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ARTICLE INFO ABSTRACT

Handling editor: L Murr Electron beam surface finishing offers the ability to treat various materials and shapes while enhancing surface
properties such as wear and corrosion resistance. However, its industrial application is limited by the formation
of crater-like defects’ pulse count, irradiation angle, and energy density, were optimized to achieve defect-free
surfaces. By systematically investigating the synergistic effects of previously studied parameters (irradiation
angle and energy density), the optimal conditions were established through strategic combination of these pa-
rameters, demonstrating enhanced surface quality and reduced defect formation. These were compared to pre-
viously optimized conditions that focused solely on increasing pulse counts. The new conditions significantly
reduced the density of crater-like defects and produced smoother surfaces. This improvement is attributed to
concentrated energy absorption near the surface and the creation of a high-temperature gradient, which prevents
the introduction of non-metallic inclusions. Unlike conventional methods, where accumulated heat leads to
phase transformations and reduces hardness and corrosion resistance, the new approach maintains a rapid
cooling rate. This allows the surface to retain a fully martensitic phase even at 45 pulses, resulting in higher
surface hardness. These findings highlight that the newly developed conditions not only produce defect-free
surfaces but also impart enhanced mechanical properties. This approach suggests that future improvements in
surface quality for electron beam-based processes can be achieved by considering adjustments to the irradiation
angle and energy density.
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surface morphology without improving mechanical and chemical
properties. Consequently, energy beam-based surface finishing pro-

1. Introduction

In recent years, there has been growing interest in fine structures
within high-value-added industries such as semiconductors and medical
fields. This has led to extensive research addressing issues like wear,
friction, and corrosion that occur on these surfaces [1-3]. As structures
become increasingly fine, these issues become more critical, resulting in
a heightened demand for effective surface finishing techniques [4-7].
Mechanical polishing, one of the most common surface finishing
methods, is capable of creating mirror-like surfaces [7]. However, it is
time-consuming, costly, difficult to apply to fine structures, and often
relies on inefficient manual labor [8,9]. Furthermore, it only enhances

cesses have gained attention as a more efficient alternative [6].

Energy beam-based surface finishing involves irradiating the surface
with high-energy beams to modify its morphology and surface proper-
ties. The most prominent techniques include laser and electron beam
methods. Lasers utilize photons as an energy source to generate narrow
and highly focused beams, though their effectiveness can be constrained
by the material’s absorptivity and surface complexity [10]. In contrast,
electron beams use electrons as an energy source, allowing them to
deliver energy deep into the material (electron transmission) [11]. This
makes electron beams less affected by the material’s absorptivity or
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surface complexity, leading to their recent prominence in the surface
treatment industry [12,13].

The electron beam surface treatment technology was first pioneered
by Proskurovsky et al. who developed the low energy high current
electron beam (LEHCB) technique [14,15]. This technology was later
also referred to as high current pulsed electron beam (HCPEB) or large
pulsed electron beam (LPEB), all sharing the same fundamental oper-
ating principles for pulsed electron beam with differences mainly in
terminology [16-18]. This groundbreaking research demonstrated the
capability of electron beam surface modification to significantly
enhance material properties through rapid melting and solidification
processes. The Large Pulsed Electron Beam (LPEB) technique, specif-
ically, irradiates a wide beam diameter of 60 mm with pulsed beams.
This process rapidly melts and evaporates the surface, followed by
cooling at a gradient of 107 K/s to induce a surface quenching effect [9,
11,19,20]. This significantly improves surface quality and enhances
properties such as hardness, wear resistance, and chemical stability
[19-23]. However, the formation of crater-like defects on the surface
after LPEB treatment poses the most significant obstacle to its practical
application [24-29]. These defects critically impact product perfor-
mance and lifespan, particularly in precision mold and semiconductor
industries where extremely low error tolerances are required. The
presence of these craters leads to increased friction, accelerated fatigue
failure, and enhanced corrosion susceptibility, limiting the broader in-
dustrial application of LPEB technology and hindering technological
innovation in high-value-added industries.

The formation of crater-like defects in LPEB-treated surfaces is
attributed to several complex mechanisms, which vary depending on the
material composition. In metallic alloys, two primary mechanisms
contribute to defect formation: the evaporation of non-metallic in-
clusions with low boiling points (such as manganese sulfide in steel) and
localized evaporation around materials with high thermal diffusivity
(exemplified by carbon-rich regions in alloys) [19,30]. Even pure ma-
terials can create defects through crater formation caused by localized
melting and explosion at the melt layer’s bottom due to electron trans-
mission, and through quenching stress [20]. Considering the mecha-
nisms described above, it becomes apparent that a complex analysis of
the interactions between electrons and the material is necessary.

Previous studies have attempted to address these issues primarily by
increasing the pulse count of LPEB treatments, aiming to evaporate all
non-metallic inclusions within the melt layer [23,31,32]. However, this
approach shows limitations by focusing solely on the removal of
non-metallic inclusions, only temporarily mitigating the issue without
providing a fundamental solution to the aforementioned mechanisms. It
also leads to the incorporation of new inclusions from the substrate,
impeding significant reduction in overall defect density. This method
has been criticized for insufficient examination of changes in previously
reported excellent surface properties and for its limited effectiveness in
comprehensively addressing various defect formation mechanisms.
These limitations underscore the need for a more comprehensive
approach that addresses the various defect formation mechanisms while
maintaining the advantages of LPEB treatment.

This study aims to develop optimized LPEB irradiation conditions
based on a new perspective of depth-dependent energy absorption, in
order to maintain surface quality while overcoming surface defects. The
relationship between LPEB irradiation conditions and surface properties
(such as surface morphology and hardness) are investigated in terms of
the depth-dependent absorption. A numerical analysis on the energy
absorption, which varies with irradiation angle and energy density, is
performed to derive the optimal energy beam conditions. Based on these
findings, modified LPEB irradiation conditions are proposed that over-
come the structural limitations of previous conditions, allowing for
precise control of the interaction between electrons and the material to
achieve optimal energy beam conditions.

The newly proposed conditions are systematically tested to evaluate
their impact on surface performance. Quantitative assessments of crater
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defect density, surface roughness and surface hardness conducted using
optical microscopy (OM), white light interferometry (WLI), and Vickers
hardness tests. Additionally, the underlying mechanisms behind surface
changes are comprehensively analyzed through a depth-dependent ab-
sorption model, metallurgical phase analysis, and X-ray diffraction
(XRD). This multi-faceted approach ensures a thorough understanding
of how the proposed irradiation conditions influence surface properties,
contributing to the potential optimization of electron beam processes for
defect-free surface treatments in various industries.

2. Experimental setup
2.1. Materials and equipment

As minimizing surface defects is crucial in the mold industry,
American Iron and Steel Institute (AISI) H13 steel, a material widely
used in mold manufacturing, was selected for the experiment. The
chemical composition of AISI H13 steel is summarized in Table 1. The
chemical composition of AISI H13 steel typically contains 5.1% chro-
mium, 1.25% molybdenum, and 1.0% vanadium as its main alloying
elements, with a carbon content of approximately 0.35%. This balanced
composition is carefully designed to achieve optimal hot working per-
formance. The chromium content provides good oxidation resistance
and hardenability, while molybdenum enhances high-temperature
strength and temper resistance. Vanadium forms fine carbides that
contribute to wear resistance and help maintain grain size control [33,
34]. The moderate carbon content ensures sufficient hardness while
maintaining adequate toughness. These elements work synergistically to
provide the steel with its characteristic properties suitable for hot work
applications such as die casting dies, extrusion dies, and forging dies.
Specimens were precisely machined to dimensions of 20 x 10 x 10 mm
(width x length x height). The specimens were ground with SiC sand-
paper (#1200) to ensure consistency in the results during the surface
treatment.

