B) solutionized at 950°C for 1 h, (C) solutionized at 1050°C for 1 h, and 
(D) solutionized at 1075°C for 1 h

DC

BA

Figure  3. Phase constituents after solution heat treatment. (A) Overall XRD patterns collected from the XZ-cross-sections solutionized at various 
temperatures. (B) Detailed 2θ pattern from 40° to 52°
Abbreviations: XRD; X-ray diffraction
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increase in the amount of bainite was observed even after 
the prolonged isothermal treatment.

3.4. Multi-phase high-carbon-bearing steel

It has been demonstrated thus far that the as-printed 
microstructure can be solutionized, quenched, and 
annealed to obtain “cell-free,” quenched martensite 

or bainite, all of which still possess a large fraction of 
austenite available for further transformation in a multi-
step process. First, a matrix consisting of quenched 
martensite and bainite could be obtained (Figure 8A). The 
combination of quenching in LN2 for 2.5 h, followed by heat 
treatment at 175°C for 1  h, yielded islands of austenite, 
along with martensite and bainite adorned with cellular 
dendrites. The large, interconnected network of cells 
made it challenging to distinguish between martensite 
and bainite. Figure  8B displays the microstructure of 
the sample solutionized at 1075°C for 1  h, quenched 
in LN2 for 2.5  h, and then heat treated at 175°C for 
1  h. The resulting microstructure is, however, a mix of 
austenite, martensite, and bainite, without the cellular 
network. It is much easier to distinguish between the 
different phases in this microstructure. As presented in 
Figure 8B, the bainite sheaves, which generally etch dark, 
were observed to have nucleated at the boundary of the 
plate martensite and grew across the retained austenite 
island. The nucleation of bainite along the γ/α’ interface 
is preferred,35 and this mechanism is likely similar to 
that observed in the quenched and tempered condition 
presented in Figure 8A.

Figure 5. X-ray diffraction patterns of as-printed samples annealed at various bainitic transformation temperatures for 3 h

Figure 7. Optical micrograph of samples annealed at 175°C for (A) 3 h 
and (B) 24 h. Bainite etches are indicated in dark shades. Scale bars: 1 mm

BA

Figure 6. Optical micrographs of the as-printed sample (A) and annealed 
samples at (B) 125°C for 3 h, 175°C for 3 h (C), 200°C for 3 h (D), 250°C 
for 3 h (E), and 300°C for 3 h (F). The bainite etches are denoted as dark 
contrasts

D

F

C

BA

E

https://dx.doi.org/10.36922/MSAM025100011


Materials Science in Additive Manufacturing Additively manufactured high carbon steel

Volume 4 Issue 2 (2025)	 8� doi: 10.36922/MSAM025100011

3.5. Microhardness

Compared to the hardness of 344 ± 21 HV in the as-printed 
sample, a quench in LN2 for 2.5  h at room temperature 
for the as-printed samples yielded a hardness increase as 
high as 737 ± 31 HV – the ultrahigh hardness of quenched 
martensite. Similarly, the solutionizing treatment at 950°C 
for 1  h effectively doubled the as-printed hardness to 
712 ± 15 HV due to precipitation of carbides instead of 
martensite. However, at higher solutionizing temperatures 
of 1050 and 1075°C, the hardness decreased to 303 ± 10 
and 259 ± 1.4 HV, respectively. These lower hardness 
values indicate the effective dissolution of cells and the 
absence of carbides to form the predominantly austenitic 
microstructure. Although an excellent hardness was 
obtained for the directly quenched sample, it is likely to 
be brittle.

With the addition of bainite, the brittle matrix may 
soften but partially compensated by increased toughness. 
Figure  9 plots the microhardness of the as-printed 
sample along with samples that were LN2-quenched and 
had various multi-step heat treatments. LPBF samples 
quenched in LN2 and annealed at 175°C for 1 h retained 
a hardness of 690 ± 31 HV. Even after 125  h at 175°C, 
the hardness remained at 682 ± 16 HV. This suggests 

the sluggish kinetics of bainite development at 175°C 
(Figure  7). Compared to the as-printed alloy, the slight 
decrease in hardness after the 175°C-exposure could be a 
combination of C partition from supersaturated martensite 
and the nucleation of bainite.

