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Abstract: A comparative study of the microstructure, hardness, and tribological properties of
two different AISI H13 tool steels—classified as the bulk with no heat treatment steel or the
3D-printed steel—was undertaken. Both samples were subjected to ultrasonic nanocrystalline surface
modification (UNSM) to further enhance their mechanical properties and improve their tribological
behavior. The objective of this study was to compare the mechanical properties and tribological
behavior of these tool steels since steel can exhibit a wide variety of mechanical properties depending
on different manufacturing processes. The surface hardness of the samples was measured using
a micro-Vickers hardness tester. The hardness of the 3D-printed AISI H13 tool steel was found to be
much higher than that of the bulk one. The surface morphology of the samples was characterized by
electron backscattered diffraction (EBSD) in order to analyze the grain size and number of fractions
with respect to the misorientation angle. The results revealed that the grain size of the 3D-printed
AISI H13 tool steel was less than 0.5 µm, whereas that of the bulk tool steel was greater than 4 µm.
The number of fractions of the bulk tool steel was about 0.5 µm at a low misorientation angle, and it
decreased gradually with increasing misorientation angle. The low-angle grain boundary (LAGB)
and high-angle grain boundary (HAGB) of the bulk sample were about 21% and 79%, respectively,
and those of the 3D-printed sample were about 8% and 92%, respectively. Moreover, the friction
and wear behavior of the UNSM-treated AISI H13 tool steel specimen was better than those of the
untreated one. This study demonstrated the capability of 3D-printed AISI H13 tool steel to exhibit
excellent mechanical and tribological properties for industrial applications.
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1. Introduction

AISI H13 tool steel is a Cr-Mo hot work steel with a wide range of tooling applications in hot
and cold work such as in extrusion tools, pressure die casting tools, forging dies, hot shear blades,
plastic mold cavities, industrial knives, shot sleeves, and tools in various industries owing to its
properties such as high hardenability, excellent wear resistance, and good thermal shock resistance [1,2].
The hardness of AISI H13 tool steel can resist the thermal fatigue cracking that occurs as a result of
cyclic heating and cooling processes. AISI H13 tool steel is an excellent material for use in hot work
tooling—better than other tool steels—because of its high toughness and high resistance to thermal
fatigue cracking. Therefore, its mechanical properties and wear resistance need to be enhanced
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to extend the fatigue life span of mechanical components and dies made of AISI H13 tool steel.
Moreover, from an economic point of view, it is necessary to make those parts lighter, while maintaining
or improving characteristics such as the mechanical, physical, chemical, and tribological properties.
In general, materials are subjected to heat treatment in order to improve their mechanical properties.
The hardness of AISI H13 tool steel after quenching is in the range of 48–50 HRC. Mo and V serve as
strengthening agents, while Cr assists in increasing the resistance of AISI H13 tool steel to softening at
high temperatures.

In recent years, additive manufacturing, especially metal 3D printing, has attracted considerable
attention due to its emerging properties such as the minimization of material use, the ability to build
any complex shape with a light structure, and the reduction in cost for the manufacturing of mechanical
components with reduced energy [3–5]. The structure built by layer-by-layer processing of metal 3D
printing can compete with bulk materials in terms of mechanical and physical properties for mass
adoption. It has been reported that 3D-printed mechanical components can be up to 60% lighter than
machined mechanical components [6]. In this regard, the emerging technology of 3D printing is in
high demand because of the economic aspect, owing to the aforementioned unique properties offering
both product complexity and multifunctionality of new materials. For example, the aerospace industry
alone saves billions of dollars by weight reduction of mechanical components [7]. Currently, some
3D printing technologies allow printing multiple materials simultaneously [8], which is an excellent
achievement in the metal 3D printing field. Moreover, 3D printing technology has gradually achieved
levels of accuracy and precision that can be deemed somewhat satisfactory [9]. However, there remain
some issues related to the final product produced by the metal 3D printing process. One of the
major issues of metal 3D printing in terms of mechanical properties is the presence of micro-pores,
which occur in mechanical components cracked under cyclic loading, where the porosity locations act
as sites for crack initiation, nucleation, and propagation. The relationship between the microstructure
defects and mechanical properties of materials is very important since the final wear, fatigue, and
corrosion properties of materials can be determined by surface and microstructure defects such as
cracks, pores, and unmelted particles [10]. It has been reported earlier that 3D-printed AISI H13 tool
steel manufactured by different additive manufacturing methods has a lower fatigue strength owing
to the detrimental effects of porosity [11].