The LPEB equipment was utilized for the surface treatment of AISI
H13 substrates. The irradiation employs a particulate energy beam,
wherein electrons impact the substrate surface, converting their kinetic
energy into thermal energy. This energy conversion induces surface
melting and evaporation, ultimately leading to surface modification. A
schematic of the experimental setup is presented in Fig. 1a). As depicted,
the LPEB apparatus comprises a vacuum chamber for mounting the
substrate and an electron gun section responsible for generating and
irradiating the electron beam. Initially, the specimen was placed within
the vacuum chamber, and nitrogen gas was introduced to purge any
remaining air. Following this, a high vacuum was established using a
rotary pump in conjunction with a turbo molecular pump. Once the
desired vacuum level was achieved, argon gas, acting as a plasma me-
dium, was introduced to maintain the chamber pressure at 0.05 Pa.
Upon stabilization of the chamber conditions, the specimen was exposed
to electron beam irradiation. The process proceeds as follows: Voltage is
applied to the anode (5 keV) of the electron gun, generating a Penning
effect that ionizes the argon gas into plasma, which accumulates densely
near the anode. The electrons are then accelerated by the voltage
applied to the cathode and solenoid directed towards the specimen in an
unfocused beam. When the beam is irradiated onto the specimen, two
components affect the material: the beam’s energy density and the pulse
irradiation time. The pulse duration is fixed at the equipment’s default
value of 2 ps, and for electron beams, the energy density is expressed in
terms of electron kinetic energy, with the energy density being

Table 1
The chemical composition of as-received American Iron and Steel Institute
(AISI) H13 steel substrates [wt.%].

C

Si Mn P S Cr Mo v Fe

0.35 1.00 0.25 0.030 0.020 5.10 1.25 1.00 Bal.
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Fig. 1. Schematic diagram of the LPEB experimental setup. a) Consists of the
LPEB equipment, b) Illustration of the Flat mode, where the substrate is irra-
diated at a zero-degree angle. c) Illustration of the Angular mode, where the
substrate is irradiated at a specified angle (°).
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represented by the manufacturer’s empirical formula. The formula
consists of factors including anode voltage, solenoid voltage, cathode
voltage, irradiation distance, and Argon pressure, and these variables
determine the energy density are listed on Table S1. The irradiation
distance was fixed at 30 mm since longer distances reduce electron ki-
netic energy, and the anode voltage, which correlates with the total
quantity of electrons, was maintained constant. The cathode voltage
affects the electrons’ linear directional kinetic energy, while the sole-
noid voltage influences their spiral direction.

The beam has a Gaussian profile with a 60 mm diameter, and the
energy density variations according to this Gaussian profile are illus-
trated in Fig. S1. Given these characteristics and the sample size, it was
assumed that the pulses were uniformly distributed across the material
used in this study. The energy densities of 10 J/cm? and 5 J/cm? used in
this research are capable of melting and even evaporating the surface to
a depth of approximately under 10 pm, and it is known that higher
energy density leads to deeper molten layers [35,36]. The specified
energy density increases the surface temperature of the specimen to over
2,000°C within the short irradiation period of approximately 2 ps [17].
This intense thermal input is followed by rapid cooling, with heat
dissipating through the specimen’s bulk and the x-y stage, resulting in an
extremely high cooling rate of approximately 107 K/s.

2.2. Variation of depth-dependent energy absorption

The absorption behavior along the depth direction is characterized
by unique features specific to electron beams, which are distinct from
energy density factors. Unlike laser processing where light energy is
converted to thermal energy at the surface, electron beam processing
involves the conversion of electron kinetic energy into thermal energy
within the material. Notably, these moving electrons do not stop at the
material surface but penetrate into the material. The interactions be-
tween electrons and materials, such as transmission and backscattering,
result in a Gaussian distribution of thermal absorption along the depth
direction, rather than the exponential decrease of thermal absorption
profile at the surface seen in laser processing. Analysis of electron beam
behavior has been developed based on Monte-Carlo simulation [11,37,
38], and Cosslett et al. demonstrated that existing high-energy electron
scattering theories were inadequate for low-energy electron regions,
leading to their study of electron-material interactions in the 5-30 keV
acceleration voltage range used in LPEB [39-41]. Subsequently,
numerous studies have been conducted on the depth-dependent energy
absorption of electrons in materials [11,20,26,41,42]. This theoretical
framework for depth-dependent absorption has only been studied for
electrons interacting with single materials. However, for composite or
multilayer materials, the interactions between electrons and the
different constituent materials may lead to different phenomena
compared to single-material systems [36].

The electron beam characteristics vary depending on acceleration
voltage, angle of incidence, and material properties, which are compo-
nents of energy density. To derive factors related to depth-dependent
energy absorption, a comprehensive analysis of electron-material in-
teractions is essential. When considering the interactions between
electrons and the material as a total of 100%, these interactions can be
divided into three components: transmission, backscattering, and scat-
tering. Transmission occurs when electrons pass through the material
without colliding with atoms, gradually losing energy through in-
teractions with the material’s electrons until they eventually stop at a
certain depth [39,42]. Backscattering, a significant source of energy loss
in electron beams, happens when incident electrons collide with atoms
in the material and are deflected back towards the surface, resulting in
energy loss near the surface [11]. Scattering refers to electrons changing
direction within the material due to collisions with atoms or electrons,
during which the electron’s kinetic energy is transferred to the material.
The scattering process represents the absorption phenomenon that oc-
curs as electrons lose their kinetic energy. This absorption of electron
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kinetic energy is essentially converted into thermal energy in the ma-
terial, and the proportion of scattered electrons directly correlates to the
material’s energy absorption rate. Understanding these interactions is
crucial for accurately predicting and controlling energy penetration
depth and distribution in processes such as LPEB treatment. The sum of
these three components equals one, and based on this, the electron en-
ergy absorption na can be calculated. The degree of absorption n, is
defined as follows, using the backscattering rate ng and the transmission
rate nt [39-41]:

@

After the electron beam reaches the material, the transmission rate nt
represents the fraction of electrons that pass through the material. This
rate is influenced by several variables, including the atomic number Z of
the material, the angle of incidence 6, the depth 2gepth, and the maximum
penetration depth R. The transmission rate nr is calculated using the
following equation [43]:

nr= exp( —my(Z,0) x (Zdeptn /R)'"Z(Z‘H) / (1 — (Zdeptn /R)ma(z’y))),

The parameters m;, mp, and mg are functions of Z and 6, which
modulate the transmission rate by adjusting the rate’s decrease with
depth, the curvature of the transmission profile, and how the rate ap-
proaches zero as the depth reaches R.

The maximum penetration depth R is calculated as follows [42]:

nya=1-ng —nr,

(2)

R= (2.76 % 1072 x M, x ES“) /28/9

xcos(6)
x (1+0978x107° xEy)™* /((141.957 x10%Eo) ¥ x (px 10%) ),
3)

where M, represents the atomic mass of the material, Ey is the acceler-
ation voltage, and p is the density of the material. This equation de-
scribes the depth within the material that electrons can penetrate before
their energy is significantly diminished.

Fig. S2 illustrates the variation in transmission rate nr as a function of
different acceleration voltages and angles of incidence. The results
indicate that higher acceleration voltages and smaller angles of inci-
dence lead to increased transmission rates, which is critical for under-
standing the depth-dependent energy absorption.

