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Abstract: Laser heat-treatment and laser nitriding were conducted on an AISI P21 mold steel using a
high-power diode laser with laser energy densities of 90 and 1125 J/mm?, respectively. No change
in surface hardness was observed after laser heat-treatment. In contrast, a relatively larger surface
hardness was measured after laser nitriding (i.e., 536 HV) compared with that of the base metal
(i.e., 409 HV). The TEM and electron energy loss spectroscopy (EELS) analyses revealed that laser
nitriding induced to develop AIN precipitates up to a depth of 15 um from the surface, resulting in
surface hardening. The laser-nitrided P21 exhibited a superior wear resistance compared with that
of the base metal and laser heat-treated P21 in the pin-on-disk tribotests. After 100 m of a sliding
distance of the pin-on-disk test, the total wear loss of the base metal was measured to be 0.74 mm?,
and it decreased to 0.60 mm? for the laser-nitrided P21. The base metal and laser heat-treated P21
showed similar wear behaviors. The larger wear resistance of the laser-nitrided P21 was attributed to
the AIN precipitate-induced surface hardening.

Keywords: plastic mold steel; laser heat-treatment; laser nitriding; aluminum nitride; wear resistance

1. Introduction

AISI P21 steel is used for plastic injection molds due to its good mechanical properties with
excellent machinability [1]. Plastic injection molds are expected to be used for several million shots
for the mass production of plastic products. However, the molds can be damaged by wear, corrosion,
and fatigue during plastic injection molding. The damaged molds should be replaced to maintain
a satisfactory quality of plastic products, thus increasing the production cost. Appropriate surface
treatments can prevent damages to the mold, resulting in an extended mold lifespan. Several studies
have investigated the application of surface treatments to mold steels and tool steels in the form of
surface heat-treatment [2-5], nitriding [3,6-8], surface coating and alloying [9-12], and peening [5,13,14].
Lee et al. [2] investigated the laser melting-induced microstructural evolution and surface hardening
of SM45C mold steel. Telasang et al. [4] reported that laser surface hardening/melting improved the
wear and corrosion resistances of AISI H13 tool steel. However, only a few studies have reported the
influence of surface treatments on the microstructure, mechanical properties, and functional properties
of AISI P21 mold steel. Our previous studies [3,7] investigated the influence of laser heat-treatment and
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laser nitriding on the microstructure and microhardness of P21 steel. These studies revealed that the
laser heat-treatment did not induce surface hardening, and the laser nitriding parameters affected the
microhardness and nitriding thickness. Wen [8] reported an increase in wear and corrosion resistances
after the plasma nitriding of P21 steel.

Nitriding is a heat-treatment process that uses the diffusion of nitrogen into the subsurface of
metals to attain surface hardening [15]. A conventional plasma nitriding process has been widely
applied in manufacturing gears, die-casting tools, camshafts, crankshafts, molds, etc., to improve
wear, corrosion, and fatigue resistances [8,16-19]. The concept of laser nitriding was first suggested by
Katayama et al. [20] in 1983 to achieve a higher speed process than plasma nitriding. Various studies
have been conducted to investigate the influences of laser nitriding on the microstructure, mechanical
properties, and functional properties of materials [21-23]. A pulsed CO, laser was employed for
laser nitriding to induce the formation of martensite and nitride in tool steels and stainless steel,
resulting in an increase in surface hardness and wear and corrosion resistances. An application of
a continuous-wave CO; laser with N, gas on SAE 52,100 steel led to the formation of a thin nitride
layer [24]. An enhancement in wear resistance was observed due to the formation of a hard nitride
layer. Binczycka et al. [25] and Illgner et al. [26] used an excimer laser to obtain laser-nitrided stainless
steel and iron, respectively. They revealed that nitrogen content and laser parameters (i.e., laser energy
density and the number of pulses) strongly affect the formation of nitrides. Copola et al. [27] conducted
the laser nitriding of low carbon steel using an neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser and an excimer laser and achieved an increased in corrosion resistance. Ingelgem et al. [28]
achieved surface hardening and improved corrosion resistance of martensitic stainless steel using a
diode laser. However, limited studies have investigated the laser nitriding process for mold steels,
with a lack of discussion on the microstructural evolution after laser nitriding [7].

Laser-based surface treatments are widely used for the surface modification of metals due to
their high precision, high speed, and selectivity. In this study, laser heat-treatment and laser nitriding
were applied to AISI P21 mold steel using a high-power diode laser to obtain a high-durability plastic
injection mold. The laser treatment-induced microstructural evolutions were characterized by TEM
and EELS analyses. Moreover, the microhardness was compared by using measurements from before
and after the laser treatments. Additionally, a pin-on-disk tribotest was performed for the base metal,
laser heat-treated P21, and laser-nitrided P21 to investigate the correlation between the laser treatments
and wear behaviors.

