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a b s t r a c t

Nitrogen-expanded martensite is a crystalline structure formed by incorporating nitrogen

atoms into the interstitial sites of martensitic steels. It has recently gained significant in-

dustrial attention due to its excellent mechanical and wear-resistance properties. How-

ever, the major challenge in synthesizing nitrogen-expanded martensite is obtaining a

phase free of iron or chromium nitrides precipitates. In this study, the effects of varying

temperature (460, 480, and 500 �C) and plasma current density (0.5, 1.0, and 1.5 mA/cm2)

during plasma nitriding of H13 tool steel were investigated to evaluate their influence on

crystalline phases. The results of X-ray diffraction analysis indicate that expanded

martensite free of nitride precipitates can be obtained at a temperature of 480 �C and low

current density. Moreover, wear analysis using a ball-on-disk wear tester showed that the

lowest wear rates were achieved under similar conditions. Grazing incidence X-ray

diffraction analysis revealed that the outer region of the nitrided zone had a disordered

structure, which could be attributed to a nano crystallization process. The nanoindentation

analysis demonstrated that the expanded martensite phase has rigid-elastic properties

characterized by high elastic energy (144.5 nJ) and high resistance to plastic deformation.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The demand for high-performance metallic alloys in various

technological applications has driven the development of new
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materials and the improvement of commonly used ones.

Enhancing material properties enables their use in new and

more demanding applications and increases their lifespan in

current processes. For instance, AISI H13 alloy is a popular hot

work tool steel with excellent high-temperature strength,
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toughness, ductility, and hardenability, making it suitable for

die manufacturing, light-metals injection, and forging.

Despite its good mechanical properties, H13 tool steel has

limited tribological performance, which necessitates the

replacement of components made of this alloy within a short

period. Therefore, various technologies, such as hard coating

or thermochemical treatments, have been employed to

improve the lifespan of tool steels [1e7].

Plasma nitriding is a widely used thermochemical treat-

ment that enhances the surface properties of steel, including

hardness; wear resistance, fatigue resistance, and corrosion

resistance. This process introduces atomic nitrogen into the

surface and subsurface of metallic pieces, resulting in a dual-

layer structure consisting of a thin nitride layer on top of a

thicker diffusion zone. The formation of a thin layer (also

called white or compound layer) is a challenge for the

nitriding process, particularly for applications in forging or

extrusion dies where serious impact and heavy wear are

present [8]. This hard but brittle layer must be removed by

grinding, which involves additional operations and increases

processing costs. Furthermore, removing the white layer in

complex shapes such as dies can be laborious or even

impossible [5,9]. In this context, it is essential to investigate

nitriding conditions that can prevent the formation of an

undesirable white layer. It has been determined that surface

characteristics of the nitrided layer and even specific surface

properties can be developed by controlling the nitriding

potential.

Nitriding of H13 tool steel has been shown to improve

productivity and quality in various industries and extend the

lifespan of critical tools made with this alloy. This surface

modification treatment can enhance the fatigue, tribological,

and corrosion properties of H13 steel by forming high nitrogen

phases on the specimen's surface. However, it is crucial to

carefully control the nitriding conditions to prevent the pre-

cipitation of CrN, which can detriment the corrosion proper-

ties of this alloy [10].

Research has been conducted on nitrogen incorporation in

austenitic stainless steels with fcc structures, with a focus on

preventing the precipitation of chemical compounds such as

iron and chromium nitrides [11]. The result is a solid super-

saturated solution with interstitial nitrogen, known as

expanded austenite (S phase) which exhibits superior me-

chanical properties and remarkable corrosion performance,

particularly in the absence of CrN precipitates [12,13]. How-

ever, there is limited literature on nitrogen saturation in bcc

iron structures [14e16]. Specific processing conditions in this

kind of structure result in the formation of the expanded

martensite phase, characterized by its high hardness, excep-

tional resistance to cavitation erosion, and good wear per-

formance [14,17e19].

Expanded martensite is a type of solid solution formed by

the diffusion of nitrogen atoms into the crystal lattice of the

martensite phase of steel [20,21]. This process creates a highly

distorted lattice structure, which causes the XRD peaks of the

expanded martensite to shift towards lower angles compared

to the original martensite phase reflections [22].