In the context of electron beam interactions, the backscattering co-
efficient np is another important factor that influences the overall energy
absorption by the material. The backscattering coefficient is calculated
using the following equation [43,44]:

ng = Bl—;c(l—cos(()))7 (4)
where B is the backscattering factor, which is determined by the
equation:

B=p x (17exp(70.0066><ﬁ75/2XZ))v 5)

The parameter f is calculated based on the acceleration voltage Eg as
follows:

$=0.4+0.065 x log(Ey), 6)

Additionally, « is an energy-dependent weighting factor, defined by
the equation:

k=1—exp(-1.83 x Eg*°), %)

Fig. S3 illustrates how the backscattering coefficient change with
varying acceleration voltage and angle of incidence. The backscattering
coefficient data reveals that lower acceleration voltages and larger an-
gles of incidence lead to an increase in the backscattering coefficient.
This increase significantly impacts the energy loss due to backscattering,
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which plays a crucial role in calculating the depth-dependent energy
absorption.

Using Equation (1), the depth-dependent absorption can be calcu-
lated, which is crucial for understanding the formation of surface defects
such as craters. The degree of energy absorption represents the portion
of electron energy absorbed by the material after accounting for energy
lost to backscattering and transmission. Moreover, this model in-
corporates corrections based on interactions between different depth
layers, allowing us to accurately determine the absorption as a function
of depth.

The results demonstrate that this model effectively explains the
tendency for maximum absorption to occur at specific depths within the
material, which is closely related to the formation of surface defects.
Fig. 2 illustrates the depth-dependent energy absorption for AISI H13
steel under various electron beam energies and angles of incidence. As
reported in previous studies, the maximum energy absorption does not
occur at the surface but rather at a certain depth within the material [11,

Q
~—’

= [ ]
& 10F -
g [ ]
= 08 -
o [ ]
9 [ ]
@ 06 '
o °F 7
© L 4
> [ i
E’t 0.4_— .
Q 3 J
s [ ]
u— 0'2.' ]
o [ ]
0’ [ ]
Q o0fF ‘ :
o)) N I PP B B PP PP
8 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Depth [um]

————— e

L o R s e e s 10 Jiem® 7

: 3 —0°

0-8-' _150 .

—30°

Degree of energy absroption [a.u.] S

Depth [um]

Fig. 2. Degree of absorption for AISI H13 steel at various electron beam en-
ergies and incidence angles with energy density of a) 10 J/cm? and b) 5 J/cm?
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23]. Fig. 2a) and b) confirm this phenomenon, showing that when
comparing electron beams with energies of 5 J/cm? and 10 J/cm?, the
depth of the maximum degree of absorption is shallower at the lower
energy of 5 J/cm?. This trend shows the observation that the depth of the
maximum degree of absorption decreases as the angle of electron beam
incidence increases and as the energy density decreases, which conse-
quently affects the molten layer thickness. Representative
cross-sectional images showing the molten layer thickness measure-
ments under different angles and energy densities are presented in
Fig. S4. These images strongly support Fig. 2, demonstrating that under
the same energy density conditions, the molten layer thickness decreases
as the angle increases and the energy density decreases.

2.3. Experimental design

The surface treatment of AISI H13 substrates was conducted utilizing
LPEB equipment, which employs electrons as an energy source. Upon
the electrons’ impact on the substrate surface, their kinetic energy is
converted into thermal energy, leading to the melting and evaporation
of the surface, and subsequently altering its properties.

The conditions for LPEB irradiation are classified into two main
modes: Flat Mode (FM) and Hybrid Angle Mode (HM). FM was designed
to replicate findings from initial studies aimed at eliminating crater-like
defects by adjusting the number of pulses while maintaining a fixed
irradiation angle at 90°. For FM, the energy density was set at 10 J/cm?,
the irradiation angle at 0°, and the pulse numbers at 5, 10, 15, 20, 30,
and 45. HM mode was developed by modifying the parameters related to
degree of energy absorption in terms of depth from the LPEB conditions
used in FM. This mode incorporates variations in both the irradiation
angle (Fig. 1¢)) and energy density and is further divided into HM with
High Energy Finishing (HM-H) and Low Energy Finishing (HM-L).
Specific details for FM, HM-H, and HM-L irradiation conditions are
provided in Table 2. For HM, similar to FM 15, the first step proceeds
with 15 pulses at 0° angle. Subsequently, step 2 irradiation is conducted
by tilting at + 30°. Particularly for HM-L, a lower energy density of 5 J/
cm? was irradiated compared to FM and HM-H.

To form a uniform irradiated surface, the irradiation angle was
adjusted to 30°. In Supporting data Fig. S5, insufficient irradiation was
observed when tilted at 45°, and the hardness data in Fig. S5c) showed
that the hardness in the area with insufficient irradiation was 40% lower
than the highest hardness value. This occurred due to LPEB’s charac-
teristic of electron accumulation at the edges of the surface. To address
this issue, a method of alternating between positive and negative irra-
diation at a 30° angle was chosen to prevent surface gradation and
achieve uniform irradiation. This approach allowed for the formation of
a defect-free surface and ensured uniform hardness throughout the
material.

Understanding the interaction between electrons and the material is
essential for identifying and optimizing the relationships between fac-
tors affecting degree of energy absorption in terms of depth. This re-
quires precise calculations of backscattering, transmission, and
penetration depth, all of which are influenced by factors such as the
density of the substrate material, atomic mass, atomic number, energy
density of the electron beam, and irradiation angle. These variables
collectively determine the degree of energy absorption in terms of depth,
enabling precise control over surface properties during the LPEB
process.

2.4. Material characterization

The characterization of the LPEB-treated AISI H13 steel surface
involved several analytical techniques to comprehensively assess sur-
face morphology, defect structure, crystallography, and mechanical
properties. Surface morphology and microstructural observations were
conducted using an OM (Axiolab 5, Zeiss, Germany) with magnifications
of 50x and 500x, respectively. After electron beam treatment, the
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Table 2
Electron beam irradiation conditions for Flat Mode (FM) and Hybrid Angle Mode
(HM).

Flat 1st step 2nd step Total
mode T . irradiation
Energy Irradiation Energy Irradiation
(FM) ) . . pulse
density angle [°] density angle [°]
[J/cm?] [3/cm?]
Sample 10 0 - -
FM 5 5 pulses - 5
FM 10 10 pulses - 10
FM 15 15 pulses - 15
FM 20 20 pulses - 20
FM 30 30 pulses - 30
FM 45 45 pulses - 45
Hybrid 1st step (FM 15) 2nd step Total
1 irradiati
ang e Energy Irradiation Energy Irradiation irradiation
mode > N pulse
. . density angle density angle
with high N N
[J/ [°1 [/ ]
energy m?] em?]
finishing ¢
(HM-H)
Sample 10 0 10 +30
HM-H 20 15 pulses 5 pulses 20
HM-H 30 15 pulses 15 pulses 30
HM-H 45 15 pulses 30 pulses 45
Hybrid 1st step (FM 15) 2nd step Total
angle .. .. irradiation
Energy Irradiation Energy Irradiation
mode N N pulse
with low density angle density angle
[/ [°1 [/ [°1
energy 2] em?]
finishing om
(HM-L)
Sample 10 0 5 +30
HM-L 20 15 pulses 5 pulses 20
HM-L 30 15 pulses 15 pulses 30
HM-L 45 15 pulses 30 pulses 45

surface was etched to reveal the microstructure, and multi-focus imag-
ing techniques were employed. To obtain three-dimensional surface
profiles and measure surface roughness, a WLI (NV-F2700, NanoSystem,
Korea) was used. The collected data were processed with Nanomap
software to correct surface slope and standardize the color scale.