A number of heat treatment and surface engineering methods can eliminate pores and enhance
the mechanical properties of materials in order to improve the resistance to wear and fatigue lifespan
of overall mechanical components. For example, hot isostatic pressure (HIP) is usually employed
to eliminate the internal pores formed during manufacturing as well as to improve the mechanical
properties of materials. AlMangour et al. investigated the influence of HIP post-treatment of AISI
H13 tool steel manufactured by the selective laser melting (SLM) method [12]. Moreover, a number
of severe plastic deformation (SPD) methods have also been widely used to improve the mechanical
properties of materials by generating a severe plastically deformed layer with a thickness of more
than 100 µm [13,14]. The main mechanism of the enhancement in mechanical properties of materials
subjected to SPD methods involves the presence of the nanocrystal structure with refined grains at the
nanoscale [15]. Cho et al. studied the surface hardening of AISI H13 tool steel by shot peening and
concluded that the surface hardening occurred for the refined grains, as confirmed by transmission
electron microscopy (TEM) images [16].

In this study, therefore, we employed a relatively newly developed alternative ultrasonic
nanocrystal surface modification (UNSM) process to further improve the mechanical properties
and tribological behavior of 3D-printed AISI H13 tool steel. This process increases the surface
hardness, reduces the surface roughness, and refines the coarse grains into nano-size grains [17],
thus improving the friction and wear behavior and fatigue lifespan of materials. A comparative study
of the microstructure, hardness, friction and wear, and scratching resistance of bulk AISI H13 tool steel
with no heat-treatment and 3D-printed AISI H13 tool steel was undertaken. The UNSM treatment
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demonstrated the capability of increasing the surface hardness and friction and wear behavior of
3D-printed AISI H13 tool steel, which can be used in various tooling applications.

2. Experimental Procedure

2.1. Direct Metal Tooling and Specimen Preparation

An AISI H13 tool steel specimen with a bar shape was selected as the base material that was
not pre-treated by a quenching and tempering heat-treatment process, as our aim was to compare
the properties of the bulk specimen with the 3D-printed specimen not subjected to a heat treatment
process since no additional heat treatment process is undertaken after the metal 3D printing process.
An AISI H13 tool steel sample was manufactured by metal 3D printing using a laser-aided direct metal
tooling (DMT) machine (MX-450, InssTak Inc., Daejeon, Korea) using a 1 kW ytterbium fiber laser.
In this method, laser energy melts powder metals in an enclosed chamber and repeats the process by
layer until the construct is fully realized; this process is similar to the laser cladding or thermal spray
processes. DMT is an additive manufacturing process that can be used for rapid prototyping, tooling,
and functional part fabrication with specific metals. The process fabricates structures by building the
layers. The layers are deposited on preceding layers by local melting of the feeding powder under
the high-power laser and the flow of an inert gas [18]. The rapid heating, melting, and cooling of
feeding powders can generate the following results: (1) distortion and dimensional inaccuracy, (2) high
residual stresses on the parts, (3) local cracks by thermal shock, and (4) voids that can deteriorate the
mechanical properties [19]. DMT can be applied to various metal powders, but this study focused on
AISI H13 tool steel. Conventional H13 steel is a martensitic steel alloy that can offer high hardenability,
excellent wear resistance, and hot toughness. However, DMT-processed AISI H13 tool steel experiences
quick melting, cooling, and reheating. Therefore, its material properties cannot be the same as the
conventional one. Additionally, the laser process direction and voids are also affected.

The material was cut into a plate-shaped specimen with dimensions of 10 × 10 × 3 mm3 using
wire cutting with a wire diameter of 0.14 mm to avoid any generation of stress and change in the
microstructure that might be induced by heat generation. The chemical composition and mechanical
properties of the specimens are listed in Tables 1 and 2, respectively. The yield strength, ultimate
tensile strength, and elongation of the specimens were assessed using a tensile test, while the elastic
modulus was evaluated using a nanoindentation. The chemical composition was obtained using
energy-dispersive X-ray spectroscopy (EDX, AMETEK, Mahwah, NJ, USA). The specimens were
polished using several levels of silicon carbide (SiC) sandpaper up to #2000 grit in order to achieve
a relatively similar average surface roughness with a value of about >0.1 µm. A mirror-like surface for
surface characterization was obtained using a 1-µm diamond suspension.

