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Abstract: Plasma nitriding, a surface treatment technique, is gaining popularity, as it is environment-
friendly and offers superior mechanical properties. This research studied the wear and friction
performance of AISI H13 die steel after plasma nitriding in a gas mixture of N2:H2 at 20:80, 50:50,
and 80:20 (volume ratio) at a fixed time and temperature. This work aimed to analyze the sliding
wear performance of the plasma-nitrided tool die steel in hot-forming operations at higher loads.
Scanning electron microscopy/electron-dispersive spectroscopy (SEM/EDS) and X-ray diffraction
(XRD) techniques were used to study the microstructures of the H13 die steel pins after plasma
nitriding. Wear tests were performed on a high-temperature tribometer under uni-directional sliding
and dry conditions using a high-temperature tribometer under a 50 N load at various operating
temperatures ranging from 25 °C to 600 °C. The results show that the plasma-nitriding process with
Nj:H, at 20:80 improved the wear behavior of H13 steel. The friction coefficients and wear volume
losses for all the plasma-nitrided specimens were less than those of the untreated die steel.

Keywords: AISI H13; plasma nitriding; high-temperature wear; friction; SEM

1. Introduction

High-strength steel sheets are exposed to elevated temperatures in the hot-forming
industry. The thin sheets are heated in a furnace, and during heating, the surfaces of
the steel sheets show the formation of thick oxide layers consisting of different oxides.
This, in turn, reduces friction during the forming operation, as Vergne, 2006 [1] mentioned
in his studies. The hot steel sheet is then transferred between the forming dies, and,
with the graduate load, the forming of the steel sheet occurs as the tool closes. In many
cases, the forming dies are preheated and, during the forming operation, the die surface
temperature may exceed 550 °C. The surfaces of the dies are exposed to high tempering due
to mechanical and thermal loads. After a few operations, the dies wear out and lose their
dimensions. The hardness of the dies is reduced due to the relative sliding between the steel
sheet (workpiece) and the die (tool) materials. The tribo-chemical layers develop on the
surface of the dies [2—4]. Increasing the wear strength of these materials increases the cost
of the material [5]. Apart from wear, thermally and mechanically induced strain, thermal
fatigue, cracks, micro-cracks, and tempering are other failure mechanisms recognized in
hot-forming dies. Thermal fatigue leads to cracking in the dies [6-8].

The literature has revealed that approximately 70% of failures in the hot-forming/
forging mechanical industries are due to the tribological characteristics of the moving
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machine components [9,10]. One-third of the world’s energy resources result in waste due
to wear and friction [11,12]. The waste of materials and energy, as well as overall pollution,
must be reduced. Several approaches have been followed to improve the performance of
the tool materials used in the hot-forming industry [13].

Among the various surface treatments, one of the most highly recommended processes
is plasma nitriding [8,14]. Plasma nitriding, also known as ion nitriding or glow-discharge
nitriding, is a surface engineering process used to improve the mechanical and physical
properties of metal components. It is a thermochemical treatment that introduces nitrogen
into the surface layers of a metal part to create a hard and wear-resistant nitride layer.
The process involves placing the workpiece inside a vacuum chamber or furnace. The
chamber is then filled with a nitrogen-rich gas, usually ammonia (NH3), at low pressure.
An electric field is applied to the gas, creating a plasma discharge. The plasma consists
of highly energized nitrogen ions and electrons. This surface treatment technique is
considered a practical alternative for the controlled hard facing of different components
that experience fatigue and wear. The surface properties of dies can be improved by plasma
nitriding [8,14,15]. In this process, the hardness of the surface of machine components
can be increased by diffusing nitrogen into them. This process is environment-friendly,
and minimum distortion of the components is ensured as the process is carried out at
lower workpiece temperatures. Plasma nitriding imparts wear resistance to stainless steels
and hot/cold-worked steels [14-19]. AISI H13 hot-forming tool steels are well-known
candidates for fabricating dies in the hot-press-forming/forging industry. Although these
materials have adequate mechanical strength at elevated temperatures, they often lack
resistance to wear [20]. The demand for protective surface treatments has increased recently
for almost all types of tool steels. Though enough work has been carried out to increase
the wear resistance of the H13 material at different temperatures, it has been observed that
limited data are available on wear tests at higher loads and at higher temperatures.