Additionally, XRD analysis was conducted using CuK-a radiation
(SmartLab, Rigaku, Japan) to determine phase composition and crys-
tallographic structure. The XRD measurements were carried out with a
step size of 0.02° over a 20 range from 40° to 100°. Surface hardness was
evaluated using Vickers hardness tester (ZH y m, Zwick Roell, Germany)
to analyze changes in adhesive strength due to surface plastic defor-
mation, specifically targeting the LPEB-resolidified layer, which is
approximately 5 pm thick. The tests were performed using a Vickers
diamond indenter with a minimum load of 0.01 kg to ensure that the
hardness values accurately reflect the properties of the treated surface
layer.

3. Results
3.1. Surface morphology

The surface morphology of LPEB-treated specimens was observed
through OM (Fig. 3) and WLI (Fig. 4). While both instruments share the
commonality of observing surface morphology through images, they
differ in the format of these images. OM provides 2-dimensional images
showing an optical top view and excels at capturing overall images at
lower magnifications where focal differences are less pronounced. In
contrast, WLI analyzes light diffraction patterns to produce 3-dimen-
sional images through non-contact methods. This characteristic gives
WLI an advantage at relatively higher magnifications and allows for
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Fig. 3. Surface morphology and defect analysis of AISI H13 steel after LPEB treatment. Optical microscope (OM) images under Flat Mode (FM) conditions (FM 5 to
FM 45; a) to f)), wave patterns at sample edges under FM conditions (g) to i)), and OM images under Hybrid Angle Mode with High Energy (HM-H 20 to HM-H 45; j)

to 1)) and Low Energy (HM-L 20 to HM-L 45; m) to 0)).

undistorted visualization of surface topography with varying heights.
Additional analysis is possible with WLI data, including the extraction of
linear or areal surface roughness measurements. In this section, OM was
used to observe the overall distribution of surface defects at low
magnification, while WLI was employed to examine the approximate
heights of distributed defects and evaluate the degree of surface
smoothness. These qualitative data were used to quantify crater density
and roughness data (Fig. 5).

Fig. 3a) to 3f) present OM images of samples treated under FM
conditions from FM 5 to FM 45, showing that there is no clear trend in
the reduction of defect distribution with increasing pulse counts, as
numerous crater-like defects remain evident even at FM 45. Fig. 3g) to
3i) illustrate the wave patterns that emerged at the edges of the samples
from FM 20 to FM 45, with these patterns becoming increasingly pro-
nounced as the number of pulses increases. Conversely, Fig. 3j) to 31
and Fig. 3m) to 30) depict the results under HM-H and HM-L conditions,
respectively. Under HM-H conditions, some crater-like defects are
observed; however, they are significantly reduced compared to those
under FM conditions. In contrast, under HM-L conditions, crater-like
defects are scarcely observed.

9585

Fig. 4 presents WLI images of samples treated under various LPEB
conditions, providing three-dimensional views of the defects and
allowing for precise height measurements. The color bar on the right
indicates the height of the three-dimensional morphology. According to
the WLI images, FM 5 exhibits crater-like defects with depths of
approximately 8.5 pm. As the pulse count increases to FM 20, the defect
depths decrease significantly to around 3.75 pm, representing a reduc-
tion of about 55.9%. This substantial decrease in defect depth demon-
strates the initial effectiveness of increasing pulse counts in mitigating
surface irregularities. However, the trend does not continue linearly
with further increases in pulse count. Beyond FM 20, the defect depths
begin to increase again, indicating a threshold effect in the LPEB treat-
ment process. This observation suggests that there is an optimal pulse
count for defect reduction, beyond which the treatment becomes less
effective or potentially counterproductive. Interestingly, wave patterns
are observed at the edges of the samples beginning from FM 20. These
patterns show increased amplitude with higher pulse counts, reaching
up to approximately 19 pm at FM 45 (Fig. 4g) to 4i)). This phenomenon
suggests that increasing pulse counts beyond FM 20 leads to the for-
mation of deeper craters and generates wave patterns at the sample
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Fig. 4. Surface morphology and defect analysis of AISI H13 steel after LPEB treatment. Images captured using a white light interferometer under Flat Mode (FM)
conditions (FM 5 to FM 45; a) to f)), wave patterns at the sample edges under FM conditions (g) to i)), and surface profiles under Hybrid Angle Mode with High
Energy (HM-H 20 to HM-H 45; j) to 1)) and Low Energy (HM-L 20 to HM-L 45; m) to 0)). All images have a uniform size of 870 x 650 pm, and the maximum height
scale is set to 10 pm for relative comparison, except for g) to i), where it is standardized to 20 pm. The color bar on the right indicates defect depths and surface

height variations.

edges. In contrast, under HM-H and HM-L conditions, distinct crater
shapes are not observed, and the surface height variations remain below
3 pm. This represents a further reduction of at least 20% compared to the
lowest defect depth achieved with the FM conditions (3.75 pm at FM
20). The absence of distinct craters and the minimal surface height
variations under these conditions demonstrate that the HM treatments
consistently provide superior surface smoothness compared to the FM
treatments.

The density of crater-like defects on AISI H13 steel samples after
LPEB treatment was quantified based on surface morphology OM data,
revealing distinct trends with varying pulse counts. Fig. 5a) presents the
quantified results of a density of crater-like defects. At FM 5, the density
of crater-like defects was highest, reaching 18 x 107/m?2. As the pulse
count increased to FM 15, this density significantly decreased by 81.1%
to 3.4 x 107/m> However, with further increases in pulse count, the
density rose again, increasing by 73.5% from FM 15’s 3.4 x 107/m? to
stabilize around 5.9 x 107/m? at FM 45. Under HM-H and HM-L con-
ditions, after initial irradiation at FM 15 (1st step in Table 2) levels, the
density of crater-like defects did not increase with additional pulses but
instead stabilized at 0.55 x 107/m? by a total pulse count of 30. At HM-H
45, there was a slight increase in defect density to approximately 2 x
107/m2. Notably, the HM-L condition maintained under 1 x 10”/m?
defect density in all of the HM-L conditions. The surface roughness of
AISI H13 steel samples after LPEB treatment was analyzed, showing
clear variations with different pulse counts. Fig. 5b) shows the surface
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roughness (R,) as a function of the total number of irradiation pulses for
FM, HM-H, and HM-L conditions. Under FM conditions, the surface
roughness starts at 0.55 pmR, at FM 5, decreases to around 0.3 pmR, at
FM 15, and then increases significantly with further pulse counts,
reaching up to 1.6 pmR, at FM 45. Particularly, from FM 20 onwards, a
high standard deviation is observed due to the formation of wave pat-
terns on the surface, leading to instability in surface roughness values. In
contrast, HM-H and HM-L conditions maintain relatively stable surface
roughness across different pulse counts. The initial roughness values for
HM-H and HM-L at a total pulse count of 20 are approximately 0.2 pmR,
and 0.3 pmR,, respectively. As the pulse count increases, the low surface
roughness is maintained, converging to ~0.2 pmR, at a total pulse count
of 30. Even at a total pulse count of 45, the surface roughness for HM-H
and HM-L remains significantly lower than that of FM conditions.

3.2. Mechanical properties and crystal structure

Achieving reduced surface defect density is essential; however, a
comprehensive surface treatment technology must maintain or enhance
the inherent surface properties while improving surface smoothness. To
validate this dual functionality, surface hardness measurements and
XRD phase analysis were conducted. The surface hardness of AISI H13
steel samples following LPEB treatment was examined, revealing
distinct trends across varying pulse counts. Fig. 6 depicts the Vickers
surface hardness in relation to the total number of irradiation pulses for



Y. Lee et al.

20 T T T T T T T L] Ll 4
3 | - FM | ]
s ; ~HM-H| ]
E 16 g ~+HM-L |
s | | §
= 14 | 1
> ' —
.‘: E
@» 6 3
5 ]
T 4 3
QG :
Q 2 :
< ]
Qo o ‘ 3
i 1 1 'l 1 i “ 1 :
10 15 20 25 30 35 40 45 50
Total irradiation [pulse]
3'2 ! ¥ L] Ll 1 L] ¥ ] L]
3.0F - e B
2.8
26F
24E
2.2
2.0
— 1.8
€16
— 1.4
= 1.2F
% 1.0F
L e
oEfF 5 N 1. . . oo
04F =’ teene s e
0.2F — ;
0.0 1 ‘ L 1 L 1 i i L

10 15 20 25 30 35 40 45
Total irradiation pulses [number]

Fig. 5. Quantified data of AISI H13 steel samples after LPEB treatment under
different modes (FM, HM-H, and HM-L) as a function of the total number of
irradiation pulses: a) the density of crater-like defects, and b) surface rough-
ness (R,).