Table 1. Chemical composition of the bulk and 3D-printed AISI H13 tool steel in wt. %.

Material C V Si Mo Mn Cr Fe

Bulk 0.32 1.00 1.00 1.33 0.25 5.13 balance
3D-printed 0.41 0.90 1.00 1.40 0.35 5.35 balance

Table 2. Mechanical properties of the bulk and 3D-printed AISI H13 tool steel.

Material Yield Strength, MPa Elastic Modulus, GPa UTS, GPa Elongation, %

Bulk 1650 ± 24.64 210 ± 3.44 1990 ± 28.34 9 ± 0.63
3D-printed 1720 ± 24.99 218 ± 3.35 2010 ± 29.67 12 ± 0.66

2.2. UNSM Technique

The UNSM technique strikes the top surface of the specimen to refine the grains into nano-size
grains with a 2.38-mm diameter WC/Si3N4 tip at a frequency of 20 kHz [20]. Figure 1 shows the
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schematic of the experimental setup. In the UNSM process, a generator and piezoelectric transducer
produce 20 kHz waves, and this is amplified at the booster. The tip, which is already in contact with
the surface, vibrates with amplitudes in the range of 10–100 µm. For this reason, a static load (Pst) and
dynamic load (Pdy = P sin2πft) is applied and results in a homogeneous treatment on the surface.Metals 2017, 7, 510  4 of 15 
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Figure 1. Ultrasonic fatigue tester.

The basic concept of UNSM is the instrumental conversion of acoustically tuned harmonic
oscillation into ultrasonically resonant impulses. The UNSM system can be installed onto conventional
NC/CNC machines. In this study, the UNSM treatment was performed on an NC lathe with
a piezoelectric-actuated precise tool positioning stage.

The specimens were treated with the optimized parameters listed in Table 3, which were selected
based on several experimental results in term of surface integrity and surface condition. As can be
seen in Table 3, the applied static loads of the bulk and 3D-printed AISI H13 tool steel specimens
were 30 and 70 N owing to the difference in the initial surface hardness of the specimens, respectively.
Further details of the UNSM technique have been provided in previous publications [21,22]. Prior to
the UNSM treatment, the specimens were cleaned with ethanol and deionized water for 10 min each
using an ultrasonic bath to keep the surface clean, without dust or particles.

Table 3. Optimized ultrasonic nanocrystalline surface modification (UNSM) treatment parameters for
bulk and 3D-printed AISI H13 tool steel.

Material Frequency,
kHz

Amplitude,
µm

Static
Load, N

Speed,
mm/min

Feed Rate,
µm

Ball Diameter,
mm

Ball
Material

Bulk
20 30

30
2000 70 2.38 WC3D-printed 70

2.3. Friction and Wear Test

The friction and wear behavior of the AISI H13 tool steel specimens was assessed using
a ball-on-disk micro-tribo tester (CSM Instruments, Peseux, Switzerland) under dry conditions at room
temperature under the test conditions listed in Table 4. The specimens were subjected to friction and
wear tests under the same test conditions. A bearing steel (SAE52100) ball with a diameter of 12.7 mm
was used as a counter surface specimen, which was fixed to the specimen holder, while the lower AISI
H13 tool steel specimen reciprocated back and forth. A schematic view of the ball-on-disk setting
configuration is shown in Figure 2. The tests were replicated at least three times to obtain a standard
deviation and the mean values of three or more test results are reported here. The three different
cross-sectional wear track profiles were examined to quantify the wear area. The specific wear rate
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and corresponding standard deviation of the specimens were computed as the ratio of wear volume
loss over the normal load multiplied by the total reciprocating sliding distance.

Table 4. Friction and wear test conditions.

Material Applied
Load, N

Contact Stress,
GPa

Reciprocating
Speed, cm/s

Reciprocating
Time, min Stroke, mm

Bulk
10 0.6 2.51 60.0 2.03D-printedMetals 2017, 7, 510  5 of 15 

 

 
Figure 2. Schematic view of a ball-on-disk setting configuration. 
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Figure 2. Schematic view of a ball-on-disk setting configuration.