Several authors have conducted investigations on the

properties and formation of expanded martensite under

different nitriding conditions. Wang et al. [23] reported on the
gas nitriding of H13 tool steel and examined the impact of

nitrogen potential on microstructure, surface hardness, and

wear resistance. They discovered that both the hardness and

thickness of the nitrided layer increase with higher nitrogen

potential. The nitrided samples with a compound layer (white

layer) demonstrated excellent wear resistance under light

loads, while the compound-free diffusion zone exhibited

exceptional wear resistance under heavy loads. Fazel et al. [24]

focused on studying the effect of the white layer on the

corrosion resistance of plasma-nitrided H13 tool steel in a

3.5% NaCl solution. They observed that removing the white

layer from the nitrided tool steel had a positive effect on

corrosion resistance. Peng et al. [25] compared the service life

and stamping ability of plasma-nitrided H13 tool steel with

and without a white layer by varying the processing temper-

ature; they reported that the service life of working dies

increased up to 10 times when using non-compound layer

plasma nitriding. In a separate study, Fernandes et al. [7]

varied the plasma nitriding temperature of H13 tool steel and

found that low-temperature nitriding (450 �C) only resulted in

a diffusion zone, while high-temperature nitriding (550 and

650 �C) created a compound layer over the diffusion zone.

Jacobsen et al. [26] reported the formation of expanded

martensite with low content of Fe2-3.2N on H13 tool steel by

plasma nitriding at 430 �C for 5 h, using a current density of

8.8 mA/cm2. They suggested that the plasma current density

and processing temperature work together to form the

expanded martensite phase. They also reported a significant

reduction in wear rate of up to 8e10 times for the nitrided

samples. Miyamoto et al. [5] informed that expanded

martensite formation without forming a compound layer is

possible in the nitriding of H13 tool steel with neutral nitrogen

species. In a previous study [6], we observed expanded

martensite formation on H13 steel by pulsed plasma nitriding

and the presence of the Fe3N phase as a remnant of the white

layer. The nitrided samples showed a 26% reduction in vol-

ume loss compared to untreated material, with a slightly

lower friction coefficient observed for the expanded

martensite phase.

Overall, expanded martensite has been found to have

improved mechanical properties such as wear resistance and

elastic response compared to untreated steel. Nitriding con-

ditions can influence its properties, and researchers continue

investigating its formation and properties.

The plasma current density is a critical parameter in

plasma nitriding, and it plays a crucial role in determining

the properties of the nitrided steel. However, limited infor-

mation is available in the literature on the effects of plasma

current density on the nitriding response [26]. Previously,

Jacobsen et al. [26] investigated the influence of current

density on the phase structure and tribological properties of

nitrided H13 tool steel. They achieved different current

densities by altering the metallic shield under the sample

holder, thereby varying the electrode area. In this study, we

investigate the effect of current density by modifying the

current generated by the power supply while keeping the

electrode area constant. This approach ensures consistent

electrodes and avoids the possibility of significant fluctua-

tions in current density. Furthermore, controlling the plasma

current density can modify the quantity of nitrogen ions in
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the plasma and consequently, the chemical composition of

the nitrided steel. Thus, the present study investigates the

effect of plasma current density and sample temperature on

the surface properties of plasma nitrided H13 tool steel. By

varying the plasma current density and sample temperature,

it could be explained how these parameters affect the

nitriding response and how the resulting changes in nitrogen

ion density and chemical composition affect the surface

properties of the steel. This study is also helpful for under-

standing the fundamental mechanisms behind plasma

nitriding and optimizing the process parameters to achieve

desired surface properties in H13 tool steel.
2. Methods

The AISI H13 tool steel disk-shaped samples used in the study

(38.1 mm in diameter, 4 mm in height) were cut from a com-

mercial rod with a chemical composition of (wt. %) 0.38C,

0.30Mn, 0.90Si, 5.5Cr, 1.2Mo, 0.80 V and Fe balance. To prepare

the samples for nitriding, they were heat treated in a furnace

at austenitizing temperature of 1020 �C for 25 min and then

air-quenched. A double tempering process was then applied

at 540 �C for 120 min, resulting in a hardness value of 50 HRC.

To ensure a smooth surface finish, the samples were polished

with emery paper of grit 80e1200; also, diamond paste was

used as an abrasive media, resulting in a surface roughness

(Ra) of 0.02 mm. Finally, the samples were subjected to ultra-

sonic cleaning in acetone to remove any residual polishing

debris or contaminants. This preparation process is important

to ensure consistent and reproducible results in the nitriding

treatment.

