
Academic Editor: Heinz-Günter

Brokmeier

Received: 25 September 2025

Revised: 17 October 2025

Accepted: 22 October 2025

Published: 24 October 2025

Citation: Wei, Y.; Zhang, Y.; Li, Y.;

Ren, Y.; Zhang, S.; Zhang, X.; Chu, X.;

Liu, S. Heterogeneous Distribution of

Microstructure and Mechanical

Properties in M2 High-Speed Steel

Fabricated by Laser Powder Bed

Fusion. Crystals 2025, 15, 917. https://

doi.org/10.3390/cryst15110917

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Heterogeneous Distribution of Microstructure and Mechanical
Properties in M2 High-Speed Steel Fabricated by Laser Powder
Bed Fusion
Yingkang Wei 1, Yufeng Zhang 1, Yunzhe Li 1,*, Yaojia Ren 1, Shihao Zhang 1, Xiaotong Zhang 1, Xin Chu 2

and Shifeng Liu 1,*

1 School of Metallurgical Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China
2 National Engineering Laboratory of Modern Materials Surface Engineering Technology, Guangdong

Provincial Key Laboratory of Modern Surface Engineering Technology, Institute of New Materials,
Guangdong Academy of Sciences, Guangzhou 510651, China

* Correspondence: liyunzhe15@xauat.edu.cn (Y.L.); liushifeng66@126.com (S.L.); Tel.: +86-19991218610 (Y.L.);
+86-13891860091 (S.L.)

Abstract

In this study, crack-free M2 high-speed steel (HSS) was successfully fabricated by laser
powder bed fusion (L-PBF) using a relatively high substrate preheating temperature of
260 ◦C. The influence of the resulting microstructure on the hardness and tensile properties
along the build direction was thoroughly investigated. The results demonstrate that M2
HSS achieves a relative density of 99.6% when processed with a laser power of 280 W and a
scanning speed of 0.8 m s−1. The microstructure predominantly consists of fine martensite,
along with retained austenite, lower bainite, and a small quantity of eutectic carbide. With
increasing build height (from 0 to 9 mm), the fraction of lower bainite decreases from 32.1
to 13.1%, while the austenite content increases from 0.9 to 29.1%. These microstructural
changes lead to a gradual reduction in the material’s strength along the build direction.
Specifically, the hardness and tensile strength decrease from 845 HV0.3 and 1520 MPa to
745 HV0.3 and 1251 MPa, respectively. Additionally, the elongation varies between 2.6%
and 3.3% across the different build heights.

Keywords: laser powder bed fusion; high-speed steel; heterogeneous microstructure;
hardness; tensile properties

1. Introduction
M2 high-speed steel (HSS) is a high-carbon martensitic steel [1], renowned for its

exceptional hardness, red hardness, and wear resistance, which make it a widely used
material for cutting tools [2]. At present, the primary manufacturing methods of HSS in-
clude conventional fusion casting [3], electroslag remelting [4], and powder metallurgy [5].
However, due to the high carbon content and the presence of multiple alloying elements,
this material is highly susceptible to the formation of coarse primary eutectic carbides and
compositional segregation during solidification when processed via traditional techniques.
These phenomena lead to a narrow processing window [6], which significantly increases
the difficulty of material formation during forging and rolling operations, thereby con-
straining the broader application of HSS. The introduction of injection molding and powder
metallurgy technologies, both characterized by rapid solidification, has significantly im-
proved the fabrication quality of HSS [7], particularly in addressing issues of macroscopic
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segregation. Nonetheless, the complexity of machining during component preparation,
especially when dealing with ultra-thin-walled and other geometrically complex structures,
continues to pose challenges. These limitations highlight the necessity for the development
of novel fabrication technologies for M2 HSS.

Additive manufacturing (AM), which fabricates parts directly from three-dimensional
computer-aided design models, represents a major advancement in the manufacturing field.
It holds significant promise for reinvigorating research and development in cutting tool
materials, including the optimization of tool structures [8]. Unlike conventional subtractive
manufacturing techniques, AM enables the rapid design and fabrication of highly intricate
parts. Additionally, its rapid solidification process promotes the formation of fine cellular
structures, carbides, and other complex microstructural features. As previously noted, laser
powder bed fusion (L-PBF) has become a central focus within AM research [9]. It offers
several advantages, including the capability to produce components with high dimensional
accuracy, low porosities, and improved mechanical properties [10]. In addition, L-PBF is
well-suited for the manufacture of geometrically complex structures and is widely applied
across diverse industries, from biomedical implants to aerospace components [11].