The present investigation aimed to develop plasma nitriding on selected die steel:
AISI H13 (H13). The plasma nitriding was developed in a gas mixture of Nj:H, at 20:80,
50:50, and 80:20 (volume ratio) at a fixed time and temperature. After plasma nitriding,
the in-depth characterization of the untreated and surface-treated specimens was carried
out. Subsequently, wear tests were carried out on a high-temperature tribometer in the
laboratory at temperatures ranging from room temperature to 600 °C. The current research
work aimed to observe the effect of a higher load (50 N) on the high-temperature wear
behaviour of plasma-nitrided tool steels. The outcomes have been stated in the paper and
compared to the present literature.

2. Materials and Methods
2.1. Die Steel Selection and Pin Preparation

The substrate material AISI H13 was selected. The chemical composition of the selected
steel is shown in Table 1. The pin samples were prepared with a size of 50 mm in length
and 8 mm in diameter (according to ASTM (G99-04 standard; Section 2.4). The samples were
rubbed against emery papers of various grit sizes to lower the surface roughness (Ra) to
below 0.03 pm. Roughness measurements were calculated using a surface roughness tester
(Make: Mitutoyo; Model: SJ 40, Accuracy: 0.001 um). For the tribo-test, DIN 20Mn5Cr
was chosen for the disc of 100 mm diameter and 8 mm thickness. Heat treatment of the
disc samples was carried out to improve the hardness. Steel discs were given a surface-
hardening treatment of pack carburizing by heating them to a temperature of 920 °C in the
presence of coal, and then allowing them to cool slowly in the furnace. Further, the discs
were again heated to 820 °C (just above recrystallization temperature), and then quenched
in oil. Finally, the discs were heated for grain refining and internal stress removal. The final
hardness, attained by pack carburizing, is about 60 HRC. After this, plasma nitriding was
performed to raise hardness to within the range of 60-80 HRC.
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Table 1. Chemical composition of AISI H13 tool steel.
Element C Mn P S Si Cr Mo Ni Cu \Y% Fe
Weiggv};zpozr)cem 0.32-045 0.20-050 0.3 0.03 0.80-120 475550 1.10-175 0.03 025 08-12 Bal
2.2. Plasma Nitriding
Before plasma nitriding, the steel pins underwent a three-stage heat treatment process.
In the first stage, the pins were heated to 550 °C for 30 min, followed by heating to 850 °C
for 10 min and then beyond the austenization temperature for another 10 min. The second
stage involved quenching the pins in oil, resulting in the formation of hard martensite in the
microstructure. After quenching, the pins were allowed to cool down to room temperature.
The third stage was tempering, aimed at releasing the stresses induced during hardening.
In this stage, the hardened pins were heated at 550 °C for 30 min and then cooled in the
air to room temperature. To completely remove all internal stresses, the high-temperature
tempering process was repeated three times. Additionally, the disc material underwent
heat treatment and plasma nitriding. Figure 1 shows the schematic diagram of the plasma
nitriding process. In the present work, plasma nitriding was performed in a gas mixture of
Nj:H; at 20:80, 50:50 and 80:20 (volume ratio) and a pressure of 500 Pa. The temperature
and the time for this process were set at 500 °C for 24 h.
MFC MFC
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m Yy [ e» ELECTRODE
SUBSTRATE
TABLE o I
PG | |AG
[ Wy
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Figure 1. Schematic diagram of plasma nitriding set-up. MFC = mass flow controller.
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2.3. Characterization of Plasma-Nitrided Specimens