FM, HM-H, and HM-L conditions. The untreated bare surface showed a
hardness value of 292 HV. Under FM conditions, surface hardness
initially increases, rising from approximately 400 HV at FM 5 to around
840 HV at FM 15. However, it then gradually decreases with further
pulse counts, dropping to around 449 HV at FM 45, representing a
46.5% reduction compared to FM 15. In contrast, HM-H conditions also
show a decrease in surface hardness with increasing pulse count but
maintain higher hardness levels compared to FM. The reduction in
hardness reaches 652 HV at a total pulse count of 45, a decrease of
22.3% relative to FM 15. HM-L conditions exhibit the smallest reduction
in surface hardness, with values remaining relatively stable across all
pulse counts. The hardness reduction is within 4.0% of FM 15 across all
pulse counts, with the hardness stabilizing at 806 HV by FM 45.

Fig. 7a) to 7c) show normalized XRD patterns according to the
electron beam pulse conditions in Table 2. Fig. 7a) presents the XRD
patterns of AISI H13 steel treated under FM conditions. The untreated
sample exhibited four peaks at 44.5°, 64.7°, 82.1°, and 98.7°, corre-
sponding to ferrite peaks with (110), (200), (211), and (220) crystal
planes, respectively. After electron beam irradiation, peak shifts were
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Fig. 6. Vickers surface hardness of AISI H13 steel samples after LPEB treatment
as a function of the total number of irradiation pulses under different conditions
(FM, HM-H, and HM-L).

observed; notably, FM 5 showed the same ferrite peaks as the bare
material, but the peak positions shifted to 44.8°, 65.9°, 82.6°, and 99.4°,
representing shifts ranging from 0.5° to 1.2°. This rightward peak shift
phenomenon was consistently observed in all LPEB-treated samples. In
FM 10, the emergence of new peaks around 43°, 50°, 74°, and 90° is
noteworthy, which were identified as austenite peaks with (111), (200),
(220), and (311) crystal planes. These peaks formed in FM 10 persisted
throughout all conditions with varying intensities. Martensite, having a
Body-Centered Tetragonal (BCT) structure, exhibits peak broadening of
ferrite peaks due to its structural similarity to the Body-Centered Cubic
(BCQ) structure of ferrite. Starting with subtle peak broadening near the
(211) plane in FM 5, distinct broadening of ferrite peaks with (110),
(200), and (211) planes became evident as conditions progressed from
FM 5 to FM 10 and FM 15. Upon reaching FM 20, the broadened ferrite
peaks began to sharpen again, a trend that continued up to FM 45, which
had the maximum pulse count. Notably in FM 45, the austenite (111)
peak grew to become a major peak alongside the ferrite (110) peak,
which was previously the sole dominant peak. Fig. 7b) shows the XRD
data under HM-H conditions. In the HM-H 20 sample, new austenite
peaks emerged and martensite peaks exhibited a pattern similar to that
observed in FM 10 and FM 15. From HM-H 30 onwards, similar to the
phenomenon observed after FM 20, the ferrite peaks of (200) and (211)
planes sharpened. Regarding the austenite peaks, while the austenite
(111) peak was prominent in FM 45, the HM-H condition uniquely
showed significant growth in both austenite (111) and (220) peaks,
reaching their maximum intensities. At the maximum pulse count of
HM-H 45, both the austenite (111) and (220) peaks emerged as the
dominant peaks. Fig. 7¢) shows the XRD data under HM-L conditions.
Similar to FM 10 and FM 15, HM-L conditions exhibited newly formed
austenite peaks and ferrite peak broadening due to martensite forma-
tion. Like HM-H conditions, growth of the austenite (220) peak was also
observed. Notably, the ferrite (200) peak showed not only broadening
but also peak splitting, and from HM-L 20 onwards, the austenite (200)
peak showed significant growth, reaching its maximum intensity to
become the dominant peak. The approximate phase volume fractions,
quantified through XRD pattern fitting analysis, are illustrated in Fig. S6.

4. Discussions
4.1. Surface defect analysis

The most critical issue in LPEB treatment is the formation of crater-
like defects. Through comprehensive analysis of qualitative and
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quantitative results, the mechanism of crater formation can be inferred
as follows: crater-like defects are primarily formed by vapor bubbles
generated within the molten layer. During LPEB treatment, the surface
temperature can locally exceed 2000 °C, causing the material to melt
and partially evaporate [6]. After irradiation, the substrate undergoes
rapid cooling with a gradient of approximately 10”7 K/s. This rapid
cooling traps gas bubbles within the molten layer, which then burst and
solidify, forming crater-like defects [25].

The formation of external gas in the molten layer that causes crater-
like defects during LPEB treatment is primarily driven by two factors:
the presence of non-metallic inclusions with different thermal properties
and the temperature gradient within the molten layer caused by
electron-material interactions. First, non-metallic inclusions (e.g.,
manganese sulfide; MnS) and materials with high thermal diffusivity (e.
g., carbon) play crucial roles [25,29]. While non-metallic inclusions in
energy beam industries typically include surface oxides and other
products generated by energy beam interaction, in LPEB treatment,
which occurs in a high-vacuum chamber, non-metallic inclusions refer
to those existing internally in solid state. Non-metallic inclusions with
lower evaporation points than steel evaporate within the molten layer,
forming crater-like defects [28]. Conversely, materials like carbon,
characterized by high evaporation points and thermal diffusivity, cause
the surrounding substrate to evaporate, leading to similar defects [29].
These impurities and alloys with thermal properties different from the
substrate significantly influence crater formation [25].

Second, the temperature gradient within the molten layer resulting
from electron-material interactions plays a crucial role. Unlike laser
treatment where the outermost surface reaches the highest temperature,
LPEB uses electron kinetic energy, causing the maximum temperature to
occur beneath the surface, as shown in Fig. 2 [11,20,26]. This subsurface
heating can cause evaporation and explosion within the molten layer
[25]. As heat penetrates deeper into the material, the maximum tem-
perature shifts deeper, increasing the likelihood of crater formation. Due
to electron transmission phenomena, localized melt pools with lower
melting points from beneath the molten layer, which can burst upward
through the molten layer due to quenching stress, forming craters [20,
26].