In recent years, extensive research has been conducted on the metal AM process [12],
with the primary objective of identifying optimal process parameters for producing dense,
crack-free parts with high hardness values [13]. For instance, prior studies have exam-
ined the influence of laser power, scanning speed, scanning spacing, and build direction
on the microstructure and mechanical properties of prepared specimens [14]. Current
research on HSS mainly focuses on the evolution of key microstructural features during
solidification and their subsequent transformation during heat treatment [15]. However, it
is well established that the physical metallurgy involved in L-PBF is substantially more
complex than that in conventional processing. Specifically, in L-PBF, a high-energy beam
interacts with the material to form a small melting pool, wherein the feedstock undergoes
rapid cycles of melting, solidification, and cooling [16]. Moreover, the part undergoes
complicated thermal cycles as each newly deposited layer serves as a heat source for the
layer beneath, ultimately resulting in heterogeneous microstructures. Thus, metallic com-
ponents fabricated by L-PBF often require high-temperature heat treatment to homogenize
the microstructure and optimize mechanical properties [17]. However, for components
with complex structures or thin-walled features, deformation during heat treatment is a
common issue, which can compromise the original structure and functionality, making
high-temperature heat treatment particularly challenging.

Given these considerations, the primary objectives of this study are to fabricate high-
quality M2 HSS via L-PBF and to investigate the evolution of its microstructure and proper-
ties with respect to build height under the unique thermal conditions inherent to the process.
The findings aim to inform the layer-by-layer control of processing parameters to enable
the fabrication of HSS with a uniform microstructure and excellent overall performance.

2. Materials and Methods
2.1. Materials and L-PBF Processing Parameters

In this study, M2 HSS powder, prepared via gas atomization (Avimetal Powder Metal-
lurgy Technology Co., Ltd., Beijing, China), was used as the raw material for building L-PBF
samples. The chemical composition of the powder is presented in Table 1, and its surface
morphology is shown in Figure 1a. As shown, the powder is predominantly spherical or
sub-spherical, accompanied by a small fraction of adhesion of fine particles. Figure 1b
illustrates the particle size distribution of the powder, which ranges from 5 to 50 µm. D10,
D50, and D90 (the diameters at the 10%, 50%, and 90% cumulative percentiles, respectively)
are 17.5, 29.3, and 49.7 µm. The powder has an apparent density of 4.46 g cm−3. These
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values indicate that the powder exhibits a fine and uniform particle size distribution, with
a relatively low proportion of small particles. This distribution aligns with a normal distri-
bution, which facilitates uniform spreading of the powder onto the substrate. Thus, this
powder is suitable for L-PBF applications [18].

Table 1. Chemical composition of gas-atomized M2 HSS powder (wt.%).

C Cr Mo W V Mn Si Fe

0.8 4.1 5.1 6.5 1.9 0.3 0.2 Bal.

 

Figure 1. Surface morphology (a) and particle size distribution (b) of gas-atomized M2 HSS powder.

The L-PBF fabrication process was conducted using a HBD 150 system (Shanghai
Hanbang United 3D Tech Co., Ltd., Shanghai, China) with a maximum laser power of
500 W. A key goal of this study is to investigate the influence of two process parameters,
laser power (P) and scanning speed (V), on the density of the fabricated parts. Based on the
equipment’s capabilities, laser powers of 240, 260, 280, and 300 W were selected, alongside
scanning speeds of 0.6, 0.7, 0.8, and 0.9 m s−1. To ensure the sufficient penetration depth of
each powder layer without compromising processing efficiency, the layer thickness was
set to 30 µm based on the average particle size of the powder. The scanning pitch was
fixed at 50 µm, and the 304 L stainless steel (SS) substrate temperature was maintained at
260 ◦C to reduce the cooling temperature gradient and mitigate cracking. As illustrated
in Figure 2a, a single-line progressive scanning mode was employed, with a rotation
angle of 67◦ between adjacent layers. The dimensions of the prepared specimens were
30 × 30 × 9 mm3. Following the L-PBF fabrication process, the samples were removed
from the substrate using electrical discharge machining.

Figure 2. L-PBF scanning strategy (a) as well as schematic diagrams of characterization areas and
sampling locations (b).
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2.2. Characterization

The particle size distribution of the M2 HSS powder was measured using a laser
particle size analyzer (Mastersizer 3000E, Malvern Analytical, Worcestershir, UK). The
relative densities (RDs) of the samples were determined using the Archimedes method
according to the ISO 2738:1999 standard [19] and a solid densitometer with a precision of
±0.1 mg.

