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Abstract: Nitriding, annealing, and carbonitriding processes are conducted to modify the surface of AISI 304 austenitic
stainless steel via radio frequency plasma. A ~20 pm thick nitride layer is obtained in ten minutes at a plasma power of
450 W. Hence, all nitrided samples are annealed under vacuum for one hour at 400 °C. The nitrided-annealed samples
are carbonitrided via the identical technique at various C2H»/N> gas pressure ratios. Numerous analytical techniques,
including X-ray diffractometry, glow discharge optical spectroscopy (GDOS), Talysurf Intra Profilemeter, optical
microscopy (OM), scanning electron microscopy (SEM), and Vickers microhardness tester, were employed to
investigate the triple-treated specimens. Microstructure analysis of the triple-treated samples reveals the formation of N2
expanded austenite phase (yn), y'-FesN, CrN, FesC, and Fe7Cs. The results indicate that the elemental composition,
microhardness, and thickness of the triple-treated layers are all depending on the gas composition. After carbonitriding,
the total thickness of the compound layer grew from ~20 to ~34.5 um. The surface microhardness of the triple-treated
samples increased as the C2H2/N2 gas composition ratio increased up to 70%, reaching 1,497+33.5 HVO0.1, which is ~6.8
and ~1.42 folds higher than the untreated and prenitrided samples, respectively.

Keywords: Nitriding; Carbonitriding; Annealing; Glow discharge optical spectroscopy; Microhardness; Surface
morphology.

1 Introduction

Due to the formation of an intrinsic and self-healing passive coating, principally composed of chromium oxide, austenitic
stainless steels (ASSs) of AISI 316 and AISI 304 are widely renowned for their remarkable corrosion resistance [1,2]. As
aresult, they are widely used in a variety of current industrial production sectors, including food and chemical processing,
biomedical, petrochemical, automotive, and nuclear [1,3,4,5]. However, their limited mechanical properties, like surface
microhardness and wear resistance, limit their application range. To improve their mechanical properties and hereafter
enlarge their applications, surface modification is required to achieve a surface layer of a favorite microstructure without
touching the bulk properties. Plasma immersion ion implantation (PIII) [6], microwave-induced Nz plasma [7], plasma
spraying method [8], RF plasma nitriding [9], RF plasma carbonitriding [10], and duplex treatment [11,12] are a few of
the most recent innovative procedures developed to enhance the microhardness and wear resistance of ASS. Carburizing,
nitriding, and carbonitriding have been used as single surface treatment techniques for a long time [13,14,15]. Nitriding
is a well-established thermochemical treatment based on inserting N2 atoms into an ASS matrix, forming a thick modified
surface layer of supersaturated N> solid-solution fcc phase [16]. Two sub-layers of this modified surface layer can be
identified: a compound layer composed of iron nitrides FesN and/or Fe> 3N to boost tribological characteristics and
corrosion resistance [ 7], followed by a diffusion layer of MN nitride precipitation (M = Cr, Mo, V,.......) to provide wear
resistance and fatigue resistance [18]. Microstructure and composition of the formed compound and diffusion layers are
affected by the nitriding conditions, such as temperature and gas composition. Nitriding of ASSs can greatly increase
their surface hardness and wear resistance, but it is not without drawbacks. Unfortunately, it is typically characterized by
precipitation of chromium nitride, which results in a noteworthy decrease in the corrosion resistance of the nitrided surface
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[19,20]. This has led to recent research into using low nitriding temperatures of less than 450 °C [21] to increase the
corrosion resistance of nitrided ASSs rather than the more common temperature of around 600 °C. High surface
microhardness and excellent corrosion resistance have been achieved by plasma nitriding of ASS at low temperatures
[22]. In gas nitriding [23] and PIII at temperatures between 350 and 450 °C [24], this effect has been seen. Alternatively,
applying a carbonitriding process to ASSs is an effective thermochemical surface treatment for improving their wear
resistance. In addition, the structure of a carbonitrided layer also comprises compound and diffusion zones. Carbonitrides
phases with a high concentration of C and Nz are formed on the sample surface to create a compound zone. Underneath
the compound layer lies the diffusion zone, which is a strong arrangement of N2 and C. The diffusion zone tends to be
thicker than the compound layer that has a few microns thick [25]. The corrosion resistance of the carbonitrided ASS
specimens is higher than that of the specimens treated solely by nitriding or carburizing. An explanation for this is that yn
[26] is formed, which has superior corrosion resistance in comparison to the y-austenite phase [27]. Moreover, the nitride
and carbide phases in the presence of the yn and C expanded austenite phase (yc) phases improve the surface
microhardness [28].

