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Abstract: Stainless steel 17-4PH is valued for its high strength and corrosion resistance but
poses machining challenges due to rapid tool wear. This research investigates the use of
pulsed electron beam surface treatment to enhance the surface properties of components
fabricated by binder jetting additive manufacturing. The aim is to improve the tribological
performance compared to the as-sintered condition and the H900 aging process, which
optimizes hardness and wear resistance. Printed samples were sintered in a reducing
atmosphere and superficially treated with an electron beam by varying the voltage and the
pulse count. Results showed that the voltage affects the roughness and thickness of the
treated layer, while the number of pulses influences the hardening of the microstructure
and, consequently, the wear resistance. A reciprocating linear pin-on-disk wear test was
conducted at 2 N and 10 Hz. Surface-treated samples exhibited lower coefficients of friction,
though the values approached those of aged samples after the abrasion of the melted
layer, indicating a deeper heat-affected zone formation. Still, the friction remained lower
than that of as-printed specimens. This study demonstrates that optimizing electron beam
parameters is vital for achieving surface performance comparable to bulk aging treatments,
with significant implications for long-term wear resistance.

Keywords: low-energy; high-current pulsed electron beam; tribology; wear; binder jetting
3D printing; 17-4PH stainless steel

1. Introduction

Metal binder jetting (BJT) is an additive manufacturing (AM) technique enabling the
fabrication of intricate metal components by sequential application of a liquid binding
agent onto successive layers of metal powder [1]. Following printing, the resultant “green”
component—a preliminary structure composed of metal powder particles bonded by the
liquid ligand—is subjected to curing to consolidate the binder. Subsequently, debinding
removes the binder to a specified degree depending on the furnace atmosphere, and
then sintering consolidates the metal particles via heating to near-melting temperatures,
resulting in a dense and cohesive metal structure [2,3]. BJT offers substantial advantages in
production rate, design flexibility, and the ability to fabricate complex geometries without
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the requirement for support structures during the shaping phase, making it well suited for
prototyping and high-volume manufacturing applications [4-6].

However, steel parts produced by metal BJT typically exhibit significant surface rough-
ness due to the layer-by-layer deposition method, particularly along the build direction.
Surface roughness is influenced by parameters such as powder particle size and distri-
bution, binder deposition accuracy, and sintering conditions [7-9]. As-printed steel parts
frequently exhibit average surface roughness (R,) values between 10 and 35 um, which
may be reduced to as low as 1 to 3 um through post-processing, contingent on application-
specific demands. Effective post-processing is essential to refine surface characteristics and
enhance mechanical properties, appearance, and functionality [10-13].

To achieve desirable surface properties, several post-processing methods are employed,
including mass finishing techniques [14-16] and electropolishing [17-19]. Mass finishing
processes are scalable, economical, and versatile, providing manufacturers with a balance
between surface quality, throughput, and cost efficiency. Electropolishing offers significant
benefits for enhancing surface smoothness, corrosion resistance, and cleanliness, although
it presents limitations regarding cost, material compatibility, and dimensional control.

For selective enhancement of specific component areas, high-energy techniques such
as electron or laser beam treatments provide significant efficiency in speed and precision.
Notably, Low-Energy High-Current Electron Beam (LEHCEB) technology is a targeted
approach utilized for surface modification and thermal treatments [20]. LEHCEB produces
pulsed electron discharges up to 30 kV and 25 kA with an average pulse duration of 2.5 us.
The source operates by directing a high-density stream of low-energy electrons onto the
material surface, which facilitates controlled superficial modification while minimizing
penetration depth and preserving the bulk properties of the material [21,22].

The localized heating enabled by LEHCEB induces rapid surface melting and, under
some circumstances, evaporation without adversely affecting sub-surface layers. Usu-
ally, LEHCEB allows the formation of a homogenized chemical composition and out-of-
equilibrium crystalline structures in the remelted layer. Consequently, LEHCEB is suited
for applications requiring surface-specific hardening, alloying, or texturing, as it modifies
only the outer or near-surface layers, typically on the micrometer scale. Its non-contact
nature reduces contamination, wear, and deformation associated with mechanical process-
ing, while the large area of the beam (50 cm?) guarantees a high throughput, potentially
allowing for industrial-scale applications by achieving rapid surface modifications.