The detailed characterization of plasma-nitrided samples was carried out using optical
microscopy, SEM/EDS, and XRD techniques. Surface roughness (Ra) and microhardness
values were also measured. The process of examining the cross-sectional microstructures
of plasma-nitrided specimens using an optical microscope (OM) involves a standard
metallographic procedure. The nitrided specimens were cut into cross-sections using a low-
speed cutting machine. The cut sections were then hot-mounted in a mounting material,
with phenolic powder. To prepare the mounted specimens for microscopic examination, a
series of polishing steps were performed to achieve a smooth and reflective surface. The
polishing was performed sequentially using SiC emery papers of increasingly finer grit
(240, 320, 400, and 600). After using the SiC emery papers, the specimens underwent fine
polishing. The fine polishing process further refines the specimen’s surface, making it
more suitable for detailed microscopic examination. Once the polishing was completed,
the specimens were washed and dried to remove any residual polishing agents or debris.
The prepared specimens were examined under an optical microscope manufactured by
Leco. To determine the thickness of the nitrided layer, the cross-sectioned specimens were
chemically etched with 2% nital. By carefully observing and measuring the etched regions
under the microscope, the thickness of the nitrided layer was determined.

The microhardness of the plasma-nitrided specimens was measured using a Vickers
microhardness tester, specifically the Mitutoyo HM 200 model. The microhardness measure-
ments were taken at specific locations on the plasma-nitrided specimens. These locations
included the surface of the nitrided layer as well as specific depths within the material. For
each testing location, three measurements of the microhardness were made to ensure the
accuracy and reliability of the hardness values obtained, and the mean value reported. To
understand how the microhardness varies from the outer edge of the plasma-nitrided layer
to the core of the specimen, microhardness depth profiles were created. These profiles plot
the microhardness values as a function of the distance from the surface (outer edge) of the
plasma-nitrided layer to the interior (core) of the specimen. By measuring and plotting the
microhardness values at different depths, the effectiveness of the plasma-nitriding process
and the resulting material properties have been investigated.

The XRD analysis was performed using an Expert Pro X-ray diffractometer manufac-
tured by Malvern PANalytical, a company based in the Netherlands. The specific model
used for the analysis is the Expert Pro Model MPD with Cu K« radiation and a nickel
filter at 20 mA under a voltage of 35 kV. A scanning speed of 1 Kcps in the 26 range of
30-90° was used to perform the XRD at a chart speed of 1 cm min~! with 2° min~! as the
Goniometer speed. The diffractometer was interfaced with software capable of analyzing
the diffraction pattern obtained from the scanning. The software allowed the identification
of phases present in the nitride layer based on the characteristic peaks observed in the
diffraction pattern. A Field-Emission Scanning Electron Microscope (FE-SEM, FEI Quanta
200F, Czech Republic) was used to investigate the surface and cross-sectional morphology,
along with the elemental composition of the plasma-nitrided specimens. The FE-SEM was
equipped with an EDS system that allows for the analysis of the elemental composition
of the sample. The EDS analysis was performed using an electron beam energy of 20 keV.
This energy level was chosen to excite X-rays from the sample, which are characteristic of
the elements present in the nitride layer. The EDS analysis provides information on the
distribution of elements across the sample’s surface or within specific regions of interest.
This information is essential for understanding the effectiveness of the nitriding process,
the formation of the nitride layer, and the resulting material properties.
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2.4. Tribological Tests

Tribological (wear and friction) tests were carried out under unidirectional sliding and
dry conditions using a pin-on-disc tribometer, as shown in Figure 2 (Ducom Bangalore,
Bangalore, India, Model-TR20 LE-DHM 800PHM 800). The ASTM G99-04 standard was
followed for the tests. Initially, the Ra value was reduced below 0.03 um by polishing the
pin surfaces with emery papers. The fixation of the polished pin and disc samples was
carried out on a tribometer. To simulate the higher loads experienced by the die material
during forming operations, wear and friction tests were conducted at 50 N. The experiments
were performed with a sliding speed of 0.5 m/s and sliding distance of 1500 m at room
temperature, 200 °C, 400 °C, and 600 °C for 50 min each. When the required temperature of
the disc was achieved, a 50 N load was put on the handle and the experiment was started.
After 50 min, the die steel sample was detached from the holder and cleaned with acetone.
The weight of the sample was measured with an analytical balance having an accuracy of
0.1 mg. From the weight change data, the wear volume loss (mm?) was calculated.