To investigate the influence of the unique thermal history of the L-PBF process on
the microstructural inhomogeneity of the prepared M2 HSS, the specimens exhibiting the
highest relative density were selected for microstructural characterization. The specimens
were sectioned into four equal parts along the build height, with analyses performed on the
XY surface in various build directions (Figure 2b). Identified phases were analyzed using
X-ray diffraction (XRD, D8 ADVANCE, BRUKER, Karlsruhe, Germany). Prior to XRD
analysis, the specimen surfaces were ground and polished to obtain clean, flat surfaces and
minimize noise. XRD analyses were conducted using Cu Kα radiation over a diffraction
angle range of 30–90◦ at a scan rate of 1◦ min−1. The integral intensities of individual
diffraction peaks were determined from the XRD patterns using X’pert HighScore Plus
3.05 software. The residual austenite content (Vγ) in all specimens was then calculated
using Equation (1) [20]:

Vγ = (1 − VC)

1
M

M
∑

i=1
(Iγ,i/Rγ,i)

1
M

M
∑

i=1
(Iγ,i/Rγ,i) +

1
N

M
∑

i=1
(Iα,i/Rα,i)

(1)

where Vc is the volume fraction of carbides; M and N denote the number of diffraction
peaks for the γ-Fe and α-Fe phases, respectively; and i represents the index of a specific
(hkl) crystallographic plane. For each plane i, Iγ,i, and Iα,i are the corresponding integrated
diffraction intensities, while Rγ,i and Rα,i represent the theoretical diffraction intensity
factors for the γ-Fe and α-Fe phases, respectively.

The residual stress was measured using the XRD sin2ψmethod. A total of 7 ψ angles
were set in the experiment, specifically 0◦, 15◦, 30◦, 45◦, −15◦, −30◦, and −45◦. After testing
the sample under varying conditions, 2θ-sin2ψ plots were generated. The scattered data
points in the plots were then linearly fitted. The calculations were performed according to
Equation (2):

σ = − E
2(1 + V)

cot θ0
π

1800
△2θ

△ sin2ψ
(2)

where E is the elastic modulus, v is Poisson’s ratio, ψ is the tilt angle of the sample stage,
and θ0 is the diffraction angle under stress-free conditions, which is approximately 156◦.
The elastic modulus E was 215 GPa, and Poisson’s ratio was 0.3. The measurements were
performed on the (211) crystal plane of the α-Fe phase, using a collimator (AREXD, GNR,
Binasco, Italy) size of 0.3 mm. Testing was carried out on a GNR AREXD model with a Cr
X-ray tube.

Microstructural characterization of the samples was performed using optical mi-
croscopy (OM, GX51, OLYMPUS, Nagano, Japan) and field-emission scanning electron
microscopy (SEM, Gemini SEM 300, ZEISS, Oberkochen, Germany) combined with electron
backscatter diffraction (EBSD, NordlysNano, Oxford Instruments, Oxford, UK) analysis.
The EBSD data underwent a standardized cleaning procedure comprising the following
steps: (i) removal of extraneous spikes and (ii) extrapolation from 8 neighboring points to
5 neighboring points, with a maximum of 10 iterations. During this cleaning procedure,
approximately 3000 to 5000 zero-solution points were removed from each dataset. The
grain size distribution was derived from EBSD data using a 10◦ grain boundary misorien-
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tation threshold and the equivalent circle diameter method. Slight etching was applied
to the SEM specimens using a mixture of HNO3 (4 mL) and ethanol (96 mL) for 20 s at
room temperature to reveal the different phases. EBSD specimens were prepared using
standard metallographic methods, with the final steps involving treatment with a 0.1 µm
diamond suspension, followed by electropolishing in a perchloric acid/ethanol mixture
(10 mL HNO3 + 90 mL C2H6O) for 10 s at −30 ◦C. EBSD was then performed with an
acceleration voltage of 20 keV and a step size of 0.1 µm. Finer microstructural details
were characterized by transmission electron microscopy (TEM, JEM-F200, JEOL, Tokyo,
Japan) at 120 keV. TEM specimens were prepared using the double-spray electrolytically
thinning method.

2.3. Hardness and Tensile Tests

A digital Vickers hardness tester (FALCON 400, INNOVATES, Eindhoven, The Nether-
lands) was employed to measure the hardness of M2 HSS specimen, utilizing an indenter
load of 300 g and a loading time of 30 s. The hardness variation across the YOZ plane was
meticulously measured and analyzed. To ensure the accuracy of the experimental process,
measurement locations were randomly selected, with each build height measured three
times and the resulting hardness values being averaged. The uniaxial tensile properties of
the specimens were tested using an electromechanical test system (MTS 810, Mechanical
Testing & Simulation, Minneapolis, MN, USA) at room temperature, in accordance with the
ISO 6892-1 standard [21]. Tests were performed on non-proportional specimens (Figure 2b)
under a displacement loading rate of 0.1 mm min−1 along the X direction. Prior to testing,
the specimens were ground with 2000-grit abrasive paper to achieve a relatively smooth
finish. A minimum of three samples were prepared and tested for each set of conditions.
Following tensile testing, the samples were pulled to fracture, and the fracture surfaces
were subsequently characterized by SEM.