This investigation provides a comprehensive assessment of the microstructural and
mechanical performance modifications induced by LEHCEB treatment on binder-jetted
17-4PH stainless steel. Emphasis is placed on the surface hardening effects achieved
through rapid melting and solidification, as well as the modulation of surface stresses
attributed to phase transformations and heat transfer dynamics.

2. Materials and Methods
2.1. Manufacturing and Surface Finishing

17-4PH stainless steel parts were 3D printed with a Desktop Metal Shop System BJT
machine by an external supplier (Aidro Srl, Taino, Italy). The feedstock employed was a
gas-atomized powder with a Dgg ~50 um; thus, the layer thickness was set at 75 pm to
avoid single particles exceeding powder bed height. After printing, the powder bed was
cured in an air furnace at 180 °C for 6 h to allow the polyethylene glycol-based binder
to polymerize and strengthen the green components. The parts were extracted from the
loose powder by a combination of manual brushing and compressed air. A single cycle of
debinding and sintering above 1300 °C was conducted in a slightly reducing atmosphere
(97%Ar/3%H,), effectively removing most of the organic binder and enabling adequate
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densification of the material while also minimizing surface oxidation [3,23]. Following
sintering, the specimens underwent an H900 aging treatment at 480 °C for 1 h, preceded by
a solution annealing cycle at 1050 °C for 1 h [24]. To limit oxidation, both treatments were
performed consecutively in a low-vacuum atmosphere, with rapid cooling assisted by an
inlet gas flow (Nj). The obtained microstructure (Figure 1) comprises a main martensitic
phase, surrounded by delta ferrite formed at high temperatures and inclusions as niobium
carbides, especially at the grain boundary, as observed in the literature as well [25-27].
Copper precipitates can be detected only by higher-resolution techniques.

Figure 1. SEM image of an etched section of an as-sintered microstructure.

The surface treatment using LEHCEB was performed in a RITM-SP facility (Microsplav
OO0OO, Tomsk, Russia). Irradiation was carried out at a pressure of 1.8 x 10~* torr with
argon as a working gas. Tests involved three accelerating voltages—20, 25, and 30 kV—
corresponding to energy densities of 2.5, 3.3, and 4.9 ] cm 2, respectively. A total of 20 and
40 pulses, with an average duration of 2.5 us, were applied at a repetition frequency
of 0.2 Hz. Samples are nominated by the voltage applied and the number of pulses:
20-20, 25-20, 30-20, 20-40, 2540, and 30—40. After LEHCEB irradiation, samples were
allowed to cool in an Ar-saturated environment within the vacuum chamber for 45 min to
prevent oxidation.

2.2. Material Characterization

The microstructure of printed and surface-treated components was studied both on the
external surface and along the cross-section by scanning electron microscopy (SEM) through
a secondary electrons detector equipped with energy dispersive X-ray (EDX) analysis and
electron backscattered diffraction (EBSD). The latter images were elaborated by the Tango
module in the HKL CHANNELS software. Kernel average misorientation (KAM) images
were obtained by applying a 3 x 3 filter size and 5° for subgrain angle in local misorientation
value (between 0 and 10) maps. Cross-sections were cut, ground, and polished according
to standard metallographic procedures; phase distributions were revealed by etching with
a Kalling I reagent. The layer thickness was measured by image analysis on SEM pictures
processed through the software Image]J (version 1.54f) and adopting the line method: eight
lines of measurement were taken for each sample.

Surface roughness was measured following the ISO 21920 standard over a measuring
length of 4.8 mm with a 0.8 mm cut-off with a contact profilometer [28]. The test was
repeated five times to determine the repeatability of the measurement and the homogeneity
of the component’s surface.
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Microhardness was evaluated using a Vickers indentation test, applying a load of
300 gf for 15 s. Tribological performance was tested using an RTEC tribometer in a linear
reciprocating pin-on-disk setup. An alumina ball served as counter material, and a 2 N load
was applied throughout all tests. The reciprocating movement was set to 10 Hz frequency
and maintained for a duration of 10 min. Scratch test was performed on the treated surface
by using a Rockwell C indenter of 200 pm diameter. The load varied between 0.3 N to
30 N with a linear increment along the scratch length of 3 mm, with the indenter moving
at constant velocity (1.2 mm min~!). Penetration depth and residual depth were taken
into account in this analysis: the former is the depth of the material measured during the
application of the load; the latter is that measured after the release of the load at the end of
the test.