Previous studies aimed to eliminate non-metallic inclusions in the
molten layer by repeatedly increasing the number of LPEB pulse treat-
ments, as discussed in Table 2. While this method showed some effec-
tiveness, it had significant limitations due to material-dependent
variations and did not address all factors contributing to crater forma-
tion. This trend is shown in Fig. 5a). Under FM conditions, increasing the
pulse count reduced defect density up to FM 15, however the reduction
was not significant beyond this point. Even at FM 15, a crater-like defect
density of 3.4 x 107/m? was observed. After FM 15, further increases in
pulse count led to increases in crater-like defect density (Fig. 5a)), sur-
face roughness (Fig. 5b)), crater depth (Fig. 4). This is attributed to
increased molten layer depth and heat accumulation effects. Cross-
sectional images showing the deepening molten layer thickness with
increasing pulse count are presented in Fig. S4d) to S4i), clearly
demonstrating the thickening of the molten layer with higher pulse
counts. Previous research has shown that the increase in molten layer
thickness is primarily caused by increased random distribution proba-
bility of abnormally high energy pulses and carbon accumulation in the
extreme surface molten layer [35]. This increase in molten layer thick-
ness, as shown in Fig. S4, serves to draw solid-state non-metallic in-
clusions from below into the molten layer, resulting in increased crater
density and depth. While previous studies indicated that background
temperature increase and heat accumulation had minimal effects on
molten layer increase [35], heat accumulation can still influence crater
formation in LPEB. The increase in material temperature enhances
electron transmittance, consequently forming the maximum absorption
depth lower down, as shown in Fig. 2. In this case, the number and scale
of localized melt pools beneath the molten layer can increase dramati-
cally. If these melt pools explode due to quenching stress, they can
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generate substantial additional craters. The shock waves from these
explosions affect the liquid-state molten layer, creating crater-like de-
fects and wave patterns. Fig. 8a) shows this mechanism. As the pulse
count increases, both the number of localized melt pools beneath the
molten layer and the intensity of shock waves increase, corresponding to
the growing amplitude trend shown in Fig. 4g) to 4i). Therefore FM 15
with the lowest crater density and surface roughness sown to be the
optimal condition in FM mode. Therefore, FM 15 was determined to be
the optimal condition in FM mode, demonstrating the lowest crater
density (3.4 x 107/m?) and surface roughness (1.6 pmR,). However,
these values still indicate significant surface defects, suggesting the
limitations of the conventional FM approach.

Through this analysis, it was found that while initially increasing
pulse count in FM mode effectively reduced defect density, this
approach reached its limits due to increased molten layer depth and heat
accumulation. To overcome these limitations, a new strategy was
developed combining appropriate variations in incidence angle and
energy density. This approach shows potential to compensate for the
increased molten layer depth and heat accumulation associated with
increased pulse counts. The experimental process began by replicating
the conventional increasing pulse count conditions (FM 15) to establish
a baseline. After determining the optimal point, additional comparisons
were made by varying both incidence angle and energy density. This
method enabled direct comparison between the conventional approach
and new optimized conditions. Referring to Section 3, by combining
conditions of increased incidence angle and decreased energy density, a
hybrid condition can be designed to progressively reduce molten layer
depth as pulse count increases. This strategy contributes to achieving
high-quality surface characteristics by reducing absolute energy accu-
mulation, preventing molten layer deepening, and preventing heat
accumulation. Fig. 8b) illustrates the molten layer depth and crater
formation mechanisms during the optimization process. The left portion
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shows crater deepening and intensified heat accumulation with
increasing pulse count under FM conditions. The center and right por-
tions demonstrate how HM-H and HM-L modes effectively maintain
shallower molten layers by controlling electron beam incidence angle
and energy density, significantly reducing crater formation and sup-
pressing wave pattern occurrence. Experimental results show that at 45
pulses, the highest pulse count tested under HM conditions, crater
density decreased by a minimum of 41.2% (HM-H) and a maximum of
70.6% (HM-L) compared to FM conditions, while surface roughness
decreased by approximately 87% in all HM conditions. Notably, the HM-
L 30 condition demonstrated optimal results with the lowest defect
density (0.55 x 107/m?) and surface roughness (0.2 pmR,). The HM-H
mode applies high energy (10 J/cm?) with increased incidence angles
(0° to £30°) for uniform surface irradiation, while the HM-L mode
maintains the same incidence angles but uses lower energy (5 J/cm?) to
control depth-directional energy absorption more shallowly, focusing
energy on the surface to reduce non-metallic inclusions within the
molten layer. This is particularly significant considering that the non-
metallic inclusions causing localized subsurface aggregation were
minimally removed during the first step, FM 15.

Particularly noteworthy is that HM-L’s absolutely lower energy
accumulation and surface-concentrated energy distribution results in
minimal heat accumulation, maintaining uniform and low crater density
and surface roughness even with additional pulses. These results
demonstrate that HM-H and HM-L modes successfully control molten
layer depth, improve surface quality, and significantly reduce crater
defects and wave pattern formation.

4.2. Metallurgical analysis

LPEB treatment is significant not only for its ability to smooth the
surface layer through melting but also for imparting crucial surface
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Fig. 8. Mechanisms of crater-like defect and wave pattern formation during LPEB treatment. a) FM condition: Increasing heat accumulation, deepening molten layer,
intensifying surface defects. b) Comparison of FM, HM-H, HM-L: Control of molten layer depth, minimization of crater formation, and suppression of wave patterns in

HM modes through angle adjustment and energy density reduction.
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properties such as high hardness, corrosion resistance, and wear resis-
tance [30,32]. Even if energy beam conditions are optimized to mini-
mize crater-like defects, the overall effectiveness and reliability of the
process could be significantly diminished if these critical surface prop-
erties are not maintained. Notably, surface hardness is a mechanical
property closely associated with various surface characteristics such as
fatigue resistance and wear resistance. As discussed in Section 4.1, FM
15, identified as the optimal process among the conditions with a
standalone increase in pulse count (FM), achieved the highest Vickers
hardness of 806 HV in Fig. 5a). However, as pulses were further added,
the surface hardness dropped by up to 46.5%. This phenomenon is
attributed to phase changes induced by LPEB, necessitating compre-
hensive metallurgical analyses, including XRD and microstructural
observations.

For metallurgical analysis, an understanding of the phase diagram of
H13 steel is essential. A phase diagram based on thermodynamic
calculation for H13 steel was analyzed in a previous study, as shown in
Fig. 9 [45,46]. Seven representative phases are identified between
600 °C and 2000 °C, and the temperatures corresponding to phase
transformations are described as follows:

- Aejo: Liquid (L) — L + delta ferrite (8): Nucleation temperature of
delta ferrite.

-Aeg: L + 8 » L + & + austenite (y): Nucleation temperature of
austenite.

- Aeg: L+ 8 + y — L + y: Transformation of delta ferrite into austenite.

- Aey: L + y — y: Melting point of H13 steel.

- Aeg: v — v (+MCQ): Initial formation temperature of metallic carbide
MCQ).

- Aes: y (+MC) — vy + alpha ferrite (o) (+MC): Transformation to alpha
ferrite phase.

- Aeg: vy + a (+MC) — o (+MCQC): Complete transformation to alpha
ferrite.

Due to the high alloying element fraction of H13 steel, it is difficult to
form diffusion-controlled structures such as bainite or pearlite. Instead,
martensite, and carbides (MC, My3Cg, etc.) are predominantly observed.
In particular, for laser processing where a wide heat-affected zone is
formed, detailed studies on the formation and distribution of carbides
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Fig. 9. Equilibrium phase diagram of AISI H13 steel elaborated by thermody-
namic calculation [45,46].
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following hardness enhancement through laser surface treatment have
already been conducted [33,34]. However, the LPEB process in this
study is characterized by very rapid cooling rates, which limit or mini-
mize the formation of carbides like MC. Therefore, MC carbide analysis
is not a major focus of this study. Instead, the subsequent analyses
concentrate on microstructural changes under non-equilibrium condi-
tions and the resulting improvements in mechanical properties.