2. Materials and Methods

2.1. Materials and Experimental Set-Up for Laser Heat-Treatment and Laser Nitriding

A commercial AISI P21 steel (NAKS80, Daido Steel Co., Ltd.) with dimensions of 100 (W) X
150 (D) x 15 (H) mm?> was used for this study [1]. The chemical composition of P21 steel is listed
in Table 1. Figure la,b shows the experimental set-up for the laser heat-treatment (LH) and laser
nitriding (LN) processes, respectively. A continuous-wave mode of a 4 kW diode laser (TeraBlade,
TeraDiode Inc., Wilmington, MA, USA) with a wavelength of 970 nm was employed for both LH
and LN. The laser beam had a flat-top energy distribution with dimensions of 6 (W) x 4 (D) mm?.
The laser head was mounted on a six-axis multi-joint robot for the laser beam scanning. The laser head
was tilted 5° to a normal direction to the specimen to inhibit the laser system damage from the laser
beam reflection. For the LH samples, the laser beam scan speed and laser energy density were set to
5.0 mm/s and 90 J/mm?, respectively, corresponding to a specimen surface temperature of 1200 °C.
A two-color pyrometer (LASCON, Dr. Mergenthaler GmbH & Co. KG, Neu-Ulm, Germany) was
coaxially fixed on the laser head and measured the surface temperature of the specimen. The pyrometer
was synchronized with the diode laser to maintain the specimen surface temperature at 1200 °C by
controlling the laser power in real-time. A vacuum chamber with dimensions of 200 (W) x 200 (D) x
200 (H) mm?® was employed to conduct the laser nitriding process under an N atmosphere (Figure 1b).
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The vacuum chamber was evacuated down to 3.0 x 1072 torr, followed by filling pure nitrogen gas
(purity: 99.99%) up to 7.0 x 10? torr. The N, atmosphere was maintained during the LN process.
The laser beam was applied to the P21 specimens through a transparent glass window of the gas
chamber. The laser beam scan speed and laser energy density were set to 0.4 mm/s and 1125 J/mm?,
respectively. The surface temperature of the specimen could not be measured due to the usage of the
vacuum chamber and the limitation of the pyrometer. The laser energy density was calculated using
Equation (1).

Laser energy density (J/mm?) = laser power (W)/(beam depth (mm) X scan speed (mm/s)) (1)

Table 1. Chemical composition of AISI P21 steel.

Elements C Si Mn P S Ni Cr Cu Mo Al Fe
wt% 013 030 159 015 001 310 026 1.03 028 1.06 Bal
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Figure 1. Experimental set-up for the (a) laser heat-treatment and (b) laser nitriding processes.
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2.2. Microstructure

An X-ray diffraction (XRD; SmartLab, Rigaku) analysis of base metal (BM), LH P21, and LN P21
was conducted with Cu-K« radiation (A = 1.541 A) at a tube voltage of 45 kV and a current of 200 mA .
The microstructures of BM, LH P21, and LN P21 were examined via optical microscopy (OM; ECLIPS
MA 200, Nikon, Tokyo, Japan), scanning electron microscopy (SEM; SNE-4500M, SEC, Suwon, Korea),
and transmission electron microscopy (TEM). Two different TEM analyses were conducted using the
thin film technique (JEM-2200FS, JEOL, Tokyo, Japan) and the replica technique (JEM-2010, JEOL,
Tokyo, Japan). For the thin-film technique, the TEM samples were prepared using a lift-out technique
by the focused ion beam (FIB; Helios NanoLab DualBeam 650, FEI, Hillsboro, OR, USA) method.
For the LH P21, the chemical composition was confirmed via energy-dispersive X-ray spectroscopy
(EDS, X-Max 65T, Oxford, Abingdon, UK) during TEM analysis. For the LN P21, the elemental
distribution mapping was conducted for Fe, Al, and N using an energy-filtered transmission electron
microscope (EFTEM). Each element signal was extracted from the high spatial resolution EELS peaks
(i.e., Fe-L3 edge (708 eV), Al-L, and -L3 edges (73 eV), and N-K edge (401 eV)).

2.3. Microhardness and Tribological Test

The microhardness was measured using a Vickers hardness tester (MMT-X7, Matsuzawa, Akita,
Japan) with a load of 0.01 kgf and a holding time of 10 s. The microhardness was measured three times,
and the obtained values were averaged.

