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Abstract: This study investigates the fabrication of H13 tool steel using electron beam melting (EBM) technology,

focusing on the optimization of processing parameters and their influence on microstructure and mechanical properties.

Beam current and scanning speed were systematically varied to optimize the consolidation quality. Microstructural

characterization revealed that specimens fabricated under optimal conditions exhibited a refined martensitic-bainitic

dual-phase structure, with high-density dislocations and nanoscale carbides. X-ray diffraction (XRD) confirmed the

dominant ferrite with minimal retained austenite. The optimized samples achieved a relative density exceeding 99.5%, an

ultimate tensile strength of 1780 MPa, a yield strength of 1335 MPa, and an elongation of approximately 10.5%.

Strengthening mechanisms including grain boundary strengthening, dislocation strengthening, and precipitation

strengthening were quantitatively analyzed, and theoretical calculations showed good agreement with experimental

results. These findings demonstrate that careful optimization of EBM parameters can significantly improve the

mechanical performance of H13 steel by tailoring its microstructure, providing valuable guidance for the additive

manufacturing of high-performance tooling materials.
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1 Introduction
H13 tool steel, characterized by its excellent thermal

stability, high strength, and wear resistance, is widely

utilized in tooling, die-making, and other demanding

industrial applications that require materials to sustain

high temperatures and mechanical stresses [1-4]. With

the growing demand for complex and high-performance

components, Additive manufacturing (AM) has emerged

as a promising technology due to its ability to produce

near-net-shape parts with reduced material waste and

high processing efficiency [5-7]. Electron beam melting

(EBM), as one of the most prevalent AM techniques,

offers unique advantages in processing high-performance

metallic components [8-11]. By utilizing a high energy

electron beam in vacuum environment, EBM ensures

precise thermal control for uniform melting while

protecting parts from potential contamination.

Additionally, EBM technology enables control over

processing temperature, reaching up to 1100 ℃ , which

reduces residual stress generated during fabrication [12,

13]. As a result, EBM offers a competitive alternative to

traditional manufacturing methods like casting and

forging. Despite its potential, achieving optimal

mechanical performance in EBM-fabricated H13 steel

requires careful control and optimization of processing

parameters due to their significant influence on

microstructure and resultant mechanical properties

[14-16]. This work aims to fill this gap by systematically

investigating processing parameters, correlating them

with microstructural evolution, and evaluating their

effects on mechanical properties.

2 Experimental section
Plasma rotating electrode atomized H13 steel

powder with an average particle size of 95 µm was used

as the raw material, and its specific chemical

composition is listed in Table 1. EBM fabrication was

performed on a Y150 system under vacuum conditions

(<5×10-3 Pa). Key parameters investigated were beam

current (6–14 mA) and scanning speed (2000–5000

mm/s). The remaining parameters were maintained

constant: voltage at 60 kV, hatch spacing at 50 μm, and

layer thickness at 100 μm. As shown in Fig. 1, an
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extensive range of volumetric energy densities (VED)

was investigated to achieve optimal microstructural and

mechanical properties in EBM-processed H13 steel. VED

was calculated using the formula VED = P/(v*h*t),

where P is input power (P = U*I).

Table 1. Chemical composition of H13 steel powder (wt.%).

C Si V Cr Mn Mo Fe

0.41 0.93 0.95 5.37 0.35 1.16 Bal.

Fig. 1: Samples produced as a function of beam current and

scanning speed and their respective VED.

Microstructural characterization was conducted

using optical microscopy (OM), field-emission scanning

electron microscopy (FE-SEM), and transmission

electron microscopy (TEM). Phase composition analysis

was performed using X-ray diffraction (XRD). The

microstructural features such as grain size, grain

boundary angle and texture were examined by electron

backscattered diffraction (EBSD). Mechanical property

evaluations included universal tensile testing conducted

according to GB/T228.1-2010 standard.

3 Results and discussion
3.1 Processing parameter optimization

The relationship between processing parameters and

relative density was systematically established through

optical image analysis, as shown in Fig. 2. The results

reveal that the VED plays a decisive role in determining

the densification behavior of EBM-fabricated H13 steel.

At lower beam currents (6–8 mA) or excessively high

scanning speeds (4000–5000 mm/s), insufficient energy

input led to poor powder melting and the formation of

lack-of-fusion defects. Consequently, the relative density

of the specimens remained below 98%. In contrast,

increasing the beam current to 10–12 mA and employing

moderate scanning speeds (2000–3000 mm/s) effectively

promoted complete melting, resulting in a dense

microstructure with relative densities exceeding 99.5%.

However, further increasing the beam current beyond 12

mA caused localized over-melting, inducing defects such

as keyhole porosity, which negatively impacted the

relative density of the samples. Therefore, the optimal

processing parameters were identified as 10 mA beam

current combined with 3000 mm/s scan speed, where a

balanced VED ensured full powder consolidation while

effectively suppressing defect formation.

Fig. 2: Relationship between beam current, scanning speed, and

relative density of EBM-fabricated H13 samples.

3.2 Microstructural analysis

XRD analysis (Fig. 3a) confirmed that the specimen

fabricated under optimal processing conditions exhibited

exclusively body-centered cubic (BCC) phase diffraction

signatures, with no detectable peaks corresponding to the

face-centered cubic (FCC) phase, demonstrating the

absence or very low content of retained austenite.