On the other hand, a duplex plasma treatment has been established to further improve the stainless steel's mechanical,
tribological, and corrosion properties [11,12]. Duplex treatment is a surface modification technique combining two
consecutive actions of, a hard coating on a treated surface. To sustenance the coating without plastic deformation, the
specimen must have appropriate hardness and flow strength. Plasma nitriding/plasma carbonitriding [11], plasma
nitriding/TiN deposition [12], plasma nitriding/DLC film deposition [29], plasma carbonitriding/post-oxidation [30],
plasma nitriding/TiN coating [31], and plasma nitriding/plasma nitriding—oxidizing [32] have all been successfully
applied to enhance the properties of ASSs surfaces.

Above and beyond, ASS pretreatment, such as heat treatment, cold working, and alloying, is well-known to have a
significant impact on its qualities [33]. Heat treatment could be essential to decrease porosity, release the residual stress,
and/or improve further coating properties [34]. Typically, the strength and stress levels of the material can be controlled
by alloying and cold working process, while the microstructure and grain size, and consequently the diffusivity, are
impacted by heat treatment. For instance, Jiaxin Zhang et al. studied the microstructure and tensile characteristics of
metastable ASSs after annealing for 2 h [35]. Next annealing at 800 °C to 950 °C, the main size of the reversed austenite
grains was reduced to around 2.3 — 4.8 um, while the grain size grew to roughly 16 pm later annealing at 1000 °C. The
grain growth is mostly due to the degradation increasing of carbide particles through the increasing of annealing
temperature. Furthermore, they found that grain refinement boosted the yield and ultimate tensile strengths at the low
annealing temperature. The purpose of the current work is to examine the microstructure and microhardness of AISI 304
ASS after a triple treatment (nitriding, annealing, and carbonitriding). The elemental composition, surface morphology,
X-sectional morphology, phase distribution, and surface microhardness of the triple-treated AISI 304 ASS samples were
investigated.

2 Methodologies

AISI 304 ASS sheet, 1 mm thick, was cut into 20 mm x 10 mm coupons. Its chemical composition is 69.95 wt.% Fe, 19.1
wt.% Cr, 8.5 wt.% Ni, 1.2 wt.% Mn, 0.5 wt.% Si, and 0.075 wt.% C. Acetone was used to clean the specimens before
they entered the reactor quartz tube. An inductively coupled plasma was used to conduct nitriding and carbonitriding
processes. The nitride AISI 304 ASS samples were annealed after nitriding and before carbonitriding. Fig. 1 reveals the
schematic diagram of the RF plasma system that comprises a 50 cm long quartz reactor tube with a diameter of 4.15 cm.
First, the reactor tube was evacuated to a 6x10~> mbar base pressure using a rotary pump. A 13.56 MHz RF generator
connected to an impedance matching network powered a copper induction coil with three turns to generate the discharge.
The lower turn of the RF coil is fixed at a distance of 2.9 cm far away from the specimen surface. The water-cooling rate
was set to 1500 cm®/min for the substrate sample holder. During the nitriding process, the pure N2 gas was used to increase
the gas pressure in the quartz reactor tube from 7x1073 mbar to roughly 8<10 2 mbar. Hence, the samples were subjected
to a 10 min plasma treatment with a 450 W plasma input power. A thermocouple of Chromel-Alumel was used to measure
the temperature of the specimen surface during the plasma nitriding. It was found that the nitriding process temperature
remained relatively constant at around 450 °C. Finally, the nitrided specimen was kept inside the reactor tube for 15
minutes to cool down to room temperature (RT).

After this prenitrided process, the nitrided samples were annealed for one hour at 400 °C in a silica cylindrical tube under
a vacuum of approximately 10~ mbar. The annealed specimens were kept in the silica cylinder under vacuum in order to
cool to RT. The specimens that had previously been nitrided and, hence, annealed were carbonitrided at various partial
pressure ratios of C2Hz, ranging from 10% to 70%, using the same technique, while the balance was pure nitrogen. The
total pressure of gas was set at 8102 mbar for carbonitriding. The distance between the lower turn of the RF coil and
the specimen surface reduced to roughly 2.4 ¢cm, while the substrate water cooling rate was decreased to 600 cm?/min.
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Carbonitriding of nitrided-annealed materials was carried out under identical plasma conditions (450 W plasma-power
and 10 min plasma processing time). The specimen temperature was measured during the plasma carbonitriding. As the
C>Ha pressure ratio is increased to 70%, the specimen temperature rises from 520 °C to 590 °C. At the end of the operation,
the carbonitrided specimens were kept in the evacuated quartz tube till they cooled down to RT.