While carbide formation is limited in LPEB treatment due to rapid
cooling, this same cooling characteristic leads to unique phase trans-
formation patterns. Due to the quenching stress caused by the rapid
cooling gradient (~107 K/sec) discussed in previous section, LPEB-
treated surfaces are known to develop tensile residual stress, which
can be confirmed by the XRD peak shifts before and after LPEB treatment
shown in Fig. 7 [21,47]. The shift of the Bare peak toward larger angles
(right direction) indicates decreased d-spacing, which represents tensile
residual stress, confirming that tensile residual stress was induced in all
treated conditions [21,48]. This quenching stress can also lead to
different phase transformation patterns, which can be observed in the
microstructure shown in Fig. 10. A notable feature in the etched
microstructure shown in Fig. 10 is the differential etching rates observed
among various phases. This characteristic enables phase identification
through both morphological and chromatic analysis. Analysis was
particularly focused on phases that exhibited excessive darkening due to
rapid etching. Ferrite, exhibiting the highest corrosion and etching rate,
typically presents a polyhedral morphology, and its accelerated etching
rate is attributed to its inherent Body-Centered Cubic (BCC) soft phase
structure. Conversely, surfaces that demonstrated high corrosion resis-
tance after etching were identified as austenite phase and uniform
martensite phase, known for their superior corrosion resistance. In FM 5
on Fig. 10a), clusters of black polyhedral phases surrounding yellow
circular phases are observed in the surface morphology, which other
studies have identified as delta ferrite encompassing martensite formed
by quenching stress [20,30,49,50]. The existence of delta ferrite, a
high-temperature phase, in LPEB treatment despite its extremely rapid
cooling rate can be explained by the nucleation rate of austenite. When
the cooling process passes through equilibrium transformation temper-
atures Aeg and Aeg in Fig. 9 very rapidly, limited austenite nucleation
occurs, resulting in a surface structure with sparse austenite nuclei for-
mation within ferrite [51,52]. During subsequent cooling, these
austenite nuclei regions transform to martensite. In XRD analysis, this
phase shows no difference from the Bare condition because both have
BCC structures, making it crystallographically identical to alpha ferrite,
however it is termed delta ferrite due to its unique formation process of
remaining ferrite despite experiencing extremely rapid cooling of the
molten layer.

The heat accumulation in the substrate with increasing pulse count
was addressed in the 4.1. section. In terms of phase transformation, this
thermal accumulation elevates the substrate temperature, consequently
reducing the surface cooling rate. The decreased cooling rate allows for
uniform distribution of austenite nuclei formation within the molten
liquid across the surface, which subsequently transforms into complete
martensite upon cooling. The broadening of ferrite peaks (211), (200),
and (211) observed in the XRD patterns of FM 10 and FM 15 conditions,
which exhibit the highest surface hardness levels among FM conditions,
supports martensite formation, showing good correlation with hardness
values. This microstructural evolution is further evidenced in the etched
microstructures shown in Fig. 10. Fig. 10b) to 10c), representing FM 10
and FM 15 conditions respectively, clearly show needle-like martensite
structures that remain distinguishable even after etching [49,50,53].

However, excessive heat accumulation and decreased cooling rates
lead to the formation of alpha phase and increased retained austenite
phase on the surface, resulting in reduced hardness. To prevent surface
hardness reduction, it is effective to approach methods of increasing
surface cooling rates through analysis of Fig. 2. The cooling rate is
dependent on the temperature gradient between the surface and bulk,
and larger temperature differences at the same depth result in steeper
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Fig. 10. Optical microscope (OM) images of chemically etched AISI H13 steel under different LPEB treatment conditions. Microstructural analysis under FM mode; a)
to f) Microstructural analysis under HM-H mode; g) to i) Microstructural analysis under HM-L mode; j) to 1).

temperature gradients at the surface, leading to faster cooling rates.
Comparing the three conditions used in this study in Figs. 2-10 J/cm? at
0°, 10 J/cm? at 30°, and 5 J/cm? at 30° - shows that as the angle in-
creases and energy density decreases, the graph’s slope becomes steeper
and maximum absorption increases. Notably, while the area under the 5
J/cm? graph is about half that of 10 J/cm?, it shows a much higher peak
point and steeper gradient. This analysis suggests that HM-H and HM-L
conditions would have much faster cooling rates compared to conven-
tional FM conditions.

These differences can be observed in the microstructure from Fig. 10.
As pulse count increases from FM 20 onward, the area of polygonal
alpha phases within the black regions increases, while the distribution of
martensite needles decreases. The XRD data in Fig. 7a) also supports
this, showing that the ferrite peaks that were broadened in FM 10 and 15
become sharp again, and the austenite peak becomes the main peak at
the highest pulse count of FM 45. This indicates that the decreased
cooling rate contributes to both increased retained austenite fraction
and new formation of ferrite phases. However, excessive heat accumu-
lation and decreased cooling rates lead to the formation of alpha phase
and increased retained austenite phase on the surface, resulting in
reduced hardness. To prevent surface hardness reduction, it is effective
to approach methods of increasing surface cooling rates through analysis
of Fig. 2. The cooling rate is dependent on the temperature gradient
between the surface and bulk, and larger temperature differences at the
same depth result in steeper temperature gradients at the surface,
leading to faster cooling rates. Comparing the three conditions used in
this study in Figs. 2-10 J/cm?at 0°, 10 J/cm? at 30°, and 5 J/cm? at 30° -
shows that as the angle increases and energy density decreases, the
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graph’s slope becomes steeper and maximum absorption increases.
Notably, while the area under the 5 J/cm? graph is about half that of 10
J/em?, it shows a much higher peak point and steeper gradient. This
analysis suggests that HM-H and HM-L conditions would have much
faster cooling rates compared to conventional FM conditions. These
differences can be observed in the microstructure on Fig. 10. As pulse
count increases from FM 20 onward, the area of polygonal alpha phases
within the black regions increases, while the distribution of martensite
needles decreases. Interestingly, unlike the polygonal aggregate
morphology of alpha phase in HM-H, the alpha phase and retained
austenite in FM 30 and FM 45 exhibit blade-like elongated patterns with
distinct directional alignment. This directional structure is formed by
shockwaves generated from the explosion of localized melt pools
beneath the molten layer due to heat accumulation, which influences
the orientation of austenite nuclei in the liquid phase. As a result of
directional solidification induced by these shockwaves, the alpha ferrite
formed from these aligned austenite islands inherits this elongated
directional morphology. The small black phases observed on the
austenite islands (black arrow) in FM 30 and FM 45 conditions of Fig. 10
are analyzed to be alpha ferrite, which formed through the decompo-
sition of martensite into alpha phase and carbides due to heat accu-
mulation effects [33,34]. The XRD data in Fig. 7a) also shows that the
ferrite peaks that were broadened in FM 10 and 15 become sharp again,
and the fact that the austenite peak with (111) lattice structure becomes
the main peak at the highest pulse count of FM 45 indicates that the
decreased cooling rate contributes to both increased retained austenite
fraction and new formation of ferrite phases.