Subsequently, plasma nitriding was performed in a labo-

ratory reactor using a constant direct current (DC) plasma

produced in a gas mixture of 50% N2 and 50% H2 at 266 Pa

(1.3 Pa base pressure). The samples under treatment formed

the cathode, while the cylindrical stainless-steel reactor was

used as the anode. The study parameters were sample tem-

perature and plasma current density, and each sample was

labeled and treated according to conditions listed in Table 1.

An insulated auxiliary heating systemwas placed beneath the

sample holder to heat the samples. The treatment tempera-

ture was regulated by an electronic controller and a type K

thermocouple attached to a dummy sample. The plasma

current densities were calculated based on the electrical
Table 1 e Experimental conditions and samples
identification.

Sample
identification

Temperature
(�C)

Current Density (mA/
cm2)

N460e0.5 460 0.5

N460e1.0 1.0

N460e1.5 1.5

N480e0.5 480 0.5

N480e1.0 1.0

N480e1.5 1.5

N500e0.5 500 0.5

N500e1.0 1.0

N500e1.5 1.5
current provided by the power supply and the total area of the

cathode exposed to the plasma (the samples). Current value

was set constant, allowing a free bias potential adjustment,

which average values were 428 V, 500 V and 520 V for current

densities of 0.5 mA/cm2, 1.0 mA/cm2 and 1.5 mA/cm2

respectively. After 4 h of nitriding, the plasma and heating

systemswere turned off, and the sampleswere cooled to room

temperature inside the reactor, which was filled with an inert

argon atmosphere.

The chemical and morphological changes on the surface

and cross sections of nitrided samples were analyzed using a

Tescan Mira 3 Field Emission Scanning Electron Microscopy

(FE-SEM) equipped with Energy Dispersive Spectroscopy

(EDS) detector. X-ray diffraction (XRD) analysis was per-

formed in conventional and grazing incidence (GIXRD)

modes to identify the phase composition. A Malvern Pan-

alytical Empyrean X-ray diffractometer was used for stan-

dard mode analysis, which employed 45kV-40mA Cu-Ka

radiation in a 2q range of 37e70� (with an analysis time of 14 s

per step and a resolution of 0.013�). To determine possible

structural variations in the depth of the nitrided surfaces, the

main XRD reflection (110) for expanded martensite was

scanned by GIXRD from 42 to 46� 2q at incidence angles (u) of

0.3, 0.5, 1.0, and 1.5�. The average crystallite size was also

determined from the (110) expanded martensite reflections

using the Scherrer equation [27].

Vickers surface hardness of untreated and nitrided sam-

ples was measured using a Buehler Micromet 5103 micro

durometer. It is reported the average of 8 measurements

carried on samples surface using 200 g load during 15 s. The

wear performance of untreated and nitrided samples was

assessed by conducting dry ball-on-disk method using an

alumina ball following the procedure of ASTM G99-17 stan-

dard [28]. The parameters of ball-on-disk test of untreated and

nitrided samples are showed in Table 2. By the use of an op-

tical profilometer (Keyence VR-6000), wear tracks profileswere

measured and track cross area was obtained. The wear vol-

ume was calculated by multiplying track cross area by the

perimeter of the track. Furthermore, the specific wear rate

coefficient was determined using the Archard model: V ¼ kFs,

where V is the wear volume (mm3), F is the normal load (N), s

is the sliding distance (m) and k is the specific wear rate co-

efficient (mm3/Nm) [29].

Micromechanical characterization was performed using a

Rtec Nanoindentation tester, with a maximum load of 250 mN.

Nano hardness (H), elastic moduli (E), as well as plastic ðWpÞ
and elastic ðWeÞ energy were determined. To evaluate the

plastic and elastic performance, micromechanical rates

ðH =E;H =E2;H3 =E2Þ were also calculated.
Table 2 e Test Parameters used for ball-on-disk tests.