. /
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Disc at 800\‘C\.~__,;, J
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Figure 2. High-temperature pin-on-disc wear and friction tester.

3. Results and Discussion
3.1. Characterization of Plasma-Nitrided Specimens
3.1.1. Visual Examination, Ra Values, and Microstructure Analysis

The pin and disc specimens were grey in colour. The macrographs of plasma-nitrided
specimens are shown in Figure 3. The surface appeared smooth with no surface cracks.
Similar macrographs were observed by Visuttipilukul et al. [21] and Capa et al. [22] in
their studies on the development of plasma nitriding on AISI H13 steels. The initial Ra
value of the pins was 0.03 um. The surface roughness value of plasma-nitrided pins treated
with 20:80, 50:50, and 80:20 (Nj:H;) gas ratios was measured as 0.44, 0.35 and 0.33 pm,
respectively. Ra values were higher after treatment due to the sputtering caused by the
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presence of hydrogen gas, which led to the formation of iron nitrides observed in the EDS
analysis in Figure 4. The EDS analysis confirmed the existence of iron nitrides based on
the presence of iron and nitrogen on the surface. The samples were plasma-nitrided with
different ratios of hydrogen and nitrogen. The nitrogen content was found to be high in
the samples created with increased amounts of hydrogen. This may be attributed to the
enhanced surface activation by the hydrogen that resulted in the increased incorporation of
nitrogen on the surface. Visuttipilukul et al. [21] also identified the formation of nitrides of
Fe and Cr in their studies.

Figure 3. Macrographs of AISI H13 plasma-nitrided at 500 °C with N:Hj ratios of (a) 20:80, (b) 50:50,
and (c) 80:20 and a 24 h nitriding time.
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Figure 4. Surface-scale morphology and EDS analysis of AISI H13 plasma-nitrided with Ny:Hj ratios
of (a) 20:80, (b) 50:50 and (c) 80:20.

3.1.2. Microhardness Analysis

Figure 5 summarizes the microhardness values of the plasma-nitrided pins from the
outer surface to the core. The values were recorded at a distance of 100 um from the outer
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surface to the core. The surface microhardness values of AISI H13 specimens treated with
20:80, 50:50 and 80:20 (N2:Hj) gas ratio were 1045 £ 52, 1214 £ 60 and 1219 + 61 HV1,
respectively. The hardness values approximately doubled in comparison to the heat-
treated die steel. The microhardness value increased due to the formation of nitrides
of chromium and iron, as published in the author’s previous works with different wear
loads [18,19]. Visuttipitukul et al. [21], Pellizzari et al. [23], and Birol [24] mentioned that the
supersaturation of the BCC matrix with nitrogen resulted in precipitation in the diffusion
zone, which hardened the surface. The occurrence of nitrogen in the nitride layer was
confirmed by the EDS analysis of specimens. The formation of nitrides led to an increase
in hardness in the sub-surface of plasma-nitrided H13 tool steels. From the top surface to
the inner region, the hardness values decreased consistently. Therefore, the nitriding layer
existed till the point whereat the hardness value became equal to the hardness of the base
material plus 50 HV [25]. Considering this fact, the thickness of the nitriding layer for AISI
H13 was found to be ~290, ~407 and ~698 um for 20:80, 50:50 and 80:20 (N:H;) gas ratios,
respectively.