2.4. Scratch Test

The micro-scratch behavior of the untreated and UNSM-treated AISI H13 tool steel specimens was
evaluated using a single stroke micro-scratch tester (CSM Instruments, Peseux, Switzerland) equipped
with a Rockwell diamond conical probe with a hemispherical tip radius of 200.0 µm at a progressive
load from 0.0 to 50.0 N and a scratch speed of 20.0 mm/min over a total scratch length of 3.0 mm.
All scratches were repeated three times in the same direction and the average data are reported in this
study. The applied progressive load and frictional force were recorded during scratching. The friction
coefficient was calculated based on the ratio of progressive load to friction force. Scratch grooves were
generated by the plastic deformation of the surface during scratching.

2.5. Characterization Tools

The average surface roughness, which was controlled to be similar by polishing in order to avoid
its effect on the friction and wear behavior of the AISI H13 tool steel specimens, was measured using
a two-dimensional surface profilometer (Mitutoyo SJ-210, Mittutoyo, Kawasaki, Japan). The surface
hardness was measured using a microhardness tester (Mitutoyo MVK E3, Mittutoyo, Kawasaki, Japan)
at a load of 300 gf and a dwell time of 10 s. Surface morphology, wear tracks, and scratch grooves
were characterized using scanning electron microscopy (SEM; JEOL JSM-7000F, JEOL, Tokyo, Japan).
The cross-sections of the wear track profile were measured by non-contact 3D laser scanning microscopy
(VK-X100 Series, Keyence, Osaka, Japan). The chemical compositions before and after wear tests were
determined using an EDX (EDAX, AMETEK, Mahwah, NJ, USA). The microstructural evolution and
grain size of the specimens were characterized by using an electron backscattered diffraction (EBSD)
(JSM-7100F, JEOL, Tokyo, Japan) device attached to an SEM.
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3. Results

3.1. Microstructural Evolution

Figure 3 shows the surface morphology along with mapping of the as-received and 3D-printed
specimens obtained using EBSD. It can be seen from Figure 3a that the average grain size of the
as-received specimen was in the range of 5–30 µm in the longitudinal direction. It is clear from Figure 3b
that the UNSM treatment refined the coarse grains into very fine grains with sizes in the range of
1–10 µm in the longitudinal direction. The grain size refinement of the UNSM-treated specimen can be
recognized to the continuous striking during treatment, which induced severe plastic deformation at
the top surface up to a certain depth. In the case of the 3D-printed specimens, as shown in Figure 3c,d,
the grain size spanned a large range; among the coarse grains, the presence of refined grains could
be observed, owing to the heating during additive manufacturing. Those coarse grains were further
refined by the UNSM treatment, owing to which the average grain size was found to be less than
50 nm. It has been previously reported that the UNSM technique is able to produce a nanostructured
material with a grain size of less than 100 nm [23]. The grain size refinement by UNSM treatment
can be attributed to SPD, where dislocation accumulation occurs first and then sub-grains are
formed. Afterwards, some dislocations are annihilated at the sub-grain boundaries to increase the
misorientation angles. Finally, a balance between the formation of dislocations by SPD and the
absorption of dislocations at grain boundaries is established [24]. The number of grain boundaries
significantly increases because of the refinement of coarse grains into nano-grains [25]. Moreover, it can
be proposed that a large number of dislocations are formed in the grain, and dislocations are rearranged
in order to lower the energy level, and a large number of low grain boundaries are formed during
UNSM treatment.
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Figure 3. EBSD (electron backscattered diffraction) images along with mapping of the bulk (a,b) and
3D-printed (c,d) AISI H13 tool steel specimens before and after UNSM treatment.

The number of fractions with respect to the misorientation angle of the as-received and 3D-printed
specimens obtained using EBSD is shown in Figure 4. In the case of the bulk specimens, as shown in
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Figure 4a,b, the number of fractions of the specimens after UNSM treatment increased. The amount of
low-angle grain boundary (LAGB) also increased from 21% to 34%, whereas the amount of high-angle
grain boundary (HAGB) decreased from 79% to 66%. In the case of the 3D-printed specimens shown
in Figure 4c,d, the amount of LAGBs also increased from 8% to 17%, while the amount of HAGBs
decreased from 92% to 83%. This change in grain boundaries may be attributed to the increased
number of grain boundaries owing to UNSM treatment [26]. As a result of the grain refinement,
mechanical properties such as the hardness of materials can improve significantly. The following
sub-section describes the increase in the surface hardness and the decrease in the surface roughness
after UNSM treatment.
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Figure 4. Number of fractions with respect to the misorientation angle for the bulk (a,b) and 3D-printed
(c,d) AISI H13 tool steel specimens before and after UNSM treatment.