Dry sliding wear tests were performed by a pin-on-disk tribometer (CETR UMT-2, Bruker, Billerica,
MA, USA) with a sliding speed of 27.8 mm/s and a normal load of 30 N. The total sliding distance was
100 m, and the worn thickness was measured at sliding distance intervals of 25 m. The dimensions
of the cube P21 specimens were 3 (W) mm X 3 (D) mm X 3 (H) mm for the pin-on-disk test. A gray
cast-iron disk with a diameter of 142 mm, a thickness of 6 mm, and a surface hardness of 245 HV was
used as the counter material (Figure 2). Before the tribotests, all the specimens were polished with
SiC papers, and the average surface roughness (R,) was approximately 0.8 um. After the tribotest,
the average of surface roughness and surface morphology at the worn surface were analyzed using
laser scanning microscopy (VK-8710, Keyence, OSAKA, Japan) and SEM, respectively. The wear
volume was estimated by multiplying the worn thickness and area of the specimen (i.e., wear volume =
worn thickness X specimen width xXspecimen depth). All the tribotests were performed three times,
and the obtained results were averaged. The tribotests were conducted at 25 °C and a relative humidity
of 40-60%.

Figure 2. Experimental set-up for the pin-on-disk test.
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3. Results

Figure 3a shows the SEM image of the BM; a typical morphology of tempered martensite was
examined. A magnified SEM image (Figure 3b) was obtained and is shown in the red box in Figure 3a.
A few nanometer-size particles were observed, and these are known as Cu particles [3,29,30].

(a) SEM image (b) Magnified SEM image

Figure 3. (a) Top-sectional SEM image of the P21 steel and (b) a few nanometers of Cu particles
observed in the magnified SEM image.

Figure 4 shows the XRD profiles of the BM, LH P21, and LN P21. No major phase transformations
were observed from the LH and LN samples, and all the peaks indicated the martensite phase.
A marginal peak shifting toward a lower 20 value was observed for the LH P21 and LN P21 in
comparison to the BM, as shown in Figure 4b. The shift in the XRD peak can be attributed to
the presence of compressive residual stress, surface hardening, and grain refinement after laser
treatments [28,31-34].

Figure 5 shows the microstructure at the top surface of the LH P21 (at the location of “A” in
Figure 5a). Figure 5a shows the top and cross-sectional OM images. The length and maximum depth
of the laser heat-treated region (marked with a red dotted line) were approximately 5.2 and 0.6 mm,
respectively. The typical lath morphology of martensite was observed in the SEM image, as shown in
Figure 5b. The bright-field (BF) scanning transmission electron microscopy (STEM; Figure 5c) image and
corresponding selected area electron diffraction (SAED; Figure 5d) pattern confirmed the martensite
phase in the matrix [3]. Figure 6 shows the microstructure and chemical composition at the boundary
of the laser heat-treated region and the BM of the LH P21 (at the location of “B” in Figure 5a). A similar
microstructure to that of the BM was observed from the SEM image in Figure 6a. However, relatively
larger particles with a loose distribution were detected in the magnified SEM image (Figure 6b). The BF
STEM analysis (Figure 6c) revealed that the spherical shape of particle size ranged from a few tens to a
few hundreds of nanometers. Moreover, these particles were characterized as a Cu particle by the EDS
analysis, as shown in Figure 6d.
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(a) Top and cross-sectional OM images

(d) SAED pattern

ZA=[001] ®
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7 of 15

Figure 5. Microstructure of the LH P21 at the top surface (labeled as “A” in (a)); (a) top- and
cross-sectional optical microscopy (OM) image, (b) top-sectional SEM image, (c) bright field scanning

transmission electron microscopy (STEM) image, (d) selected area electron diffraction (SAED) pattern
for TEM image, and (e) the indexing of the SAED pattern.

(a) SEM image

W s

(c) BF STEM image

Figure 6. Microstructures of the LH P21 at the boundary of the heat-treated region (labeled as “B”
in Figure 5a); (a) top-sectional SEM image, (b) magnified SEM image at the red box in (a), (c) bright

field STEM image of precipitates, and (d) chemical composition of precipitates obtained from the

EDX analysis.
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Figure 7 shows the top- and cross-sectional OM and SEM images of the LN P21. In Figure 7a,
two distinct regions can be observed in the cross-sectional OM image due to the high applied laser
energy density. A yellow dotted line represents the melted region and a red dotted line indicates the
heat-affected zone. The length and maximum depth of the laser heat-treated region were approximately
8 and 2.7 mm, respectively. Figure 7b,c shows the top- and cross-sectional SEM images at the location
of “A” in Figure 7a, respectively. A distinct laser-nitrided region was observed in the top-sectional
SEM image.