Normal Force (N) 4

Sliding Distance (m) 330

Sliding Speed (m/s) 0.1

Pin-end Diameter, spherical (mm) 6

Environment air

Nominal Temperature (�C) 23

Track Diameter (mm) 7

https://doi.org/10.1016/j.jmrt.2023.06.221
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Fig. 1 e (a) Low and (b) high magnification micrographs of H13 tool steel samples plasma nitrided at different conditions.
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3. Results and discussion

3.1. Nitrided samples characterization

SEM micrographs of nitrided samples under different condi-

tions are presented in Fig. 1(a) and (b), showing low and high-

magnification surface views, respectively. All samples exhibit
grain boundaries revealed due to the plasma ions sputtering

and strain phenomena. Nitrogen incorporation induces

compressive residual stresses that can cause heterogeneous

structural deformation and potentially lead tomicrostructural

changes [18]. In samples treated at 460 �C and 500 �C,
agglomerated particles are deposited on the surfaces, while

samples treated at 480 �C exhibit surfaces with very few or no

https://doi.org/10.1016/j.jmrt.2023.06.221
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Table 3 e EDS chemical analysis on agglomerated
particles.

Element Fe O N Cr Si Mo

Weight % 80.82 7.25 4.75 5.11 1.0 1.08
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agglomerated particles. The metallic particles in plasma

generated by the sputtering process (produced by the ions

impinging the sample surface) react with nitrogen ions near

the sample surface; then, they are re-deposited on it, resulting

in the formation of agglomerated particle morphology [30].

The sputtering rate varies with the plasma density, which is

affected by processing conditions such as pressure, temper-

ature, and gas mixture [31]. Thus, samples treated at 480 �C
(with 0.5 and 1.0 mA/cm2 current density) show a smoother

surfaces with no agglomerated particle formation, likely due

to the lower impingement energy of nitrogen ions on the

sample surface at this temperature and current densities.

Table 3 presents the average EDS chemical composition of

several agglomerated particles on the surface of the samples.

The results indicate that residual oxygen in the plasma,

caused by the rough vacuum conditions employed in these

processes, reacts with the sputtered particles, leading to the

formation of oxides that are incorporated into these agglom-

erated particles [32] (See. Table 4).

The plasma interactions with the surface of samples can

cause variations in surface roughness, as described above.

Fig. 2 (a) illustrates how the current density and temperature

influence the roughness of all samples. The highest roughness

values were obtained for samples treated at 460 �C and 500 �C
using current densities of 0.5 and 1.0 mA/cm2. At a current

density of 1.5 mA/cm2, the temperature has a minor effect on

roughness, and similar values are obtained for all evaluated

temperatures. Samples N480e0.5 and N480e1.0 showed the

lowest roughness values, indicating less impact of sputtering

and re-deposition phenomena. A proportional relationship

between roughness and current density can also be observed

at 480 �C.
During plasma nitriding, the process temperature plays an

essential role in the diffusion mechanisms and the sputtering

phenomena [33]. Excitation, ionization, and elastic collisions

between electrons and molecules and elastic collisions of fast

atoms with slow atoms are most important in the nitriding

reaction and are affected by surface and plasma temperature

[34]. Then, the different behavior of surface roughness

observed in Fig. 2 could be mainly associated with the tem-

perature because this parameter influences the production of

nitrogen and nitrogen-hydrogen species as the active plasma

components. The relative concentration of these species

exhibit non-linear trends in relation to the temperature and is

also affected by other parameters, including pressure, plasma
Table 4 e Mechanical characteristics and H/E ratios obtained fr

Sample ID E (GPa) H (GPa) H/E H/E2 (GPa�1)

H13 81.3 2.6 0.032 0.00039

N480-0.5 24.2 3.4 0.140 0.00580

N480-1.0 95.8 5.8 0.060 0.00063

N480-1.5 148.3 16.7 0.112 0.00076
polarization potential, surface composition, and others

[33,35]. Consequently, for this research study, we propose to

evaluate the resulting surface roughness for individual values

of temperatures only.

The trend for atomic nitrogen content on the surface of

treated samples is similar, as shown in Fig. 2 (b). Nitrogen

content was determined using the EDS technique, averaging

several semi-quantitative nitrogen values. An increase in

current density leads to higher nitrogen contents on the sur-

face, with the highest content (approximately 20 at. %)

observed at a current density of 1.5 mA/cm2, regardless of the

temperature. In contrast, an increase in temperature results

in a decrease in nitrogen content. This can be attributed to the

prevalence of lower nitrogen content phases (as Fe4N) at

higher temperatures, as was also reported by Jacobsen et al.

[26].

The XRD pattern for H13 tool steel is shown in Fig. 3. It

reveals main reflections from the a-Fe phase located at 44.47�

and 64.64�, which are oriented in (110) and (200) planes,

respectively, with a body-centered cubic structure (ICDD 04-

002-1833).