3.2. Surface Roughness and Surface Hardness

Surface roughness of the untreated and UNSM-treated specimens was measured as shown in
Figure 5. It was evident that the average surface roughness of the bulk specimen increased after UNSM
treatment from 0.445 to 0.563 µm, while no significant difference was observed for the average surface
roughness for the 3D-printed untreated and UNSM-treated specimens, with observed values of 0.451
and 0.454 µm, respectively. Figure 5b shows that the UNSM treatment tracks were clearly generated on
the specimen surface with a distance (feed-rate) of 70 µm, as shown in Table 3. This corrugated surface
was generated by the forward and backward movement of UNSM treatment during processing. The top
surface images of the untreated and UNSM-treated specimens confirmed that the UNSM treatment
resulted in the formation of micro-dimples on the specimen surface. Some surface modification
technologies can produce a micro-dimple on the surface that has a beneficial effect on the tribological
properties of the material. For example, desired micro-dimples can be produced by laser surface
texturing (LST) technology [27], but the resultant size of micro-dimples is greater than that produced
by UNSM treatment [28].
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Figure 4. Number of fractions with respect to the misorientation angle for the bulk (a,b) and 3D-
printed (c,d) AISI H13 tool steel specimens before and after UNSM treatment. 

3.2. Surface Roughness and Surface Hardness 

Surface roughness of the untreated and UNSM-treated specimens was measured as shown in 
Figure 5. It was evident that the average surface roughness of the bulk specimen increased after 
UNSM treatment from 0.445 to 0.563 μm, while no significant difference was observed for the average 
surface roughness for the 3D-printed untreated and UNSM-treated specimens, with observed values 
of 0.451 and 0.454 μm, respectively. Figure 5b shows that the UNSM treatment tracks were clearly 
generated on the specimen surface with a distance (feed-rate) of 70 μm, as shown in Table 3. This 
corrugated surface was generated by the forward and backward movement of UNSM treatment 
during processing. The top surface images of the untreated and UNSM-treated specimens confirmed 
that the UNSM treatment resulted in the formation of micro-dimples on the specimen surface. Some 
surface modification technologies can produce a micro-dimple on the surface that has a beneficial 
effect on the tribological properties of the material. For example, desired micro-dimples can be 
produced by laser surface texturing (LST) technology [27], but the resultant size of micro-dimples is 
greater than that produced by UNSM treatment [28]. 
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Figure 5. Comparison of surface roughness of the bulk (a,b) and 3D-printed (c,d) AISI H13 tool steel
specimens before and after UNSM treatment.

The surface hardness of the specimens before and after UNSM treatment was measured
to investigate the effects of grain refinement after UNSM treatment on the surface hardness;
the comparison of the surface hardness values is shown in Figure 6. It can be seen that both the
UNSM-treated specimens exhibited a significantly high hardness in comparison with that of the
as-received and 3D-printed specimens. The surface hardness of the as-received and UNSM-treated
bulk and 3D-printed specimens increased from 21 to 34 HRC and 60 to 65 HRC, respectively. It
is important to note that the 3D-printed specimens had a higher hardness in comparison with the
bulk ones, which were not heat-treated, because of the increase in temperature during the build-up
of a material by means of the inert gas (either argon or nitrogen at oxygen levels below 500 parts
per million) to reach a higher melting temperature [29]. The difference between the indentation size
of both the specimens before and after UNSM treatment is shown in Figure 7. The refined grains
after UNSM treatment were directly responsible for the increase in the surface hardness, which can be
explained by the Hall-Petch relationship [30]. A previous study found by TEM observation that the
increase in the surface hardness could also be recognized to the high dislocation density and increased
area fraction of the grain boundaries [31].
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3.3. Friction and Wear Behavior