3. Results and Discussion
3.1. Relative Density

The quality of an AM part can be preliminarily evaluated by assessing its densification,
as this directly influences its mechanical properties and overall performance [22,23]. A
higher density typically correlates with improved performance. From a microstructural
perspective, smaller internal voids and more closely packed grains reduce the likelihood of
stress concentration and crack propagation, thereby enhancing the material’s strength and
hardness. In contrast, low material density can lead to premature failure [24]. Figure 3 illus-
trates the effects of two key L-PBF process parameters (i.e., laser power and scanning speed)
on the relative densities of the M2 HSS samples. As shown, with an increase in both laser
power and scanning speed, the relative density initially increases before gently decreasing.
Moreover, the relative density remains above 97% under all conditions, reaching 99.6%
when the laser power and scanning speed are set to 280 W and 0.8 m s−1, respectively.

Figure 4 shows the representative OM images of the M2 HSS specimens produced
under different process parameters. When a laser power of 240 W and a scanning speed
of 0.8 m s−1 were used, unmelted pores (as marked by dashed ellipses) were clearly
visible (Figure 4a), likely resulting from insufficient energy for powder melting. As the
laser power increased (Figure 4b–d), the higher energy input significantly reduced the
occurrence of unmelted defects. However, when the laser power was set to 300 W, smaller
spherical gas pores with a size of <5 µm and keyhole defects were also observed (as
denoted by solid arrows). Excessive energy input generally enhances the Marangoni effect,
hindering the escape of protective gas surrounding the molten pool or gas adsorbed by
the powder. This restriction leads to gas pore formation during rapid cooling and material
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shrinkage [25]. On the other hand, excessive energy can cause rapid material vaporization,
increasing gasification recoil pressure and potentially resulting in severe spattering [16].
Similarly, when a laser power of 280 W and scanning speed of 0.6–0.7 m s−1 were applied
(Figure 4e,f), significant spherical gas pores were also formed in the samples, with a larger
size of approximately 10 µm. Notably, no microcrack formation was observed in any of
the samples.

 
Figure 3. Relative density measurement results for the M2 HSS fabricated under various L-PBF laser
powers and scanning speeds.

 

Figure 4. OM images of the L-PBF-fabricated M2 HSS prepared under various process parameters;
(a) 240 W and 0.8 m s−1; (b) 260 W and 0.8 m s−1; (c) 280 W and 0.8 m s−1; (d) 300 W and 0.8 m s−1;
(e) 280 W and 0.6 m s−1; (f) 280 W and 0.7 m s−1; (g) 280 W and 0.9 m s−1.

The above findings clearly demonstrate that appropriate adjustment of laser power and
scanning speed during L-PBF can significantly enhance the melt quality of M2 HSS. Such
optimization minimizes internal defects, enhances relative density, and ensures superior
overall performance.
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3.2. Microstructures

Given the rapid cooling and rapid solidification characteristics of L-PBF, the multi-
channel, layer-by-layer metal fabrication process not only involves repeated melting and
solidification cycles, but also subjects the material to the thermal influence of adjacent
unmelted regions [26]. The dynamic evolution of the temperature field within the build
area induces a series of thermal modifications at various locations within the molten pool,
which in turn significantly affect the resulting material microstructure and properties of the
material. In the experiments described in the subsequent subsections, the fully dense M2
HSS specimen fabricated at 280 W and 0.8 m s−1 is selected as a representative sample for
analyzing microstructural characteristics across different regions along the build direction.
For brevity, M2/0, M2/3, M2/6, and M2/9 are used to denote different regions along the
build height, as shown in Figure 2b.

3.2.1. Phase Composition

Figure 5 shows the phase compositions of the M2/0, M2/3, M2/6, and M2/9 mi-
crostructures. It is evident that the microstructure, from the base to the top layer, is mainly
composed of an α-Fe matrix, with the presence of γ-Fe (i.e., retained austenite) and precipi-
tated M2C/M6C carbides. The strongest martensite diffraction peaks for {100} and {200}
were observed within 2θ ranges of 43–46◦ and 63.6–65.4◦, respectively. In contrast, the {200}
austenite diffraction peak at 50–51◦ was relatively weak. It was reported that the primary
reason for retained austenite formation in L-PBF-fabricated carbon-containing steel tools
is the significant microsegregation of carbon between grains during rapid cooling. This
carbon segregation plays a key role in stabilizing austenite [27]. Additionally, the high
residual stress generated by the rapid cooling rates inherent to the L-PBF process can also
promote the formation of retained austenite (i.e., mechanical stabilization of austenite [28]).
Additionally, the relative contents of α-Fe and retained austenite phases change along
the build direction. Specifically, the diffraction peak corresponding to the body-centered
cubic structure gradually weakens, while the face-centered cubic structure continuously
intensifies with the increasing build height. These observations indicate that the α-Fe
content is higher near the substrate, whereas the top layer contains a greater amount of the
retained austenite. During the L-PBF process, heat is primarily transferred from the top to
the bottom towards the substrate. As a result, the cooling rate of the molten pool generally
increases with the build height [29], resulting in higher residual stress in the top layer, thus
retaining more austenite.