3. Results
3.1. Surface Morphology

In Figures 2—4, the SEM images of the surface morphology are presented at different
magnifications to highlight the typical aspect of printed components and the differences
generated by the LEHCEB treatment. The H900 (Figure 2c,d) sample has the same surface
finishing of the as-sintered (“As is”—Figure 2a,b) component. Indeed, the aging temper-
atures (1080 °C and 480 °C) are insufficient to promote volume diffusive mechanisms
that might alter the peaks and valleys distributions, and the treatment atmosphere em-
ployed (low vacuum + Nj) prevents any oxidation or other degradation processes. The
surface-treated samples show a smoother aspect by increasing the voltage of the treatment,
especially above 25 kV. Regardless of the number of pulses, the uneven roughness owing
to the layerwise printing process and the superficial porosity retained within adjacent
particles is still clearly visible at 20 kV. Voids are completely removed already at 25 kV, thus
suggesting the occurrence of extensive rearrangement of the surface mass thanks to the
formation of a liquid fraction.

Asis

H900

Figure 2. SEM images of as-sintered (a) and (b) and H900 (c) and (d) surface morphology.
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20 pulses

Figure 3. SEM images of 20 pulses surface-treated samples: 20 kV (a) and (b), 25 kV (c) and (d), and
30 kV (e) and (f).

40 pulses

Figure 4. Cont.
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Figure 4. SEM images of 40 pulses surface-treated samples: 20 kV (a) and (b), 25 kV (c) and (d), and
30 kV (e) and (f).

The roughness measured in the x and y directions (i.e., perpendicular to the building
axis) is reported in Figure 5. Statistically significant distinctions among the two planar
directions are not observed. The 20 kV surface-treated specimens have comparable rough-
ness to the as-sintered sample, while the 25 kV and 30 kV surface-treated samples have
lower roughness independently of the number of pulses used. Higher energy inputs (30 kV,
40 pulses) result in R, values below 2 um.
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Figure 5. Average roughness measured in the x and y directions with respect to the LEHCEB
parameters employed.

3.2. Surface Microstructure

In Figures 6 and 7, the thickness and the morphology of the surface-treated layer are
highlighted for the 20 pulses and for the 40 pulses samples, respectively. The average
thickness of the LEHCEB-generated layer of each specimen is reported in the graph in
Figure 8. Similarly to the results obtained for the surface roughness, the effect of surface
finishing becomes particularly relevant for voltages >25 kV, regardless of the number
of pulses.
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20 pulses

Figure 6. Scanning electron microscopy of the cross-sections of the 20 pulses samples: 20 kV (a),
25 kV (b), and 30 kV (c).

40 pulses

r’“

Figure 7. Scanning electron microscopy of the cross-sections of the 40 pulses samples: 20 kV (a),
25kV (b), and 30 kV (c).
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Figure 8. Average thickness of the LEHCEB-generated surface layer measured by image analysis on
SEM metallographies.

The effect of the LEHCEB treatment and the consequent modification of the surface
and sub-surface regions are affecting phases and grain distribution as well. The differ-
ence between the low power (20 kV) and the high power (30 kV) treatments stands in the
extension of the liquid fraction generated, thus in the formation of a well-defined layer
affected by a recrystallization process upon solidification in the latter case, which leads to
the nucleation and epitaxial growth of columnar martensitic and ferritic grains perpendicu-
lar to the surface plane, as can be clearly observed in the EBSD images in Figure 9 of the
samples “30-20” and “30-40" [21,29]. The characteristic width of these newly formed grains
ranges from 1 to 3 um; therefore, multiple adjacent grains share their surface boundaries
with a common grain in the sub-surface region. Therefore, they tend to share the same
crystallographic orientation as well, as can be seen in the Euler angles orientation EBSD
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pictures. It can be observed that the epitaxial growth occurs regardless of the substrate
being a 6 ferrite or a martensite grain. The recrystallization process leads to the formation
of an ordered microstructure affected by low residual stresses, as highlighted by the KAM
signal. Indeed, the signal peaks in the pre-existing martensitic grains and at the high-angle
grain boundaries both within and below the melted layer.