To determine the thickness of the treated layers, tiny workpieces were cut from the treated samples using an ISOMET
low-speed saw. The X-sectioned specimens were mounted in an epoxy matrix using the cold-mounting procedure. Silicon-
carbide abrasive grit of various grades (ranging from 40 to 400 meshes) was used in a series of processes to grind out the
X-sections of the material. The X-sections were then refined to a mirror finish via micro-polish suspensions of alumina
with particle sizes of 0.3, 0.1, and 0.05 pm. The polished X-sections were then rinsed in flowing water and etched for 30
seconds to expose the X-section microstructure of the treated layers under OM. A mixture of acetic acid (50 ml), nitric
acid (50 ml), and distilled water (30 ml) were used as the etching solution. Finally, a Vickers microhardness tester and
optical imaging determined and confirmed the treated layer thickness. Additionally, several characterization devices were
employed to investigate the triple-treated specimens, then the results were compared with those from samples that had
just been nitrided and annealed. A GDOS technique was used to obtain depth profiles of elemental concentrations in the
samples. Analyzing the structure required the use of a diffractometer equipped with Cr radiation. The surface morphology
of the treated specimens was examined using SEM. The treated-samples surface was tested for Vickers microhardness at
RT with a 100 g load.

R.T. Reactor tube

G Rf generator

M Matching network
Rf Rf coil

p Pirani gauge head
R Rotary pump

S.H.  Sample holder

S Sample

V1-V3 Needle valves
V4-V6 Normal valves
F Mass flow controllers

= ~“|

Fig. 1: Schematic diagram of the RF plasma system

3 Results and discussion
3.1 Elemental concentration depth profiles

GDOS was used to study the elemental concentration depth distribution of prenitrided and triple-treated specimens under
various CoHaz partial pressure ratios. Figs. 2, 3, 4, and 5 reveal the elemental depth profiles of N2, H2, Oz, and C
respectively, for the differently treated samples. Nitrogen can be discovered in the nitrided layer's studied depth in the
prenitrided sample (Fig. 2). The N2 concentration value is detected to be ~19 at.% near the surface region (N
supersaturation region). There is a slight reduction in N2 concentration with depth in the vicinity of the surface (a few
microns down). Behind this, it creates a saturation region of ~11 at.% concentration that extends for ~17 pm in-depth,
and then dramatically decreases at the end of the nitrided layer.

Moving from the prenitrided sample to the triple-treated samples, Fig. 2 displays that as the C2Ha partial pressure ratio is
raised the N2 supersaturation region is slightly shrunk from ~16 at 10% CzHz to ~13 at.% at 70% C2Hz. While with rising
the C2Ha partial pressure ratio, the saturation region is reduced up to a minimum value of ~7 at.% at 70% C2Hz. As a
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result of the drop in the N2 partial pressure ratio, there has been a fall in N2 concentration. Moreover, the mean depth
profile of Nz increased after carbonitriding at 10% C2Hz2/ 90% N2 compared to the prenitrided sample. After annealing,
Compound layer N2 diffuses into the bulk of the substrate [36,37]. Hence, the N2 depth profile decreases as the C2Ha
partial pressure ratio is increased.

Prenitrided
10% C,H,
30% CH,
40% CH,
50% C,H,
70% CH,

20

16

Nitrogen concentration (at.%)

0 5 10 15 20 25 30 35
Depth (um)

Fig. 2: The nitrogen concentration depth profiles of the prenitrided and triple treated samples at different acetylene gas pressure
ratios.