 
Figure 5. XRD patterns of L-PBF-fabricated M2 HSS specimens under various build heights.
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3.2.2. Grain Structure

To facilitate a comprehensive examination of the impact of complex thermal history
on grain structure, the M2/0, M2/3, M2/6, and M2/9 specimens were characterized using
EBSD. The inverse pole figure (IPF) plots, along with the corresponding distributions in the
XY plane, are presented in Figure 6a–d. In each IPF plot, the grains are colored according
to their orientation relative to the reference crystal orientation, as shown in the inset of
Figure 6a. These results confirm that the L-PBF-fabricated M2 HSS predominantly consists
of fine lath/needle-like and equiaxed grains. The microstructure exhibits clear variations
across different build regions: near the bottom layer, the grains are mainly lath or needle-
like shaped, while equiaxed characteristics become increasing prominent near the top layer.
Moreover, all specimens exhibit a weak crystal texture. The grain size distributions are
shown in Figure 6e–h, along with their corresponding mean values and standard deviations.
As shown, the average grain sizes for the M2/0, M2/3, M2/6, and M2/9 specimens were
found to be 1.15 ± 0.56,1.61 ± 0.96, 1.52 ± 0.85, and 1.45 ± 1.02 µm, respectively. In L-PBF-
fabricated M2 HSS, the region closest to the substrate exhibits the smallest grain size, while
the grain sizes in other regions are relatively uniform, with no significant variation. This
localized grain refinement near the bottom is primarily attributed to the crystallographic
mismatch between M2 HSS and the 304 L SS substrate. Such a mismatch limits epitaxial
grain growth during the rapid solidification of the molten pool [30]. It should be noted that
the grain sizes in this study were quantified using the equivalent circle diameter method.
As a result, these values may systematically differ from the visual estimates based on the
IPF map due to the geometric simplification inherent to this method. To further quantify
the phase content changes observed through XRD, the phase distributions of the M2/0,
M2/3, M2/6, and M2/9 microstructures were analyzed in detail using EBSD, as shown in
Figure 6i–l. The α-Fe contents in the overall compositions of the M2/0, M2/3, M2/6, and
M2/9 specimens were determined to be 96.5, 90.6, 81.2, and 68.4%, respectively, while the
corresponding γ-Fe contents were 0.9, 6.5, 16.8, and 29.1%, respectively. The γ-Fe content
in the top layer significantly increased by 28.2% as compared to the base area, further
indicating that the top layer contained a greater quantity of retained austenite than the
bottom layer. For comparative validation, the γ-Fe content was independently determined
from XRD patterns and is presented in Table 2. The results closely match the quantitative
analysis obtained from EBSD.

3.2.3. Precipitation

Figure 7 shows the SEM images of all the specimens after slightly etching, where
needle-like structures oriented at specific angles to the matrix are visible across all samples
(as marked by solid arrows). Additionally, as shown in Figure 7f, a magnified view of the
region marked as point 1 for M2/9 (Figure 7e) reveals that these features primarily consist
of fine ε-carbides enriched in C (atom fraction: 26.4%) and Fe (atom fraction: 59.2%). These
needle-like structures are thus identified as characteristic of the lower bainite phase [31–33].
Generally, the presence of lower bainite in steel is beneficial for enhancing toughness
and achieving an optimal balance between strength and toughness [34]. In conventional
processes, the formation of lower bainite typically requires isothermal quenching, which
involves austenitizing followed by quenching at a temperature above the martensite trans-
formation start (Ms) temperature and then holding for a specified duration. In the case of
L-PBF-fabricated M2 HSS, the formation of lower bainite is facilitated by substrate preheat-
ing to 260 ◦C. This preheating ensures that the termination temperature of the rapid cooling
process remains above the Ms temperature of M2 HSS (which is <200 ◦C under nominal
compositions). As a result, the cooling process promotes bainitic transformation rather than
martensitic transformation [35]. Moreover, the results presented in Figure 7a–d indicate a
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significant decrease in the lower bainite phase content with increasing build height. More
specifically, regions near the substrate exhibit a higher concentration of bainite compared
to those near the surface. This variation can be attributed to the greater degree of thermal
accumulation near the substrate, which retains the HSS within the lower bainite formation
window for a longer duration. As a result, bainitic transformation in the lower regions is
more complete.