Figure 9. EBSD analysis of selected samples (“20-20" is 20 kV, 20 pulses; “20-40" is 20 kV, 40 pulses;
“30-20" is 30 kV, 20 pulses; “30-40" is 30 kV, 40 pulses) cross-sections. From top to bottom: band
contrast images, all Euler angles orientation images, and KAM.

The low-power treatment visibly affects only a sub-micrometric depth of the surface
without the formation of new grains with a well-determined orientation. It can be expected
that the transferred energy is not capable of locally increasing the temperature above the
liquidus line; thus, the microstructure is modified by volume diffusion processes alone,
especially at grains and o’ unit boundaries. The absence of a recrystallization process
able to macroscopically rearrange the grains at the surface region implies that the tension
generated during the LEHCEB process by the thermal gradient cannot be relieved. In this
case, the KAM signal is maximum in correspondence with the surface (see Figure 9 of the
samples “20-20” and “20-40").

It can be observed that the temperature increase at the surface is not sufficient to
fuse niobium carbides, which have a higher melting point with respect to main phases,
as detected in the “30-40” sample (Figure 10). Consequently, they might be trapped at
the solid-liquid interface during the treatment and act as a preferential nucleation site
for additional inclusions, such as phosphide, sulfides, and Cr- and Cu-rich phases (CRP),
thanks to the high mobility of the atoms in the liquid phase [30].
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Figure 10. EDX analysis of selected samples (“20-20" is 20 kV, 20 pulses; “20-40" is 20 kV, 40 pulses;
“30-20" is 30 kV, 20 pulses; “30-40" is 30 kV, 40 pulses) cross-sections. From top to bottom: chromium,
nickel, copper, and niobium content.

3.3. Scratch and Wear Testing

In Figure 11, the different morphology of the scratches on the different surface-treated
samples is presented. It can be noticed that the profile of the track is more regular for
samples treated at 30 kV, regardless of the load progressive variation during testing. The
20 kV-treated samples feature track contours with low uniformity, especially when the
applied load is reduced below 1.5 N, and becomes almost undetectable for loads <0.75 N. In
such cases, only the peaks of each printed layer are deformed by the indenter tip, whereas
the valleys are sufficiently deep to remain unaltered.

Considering the inhomogeneity of the scratch tracks for the low-voltage-treated sam-
ples owing to the high surface roughness, the depth of penetration and the residual depth
were considered only for the 30 kV samples (Figure 12). The residual deformation was
calculated by subtracting the residual depth (i.e., the depth of the track after the release of
the indenter) from the penetration depth (i.e., the depth of the track with the applied load).
Therefore, these data can account for two possible mechanisms [22]:

- The recovery of the elastic deformation of the material;
- The deformation of the material owing to pre-existing residual stresses, which are
relieved by removing a portion of the surface layer.

Thus, this test can provide insight into the mechanical behavior of the accumu-
lated stress in the steel region under the surface-treated layer. It can be noted that the
30-20 sample has a larger residual deformation than the 3040 for the entirety of the scratch
track length, thus regardless of the applied load.
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Figure 11. Scanning electron microscopy of the scratch test tracks on LEHCEB-treated samples.
Reference load values are indicated at the top of the image. Samples are identified by 4 digits: the
first two refer to the voltage applied, and the latter to the number.
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Figure 12. Calculated residual deformation in function of scratch distance and load of the 30 kV samples.

The friction coefficient curves of the different surface-treated samples are reported in
Figure 13 and compared to one of the as-sintered and H900 thermally treated samples.

The as-sintered sample (black line) is the only case presenting an increasing COF
for the whole duration of the wear test. Differently from the H900 sample (red line), the
surface finished materials have two stages in the friction coefficient curve. In the first, the
measured value is low and stable at about 0.1; then, it experiences a sharp increase after
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Figure 13. Friction coefficient vs. traveled distance measured during the wear test: 20 pulses (a),
40 pulses (b), and thermal-treated H900 (c) compared to the as-sintered (“as is”).