The high temperature during the carbonitriding process causes some nitrided phases to partially decompose, allowing the
free N2 atoms to migrate through the nitride layer toward the bulk sample [ 1]. The Hz depth profile for the triple-treated
specimens at varied C2Hz pressure ratios is also shown in Fig. 3. The Hz content in the prenitrided sample is so low that
it is undetectable. By and large, the H2 concentrations are generally low, in the range of 10 at.%. However, its saturation
region increases from around 4.15x107 at.% at 10% C2Hz to 5.8x107° at.% at 70% C2Ha. The concentration of Hz increases
with depth, forming a saturation region. This saturation region stretches from ~22 um at 10% C2Hz to ~12 um at 70%
C2Hz. Following that, the saturation region is slightly reduced at the nitride layer's termination. This behavior is analogous
to that of the N2 depth profile. Additionally, Fig. 4 illustrates the elemental depth profile of Oz in prenitrided and triple-
treated specimens at a variety of CoHa pressure ratios. This Oz concentration is detected due to the residual oxygen
contamination in the reactor tube [38]. The Oz concentration on the surface is ~0.34 at.% for the prenitrided specimen
and drops to ~0.06 at.% when the C2Hz pressure ratio is increased to 70%. The existence of active hydrogen plasma
species that take away the oxide layer from the nitrided layer’s surface, could explain this drop. However, the Oz depth
increases from ~0.6 um following prenitriding to ~1.3 pm following carbonitriding at 40% C:Hz and, hence, declines to
~0.4 um at 70% C:Ho». This depth is negligible in comparison to the compound layer's thickness, around 3.7%. The thick
carbon-rich layer that forms at high C2H: partial pressure ratios hinders further diffusion of N2, Ha, and O: into the
compound layer, where the majority of micro-cracks are filled and blocked reactive species such as C and N2 [39]. As a
result, the compound layer becomes thicker (Section 3.4), while the N2 content declines to a level that can no longer be
detected.

On the other hand, Fig. 5 displays the prenitrided sample with two identified C peaks; one near the surface of the nitride
layer and another, with a concentration of 0.9 at.%, close to the end of the nitride layer. This C content is identified as a
result of contamination of the reactor tube with carbon (residual hydrocarbon gases) [38], where the C atoms can diffuse
more quickly in ASS than Nz atoms [40]. As the partial pressure ratio of C2Hz increases, the C concentration on the surface
steadily rises to a maximum of 40% C>H> and then slightly declines. It is also worth noting that for all carbonitrided
samples, the C depth profile rises immediately below the surface to ~8.6 um compared to the previous nitrided sample
(~2.5 um). An increased C2H: partial pressure ratio leads to a condenser and thicker carbonitride layer [41]. This partially
explains why N2 mean depth profile is decreasing by increasing the partial pressure ratio of C2Hz, where N2 species can
diffuse into the sample surface's tiny cracks and grain boundaries [ 13] under the influence of the N2 concentration gradient
[42]. Furthermore, it is observed that the second C peak rises to a higher depth after carbonitriding at 10% C2H> compared
to the prenitrided sample, hence, it goes to a lower depth by increasing the partial pressure ratio of Co:Hz. Again, this is
could be attributed to the thick carbon-rich layer formed at high C2Ha partial pressure ratios hindering additional diffusion
of C and Nz into the compound layer. In addition, the intensity of that second C peak is 0.7 — 0.84 at.% for the carbonitrided
samples from 10% up to 50% C:H», while it increases to 1.28 at.% at the high CoHa partial pressure ratio of 70%. The
distribution mechanisms of C and N> in ASS have been investigated and interpreted somewhere else [26,43].
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Fig. 3: The hydrogen concentration depth profiles of the triple treated samples at different acetylene gas pressure ratios.
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Fig. 4: The oxygen concentration depth profiles of the prenitrided and triple treated samples at different acetylene gas pressure ratios.
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Fig. 5: The carbon concentration depth profiles of the prenitrided and triple treated samples at different acetylene gas pressure ratios.
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3.2 Microstructural analysis

XRD was used to determine the crystallographic phases and preferred orientations in the treated samples. Fig. 6 shows
the XRD patterns of the prenitrided and triple-treated specimens at varied C2H: partial pressure ratios (10%, 30%, 50%,
and 70%).
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Fig. 6: X-ray diffraction patterns of the prenitrided and carbonitrided samples at different acetylene gas pressure ratios 10%, 30%,
50%, and 70%.

© 2023 NSP
Natural Sciences Publishing Cor.