Dry sliding friction tests were conducted on the bulk and 3D-printed UNSM untreated and treated
specimens to investigate the influence of the UNSM treatment on the friction and wear behavior.
Figure 8 shows the friction behavior of the specimens with respect to the sliding time for up to 70 min.
It was found that the UNSM-treated specimen showed a lower friction coefficient than the untreated
one in both cases. In the case of the bulk specimens, the friction coefficient increased rapidly at the
beginning of sliding due to surface contamination (e.g., water absorption) and initial true contact.
After reaching the highest point, it decreased gradually with time and reached a plateau at 0.41 and
0.36 for the untreated and UNSM-treated bulk specimens, respectively. The friction coefficients of the
untreated specimen in the running-in and steady-state periods were found to be higher than those
of the UNSM-treated specimen by about 14%. For the 3D-printed specimens, the friction coefficient
increased rapidly at the onset of sliding, where the UNSM-treated specimen showed a higher decrease
rate than the untreated one by about 20%, which may be attributed to the presence of the corrugated
surface, resulting in a decrease in the contact area at the interface [32]. Moreover, the yield strength
increase requires more energy for plastic deformation and reduces the friction coefficient of the
UNSM-treated specimens [33]. The short period of high friction behavior for the untreated specimen
at the beginning of the test may be affected by the smoothening of the initial surface roughness.
However, the friction behavior was relatively stable with little fluctuation. In contrast, the friction
behavior of the UNSM-treated specimen started fluctuating in the transition period from the running-in
stage to the steady-state stage. This friction behavior usually occurs because of the initial surface
roughness and the plastic deformation of contact interface by high contact stress [34]. In other words,
the repeated sliding causes the contact area increase and results in the formation of a wear track on the
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surface. The friction coefficient decrease of the UNSM-treated specimen causes a change in the surface
roughness and results in a surface modified by UNSM [35].Metals 2017, 7, 510  10 of 15 
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Figure 8. Comparison of friction coefficients of the bulk (a) and 3D-printed (b) AISI H13 tool steel
specimens before and after UNSM treatment.

Figure 9 shows the wear track images of the untreated and UNSM-treated bulk and 3D-printed
specimens. The SEM images show that the surface wear track was different between UNSM-treated
and untreated specimen. In addition, significant changes were noted in the surface roughness of
the specimens after the friction test. However, for the UNSM-treated specimen, the wear track was
partially formed because of the corrugated surface, which does not allow the specimen to have
full contact with the counter surface. In the case of the untreated specimen, some tiny peeled-off
particles were observed on the surface, owing to a true contact area and an initial surface roughness,
which was smoother than that of the UNSM-treated specimen. The specific wear rate was quantified
according to the cross-sectional profiles of each wear track and wear test conditions. Results revealed
that the specific wear rates of the untreated and UNSM-treated bulk and 3D-printed specimens
were 5.6 × 10−6 mm3/Nm, 3.4 × 10−6 mm3/Nm, 2.4 × 10−6 mm3/Nm, and 1.3 × 10−6 mm3/Nm,
respectively. The bulk specimens evidently had a lower wear resistance than the 3D-printed specimens.
The wear mechanism of the untreated specimens was adhesive wear, occurring mainly due to the
plastic deformation during sliding contact, as shown in Figure 9a,c. It was also observed that the
wear track of the UNSM-treated specimens showed no cracks, whereas the presence of micro-cracks
(shown by arrows) inside the wear track of the untreated ones were confirmed by high-magnification
SEM images, as shown in Figure 9b,d. Abrasion wear could be observed on the surface of the
UNSM-treated specimens, which was attributed mainly to the detachment of the initial asperities
derived from the rough surface induced by the UNSM treatment. The adhesive wear can be explained
by the fact that the oxide layer on the asperities is broken up easily due to the contact stress, resulting
in direct metal-to-metal contact [36,37]. Thus, the wear track of each specimen was subjected to EDS to
investigate the chemical state of the wear track, as shown in Figure 10. The presence of oxides was also
detected, and was found to affect the friction and wear mechanisms as well, as shown in Figure 10a,b,
which developed during the dry sliding of the materials in relative motion. Oxidative wear was found
to be dominant for the 3D-printed specimens, as shown in Figure 10c,d, but the level of oxidation
was much higher at the interface where the untreated specimen came into contact with the counter
surface compared to the interface where the UNSM-treated specimen came into contact with the
counter surface under dry conditions. Moreover, the presence of oxide films at the interface could be
responsible for the lack of steady-state behavior of the friction over sliding time shown in Figure 9.
Hence, the oxide layer was not particularly beneficial in reducing the friction coefficient, while it also
deteriorated the wear resistance of the materials [38]. In addition, it is well known that several types
of wear mechanisms take place for metallic materials during wear processing simultaneously, where
a great amount of carbon and oxygen can be formed during wear processing in steels. In general,
a carbon-rich tribo-layer can be formed at the contact interface during sliding [39].
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Figure 10. Energy-dispersive X-ray spectroscopy (EDX) spectra of the wear track of the bulk (a,b) and 
3D-printed (c,d) AISI H13 tool steel specimens before and after UNSM treatment.  