It can be observed that the first part of the COF curve has a low and stable friction
coefficient of considerable duration only for the 20 pulses LEHCEB samples, whereas the
40 pulses are rapidly subject to the transient to higher COF even in the case of 25/30 kV.
The second plateau reached is stabilized at values comparable to the H900 one, well below
the curve obtained from the as-sintered surface. Thus, it can be stated that the LEHCEB
treatment alters the mechanical performance of the surface layer as well as the sub-surface
region, which experiences an improvement comparable to that achieved by controlled
precipitation hardening of coherent copper phases.

Wear tracks of the surface-treated sample are reported in Figure 14 and compared to
one of the as-sintered and thermal-treated ones. Distinct distributions of wear are visible
between the studied samples. Differently from scratch tracks, the regularity and the depth
of the wear tracks not only depend on the voltage applied but also on the number of pulses.
Indeed, it can be observed that lower voltages are associated with deeper tracks in the case
of 20 pulses, but this is not the case for 40 pulses. It can be noticed that the surface treated
with 30 kV and 40 pulses displays a deep and distributed track.
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Figure 14. Scanning electron microscopy of wear tracks on as-sintered (a), H900 (b), and LEHCEB-
treated samples: 20-20 (c), 25-20 (d), 30-20 (e), 2040 (f), 2540 (g), and 3040 (h).

4. Discussion

As-sintered and thermally aged H900 samples have identical surface morphologies
generated by the fabrication process, influenced by the powder dimension and the layerwise
deposition method. Moreover, the thermal treatment does not affect the surface roughness.
For this reason, in Figure 5, only the roughness of the as-is sample is considered and
compared to the one of the surface-treated samples.

Regarding the samples that underwent the surface treatment with the same number
of pulses, it was observed that the surface smoothed and the roughness decreased by
increasing the acceleration voltage of the electron beam: higher energies transferred to the
sample surfaces promote the local increase in temperature, which is responsible for the
formation of a larger liquid fraction. Consequently, the fused material fills the porosity of
the surface and facilitates the redistribution of mass from the peaks to the valleys thanks
to capillary pressure. The roughness difference between the sample treated at 20 kV and
25 kV is higher compared to the difference between the one treated at 25 kV and 30 kV: for
voltages > 25 kV, the liquid fraction generated is consistently larger than that at 20 kV and
the mass redistribution achieved in the time interval of the surface treatment is comparable.

It appears that the roughness and surface morphology do not change much between
the samples treated with the same acceleration voltage but different numbers of pulses.
The temperature achieved during the treatment is constant at each pulse; thus, the liquid
fraction generated at each pulse does not increase: by increasing the number of pulses, we
should expect a similar smoothening effect, which is proportional to the liquid fraction
generated. Similarly, the thickness of the resolidified layer depends primarily on the
acceleration voltage used, and it is slightly influenced by the number of pulses adopted.

Nonetheless, the repeated transfer of thermal energy to the sub-surface region asso-
ciated with the number of pulses applied is responsible for a variation in the mechanical
properties of the surface portion, comprising both the microstructurally modified surface
volume and the region beneath such layer, which can be considered a heat-affected zone.
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During the surface treatment with the electron beam, the surface of the material undergoes
melting and successively very fast cooling. The cooling rate leads to the refinement of
the martensitic microstructure with a columnar grain growth perpendicular to the surface
itself. The heat-affected zone is heated for brief intervals of time to temperatures that
are insufficient to induce a complete austenitization of the material (>1000 °C), as can be
deduced from the fact that the original grains morphology and distribution of the bulk
material is retained. Nonetheless, the temperature is sufficiently high to promote the initial
formation of copper precipitates, especially coherent ones typical of low-temperature aging
(e.g., H900) [22,31].

The influence of the acceleration voltage and the number of pulses is well enlightened
by the friction coefficient curves in Figure 13. By increasing the voltage of the surface
treatment, there is an increase in the duration of the first stable stage of the COF, showing
that higher voltages have a good effect on the wear properties of the material. The effect of
the columnar structure of martensite with a perpendicular orientation with respect to the
pin direction of motion, together with the overall grain refinement, helped improve the
wear resistance of the specimen within the treated layer [21]. The samples treated with an
acceleration voltage of 20 kV suffer from an almost immediate transition toward higher COF
values because the energy flux of the beam was insufficient to melt or to affect a significantly
deep portion of the material. However, the heat generated at the surface was sufficient
to perform localized heat treatment on the surface, refining the martensitic sub-units and
probably also nucleating new copper precipitates. This heat treatment allowed the layer to
resist wearing for a shorter time compared to the higher-voltage sample; however, it was
sufficient to improve the friction properties compared to the bare surface of the as-sintered
and H900 samples.