1600

——20N:80H
1400 4
—=—50N:50H

1200 —»—80N:20H
1000 -

800 +

600 -

Microhardness in HV0.1

400 A

200 -+

0 100 200 300 400 500 600 700 800 900 1000
Distance from the surface in microns

Figure 5. Microhardness depth profile of AISI H13 plasma-nitrided samples.
3.1.3. Cross-Sectional SEM Analysis

Figure 6 characterizes the cross-sectional morphology of the plasma-nitrided pins.
The plasma-nitrided samples were cut along the cross-section. The samples were prepared
for metallographic analysis. Afterwards, the samples were etched with 2% nital solution.
For the cross-sectional image and the thickness measurements, the samples were observed
using SEM. The thickness of the nitride layer was evaluated using the software available
with the SEM instrument (Figure 6). The SEM images show the presence of a nitride layer
that is constant throughout. The thickness of the nitride layer (including the white layer)
was observed to be 283 um, 340 pm and 560 um on H13 steel plasma-nitrided with 20:80,
50:50 and 80:20 (N2:H2) gas ratios, respectively. From the figures, it is interesting to note
that the white layer thickness in the microstructure varied with varying gas mixtures. On
H13 tool steel, the thickness was highest (~87.33 um) with the 80:20 gas ratio and lowest
for the 20:80 (Ny:H;) gas ratio. This is consistent with the outcome of the XRD results
presented in Figure 7. The high-intensity peaks of FesN and Fe4N in specimens treated
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with 80N,:20H, indicate higher amounts of iron nitrides, which in turn were responsible
for the formation of a thick white layer. The results show that the thickness of the nitride
layer is higher with a gas mixture of 80N,:20H;. The EDS analysis confirmed the presence
of Fe, N, C and Cr in the nitriding layer. The presence of N at significant quantities confirms
the formation of nitrides in the nitriding layer. The content of iron is higher in the matrix.
Paschke et al. [26] implemented a plasma nitriding process on DIN-X38CrMoV5-1 die steel
by adjusting various process parameters to find the best parameters. The gas ratios used
were 10N2:90H; and 80N,:20H,. The temperatures of 520 °C and 560 °C were selected for
plasma nitriding for a duration of 16 h. The author concluded that, after plasma nitriding,
the compound layer was formed on the top layer. The maximum hardness was obtained
near the surface and decreased towards the core. The nitriding depth increased with
nitriding temperature. The hardness of the samples was increased with an increase in
nitrogen gas percentage. Visuttipitukul et al. [21] and Leite et al. [27] also showed a similar
performance resulting from plasma nitriding on H13 steel at various temperatures.

Pa;_283 um

Pa; =15 um

—t

Pa2
20 pm
- -

Pa, =560 um

Figure 6. Cross-sectional SEM morphology of plasma-nitrided AISI H13 treated at 500 °C for 24 h
using (a) 20% nitrogen and 80% hydrogen, (b) 50% nitrogen and 50% hydrogen and (c) 80% nitrogen
and 20% hydrogen, showing the case depth thickness.
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Figure 7. X-ray diffraction pattern for the plasma-nitrided AISI H13 steel at 500 °C for 24 h using
different gas ratios: blue for 80N,:20Hj; red for 50N;:50H; and black for 20N,:80H,.

3.2. Tribological Behaviour

Figure 8 shows camera macrographs of the worn surfaces of untreated and plasma-
nitrided specimens after sliding wear tests. The presence of wear marks was visible to
the naked eye on the surfaces of all specimens. Figure 9 shows the average coefficient of
friction (COF) values of the untreated and plasma-nitrided specimens obtained during
experimentation at various temperatures. The value recorded for the untreated H13 speci-
mens at room temperature was ~0.58 at 50 N load. After plasma nitriding at three different
gas ratios, the friction coefficient decreased. This was attributed to the nitride layer present
in the nitrided specimens. Castro et al. [28] mentioned that thicker nitride layers led to
increased die durability due to better wear resistance. The lowest friction coefficient, (0.31),
was achieved in the specimen nitrided with Ny:Hj at 20:80.