With the additional solutionizing treatment at 1075°C 
before LN2-quenching and annealing at 175°C for 1 h, 
the microhardness measured was as high as 700 ± 20 
HV. After 3 h at 175°C, the hardness remained relatively 
high at approximately 690 ± 20 HV, only reducing by 
~6% after 1 h and ~7% after 120 h at 175°C, when the 
alloy was directly quenched and tempered after LPBF. 
For the alloy solutionized at 1075°C, a reduction in 
hardness of only ~5% was observed after quenching and 
tempering.

4. Discussion
The microstructures observed in samples solutionized at 
1050 and 1075°C suggest the formation of Widmanstätten 
ferrite rather than martensitic or bainitic structures, 
supported by several key observations. First, elevated 
solutionizing temperatures promote coarse austenite 
grain structures,36,37 and when combined with relatively 
rapid cooling, are known to favor the development of 
Widmanstätten ferrite.38 This transformation can occur 
with very low driving forces – significantly lower than 
those required for diffusionless transformations such 
as martensite.39 Second, solution treatment above the 
carbide precipitation temperature leads to the saturation of 
carbon and alloying elements in austenite, which further 
suppresses the MS temperature, likely lowering it below 
ambient conditions. This suppression is corroborated by 
microhardness measurements in both the as-printed and 
solutionized conditions. The as-printed sample exhibited 
a hardness of 344 ± 21 HV, while samples solutionized at 
1050 and 1075°C displayed reduced hardness values of 303 
± 10 and 259 ± 1.4 HV, respectively. Although austenite 
is generally softer than ferrite, the higher hardness of 
the as-printed austenitic matrix can be attributed to its 
finer grain size and higher dislocation density – both 
resulting from the rapid solidification inherent to LPBF. 
In contrast, solution treatment leads to recrystallization 
and/or grain growth, as well as dislocation annihilation, 
which collectively reduce hardness, as displayed in 
Figure 5C and D.

To further confirm the absence of martensitic 
transformation after solutionizing, a sample was 
solutionized at 1075°C, water-quenched, and then 
submerged in liquid nitrogen for 2.5  h. This sample 
exhibited a microhardness of 683 ± 20 HV, similar to 
that of the as-printed sample directly quenched in LN2 

Figure 9. Vickers hardness of as-printed and post-processed conditions 
(n = 5)

Figure  8. Backscatter electron micrographs of samples (A) quenched 
in LN2 for 2.5 h and annealed at 175°C for 1 h, and (B) solutionized at 
1075°C for 1 h, quenched in LN2 for 2.5 h, and annealed at 175°C for 1 h. 
Scale bars: 2 µm.
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without prior solutionizing. These results suggest that 
martensite did not form during water quenching after 
the solutionizing step but only developed during the 
subsequent cryogenic treatment in LN2. In addition, direct 
water quenching at 1050 or 1075°C is not expected to yield 
lower bainite due to the inherently slow transformation 
kinetics. No evidence of lower bainite was observed in the 
water-quenched microstructure.

Microsegregation in the as-printed microstructure 
leads to compositional variations between cellular and 
intercellular regions, which can significantly influence 
phase transformation behavior. As featured in Figure 1A, 
TTT curves for a homogeneous matrix with varying 
carbon content indicate that bainitic transformation is 
not expected to occur at temperatures as low as 125°C 
after 3  h. However, the segregation of carbon in the 
form of carbides40 and substitutional alloying elements, 
such as Mo, Cr, Mn, and Si, to intercellular regions,28,41,42 
as observed in Figure  3B, may dramatically alter the 
bainite start temperature and incubation period.43 Thus, 
the microstructural heterogeneity induced by the rapid 
solidification inherent to LPBF plays a critical role in 
altering transformation pathways, potentially enabling 
bainite formation that would not be predicted based on 
nominal compositions alone.

5. Conclusion
Additively manufactured high-carbon-bearing steel with 
solidified austenite primed for phase transformations 
was investigated for microstructural evolution. Excellent 
hardness, as high as 737 ± 31 HV, was achieved with 
a liquid-nitrogen quench at room temperature for the 
as-printed condition. The high-solutionizing temperature 
can be tailored to produce carbide or carbide-free matrices, 
and the amount of desired carbides could be controlled by 
the temperature of the solutionizing treatment. A  multi-
phase microstructure consisting of austenite, martensite, 
and bainite with excellent hardness was achieved by 
altering the microstructure with heat treatments. Results 
demonstrated that LPBF of high-carbon-bearing steels 
possess intriguingly controllable microstructures and a 
wide range of mechanical properties that can be tailored to 
the desired application.
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