 

Figure 6. IPF maps (a–d), grain size distributions (e–h), and phase distribution maps (i–l) of the
L-PBF-fabricated M2 HSS specimens under various build heights. d50 in (e–h) represents the grain
size corresponding to the 50% cumulative percentile.

Table 2. Calculated γ-Fe content in M2/0-M2/9 specimens based on XRD patterns.

Specimens M2/0 M2/3 M2/6 M2/9

γ-Fe content 1.3% 5.3% 19.4% 25.6%
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Figure 7. SEM images of L-PBF-fabricated M2 HSS specimens under various build heights: M2/0
(a); M2/3 (b); M2/6 (c); and M2/9 (d). (e) is a magnified view of the marked area indicated in (d).
(f) shows the elemental analysis results of the carbide denoted by point 1 in (e).

Based on the differences in lattice distortion and strain state between lower bainite and
martensite, lower bainite typically exhibits higher-quality Kikuchi band patterns compared
to martensite [36]. To evaluate the variations in lower bainite content along the build
direction, a Gaussian fitting analysis was performed on image quality (IQ) maps of α-Fe
grains (Figure 8a–h), with the corresponding results presented in Figure 8e–h. The IQ
data were discretized into 30 intervals within the range of 20 to 170◦. For the needle-like
structures observed in the M2/0, M2/3, M2/6, and M2/9 specimens, the corresponding
lower bainite proportions in the α-Fe phase are 33.3, 27.2, 23.8, and 19.1%, respectively,
which are consistent with the SEM results. Further statistical analysis was conducted on the
phase area fractions across all specimens, with the results summarized in Table 3. As the
build height increases, the area fraction of lower bainite within the microstructure decreases
significantly from 32.1 to 13.1%. In contrast, the martensite content remains relatively stable
at approximately 60%, exhibiting no significant dependence on build height. Additionally,
Kernel Average Misorientation (KAM) maps for all specimens are depicted in Figure 8i–l,
calculated using a maximum misorientation angle of 5◦ and a kernel size of 3 × 3 pixels.
It is evident that the KAM value, which serves as an indicator of local plastic strain and
dislocation density, increases from 0.52 to 0.85◦ with build height. In addition, the residual
stresses of M2/0 to M2/9 were quantified using the XRD-sin2ψmethod, yielding values
of 274, 367, 501 and 642 MPa, respectively. These results further indicate the presence of
relatively high residual stress near the top layers of the build.

Table 3. Statistical results of phase area fraction in all specimens based on EBSD data.

Specimens
Martensite Lower Bainite

Austenite M6C, M2C
CarbidesOverall

(within α-Fe)
Overall

(within α-Fe)

M2/0 64.4% (66.7%) 32.1% (33.3%) 0.9% 2.6%
M2/3 66.0% (72.8%) 24.6% (27.2%) 6.5% 2.9%
M2/6 61.9% (76.2%) 19.3% (23.8%) 16.8% 2%
M2/9 55.3% (80.9%) 13.1% (19.1%) 29.1% 2.5%
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Figure 8. IQ maps of α-Fe grains (a–d), Gaussian function maps (e–h), and KAM maps (i–l) recorded
for the L-PBF-fabricated M2 HSS specimens under various build heights.

In general, the content and distribution of alloy carbides—particularly those involving
elements like Cr, Mo, V, and W—play a vital role in determining the performance of
HSS. However, microstructural characterization (Figures 6 and 7) reveals that in M2 HSS
prepared by L-PBF, no significant formation of alloy carbides was observed. At all build
heights, the detected area fractions of such carbides remained consistently below 2.9%
(Table 3). The low carbide content can be attributed to two main reasons: (i) the high-
temperature melting during powder particle fusion may cause decomposition or dissolution
of pre-existing alloy carbides and (ii) the extremely high cooling rate in the L-PBF process
inhibits carbide precipitation from the molten pool [37,38]. To further investigate the
carbide phase characteristics, TEM analysis was conducted, and the results are presented
in Figure 9. The TEM images reveal two distinct carbide morphologies dispersed within
the matrix: irregular carbides (~100 nm) and spherical carbides (~20 nm) (Figure 9a,b). The
former are likely primary eutectic carbides formed along prior austenite grain boundaries
during rapid solidification, while the latter are precipitated ε-carbides within the ferrite
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phase (Figure 9c). Additionally, selected area electron diffraction (SAED) confirmed that
the primary carbide type is M6C (Figure 9d).