(a) Top and cross-sectional OM images

\
M. Melted zone

Heat-éﬂécted
zone

(b) Top-sectional SEM image (c) Cross-sectional SEM image

Figure 7. Microstructure of the LN P21; (a) top- and cross-sectional OM images and (b) top-sectional
and (c) cross-sectional SEM images at the location of top surface labeled as “A”.

Moreover, precipitates sized from a few hundred nanometers to a few micrometers were detected
up to a depth of 15 pm from the surface. The microstructure and elemental distribution were investigated
using the TEM and EELS analyses. Figure 8a shows the TEM image and the SAED pattern of the
precipitates. In the TEM image, the precipitates are marked with white arrows. The SAED pattern
revealed that the lattice parameter was 0.246 nm, corresponding to the AIN hexagonal wurtzite
crystal structure [35]. Figure 8b shows the elemental distribution maps for Fe, Al, and N using the
EELS analysis at the red box in Figure 8a. This confirms that Fe was well-distributed in the matrix,
while almost no Fe was detected at the precipitate. On the contrary, Al and N mainly constituted the
precipitate. This analysis coincided well with the TEM analysis, which revealed that the precipitate
was composed of AIN.
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\\ (0002)
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(b)

Figure 8. (a) Magnified TEM image at the red box in figure (a) and (b) corresponding Fe, Al, and N
elemental distribution maps obtained from the electron energy loss spectroscopy (EELS) analysis.

Figure 9 shows the average microhardness of the BM, LH P21, and LN P21 against the depth
from the surface. The error bars indicate the range of measured microhardness. The comparable
microhardness values were obtained for the BM and LH P21. The surface microhardness values were
found to be 409 and 410 HV for the BM and LH P21, respectively. No increase in microhardness was
detected for the LH P21; similar results were reported by Kwok et al. [36]. For the LH P21, an abrupt
decrease in microhardness (i.e., 311 HV) was observed at a depth of 600 pm. The location of the
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decrease in microhardness corresponded to the boundary of the laser heat-treated region and the BM
(at the location of “B” in Figure 5a). Moreover, this softening behavior was caused by the coarsening of
Cu particles from a few nanometers to a few hundreds of nanometers (Figure 6b). For the LN P21,
the surface hardness was measured as 536 HV, and this value decreased to 411 HV at a depth of 200 pm.
This result confirmed that the laser nitriding process induced the surface hardening of P21, but it
was only limited within the subsurface. The softening behavior was also observed for the LN P21 at
the boundary of the laser heat-affected region and the BM (i.e., at a depth of approximately 2.7 mm,
as shown in Figure 7).
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Figure 9. Vickers hardness of the BM, LH P21, and LN P21 as a function of the depth from the surface.

A dry sliding wear test was performed by a pin-on-disk tribotest for the BM, LH P21, and LN
P21. Figure 10 shows the coefficient of friction (COF) values as a function of the sliding distance.
Comparable COF values were observed for the BM (Figure 10a) and LH P21 (Figure 10b), and average
COF values were measured as 0.31 and 0.32 for the BM and LH P21, respectively. The LN P21 showed
the smallest COF (Figure 10c), and the average COF was found to be 0.29.

Figure 11 shows the average wear volume as a function of the sliding distance for the BM,
LH P21, and LN P21. The error bar in this figure represents the range of wear loss obtained from
three pin-on-disk tests. The total wear losses after 100 m of sliding distance were found to be 0.74
and 0.71 mm? for the BM and LH P21, respectively. A linear increase in the wear loss was observed
for both graphs, indicating no change in the wear mechanism during the tribotest. For the LN P21,
however, the total wear loss after 100 m of sliding distance was measured as 0.60 mm?, which showed
an 18.9% reduction compared to the BM. Figure 12 shows the surface morphology of the worn surface
after 10 and 100 m of sliding distances for the BM and LN P21. After 10 m of sliding distance in the
pin-on-disk test, a relatively smoother surface with thin abrasion grooves was detected for the LN P21
(Figure 12b) in comparison to the BM (Figure 12a). Surface damages in the forms of abrasion groove,
spalling, and delamination were observed for the BM. The average surface roughness (R,) values
were found to be 2.91 and 1.92 pum for the BM and LN P21, respectively. Conversely, a similar surface
morphology was observed for the BM (R,: 3.49; Figure 12¢) and LN P21 (R,: 3.42; Figure 12d) after
100 m of sliding distance in the pin-on-disk test.
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Figure 10. Coefficient of friction obtained from the pin-on-disk test for the (a) BM, (b) LH P21,

and (c) LN P21.
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Figure 11. Wear loss of the BM, LH P21, and LN P21 as a function of sliding distance.
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Figure 12. Surface morphology obtained from the pin-on-disk test for the (a) BM after 10 m of sliding
distance, (b) LN P21 after 10 m of sliding distance, (c) BM after 100 m of sliding distance, and (d) LN
P21 after 100 m of sliding distance.