Detailed microstructural analysis was conducted on the

specimen fabricated under the optimal parameters. SEM

observations (Fig. 3b) reveal that the EBM-fabricated

H13 sample exhibits a dual-phase microstructure

comprising dark-etched martensitic regions and

light-toned bainitic domains through differential etching

response. EBSD results (Fig. 4) showed a refined grain

structure with an average grain size of approximately

3.95 μm. A high proportion of high-angle grain

boundaries (HAGBs, >15°) was detected, which

effectively impede dislocation motion and improve both

strength and toughness. Furthermore, Pole figures (PFs)

shown in Fig. 4c demonstrate that the crystallographic

texture is relatively weak, which is attributed to rapid

solidification and random grain growth during the EBM

process.
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Fig. 3: (a) XRD pattern and (b) SEM image of H13 sample fabricated

under optimal processing conditions.

Fig. 4: The EBSD analysis of the optimally processed sample.

Fig. 5: TEM images showing the detailed microstructure of the

optimally processed sample.

TEM analysis (Fig. 5) provided further insight into

the nanoscale features. High-density dislocations were

observed within the martensitic laths. Moreover, a large

number of nanoscale V₈ C₇ carbide precipitates were

observed, providing additional barriers to dislocation

motion during deformation and significantly enhancing

the contribution of precipitation strengthening.

3.3 Mechanical properties

Fig. 6 shows the engineering tensile stress-strain

curves and average results of the EBM-fabricated

H13 sample at room temperature. The sample exhibited

an ultimate tensile strength (UTS) of 1780 MPa and a

yield strength (YS) of 1335 MPa, accompanied by an

elongation to fracture of approximately 10.5%.

Compared with conventionally processed H13 steel, the

mechanical properties exhibit a remarkable enhancement,

highlighting the critical role of the refined microstructure

and the synergistic effect of the martensitic-bainitic

mixed structure produced by the optimized EBM process.

Fig. 6: Stress-strain curves and corresponding tensile data of the

optimized samples.

The process parameters exerted significant effect on

the mechanical property of EBM-fabricated H13 steels. It

is well known that yield strength is governed by the

synergistic effect of various microstructural features. In

this work, the primary strengthening mechanisms include

lattice friction (σ0), grain boundary strengthening (σgb)

from the refined martensitic-bainitic matrix, dislocation

strengthening (σdis) due to high-density dislocations

observed in TEM analysis, and precipitation

strengthening (σp) contributed by nanoscale carbides. For

simplicity, it can be expressed using the following

equation [17]:

σy = σ0 + σgb + σdis + σp (1)

According to a previous study, the lattice friction

stress of the H13 steel is 140 MPa.

The contribution of grain boundary strengthening

can be estimated by the following:

σgb = kd-1/2 (2)

where k is the Hall-Petch slope taken as 572 MPa μm1/2

for the H13 steels [18], and d is the average grain size. As

a consequence, the estimated value of σgb is 287.8 MPa.

The contribution of dislocation strengthening to the

YS can be explained by the following formula:

σdis = αMGbρ1⁄2 (3)

where α is an empirical constant, normally taken as 0.33

for BCC lattice, M is the Taylor factor counting for 3, G

is the shear modulus of 70 GPa, b is the Burgers vector

taken to be 0.25 nm [19], and ρ refers to the average

value of the geometrically necessary dislocation (GND)

density obtained from EBSD data. The contribution from

dislocation strengthening to YS is evaluated as 542.2
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MPa.

The precipitation strengthening caused by

precipitates can be calculated by the Orowan bypass

mechanism [20]:

σp = (0.538Gbfi1/2/ri) · ln(ri/2b) (4)

where ri is the average size of the precipitates and fi
is the volume fraction of the precipitates. According to

TEM results, V8C7 carbides were identified in the SEBM

H13 steels. The f and r of the V8C7 carbides in the sample

are 2.32 % and 13.5 nm, taken from the TEM results in

Fig. 5. As a result, the calculated P is 350.1 MPa.

The calculated YS of the H13 sample fabricated

under optimal processing conditions is approximately

1320.2 MPa. The theoretical prediction aligns well with

the experimentally measured YS, validating the

effectiveness of the strengthening mechanisms

considered in this study.

4 Conclusions
In this study, the effects of electron beam melting

(EBM) processing parameters on the microstructure and

mechanical properties of H13 tool steel were

systematically investigated. The main conclusions are as

follows:

1.A beam current of 10 mA combined with a

scanning speed of 3000 mm/s was identified as the

optimal processing condition, achieving a dense

microstructure with a relative density exceeding 99.5%.

Excessively low or high volumetric energy densities led

to lack-of-fusion defects or keyhole porosity,

respectively.

2.The optimized EBM-fabricated H13 steel

exhibited a refined dual-phase microstructure composed

of martensitic and bainitic regions. The average grain

size was approximately 3.95 μm, with a high fraction of

high-angle grain boundaries (HAGBs). TEM

observations confirmed the presence of a high density of

dislocations and abundant nanoscale V₈ C₇ carbide

precipitates within the optimized sample.

3.The optimized sample achieved an ultimate tensile

strength (UTS) of 1780 MPa, a yield strength (YS) of

1335 MPa, and an elongation to fracture of 10.5% at

room temperature. Compared with conventionally

processed H13 steel, the mechanical properties exhibited

a remarkable improvement, mainly attributed to the

synergistic effect of fine grain structures, high dislocation

density, and precipitation strengthening.
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