Inf. Sci. Lett. 12, No. 1, 135-148 (2023)/ http://www.naturalspublishing.com/Journals.asp m 141

The XRD pattern of the prenitrided specimen demonstrates that the nitride layer is mainly formed of yn. The implantation
of energetic N2 ions into the interstitial locations of the ASS matrix can interpret this lattice expansion. However, the
lattice expansion is low (~2.6%) where the plasma processing temperature is comparatively high (450 °C) and the plasma
processing time is only 10 minutes; this results in decreased Nz inclusion in ASS. Normally, yn-phase lattice expansion
is inversely dependent on the treating temperature; at 400 “C and 465 °C, a lattice expansion of 13% and 6.7% was noticed,
respectively [44.,45]. Moreover, some N2 content was dissipated in the growth of other detected nitrided phases, such as
the y-FesN and CrN nitrided phases.

It is unlikely that the phase is y-austenite because there is no substantial change in its intensity along with the treated
samples, in spite of the thick modified layer. Consequently, it's most likely this is the yn-phase with lattice expansion as
little as ~2.6%. The reflection of CrN peaks is quite strong, in agreement with previous investigations of ASS nitrided at
similar temperatures [46,47]. CrN formation is preferred because of the low Cr diffusion and high negative enthalpy [48].
Precipitation of the CrN phase in the yn-phase matrix is high when the nitriding temperature of ASSs is higher than
450 °C, which decreases the matrix Cr content and, hence, a considerable reduction in the corrosion resistance [49]. The
large concentration of y'-Fes4N in the phase distribution suggests that the surface N2 potential is high enough to produce
higher nitride phases [37]. However, the prenitrided sample does not reveal the yc-phase because of a lack of C content
in the near-surface section. As the lattice expansion value is so modest, the overlap between yn, yc, and y-austenite phases
peaks is not ruled out. After carbonitriding, the XRD patterns of triple-treated samples show an extra detectable phase of
Fes;C. Compared to the prenitrided sample, the relative intensity of the yn-phase in the triple-treated samples up to 50%
C:2Ha is slightly higher. This might be ascribed to additional N2 atoms that may have been introduced into the prenitrided
layer, but their amount remains tiny, implying that a small lattice expansion has occurred. Furthermore, the 400 °C
annealing temperature is too low to disperse the yn-phase generated during the prenitriding. It's also worth noting that the
width of the yn-phase peaks is a little wider than the prenitrided sample. An excess of lattice expansion can lead to the
appearance of significant compressive stress released over plastic deformation, which increases the surface microhardness
of ASS [50,51].

However, its intensity decreases significantly after carbo-nitriding at 70% C2Hz, where a thick and condensed layer is
coated on the sample surface. This thick layer is carbon-rich forming a new carbide phase of FesCs. In addition, the
increase of the C2H> partial pressure ratio raises the treatment temperature further [1 1], suggesting that dissipation of the
yn-phase could occur. The y-FesN phase intensity also decreases following carbonitriding as compared to a prenitrided
sample, which is another interesting finding. This may be due to the formation of Fe;C during carbonitriding. Increasing
the CoHz pressure ratio somewhat increases the intensity of the FesC phase, but the overlap between the FesC and CrN
phases peaks cannot be ruled out. However, as the partial pressure ratio of C2Ha rises to 50% C>Ho, the intensity of the y-
FesN phase gradually increases, and it sharply increases at 70% CzHz. This could be traced back to yn-phase dissipation
at high carbonitriding temperatures. An increase in the treatment temperature (often above 450 °C) can convert the yn-
phase to other nitrided phases, such as y-FesN, e-Fe>3N, CrN, and CroN or martensitic/ferritic phase [52,53]. In the current
carbonitriding treatment, increasing the CoHz partial pressure ratio raises the processing temperature from 520 °C at 10%
C2Hz2 to 590 °C at 70% C2Hz [11]. Because the CrN and CrC phases have a crystal structure similar to FCC and
approximately identical lattice parameters [26], it is difficult to distinguish them. Besides, the triple-treated samples didn't
contain enough C atoms to produce the yc-phase, so this phase is not detected. Both yc and CrC phases can be formed at
100% C:2H:z treatment [26]. In addition, the residual partial pressure of oxygen is too low to produce metallic oxide or
oxynitride phases through nitriding. Carbonitriding may also take away the remaining oxide layer from the nitrided layer
due to the presence of active hydrogen species.