The heating effect of the electron beam seems to also have an effect on the sub-surface
region of the material. Indeed, the second stage of the COF curves stabilized at a lower
value compared to the as-sintered material, closer to that of the H900-aged specimen.

The use of a higher number of pulses for performing the heat treatment causes a
deterioration of the wear properties. For higher voltages (25 and 30 kV), the wear resistance
of the treated layer was shortened compared to the corresponding samples treated for a
lower number of pulses: the transition to the second stage of COF, in fact, occurred seven
times faster for the sample treated with 30 kV and almost three times faster for the one
treated with 25 kV. The difference at 20 kV and different pulses is less marked since the
depth of the directly treated layer is minimal regardless of the number of pulses. Actually,
the KAM images in Figure 9 suggest that the layer of the sample treated with 40 pulses
presents more high-angle grain boundaries and higher dislocation concentrations, justifying
the delayed onset of the second stage of the COF graph compared to the 20 pulses one [32].

Finally, the number of pulses seems to also influence the region below the surface
layer of the samples. In fact, although the recrystallized /treated layers have similar thick-
nesses/microstructures and the sub-surface region is consistent across testing conditions,
the specimens treated for 40 pulses display an improvement in the COF value at the second
stage of the test. This is coherent with the occurrence of precipitation hardening induced
by the heat transferred from the surface by conduction in the sub-surface region. More
pulses prolong the duration of thermal aging, leading to increased nucleation of copper
precipitates, thus a hardening of the material and an improvement in the wear resistance.

5. Conclusions

This study aimed to evaluate the feasibility of low-energy, high-current electron beam
(LEHCEB) surface treatment as a method to enhance the surface properties of binder-jetted
components at the as-sintered 17-4PH state. The investigation focused on the effects of
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acceleration voltage and the number of pulses on surface morphology, roughness, and
wear resistance.

Considering the surface morphology, the layer treated with the electron beam resulted
in smoother surfaces, with roughness decreasing as the acceleration voltage increased. This
effect was attributed to the higher energy transfer at higher voltages, leading to increased
local melting, mass redistribution, and porosity filling. Conversely, the influence of the
number of pulses on roughness was less pronounced, as the liquid fraction generated
during treatment remained consistent for each pulse.

The microstructure and the thickness of the layer were found to be dependent on
the acceleration voltage, while the number of pulses slightly influenced the second one.
At lower voltages, the thickness is small and not uniform, whereas the 30 kV-treated
samples had a higher thickness with a homogeneous depth and a columnar microstructure
determined by the rapid solidification process.

The influence of the acceleration voltage on the tribological properties of the treated
layer improved the refining of the martensitic microstructure and induced the formation of
copper precipitates, which enhanced hardness and frictional stability in the sub-surface
region. The COF curves revealed that samples treated at 25 kV and 30 kV exhibited
prolonged wear resistance compared to those treated at 20 kV. However, increasing the
number of pulses for higher voltages led to earlier deterioration of wear resistance, likely
due to thermal overstressing of the treated layer. For lower voltages (20 kV), the effect of
pulse number on wear resistance was less pronounced.

The thermal effects of the electron beam extended to the sub-surface region, promoting
precipitation hardening through copper nucleation. While the treated layers exhibited
similar thicknesses and microstructures at 30 kV regardless of the number of pulses, the
wear analysis indicated that the number of pulses strongly influenced the sub-surface
region. Specifically, higher pulse counts negatively impacted tribological properties, as
confirmed by the scratch test results and residual depth measurements. This suggests that
prolonged thermal exposure during treatment can induce changes in the sub-surface region
that deteriorate wear resistance despite the surface layer consistent characteristics.

Overall, the results demonstrate that electron beam surface treatment is a feasible
method for improving surface and sub-surface properties. However, the process requires
careful optimization of voltage and pulse parameters to balance surface smoothing and
wear resistance without causing thermal degradation.

Future studies should focus on optimizing process parameters for specific applications,
particularly exploring how pulse count affects sub-surface properties and the long-term
tribological behavior of treated materials.
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