At 200 °C and a load of 50 N, the COF for the untreated steel decreased. The decrease
was marginal. The plasma-nitrided specimens showed similar behaviors to room tempera-
ture. Ebrahimzadeh et al. [29] reported a similar behaviour for plasma-nitrided specimens
at RT and at 250 °C. At 400 °C, the average COF values decreased in comparison to the
values obtained at RT and 200 °C. The value recorded for the untreated H13 specimens was
~0.48 at a 50 N load. The average COF values with N,:H, ratios of 20:80, 50:50, and 80:20
were determined to be ~0.31, ~0.40, and ~0.41 at a 50 N load, respectively. The values for
the plasma-nitrided specimens were observed to be lower than the untreated steel. Among
all the plasma-nitrided specimens subjected to wear and friction experimentation, the spec-
imen that was plasma-nitrided with 20N;:80H, showed the lowest values of average COF
across all test loads and temperatures. Overall, the values were found to be lower at 400 °C.
The lowest average COF value, ~0.314, was recorded for the specimen plasma-nitrided
with 20N,:80H, at 400 °C and a 50 N load. The authors observed oxidation on the surface
of the tool steels as experimentation was performed in an open atmosphere. The results
were confirmed by the XRD analysis. With the formation of the oxide layer, the COF and
wear volume loss were reduced. The formation of an oxide layer acted as a solid lubricant
and protected the surface of nitrided steel. A similar behaviour has been observed by other
researchers at this test temperature [30,31]. When the temperature was increased from
400 °C to 600 °C, an increase in the average COF values was observed (Figure 9). The
increase was significant. COF values increased because the material became softer and
the area of contact increased. At higher temperatures, severe oxidation and softening of
the material occurred. Consequently, the contact area of the pin increases. At elevated
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temperatures, the thickness of the oxide layer increased, which resulted in extra locations
for adhesive wear. The increase in COF and wear volume loss at elevated temperatures has
been reported by several other researchers [32,33].

8 mm

Figure 8. Macrographs of worn surfaces of untreated H13 specimens at (a) RT, (b) 200 °C, (c) 400 °C
and (d) 600 °C; surfaces plasma-nitrided with 20N,:80H; at (e) RT, (f) 200 °C, (g) 400 °C and (h) 600 °C;
surfaces plasma-nitrided with 50N,:50H, at (i) RT, (j) 200 °C, (k) 400 °C and (1) 600 °C; and surfaces
plasma-nitrided with 80N,:20H; at (m) RT, (n) 200 °C, (o) 400 °C and (p) 600 °C after sliding wear
tests on a high-temperature tribometer under a constant load of 50 N for 50 min.

0.7
M Untreated
= PN 20:80
0.6 1
PN 50:50
0s m PN 80:20
<
L2
]
« 0.4
k]
€
203
£
[+]
“ 0.2
0.1 1
n E

RT 200°C 400°C 600°C
Temperature

Figure 9. The average coefficient of friction of the untreated and plasma-nitrided AISI H13 steel
specimens after the wear test.
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Figure 10 shows the wear volume loss values obtained at different test temperatures
and a 50 N load. The values were observed to be higher for untreated specimens at
all temperatures. At room temperature, the values were recorded as ~4.12 mm? for the
untreated steel at 50 N load. The maximum wear volume loss was observed for all the
specimens at this temperature. The values decreased continuously as the temperature
increased to 600 °C.

5
45 | M Untreated
4 M Plasma Nitrided(20:80)
rg Plasma Nitrided(50:50)
3.5
E m Plasma Nitrided(80:20)
I
[=]
; I
g 25
3
° 2
c L
o 15
QL
=
1 -
L
0.5 A =
0 -
RT 200°C 400°C 600°C
Temperature

Figure 10. The wear volume loss of untreated and plasma-nitrided AISI H13 steel specimens after
the wear test.

Figures 11-14 show the surface morphology of the tested specimens at various tem-
peratures. SEM images mainly exhibited three wear mechanisms; (i) the adhesive wear
mechanism, (ii) the abrasive wear mechanism, and (iii) the oxidative wear mechanism. At
room temperature and 200 °C, the wear mechanism was more adhesive, indicated by the
ploughing of the material and adhesive wear marks. Since experimentation was carried out
in the absence of a lubricant, an adhesive bond developed between the pin and the disc.