3.3 Surface Morphology

Prenitrided and triple-treated specimens of various CoHz pressure ratios (10%, 20%, 30%, 40%, 50%, and 70%) were
investigated by SEM at 3000x magnification for the surface morphology (Fig. 7). Figure 7(a) shows the pretreatment
sample's surface with relatively large grain size and non-uniform grains with very thin borders, which are distinct features.
Normally, the annealing process after nitriding increases the sample grain size [37], this effect can be observed in the
triple-treated samples at 10% and 20% CzHz pressure ratios. However, as the C2Hz partial pressure ratio rises from 30%
to 70%, grain size falls and grain boundaries thicken and densify. A near-linear relationship has been detected between
the grain boundary density and the microhardness [54]. Additional tiny deposits on the triple-treated samples could be
attributable to amorphous carbonitride films that are hard to identify by XRD analysis. In addition, the surface is porous
in microstructure as the grains are randomly packed. Additionally, the surface morphological micro-graphs of the triple-
treated samples show a slip between the nearest layers, which is attributed to the increased N2/C concentration in some
places compared to others [11]. As a result, the neigh-boring grains are subjected to compressive stresses, resulting in
plastic deformation of the surface [55]. Nitrided surfaces have shown similar features in prior research [11,12,56].
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Fig. 7: SEM micrograph of (a) prenitrided sample and triple treated samples at different gas pressure ratios of C;Ha/(C,Ha+N»): (b)
10%, (c) 20%, (d) 30% (e) 40% (f) 50%, (g) 60%, and (h) 70%.

3.4 Cross-section morphological analysis

OM images of the X-section microstructure of prenitrided, annealed-nitrided, and triple-treated specimens at varied C2Ha
pressure ratios are shown in Fig. 8. After nitriding, Fig. 8(a) reveals that a layer of roughly 20+0.5 pm thick was created
on top of the substrate. When it comes to the bulk substrate, it's nearly uniform and homogenous, with a sharp and smooth
edge. This thick compound layer was created without eliminating the native oxide layer on the surface. The small oxide
layer does not prevent the N2 diffusion into the bulk-forming a relatively thick modified layer [57]. This confirms that
ASS nitriding and carbonitriding are achievable under these conditions of RF plasma treatment [26]. The large compound
layer thickness could be ascribed to steel's strong N> diffusivity compared to other alloys such as vanadium alloys.

The temperature of thermal diffusion activation of N2 in ASS is comparatively low (~450 °C) [58]. However, it’s difficult
to see a diffusion layer because of the incredibly short plasma nitriding duration (only 10 min). Annealing for 1 hour at
400 °C led to a considerable rise in the thickness of the compound layer from 20 to 23.5+0.5 um, as shown in Fig. 8(b).
Previous research supports this result [37]. Thermal treatment (annealing) has a significant effect on the compound layer's
thickness increase through the process of N> atoms diffusing toward the substrate bulk. Through this N> atom diffusion,
the interlayer connection remains intact [59], reflecting the significance of prenitriding prior to carbonitriding. As a result,
the N2 concentration is reduced in the compound layer, therefore, more N2 atoms may diffuse during the carbonitriding
process. Moreover, the surface roughness of the nitrided-annealed sample has been measured via a Form Talysurf Intra
Profilometer, reaching 0.256 um. This value is far less compared to carbonitriding samples (from 2.4 to 7.5 um),
indicating good adhesion between the deposited layer and the annealed-nitrided substrate [59]. A series of micrographs
are shown in Fig. 8(c-i), which reveal the carbonitrided layers' deposition after carbonitriding.

© 2023 NSP
Natural Sciences Publishing Cor.



Inf. Sci. Lett. 12, No. 1, 135-148 (2023)/ http://www.naturalspublishing.com/Journals.asp %N =) 143

(c) 10 pm

(a) wm | |(b) O

Fig. 8: Cross-sectional OM micrographs of (a) nitrided sample, (b) nitrided-annealed sample and triple treated samples at different
gas pressure ratios CoHo/(C2Ho+N»): (¢) 10%, (d) 20%, (e) 30%, () 40%, (g) 50%, (h) 60%, and (i) 70%.

Table 1: The total compound thickness and the deposited layer thickness of treated samples.