 

Figure 9. TEM bright-field (a) and dark-field (b) images of the L-PBF-fabricated M2 HSS; (c) and
(d) are the SAED results for regions A and B in (b), respectively.

Figure 10 illustrates a schematic diagram of the microstructural evolution of L-PBF-
fabricated M2 HSS along the build height. As indicated, the formation and distribution
of martensite, lower bainite, retained austenite, and carbides are primarily governed by
the cooling rate of the molten pool and the subsequent thermal history. Near the substrate,
where the preheating temperature (260 ◦C) is slightly higher than the Ms temperature of
M2 HSS, a portion of the austenite is transformed into needle-like lower bainite during
cooling. Moreover, the microsegregation of carbon and the high residual stress generated
by rapid cooling jointly stabilize the austenite phase, resulting in the retention of equiaxed
austenite grains at prior austenite grain boundaries. Meanwhile, the high cooling rate of
the L-PBF process significantly hinders carbide precipitation in the molten pool, leading to
the formation of only a small volume fraction of nanoscale dispersed carbides throughout
the matrix. This aligns with previous TEM observations of limited M6C and ε-carbide
phases. Due to the incremental deposition strategy of the L-PBF process, each newly
formed top layer (TL) remains above the Ms temperature for a shorter period as the build
height increases. This results in reduced transformation time for austenite-to-lower bainite
formation and, consequently, a decreasing trend in lower bainite content with increasing
height. Conversely, during the L-PBF process, heat conduction primarily flows towards the
substrate, meaning that the top layers cool faster and experience a greater thermal gradient.
This promotes higher residual stresses in the upper regions. These stresses mechanically
stabilize austenite, enhancing the retention of retained austenite in the top layers upon
solidification. Additionally, the limited thermal exposure above the Ms temperature in
these layers further restricts the formation of bainite, reinforcing the trend of a martensite +
retained austenite-dominated microstructure near the top of the build.
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Figure 10. Schematic diagram of microstructural evolution in the L-PBF-fabricated M2 HSS along
build height.

3.3. Hardness and Tensile Properties

Figure 11a reveals the variation in hardness with build height for L-PBF-fabricated
M2 HSS processed under 280 W and 0.8 m s−1. As the build height increases from 0 to
9 mm, the hardness gradually decreases from about 850 to 730 HV0.3. The average hardness
values of the M2/0, M2/3, M2/6, and M2/9 specimens are also plotted in Figure 11a.
Specifically, the hardness value in the M2/0 section (closest to the substrate) is 845 HV0.3,
which is higher than those of the other regions. This is primarily attributed to its finer grain
structure (~1.15 µm) and higher martensite/lower bainite content (96.5%). Finer grains
increase the density of grain boundaries, thereby enhancing their ability to obstruct and
trap dislocations during intragranular slipping. Consequently, a greater external force is
required to activate dislocation motion between adjacent grains [39]. In addition, the high
proportion of martensite and lower bainite content contribute to increased strength through
solid-solution strengthening and a dense dislocation network, making this phase essential
for improving overall material strength [40]. It is reported [41] that the hardness value of
quenched and tempered wrought M2 HSS (microstructure: lath martensite and more than
15% carbides) is as high as about 870 HV0.3. The main reason for the slight deficiency in
the hardness of the M2/0 specimen with a finer microstructure compared to its wrought
bulk counterpart is its lower carbide content. Furthermore, the hardness values of the
M2/3 and M2/6 specimens decreased to 808 and 799 HV0.3, respectively, which can be
explained by their larger grain size (1.52–1.61 µm) and higher austenite content (6.5–16.8%).
As expected, with a further significant increase in austenite content (29.1%), the hardness
value of the M2/9 specimen decreased to 745 HV0.3, which was only 88.2% of the M2/0
specimen’s hardness.

 

Figure 11. Hardness (a) and tensile properties (b) of the L-PBF-fabricated M2 HSS specimens under
various build heights.
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Figure 11b illustrates the tensile strengths and elongations of the M2/0, M2/3, M2/6,
and M2/9 specimens. Among all specimens, M2/0 shows the optimal performance, with a
tensile strength of 1520 MPa and an elongation of 3.3%. Quenched and tempered wrought
M2 HSS is known for its high strength (1600 MPa) but very low elongation (<1.5%) [42].
Similarly to hardness, the slightly lower tensile strength of the M2/0 specimen compared
to its wrought bulk counterpart can be attributed to its lower carbide content. However,
the presence of less bainite, finer microstructures, and reduced carbide content in the M2/0
specimen significantly improves plasticity while still maintaining relatively high strength.
As the build height increases to 3 mm, both strength (1453 MPa) and plasticity (2.6%)
decrease. This decline in strength is primarily due to increased austenite content and grain
coarsening. The decrease in plasticity, despite higher austenite content, may be due to
the adverse effects of higher residual stress levels (Figure 8k). With further increases in
build height, the strength of the M2/6 and M2/9 specimens continues to decrease (1439
and 1251 MPa), but their plasticity improves slightly (2.8 and 3.1%). This suggests that the
increase in austenite content has a stronger effect on enhancing plasticity than the adverse
effects of residual stress. However, higher residual stress levels still result in slightly lower
plasticity in the M2/9 specimen compared to the M2/0 specimen, even though the M2/9
specimen has higher austenite content.