The morphology of the worn surface at 400 °C showed that the mode of wear was ox-
idative in nature (Figure 13). Patches of oxide layer were observed and the wear mechanism
was found to be mostly oxidative with mild traces of adhesive and abrasive wear. Therefore,
the COF values decreased at this temperature. Kashani et al. [34] explained in their work
that oxide layers shared a part of the total load, resulting in less adhesion, and thus, the
COF and volume loss decreased. Additionally, the oxide layer that formed at 400 °C acted
as a lubricant, which decreased the wear volume loss. The SEM morphology supports the
wear volume loss results. Amongst all the tested specimens, the volume loss was the lowest
at 400 °C. Further to this, at 600 °C, the wear mechanism was a combination of oxidative,
adhesive, and abrasive wear (Figure 14). The figures generated are complemented by solid
compact oxide layers along with abrasive wear marks.

The results show that the average COF values and the wear volume loss values
of untreated steels were higher when compared to those of plasma-nitrided specimens.
The wear resistance of the specimens increased from 35% (untreated specimen) to 76%
(plasma-nitrided specimens) for all selected temperatures at 50 N owing to the collective
influence of the enhanced microstructure, increased hardness, and the thick nitride layer.
The experimentation results show that the tribological properties of the plasma-nitrided die
steel improved due to the collective influence of the enhanced microstructure, the increased
hardness, and the thick nitride layer.
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Figure 11. The SEM micrographs of worn surfaces of AISI H13 steel specimens after the wear test at
RT and under a 50 N load. (a) Heat-treated specimen. (b) PN with 20N,:80H,. (c) PN with 50N:50H,.
(d) PN with 80N:20H,.

4 Wear debns

Figure 12. The SEM micrographs of worn surfaces of AISI H13 steel specimens after the wear test
at 200 °C and under 50 N loads. (a) Heat-treated specimen. (b) PN with 20N,:80H,. (c) PN with
50N7:50H,. (d) PN with 80N:20H,.
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Figure 13. The SEM micrographs of worn surfaces of the AISI H13 steel specimens after the wear
test at 400 °C and under 50 N loads. (a) Heat-treated specimen. (b) PN with 20N5:80H,. (c) PN with
50N2:50H;. (d) PN with 80N;:20H,.
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Figure 14. The SEM micrographs of worn surfaces of AISI H13 steel specimens after the wear test
at 600 °C and under 50 N loads. (a) Heat-treated specimen. (b) PN with 20N,:80H,. (c) PN with
50N;:50H,. (d) PN with 80N3:20H;.

It is important to mention that, upon comparison of the three plasma-nitrided speci-
mens with different ratios of Np:H,, the specimen with a 20:80 gas ratio performed better
than the other two. This may be attributed to the formation of a thin white layer on the
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surface of the specimen. The studies from the literature reveal that the white layer should
be thin and uniform for better wear resistance [8,14,21].

4. Conclusions

1.  Plasma nitriding with Ny:Hj ratios of 20:80, 50:50 and 80:20 was successfully applied
to the AISI H13 steel. The nitride layer was thick and evenly distributed. There were
no visible cracks.

2. The hardness of steel improved considerably after plasma nitriding. The plasma-
nitrided steels showed higher hardness, with an increase of about a factor of two,
compared to the untreated die steels. This indicates that the steels perform better in
hot-forming applications.

3. The SEM image of the plasma-nitrided surface show evenly distributed micro-particles
(nitrides). The XRD analysis of the plasma-nitrided specimens showed the presence
of Fe3N, FesN-FesN, FesN and CrN phases in the nitriding layer.

4. Amongst the plasma-nitrided specimens, the specimens nitrided with an Nj:H, ratio
of 20:80 showed the highest wear resistance at all temperatures and under a 50 N load.

5. The wear mechanism for the untreated plasma-nitrided specimens at room tempera-
ture and 200 °C was predominantly adhesive in nature. At 400 °C, the mode of wear
was a combination of oxidative, adhesive and abrasive wear. At 600 °C the mode of
wear was observed as oxidative and adhesive.

Hence, it can be concluded that the plasma nitriding technique using 20% N; and 80%
H; can be adopted as an alternate solution for the surface hardening of dies made up of
AISI H13 material. Moreover, enhanced wear resistance can be obtained when subjected to
higher loads during forming operations.
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