No. Gas pressure ratios Total(:ll:lc)kness Tl:l}cpl::;;s:d()f
yer (pm)
1 Nitrided sample 20+0.5 —
2 Nitrided-annealed sample 23.5+0.5 —
3 10% CyH, 30.5+0.5 24
4 20% CoHy 30.5+0.5 39
5 30% CoH, 33.5+0.75 43
6 40% CyH» 34.5+£0.75 6.5
7 50% CoH, 32.5+0.75 7.5
8 60% CoH, 345+0.5 5.7
9 70% CoH, 31+0.5 7.5
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This implies that the deposition mechanism accompanies the surface treatment mechanism, producing an amorphous
carbonitride layer on/in the compound layer [11]. In addition, the thickness of the deposition steadily grew from 2.4 to
7.5 um with an increase in C2H: partial pressure ratio from 10% to 70%, and the treatment temperature increased
accordingly. The thickness of the deposited layers was measured via a Vickers microhardness tester and it was found that
it is an C2H» partial pressure ratio dependent [41]. For various CoHx partial pressure ratios, the thickness of the compound
and deposited layers is summarized in Table 1. According to Fig. 8 and Table 1, the compound layer thickness enlarged
from 25.5 pm to about 29 um after carbonitriding at 60% C2Hz. Nitrogen diffusion acceleration toward the substrate bulk
beneath the nitride layer might be aided by a gradient of N2/C concentration in addition to a temperature gradient [38].

3.5 Microhardness

A Vickers microhardness tester with 100 g weight and a 15 sec hold period was used to investigate the impact of various
C2Hz pressure ratios on the surface hardness. Fig. 9 displays the surface microhardness values of the prenitrided, nitrided-
annealed, and triple-treated specimens. The prenitrided sample has a surface microhardness of 1,051 HVO0.1 that is roughly
4.78 times greater than the untreated sample value (220 HVO0.1).

Due to the creation of y'-FesN and yn hard phases, surface hardness has increased [11]. The yn-phase has varying high
microhardness over a large range of about 1,000-2,000 HV [60,61,62]. The variation in properties of the yn-phase is
attributed to its complex states and its different microstructures on the nitrided surfaces of ASSs [53]. The surface hardness
is reduced to 822 HVO.1 after heat treatment (annealing at 400 °C). Due to the drop in dislocation density and a raise in
grain size, this decrease could be demonstrated [63,64]. Nitrogen atoms are also diffusing out of the compound layer,
increasing its thickness from ~20 to ~23.5 pm and releasing the compressive stress. It is important to note, however, that
this hardness value is sufficient to prevent plastic deformation from removing the carbonitrided layer, as long as the soft
substrate material is reduced [65]. After carbonitriding, all triple-treated samples show a hardness improvement compared
to the nitrided-annealed sample. The highest value of surface hardness, 1,497+33.5 HV0.1, can be achieved by increasing
the C2H2/N2 gas composition ratio to 70%. When compared to the untreated and prenitrided samples, this maximum
hardness value is ~6.8 and ~1.42 times higher. This maximum value is higher than that value (1,356+12 HVO0.1), which
we have achieved earlier by duplex plasma treatment (nitriding then carbonitriding) without annealing in between [17].
This increase is attributed to six factors: 1) an increase in the hard deposit layer thickness [66]; 2) a dense microstructure
of the carbonitride layer with high N2 and C concentrations near the surface and along the saturation region; 3) a rise in
the intensity of y’-FesN hard nitride phase; 4) forming FesC and Fe7Cs hard carbide phases that add more internal stress
to the treated layer; 5) forming the yn hard phase but the softer yc-phase is no [40]; and finally 6) decreasing the grain
size [64] with increasing the C2H» partial pressure ratio.
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Fig. 9: The surface microhardness of the treated samples versus gas pressure ratios.
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4 Conclusion

To our knowledge, this is the first time that ASS has been subjected to such a triple treatment. The C2Hz/ N2 gas ratio was
studied to determine how the annealed-plasma nitrided samples of AISI 304 were affected. There is an association
between the gas composition and changes in the triple-treated layers' thickness, atomic structure, chemical composition
as well as microhardness values. The microstructures of the triple-treated samples show the formation of hard phases of
N, ¥'-FeaN, CrN, FesC, and Fe;Cs. The overall compound layer thickness raised from ~20 pum after nitriding to ~23.5 pm
after annealing to ~34.5 um after carbonitriding. Moreover, the mean depth profile of N2 decreases as the partial pressure
ratio of C2Hz increases from 10% to 70%. An amorphous carbonitride film has been formed on the top layer of the triple-
treated samples leading to fine precipitations. The deposited top layer has a maximum thickness of ~7.5 pm at 70% C2Hz
and it is gas composition dependent. There was an increase of ~6.8 and ~1.42 folds in the surface microhardness of the
triple-treated sample at 70% C2H> compared to the untreated and prenitrided samples, respectively.
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