Fig. 4 depicts the XRD spectra of nitrided samples subjected

to different processing conditions. At a nitriding temperature

of 460 �C, the modified layer is composed of expanded

martensite (aN) whose reflection is shifted to a lower angle

(43.45�) relative to the original martensite reflection (44.47�)
and ε-Fe3N nitride. Lower intensity reflections for g0-Fe4N are

also detected at 40.89�, with intensity decreasing when the

current density increases from 0.5 to 1.5 mA/cm2. At 500 �C, a
crystalline phase mixture comprising aN, ε-Fe3N, and g0-Fe4N
is formed. High-intensity reflections for expanded martensite

and g0-Fe4N are observed in the sample treated at 500 �C and

0.5 mA/cm2. The intensity of aN does not significantly vary

with current density, while that of g0-Fe4N decreases as the

current density increases from 0.5 to 1.5 mA/cm2. Conversely,

the intensity of ε-Fe3N at 38.39� increases, reaching its

maximum value at 1.5 mA/cm2. The increase in ε-Fe3N

reflection intensity (phase with a higher nitrogen content)

with current density at 460 �C and 500 �C can be attributed to

the nitrogen potential. Higher plasma ion density is generated

at higher current densities [36], making more nitrogen ions

available near the sample surface during the thermal diffu-

sion process, thus favoring the entrance of nitrogen into the

metallic crystalline structure.

When samples are treated at 480 �C with current densities

of 0.5 and 1.0mA/cm2, they result in amonophasic layer of aN.

However, a multiphase layer is generated when the current

density increases to 1.5 mA/cm2. This layer has XRD re-

flections similar to the sample treated at 460 �C and 500 �C
with a current density of 1.5 mA/cm2, showing a high-

intensity ε-Fe3N reflection and minor peaks of g0-Fe4N. For
om nanoindentation tests.

H3/E2 (GPa) Wp (nJ) We (nJ) k (mm3/Nm 10�5)

0.0027 133.2 40.6 15

0.0671 49.7 144.5 0.96

0.0212 74.7 52.9 1.42

0.2117 16.2 60.2 2.8
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the samples 480e0.5 and 480e1.0, the aN (110) peaks are at

43.97� and 43.47�, respectively. These peaks are shifted by 0.5�

and 1.0�, respectively, compared to the untreated sample. The

magnitude of the shift of the (110) reflection follows the same

trend as the nitrogen content in the nitrided samples. Higher

nitrogen content results in a higher shift of the (110) reflection,

which indicates a more significant expansion of the

martensite reticular network due to nitrogen incorporation.

Although the processing temperature is the same for both

samples, variations in the current density can modify the

number of nitrogen ions around the sample and, conse-

quently, the chemical gradient. This can stimulate or limit the

nitrogen diffusion process.

To verify the presence or absence of a white layer, the

treated samples underwent cross-sectional scanning electron

microscope analysis. Samples that exhibited the identification

of ε-Fe3N and g0-Fe4N also showed the presence of a white

layer, which was metallographically identified as a non-

chemically etched surface zone. Conversely, no white layer

was observed for samples where only the displacement of the

X-ray diffraction reflections of the martensite towards lower

angles occurred. Fig. 5 provides representative cross-sectional

SEM images, demonstrating a) the absence of a white layer

(N480e0.5) and b) the presence of a white layer (N500e1.5).
Fig. 2 e Influence of plasma current density and processing

temperature on a) surface roughness and b) surface

nitrogen content of nitrided samples quantified by EDS.
The cross-metallographic analysis of the treated samples

revealed noticeable microstructural variations in the nitrided

regions compared to the H13 substrate. Fig. 6a displays a

micrograph of untreated H13 steel (after etching with Nital

5%), exhibiting the typical martensite matrix with a high

martensite content, the presence of carbides, and a small

amount of retained austenite visible between the martensite

plates. Fig. 6b, c, and d present metallographic views of the

regions beneath the white layer (where applicable) for sam-

ples N460e0.5, N480e0.5, and N500e0.5, respectively. In gen-

eral, the microstructure of these regions is characterized by

large plates of martensite that intersect with carbides (indi-

cated by yellow arrows), along with dispersed grains of

retained austenite. The quantity of retained austenite appears

to be higher than that observed in the substrate (at the current

magnification). A recent study by M. Godec et al. [3] reported a

slight increase in retained austenite after a nitriding treat-

ment for nickel-rich martensitic steel. In cases where the

white layer is present (Figures b and d), there are additional

nitrides along the grain boundaries (indicated by white ar-

rows). These nitrides can be identified by their typical

morphology, which has previously been associated with the

predominance of a grain-boundary diffusion mechanism

[37,38].