4. Conclusions 

In this study, two different AISI H13 tool steels—bulk and 3D-printed—were subjected to 
UNSM treatment. The surface roughness, surface hardness, friction and wear behavior, and 
microstructural evolution in terms of the grain size and number of fractions were investigated for the 
specimens and compared with the results obtained for the corresponding untreated specimens. 
According to the experimental results, the followings conclusions can be drawn:  

(1) The average grain size of the as-received specimen was in the range of 5–30 μm in the 
longitudinal direction, which was refined to very fine grains with sizes in the range of 1–10 μm 
in the longitudinal direction after UNSM treatment. LAGB and HAGB of the bulk specimens 
were about 21% and 79%, and those of the 3D-printed specimens were about 8% and 92%, 
respectively. 

(2) The average surface roughness of the bulk specimen increased after UNSM treatment from 0.445 
to 0.563 μm, while no significant difference was observed for the average surface roughness of 
the 3D-printed untreated and UNSM-treated specimens, with observed values of 0.451 and 0.454 
μm, respectively. The surface hardness of the as-received and UNSM-treated bulk and 3D-
printed specimens increased from 21 to 34 HRC and 60 to 65 HRC, respectively. 

(3) The friction coefficient of the untreated specimen in the running-in and steady-state periods was 
found to be higher than that of the UNSM-treated specimen by about 14%. For the 3D-printed 
specimens, the friction coefficient increased rapidly at the onset of sliding, where the UNSM-
treated specimen showed a higher decrease rate than the untreated one by about 20%. The 
specific wear rates of the untreated and UNSM-treated bulk and 3D-printed specimens were 5.6 
× 10−6 mm3/Nm, 3.4 × 10−6 mm3/Nm, 2.4 × 10−6 mm3/Nm, and 1.3 × 10−6 mm3/Nm, respectively. 

Hence, this work demonstrated the capability of achieving excellent mechanical and tribological 
properties for AISI H13 tool steel for industrial applications. In the near future, it is expected that 
UNSM processed 3D-printed metallic materials can be replaced bulk metallic materials because of 
their economic advantages.  
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Figure 10. Energy-dispersive X-ray spectroscopy (EDX) spectra of the wear track of the bulk (a,b) and
3D-printed (c,d) AISI H13 tool steel specimens before and after UNSM treatment.

4. Conclusions

In this study, two different AISI H13 tool steels—bulk and 3D-printed—were subjected to UNSM
treatment. The surface roughness, surface hardness, friction and wear behavior, and microstructural
evolution in terms of the grain size and number of fractions were investigated for the specimens and
compared with the results obtained for the corresponding untreated specimens. According to the
experimental results, the followings conclusions can be drawn:

(1) The average grain size of the as-received specimen was in the range of 5–30 µm in the longitudinal
direction, which was refined to very fine grains with sizes in the range of 1–10 µm in the
longitudinal direction after UNSM treatment. LAGB and HAGB of the bulk specimens were
about 21% and 79%, and those of the 3D-printed specimens were about 8% and 92%, respectively.

(2) The average surface roughness of the bulk specimen increased after UNSM treatment from 0.445
to 0.563 µm, while no significant difference was observed for the average surface roughness of the
3D-printed untreated and UNSM-treated specimens, with observed values of 0.451 and 0.454 µm,
respectively. The surface hardness of the as-received and UNSM-treated bulk and 3D-printed
specimens increased from 21 to 34 HRC and 60 to 65 HRC, respectively.

(3) The friction coefficient of the untreated specimen in the running-in and steady-state periods
was found to be higher than that of the UNSM-treated specimen by about 14%. For the
3D-printed specimens, the friction coefficient increased rapidly at the onset of sliding, where
the UNSM-treated specimen showed a higher decrease rate than the untreated one by about
20%. The specific wear rates of the untreated and UNSM-treated bulk and 3D-printed
specimens were 5.6 × 10−6 mm3/Nm, 3.4 × 10−6 mm3/Nm, 2.4 × 10−6 mm3/Nm, and
1.3 × 10−6 mm3/Nm, respectively.

Hence, this work demonstrated the capability of achieving excellent mechanical and tribological
properties for AISI H13 tool steel for industrial applications. In the near future, it is expected that
UNSM processed 3D-printed metallic materials can be replaced bulk metallic materials because of
their economic advantages.
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