4. Discussion

As shown in Figures 7 and 8, the formation of AIN precipitates was detected at the subsurface
region of P21 after laser nitriding. The formation mechanism of AIN precipitates can be summarized as
follows. During the laser nitriding process, N diffused into the melted P21 steel, and Al also diffused
toward N due to a relatively stronger chemical affinity of Al and N than that of Fe and N [37]. As a
result, a number of AIN precipitates was formed within the subsurface. Zhang et al. [38] reported that
a continuous nitride layer was formed by plasma nitriding of Fe-Al alloy. However, the nitride layer
was not developed by the laser nitriding of P21 steel due to its relatively lower Al content and shorter

processing time.



Metals 2020, 10, 1487 13 of 15

This laser nitriding-induced microstructural evolution caused the surface hardening of the P21
steel. The surface hardness of P21 increased from 409 to 536 HV after laser nitriding (Figure 9).
Moreover, a different wear behavior was observed for the LN P21 compared with that of the BM and
LH P21. In the case of the BM and LH P21, relatively constant COF values were observed in the COF
graphs (Figure 10). On the contrary, in the case of the LN P21, two different steady-state regions were
detected in the COF graph. In the early stage of the pin-on-disk test, up to approximately 20 m of
sliding distance, the COF values reached a steady-state after a sharp increase at the beginning of the
tribotest. Then, a gradual increase in the COF values occurred from sliding distances of approximately
20 to 27 m, which may be attributed to a change in contact characteristics. Finally, constant COF values
were obtained until the end of the tribotest. In the early stage of the pin-on-disk test, the tribotest
was performed under the contact of the AIN-precipitated surface and the counter material. The large
microhardness of the surface region containing the AIN precipitates induced relatively low COF values,
where the average COF value was measured as 0.27. After approximately 20 m of sliding distance,
the AIN-precipitated subsurface layer may have been completely worn out due to the surface removal.
Therefore, the AIN-free subsurface region may have been exposed and contacted with the counter
material. An increase in the COF values was observed due to the relatively low microhardness of this
region. The average COF value was found to be 0.31 at this period, which was comparable with the
values of the BM and LH P21. Consequently, in the wear loss as a function of the sliding distance
(Figure 11), a slightly smaller value of wear loss (i.e., 0.1 mm?3 of wear loss) was detected at the first
25 m of sliding distance in comparison to that of the other 25 m of sliding distances (i.e., approximately
0.17 mm?3 of wear loss). Moreover, a relatively smoother surface morphology was obtained after 10 m
of sliding distance compared with that of 100 m of sliding distance. Those results were attributed to
the presence of hard AIN precipitates in the subsurface region of LN P21.

5. Conclusions

This study investigated the influence of laser heat-treatment and laser nitriding on the
microstructural evolution and tribological characteristics of AISI P21 mold steel. Laser heat-treatment
was performed at a laser energy density of 90 J/mm?, and laser nitriding was conducted in a vacuum
chamber filled with nitrogen gas at a laser energy density of 1125 J/mm?. No major phase transformation
was detected in the X-ray diffraction profile after laser heat-treatment and laser nitriding. For the
laser heat-treated P21, no increase in microhardness was induced by laser heat-treatment. For the
laser-nitrided P21, randomly distributed AIN precipitates were developed up to a depth of 15 um
from the surface, resulting in surface hardening. The surface microhardness increased from 409 to
536 HV after laser nitriding, while surface hardening was only detected at the top surface. Pin-on-disk
tribotests were conducted to investigate the behavior after laser heat-treatment and laser nitriding.
The laser-nitrided P21 showed a superior wear resistance in comparison to the base metal and laser
heat-treated P21. The wear loss of laser-nitrided P21 was 18.9% less than the base metal in the
pin-on-disk test. The enhanced wear resistance of laser-nitrided P21 was attributed to the increase in
microhardness induced by the formation of AIN precipitates.
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