Fig. 7 displays the surface microhardness values obtained

for all nitrided samples. The obtained values fall within a

narrow interval, ranging from 1081 HV0.2 to 1211 HV0.2,

which is more than twice as high as that of the substrate.

These microhardness values are consistent with previous

studies that reported the presence of a multiphasic white

layer (Fe3N, Fe4N) [6,7]. Importantly, it should be highlighted

that surfaces without a white layer exhibited microhardness

values that were similar to or even higher than those of

samples with a white layer.

To investigate variations in the crystalline structure of

expanded martensite at different depths, grazing incidence

XRD analysis was performed on the N480e0.5 and N480e1.0

samples at various incidence angles. Fig. 8 depicts the aN (110)

reflection for both samples at different u values. The broad

reflections observed at low incidence angles become narrower
Fig. 3 e XRD pattern of untreated AISI H13 tool steel.
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at higher angles. At u ¼ 0.3 (outer analyzed region), the

480e0.5 sample exhibits a broader and less defined reflection

than the 480e1.0 sample; the latter indicates a more disor-

dered crystalline structure in the outer region (functional

section) of the nitrided area. This disordered structure could

be related to a decrease in the size of diffraction coherent

domains (crystallites), which can be considered a surface

nanocrystallization phenomenon. The nanocrystallization

effect is strongly dependent of temperature and has been

associated with superior wear resistance and fatigue life [16].
Fig. 4 e XRD pattern for plasma nitrided samples at a) 460 �C
The calculated crystallite size as a function of u for both

samples is also presented in Fig. 8. The results indicate a low

difference in crystallite size between the two samples at

u ¼ 0.5�, 1.0�, and 1.5�, but the difference is significant at

u ¼ 0.3�. Hence, it is suggested that minor interstitial nitrogen

incorporation in the martensite structure of the outer region

of the nitrided sample (480e0.5) generates an expanded

martensite phase with a short-range isotropy characteristic

(nanocrystallization phenomenon). As more nitrogen is

incorporated into the original martensite, the crystallinity of
, b) 480 �C and c) 500 �C and different current densities.
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Fig. 5 e Cross SEM views for samples without (a) and with

(b) presence of white layer (Nital 5%).

Fig. 7 e Surface hardness variation as a function of

nitriding current density and temperature.
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the expanded martensite increases, as demonstrated by the

behavior in the 480e1.0 sample. This nanocrystallization

phenomenon has been reported in the literature for plasma

nitrided 38CrMoAl steel, where ultra-refined grains of

expanded austenite, measuring approximately 10 nm, were
Fig. 6 e Optical micrographs of a) substrate and cross sectio
obtained, indicating high hardness, strength, and toughness

for this phase [14].

3.2. Tribological performance and nano-mechanical
evaluation

Fig. 9 illustrates the variation of the friction coefficient (CoF)

with the sliding distance in the ball-on-disk test for all nitrided

samples. The CoF values for samples containing the white

layer (as detected in XRD) reach a steady state, exhibiting

lower values (compared to the untreated sample) within the

range of 2000e3000 laps. However, samples featuring an

expanded martensite phase (N480e0.5 and N480e1.0) exhibit

CoF values lower than those of the untreated steel throughout

the test, gradually increasing towards the end until it ap-

proaches the CoF of the untreated steel. Comparable results
n of samples b) N460e0.5, c) N480e0.5 and d) N500e0.5.
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Fig. 8 e GIXRD of the main reflection of expanded martensite (110) for N480e0.5 and N480e1.0 samples and crystallite size

as a function of incidence angle.
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were reported in the literature for neutral nitriding of H13

steel for 3, 6, and 12 h [15]. Despite being fragile, the white

layer reduces the CoF, attributed to the contact state and

surface roughness. A lower contact area between the samples

with a white layer (higher roughness) and the alumina ball

results in a lower CoF. This phenomenon is not observed for
samples without a white layer, where the contact area is

higher due to lower roughness.