Figure 12 presents the fracture morphology of all the specimens after room-
temperature tensile tests. The SEM images reveal that the predominant fracture mode is
typical of a quasi-cleavage fracture, which exhibits characteristics of both cleavage and
ductile fracture. At the macroscopic scale, the fracture surfaces show a distinct river-like
pattern, which is characteristic of brittle fracture. This indicates that crack propagations
occur via cleavage fracture along specific crystallographic planes. When these propagating
cracks encounter grain boundaries or other microstructural obstacles, stepped cleavage
facets form as the cracks converge. At the microscopic scale, several notable characteristics
are observed on the fracture surface. Firstly, isotropically distributed dimples are present,
indicating that the material retains some capacity for local plastic deformation. Secondly,
clear traces of microcrack propagation are visible at the edges of pore defects, indicating
that these internal pore defects, which cannot be completely eliminated during the L-PBF
process, serve as primary sites for crack initiation under tensile stress. In addition, the
fracture surface exhibits numerous flat and bright cleavage steps, further confirming that,
despite the improved plasticity compared to their wrought bulk counterparts, all speci-
mens still display brittle fracture behavior. Notably, the fabricated samples also exhibit
considerable residual stress and a clear interconnected network of microcracks. These
features, combined with the presence of a high-hardness lath-martensitic phase, increase
the likelihood of crack nucleation under mechanical loading [43]. In particular, at the
interfaces between these hard, brittle phases and the surrounding matrix, mismatches
in elastic moduli and thermal expansion coefficients exacerbate the stress concentration,
thereby enhancing susceptibility to fracture and ultimately leading to the occurrence of
quasi-cleavage fracture.

In short, L-PBF-fabricated M2 HSS exhibits notable performance variation along the
build height due to its heterogeneous microstructure. In this study, the layer closest to the
substrate exhibits superior hardness and tensile properties compared to the near-surface
layer, highlighting the strong dependence of mechanical properties on build position. The
non-uniformity poses a challenge in predicting the overall mechanical performance of
L-PBF components and may lead to undesirable outcomes in critical applications. For
components that cannot undergo high-temperature heat treatment, it becomes essential to
explore in situ microstructure control strategies (such as interlayer thermal compensation
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or remelting) during the L-PBF process. Such approaches can help achieve consistent and
enhanced mechanical properties throughout the entire component.

 

Figure 12. Fracture morphologies of the M2/0, M2/3, M2/6, and M2/9 specimens.

4. Conclusions
In this study, high-density M2 high-speed steel (HSS) was fabricated via a laser

powder bed fusion (L-PBF) process. The relationship between microstructural features and
mechanical performance (hardness and tensile properties) was analyzed across different
build heights, taking into account the varying thermal history of each layer during the
L-PBF process. Conclusions can be drawn based on the obtained results:

(1) By optimizing the laser power (280 W) and scanning speed (0.8 m s−1), high-density
M2 HSS with a relative density of 99.6% was successfully produced.

(2) The microstructure of M2 HSS is primarily composed of lath martensite, needle-like
lower bainite, and retained austenite, accompanied by a minor fraction (less than
2.9%) of eutectic M6C and M2C carbides. As the build height increases (0 to 9 mm),
significant variations in phase composition are observed, along with a corresponding
increase in residual stress. Specifically, the area fraction of lower bainite decreases
significantly, from 32.1 to 13.1%, while the retained austenite content increases from
0.9 to 29.1%. Meanwhile, the average grain size remains between 1.15 and 1.61 µm.

(3) The heterogeneous distribution of microstructures along the build direction plays a
critical role in determining the mechanical properties at different build heights. As
the distance from the substrate to the surface increases, both hardness and tensile
strength gradually decrease, from 845 HV0.3 and 1520 MPa to 745 HV0.3 and 1251 MPa,
respectively. Meanwhile, the elongation value (2.6–3.3%) exhibits a trend of initial
decrease and subsequent increase.

A detailed thermo-kinetic modeling of the L-PBF process will be a central focus of our
future research, aimed at quantitatively elucidating the bainitic transformation in M2 HSS
observed in this study.
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