HM-H was analyzed to have a higher cooling rate than FM. Unlike
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FM 20 where alpha ferrite phase could be observed, HM-H 20 showed
complete martensite formation on the surface, with alpha phase begin-
ning to form and gradually expanding from HM-H 30 onward. The
generated alpha ferrite shows a more polygonal morphology compared
to FM 30 and FM 45, indicating minimal influence from subsurface ex-
plosions caused by heat accumulation of a substrate under the molten
layer. In the XRD graph of Fig. 7b), HM-H 20 showed similar ferrite peak
broadening to FM 10 and FM 15 in Figure a), and these peaks became
sharp again after HM-H 30. HM-H also shows an increasing trend in the
(111) austenite lattice structure. The (111) plane, being the most stable
lattice structure, generally requires relatively lower energy, and the heat
accumulation seems to have facilitated its preferential growth [54,55].
This suggests that both FM and HM-H are affected by heat accumulation,
resulting in decreased cooling rates. The hardness analysis in Fig. 5 also
shows that FM and HM-H exhibit similar trends of decreasing hardness
as pulse count increases, although to different degrees. However, unlike
the FM condition, the HM-H condition shows dominance of the (220)
austenite peak. The (220) plane, which generally requires higher energy
than the (111) plane, benefitted from the surface energy concentration
induced by the angle, facilitating its growth [56,57]. This observation is
consistent across the HM-L condition as well, where the (220) plane
exhibited greater prominence compared to the (111) plane in all HM
conditions. Unlike FM and HM-H, HM-L maintained complete
martensite phase even at maximum pulse count (Fig. 10j) to 101)), and
its hardness remained consistent within 4% of maximum hardness,
indicating minimal decrease in cooling rate. This is supported by the
peak separation phenomenon beyond (200) ferrite peak broadening,
decreased (111) austenite peak fraction, and uniform XRD graphs
showing no variability despite increased pulses (Fig. 6¢)). Interestingly,
compared to the rise in (220) austenite lattice structure peak in HM-H,
the HM-L condition showed simultaneous increases in both (220) and
(200) peaks. The (200) plane, possessing square symmetry and a simpler
arrangement compared to the (220) plane, can preferentially form under
rapid cooling conditions. Through this analysis, it was concluded that
the prominent increase in (220) and (200) austenite peaks in HM-L was
due to it having the highest surface energy concentration and fastest
cooling rate.

A continuous cooling transformation (CCT) diagram incorporating
cooling rate information can be constructed by integrating all experi-
mental results and analyses. The CCT diagram of H13 steel (Fig. 11)
serves as a reference material showing qualitative trends in phase
transformation behavior, and since its purpose is to help understand
general transformation tendencies rather than provide exact numerical
values, experimental verification is necessary for actual process design.
Most iron-based CCT diagrams share similar basic structures, with main
differences being the x-axis position of phase node points, y-axis phase
transformation temperatures, and the formation of new phases. This
diagram’s node points for the gray graphs were constructed by refer-
encing CCT diagrams of similarly composed 9Cr-1Mo steel and H13
steel’s time-temperature transformation (TTT) diagram [51,56], while
the y-axis was modified based on the phase transformation temperatures
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Fig. 11. CCT diagram illustrating heat accumulation and phase transformation
for FM (black), HM-H (red), and HM-L (blue) cooling conditions.
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(from Aejg to Ae;) from the H13 steel equilibrium phase diagram in
Fig. 9. Notably, for alloy steels like H13, the CCT diagram was con-
structed to reflect the position of metallic carbides, which do not form in
ordinary carbon steels.

For the single LPEB pulse case, the theoretical cooling rate is 107 K/s,
which is faster than the theoretical value of 10° K/s for laser-based
additive manufacturing, placing it at the leftmost position on the
graph. In this case, the speed passing through the austenite nucleation
region (Ae; < T < Aeyg) is very fast, forming delta ferrite. For FM 5, it
passes slightly through the austenite nucleation region shown in gray
lines, transforming the formed austenite into martensite, while FM 10
and FM 15 ensure sufficient area through the austenite phase, forming a
high fraction of martensite. From FM 20, the slope becomes gentler and
passes through the alpha phase formation graph, indicating decreased
cooling rate and formation of new alpha ferrite. As the slope increases
thereafter, the proportion of austenite and alpha ferrite phases increases
(FM 45). For the HM condition, which showed high degree of surface
absorption and steep temperature gradient, the austenite phase fraction
commonly increases significantly, resulting in a gentle speed through
Ae; < T < Aeg followed by steep graphs. The diagram progresses from
FM 15 to HM-L with less heat accumulation, and then to HM-H, where
HM-L with consistent surface microstructure and properties shows a
narrow range, while HM-H displays a wider range due to additional
pulse numbers and heat accumulation leading to alpha phase formation.

4.3. Optimizations and recommendations

The optimization of LPEB treatment parameters requires a compre-
hensive analysis considering both surface defect prevention and me-
chanical property enhancement. From the surface defect perspective,
the HM-L condition demonstrated superior results with the lowest crater
density (0.55 x 107/m?) and surface roughness (0.2 pmR,). This sig-
nificant improvement over conventional FM conditions can be attrib-
uted to the combined effects of increased incidence angle (30°) and
reduced energy density (5 J/cm?), which effectively controlled the
depth-dependent absorption and prevented excessive heat accumula-
tion. In terms of microstructure and hardness optimization, the results
revealed distinct patterns across different treatment conditions. The FM
mode showed optimal hardness (840 HV) at FM 15, however it experi-
enced significant degradation with additional pulses due to heat accu-
mulation effects. The HM-H condition maintained relatively higher
hardness levels compared to FM but still showed some decrease at
higher pulse counts. Notably, the HM-L condition demonstrated the
most stable performance, maintaining consistent hardness values
(within 4% variation from maximum) even at high pulse counts, while
preserving a uniform martensitic structure throughout the treatment
process. When considering all parameters comprehensively, the HM-L
condition with 30 pulses emerges as the optimal treatment parameter
set, achieving minimal surface defects, excellent surface smoothness,
stable high hardness, and uniform martensitic microstructure with
minimal heat accumulation effects. Previous studies have shown that
surface properties achieved through LPEB treatment can significantly
affect corrosion resistance through microstructural characteristics. For
example, FCC austenite structure shows superior corrosion resistance
compared to BCC ferrite structure, and the formation of uniform
martensitic structures can enhance overall corrosion resistance [50,53,
55]. Furthermore, research has demonstrated that corrosion typically
initiates at non-metallic inclusions exposed in crater defects [30,57].
The significant reduction in crater defects and controlled phase trans-
formation achieved under HM-L conditions therefore suggests potential
improvements in corrosion resistance by eliminating vulnerable sites
and maintaining beneficial microstructural characteristics. The stable
microstructure and minimal surface defects achieved under HM-L con-
ditions thus provide an excellent foundation for investigating enhanced
corrosion resistance in industrial applications, particularly in
high-value-added industries such as semiconductor manufacturing and
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precision molding. This optimization approach, focusing on
depth-dependent absorption control, could be extended to other metallic
materials and different industrial applications where surface quality and
mechanical properties are critical factors.

5. Conclusions

This study successfully developed optimized Large Pulsed Electron
Beam (LPEB) irradiation conditions for surface treatment of AISI H13
steel, focusing on minimizing crater-like surface defects while main-
taining excellent surface properties. The conventional approach of
increasing pulse counts showed limitations in removing non-metallic
inclusions and led to excessive heat accumulation, resulting in
increased melt layer depth and introduction of new non-metallic in-
clusions. These issues have constrained industrial applications due to
degradation of surface properties.

To address these challenges, this study proposed a novel approach
controlling the depth-dependent energy absorption of LPEB. Unlike
previous studies that focused solely on optimizing process parameters,
this research systematically analyzed the relationship between irradia-
tion angle and energy density, achieving process design based on energy
absorption mechanisms. The developed hybrid mode (HM) conditions
successfully controlled heat accumulation while improving surface
quality. Particularly, the HM-L condition, combining increased irradia-
tion angle and reduced energy density, demonstrated significantly lower
defect density and superior surface properties compared to conventional
methods. This was achieved without complex process steps or additional
equipment, enhancing process economics and practicality. Furthermore,
stable results across process condition variations proved the reliability
and reproducibility of this method.

In conclusion, the depth-dependent energy absorption control
method developed in this study presents new possibilities for electron
beam surface treatment technology. This approach can be extended to
various metallic materials and applied to developing automated opti-
mization systems for process parameters. Further research is expected in
scale-up studies for large-area treatment and practical applications in
high-precision industries such as mold finishing and semiconductor
manufacturing. The results of this study are expected to contribute to
expanding the industrial applications of electron beam surface treat-
ment technology.
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