The wear track SEM image, along with the XRD pattern for

collected debris and oxygenmapping of the untreated sample,

are displayed in Fig. 10. It shows a wear track with approxi-

mately 860 mm in width. The SEM images at high
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Fig. 9 e Friction coefficient as a function of distance in ball-on-disk tests for nitrided samples at different processing

conditions.

Fig. 10 e SEM surface images, XRD pattern, and oxygen mapping for wear track of untreated H13 and XRD pattern from

collected debris after wear test.
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Fig. 11 e Low-magnification SEM images of wear tracks of nitrided samples.
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magnification identify abrasive wear as the primary damage

mechanism, with the presence of depth grooves and debris.

As observed in EDSmapping, debris is oxygen-rich, while XRD

analysis of collected debris validates the prominent presence
Fig. 12 e High-magnification SEM images
of Fe3O4. This is the typical sliding wear performance for H13

tool steel, which has been reported previously [6].

Low-magnification SEM images of the wear tracks of

nitrided samples are presented in Fig. 11. It can be observed
of wear tracks of nitrided samples.
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Fig. 13 e EDS analysis of wear tracks in pairs alumina ball- H13 substrate and alumina ball-N480e0.5 sample.
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that the wear track width for all nitrided samples, either with

or without a white layer, is narrower than that of the un-

treatedmaterial (see Fig. 10 (a)). For instance, the averagewear

track width is between 319 mm and 441 mm for samples with a

white layer, whereas it is 212 mm and 298 mm for samples

without a white layer (N480e0.5 and N480e1.0), respectively.

In this sense, this makes evident that nitriding is improving

the wear performance of the samples in comparison with the

untreated one.

Fig. 12 shows SEM images with high magnification of

nitrided samples wear tracks. Abrasion grooves are present in

all samples, but they appear shallower for the samples pro-

cessed at higher temperatures. EDS mapping indicates the

presence of agglomerated oxides in all samples, suggesting an

oxidative wear mechanism due to surface heating and plastic

deformation [39]. A minor oxidative wear mechanism is

observed in samples treated at 500 �C. The samples with a

white layer display cracks due to the fragility of the layer.

Finally, the samples processed at 480 �C, which only have an

expanded martensite monolayer without a white layer, also

exhibit mild wear zones with shallow grooves and minimal
Fig. 14 e Wear rate coefficient of samples nitrided under

different processing conditions.
damage. Therefore, in general, plasma nitriding significantly

alters the wear mechanisms compared to the untreated

sample. It changes from an abrasive wear mechanism to a

mechanism that involves adhesive wear, mild wear with

abrasion grooves, and plastic deformation.

Intending to identify the wear mechanisms in expanded

martensite, Fig. 13 presents the EDS analysis of the wear

tracks produced on the H13 substrate (b) and N480e0.5 sam-

ples (d), as well as the EDS analysis on their respective

alumina counterparts, i.e., H13 substrate (a) and N480e0.5 (c).

The relatively high content of Fe and Cr on the alumina ball

confirms adhesive wear in the alumina ball-H13 substrate

pair. Additionally, the track morphology and absence of Al

detection in the H13 substrate track confirm the presence of

mild wear with abrasion grooves and plastic deformation

mechanisms. Similarly, it is evident that the wear resistance

of the expanded martensite improves, as observed by the

reduction in scar size on the alumina ball in the alumina ball-

N480e0.5 pair. The EDS analysis for this pair reveals Fe and Cr

on the ball and Al on the N480e0.5 sample track, providing

further evidence of the adhesive mechanism. This mecha-

nism, in accordance with the track morphology, is combined

with the mild wear with abrasion grooves mechanism.

Fig. 14 plots the specific wear rate coefficients (k) for nitrided

samples. It is observed that the samples with expanded

martensite without nitrides presence on their surface exhibit

lower k values. Moreover, the N480e0.5 sample displays the

lowest k value (9.6 � 10�6 mm3/Nm), which is only one-

fifteenth of the k value obtained for the untreated sample

(1.5 � 10�4 mm3/Nm). Also, the N480e1.0 sample has a k value

of 1.4 � 10�5 mm3/Nm, which is approximately 10 times less

than the k value for untreated H13. These results demonstrate

that expanded martensite without iron nitrides or other un-

wanted precipitates (such as chromium nitrides) exhibits

exceptional anti-wear properties. Although the k values for the

nitrided samples are considerably lower than those for un-

treated H13 steel, samples containing iron nitrides show the

worst wear resistance. This can be attributed to the fragility of

the white layer [40], which typically has high hardness but

promotes third-body wear effects during the wear test.
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Fig. 15 e Nanoindentation curves for samples nitrided at

480 �C and different current densities.
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Fig. 15 displays the nanoindentation graphs of nitrided

samples at 480 �C with only expanded martensite (N480e0.5

and N480e1.0) and a white layer (N480e1.5). Additionally,

Table 3 provides micromechanical information generated

from the nanoindentation curves, including elastic modulus

(E), nano hardness (H), micromechanical ratios H/E, H/E2, H3/

E2, plastic work (Wp), elastic work (We), and wear rate coeffi-

cient (k) to complement the information of the nano-

indentation graphs.

Hardness to elastic module ratios (H/E, H/E2, H3/E2) are

essential to assess thematerialsmechanical performance and

its deformation resistance. The H/E ratio indicates the mate-

rial resistance to elastic deformation, while H/E2 is associated

with abrasive wear resistance and its ability to withstand

permanent damage (i.e., plastic deformation). On the other

hand, H3/E2 reflects the surface capacity to dissipate the

plastic deformation energy when subjected to a load during a

ball-on-disk test [41,42].

N480e0.5 sample, which contains expanded martensite

exclusively and displays the lowest k value, exhibits the

highest H/E rate (0.14) among the nitrided samples. This

finding indicates the best elastic resistance of this sample.

Furthermore, this sample shows the highest H/E2 ratio

(0.0058), associated with less abrasive wear damage. These

ratios are consistent with the highest elastic energy value

(144.5 nJ) observed for this sample, which suggests that

nitriding at 480 �C and 0.5 mA/cm2 with an expanded

martensite phase leads to the best tribological performance.

In contrast, the untreated H13 steel sample exhibits a plastic

energy value of 133.2 nJ, indicating its performance as a rigid-

plastic material. This result is due to the significantly higher E

value (81.3 GPa) of the H13 steel sample compared to the

N480e0.5 sample (24.2 GPa), which dissipates mostly unre-

coverable energies in plastic deformation.

The nanoindentation process involves the application of

an elastic-plastic load, followed by an elastic unload, which

results in a displacement that represents the work done on

the system (i.e., the test sample). The work manifests as

heating and volumetric elastic deformation. During the

unloading process, the sample does work on the nano-

indenter, resulting in partial elastic recovery [43e45]. The
elastic energy of expanded martensite (N480e0.5) during the

unloading process is related to the H/E ratio and partially to

theH/E2 ratio. The latter is supported by the observation of the

best wear performance and lower plastic deformation by the

contact under a load of an alumina ball on the expanded

martensite phase during the ball-on-disk test.

4. Conclusions

This work investigates the effects of temperature and current

density on plasma nitriding of H13 tool steel to achieve an

expanded martensite phase while avoiding the formation of

an undesirable white layer. The results allow us to state the

following conclusions:

Plasma nitriding at 460 �C and 500 �C leads to a modified

surface composed of a mixture of ε-Fe3N, g-Fe4N, and

expanded martensite, regardless of the current density.

Nevertheless, the content of g-Fe4N decreases as the current

density increases from 0.5 to 1.5 mA/cm2, which can be

attributed to lower nitrogen availability at low current den-

sities. On the other hand, an expanded martensite phase

without nitrides presence can be achieved at 480 �C and cur-

rent densities of 0.5 and 1.0 mA/cm2.

GIXRD analysis shows a more disordered structure in the

outer region of the nitrided zone (u ¼ 0.3�) for expanded

martensite obtained at 0.5 mA/cm2 than at 1.0 mA/cm2.

Furthermore, the sample nitrided at 480 �C and 0.5 mA/cm2

exhibited the formation of a nanocrystallized surface with an

average crystallite size of 4.53 nm.

The nitrided samples show better wear performance

measured by the ball-on-disk tester over the untreated sample

under all conditions. However, the sample nitrided at 480 �C
and 0.5 mA/cm2 with only expanded martensite (without

white layer) shows the best wear performance (k ¼ 9.6 � 10�6

mm3/Nm). The superior wear performance of expanded

martensite can be attributed to its behavior as a rigid-elastic

solid with high elastic energy and strong resistance to plas-

tic deformation, as demonstrated by the results of

nanoindentation.
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