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Characterization of Tribological and Mechanical

Properties of the SizN, Coating Fabricated by Duplex

Surface Treatment of Pack Siliconizing and Plasma
Nitriding on AISI D2 Tool Steel

MOJTABA NAJAFIZADEH, MEHRAN GHASEMPOUR-MOUZIRAIJI,
BEHZAD SADEGHI, and PASQUALE CAVALIERE

Silicon nitride (Si3Ny4) coating was deposited on AISI D2 tool steel through employing duplex
surface treatments—pack siliconizing followed by plasma nitriding. Pack cementation was
performed at 650 °C, 800 °C, and 950 °C for 2 and 3 hours by using various mixtures to realize
the silicon coating. X-ray diffraction analyses and scanning electron microscopy observations
were employed for demonstrating the optimal process conditions leading to high coating
adhesion, uniform thickness, and composition. The optimized conditions belonging to
siliconizing were employed to produce samples to be further processed via plasma nitriding.
This treatment was performed with a gas mixture of 75 pct H,-25 pct N,, at the temperature of
550 °C for 7 hours. The results showed that different nitride phases such as SizNy-f, Si3Ny-7,
Fe4N, and FesN can be recognized as coatings reinforcements. It was demonstrated that the
described composite coating procedure allowed to obtain a remarkable increase in hardness
(80 pct higher with respect to the substrate) and wear resistance (30 pct decrease of weight loss)
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of the tool steel.
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I. INTRODUCTION

THE D-type is high carbon (1.4 to 1.6 wt pct) and
high chromium (11 to 13 wt pct) tool steels. They are
characterized by very high strength and mechanical
stability at elevated temperature, high hardness, good
corrosion, and wear resistance. The D2 tool steel is
mainly employed for cold extrusion dies production.!'
Obviously, their surface properties are normally
improved through simple or complex case hardening
processes. As a matter of fact, surface properties are
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mainly improved through intermetallics precipitation
that can shift the main wear mechanisms from an
abrasive to an adhesive behavior. This avoids surface
brittleness that can lead to crack formation.™ In this
view, pack hardening is demonstrated to effectlvelg/
improve surface properties of the AISI D2 tool steel.!

The halide activated pack cementation (HAPC) method
is widely used for improving surface properties of metals
and alloys.”® During HAPC, powders at high temper-
ature react with the halide activators in order to form
vapor of the coating compounds during the reaction
with the substrate. The HAPC method enables the
fabrication of metallurgical coating with good adhesion
to the metallic substrate and effective coating thick-
ness.”) HAPC silicides coatings have been successfully
deposited over numerous materials such as Ni, V, Fe,
and Ti-based alloys.l"" ' Additional elements are added
to the coatings for improving the intrinsic mechanical
propcrtles through complex hard compounds precipita-
tion.1¥ The coatmgs performances improve throuf%

further processing such as plasma nitriding.["!'>1®
Recently, siliconized layers deposited on AISI steels
showed high wear and good pitting corrosion resistance.
These improvements were attributed to the formation of
hard FeSi intermetallic compounds (171 The precise
control of the optimal prec1p1tc1t10n is demonstrdted to
be very beneficial for the corrosion resistance.!'® The
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two-step coating, based on the continual diffusion of
two or more elements into the surface of the substrate, is
demonstrated to be more and more effective.l'* 2%
Two-step coatin% technique, including diffusion of
T, Cr,BPY ALPY or B,*3 allows for the formation of
hard nitrides. The nitride layers can modif?/ the

oxidation,"" corrosion resistance,l'? and
load-bearing capacity to very extreme levels. From an
industrial point of view, pack cementation technique
results simple, cost effective, and suitable for mass
production for  coating  complex  geometry
substrates.>* 7]

The present study focused on the production and
characterization of Si;Ny coating on AISI D2 tool steel
through a duplex treatment via pack siliconizing fol-
lowed by plasma nitriding. First, optimized siliconizing
coatings at high and low temperature were obtained.
Then they were plasma nitrided in order to induce high
strength and high wear resistance in the D2 steel.

II. EXPERIMENTAL PROCEDURE

The substrate material is AISI D2 steel. The steel
composition is listed in Table I (measured with Thermo
Scientific ARL 3460 Advantage spectrometer).

For the HAPC, three types of powders containing
different amounts of Si, NH4CI (as a halide activator)
with or without NaF, and Al,O5 (as filler) were used.
The composition of pack mixtures is listed in Table II.

For all the powders, Si is the donor source, NH4Cl or
NH,4Cl+ NaF are employed as chemical activator, and
Al,Os5 is employed as inert filler. Cylindrical steel samples
(30*30 mm) were cut and polished with metallographic
SiC papers up to 600 finishing. Then, the specimens were
cleaned with acetone and dried for further coating
operations. Cubic stainless steel boxes with dimensions
of 100*100*100 mm were half filled with the powder
mixture and, after that the three steel samples were
positioned on the mixture, the boxes were completely
filled with the remaining powders. The samples were
heated into a furnace (Hefei Kejing Material Technology
Company, model KSL-1400X) at 650 °C, 800 °C, and
950 °C for 2 and 3 hours. After HAPC, the samples were
polished via standard metallographic techniques for
microscopy observations performed by employing a
ZEISS EVO 40 scanning electron microscope equipped
with EDS, the working distance was 10 mm, and the
accelerating voltage was 20 kV.

The samples selected for further processing where
those experiencing the best adhesion, thickness, and
hardness. The plasma nitriding was performed by
employing a gas blend of 75 pct H»-25 pct N, at
550 °C for 7 hours under a constant pressure of 10
mbar with a voltage applied between anode and cathode
lying in the range of 300 to 800 volts. After 7 hours
nitriding, the specimens were slowly cooled to 170 °C
before removal from the reaction chamber. For inves-
tigating the coatings phase composition, samples were
analyzed through X-ray diffraction analyses (XRD)

with a Rigaku diffractometer by applying Cu-Ko
radiation at a precipitating voltage of 40 kV and a
current of 40 mA with a scan step of 0.02. For
tribological studies, a pin-on-disk tribometer, under
sideway slippage in dry conditions over a slippage
distance of 500 m with a speed of 0.5 m/s under a
vertical load of 30N (3 tests per condition were
performed), was used. The specimens were prepared
according to ASTM wear testing following the G99-04a
standard. The material of the pin was tungsten carbide,
and the disks were the specimens with coating and
without coating. The wear weight loss after each 100m
to 500m was calculated for each disk with an accuracy of
0.1 mg. The nano-mechanical properties of the coatings
were studied through an Anton Paar nano-indenter
model TTX-NHT2, equipped with a Berkovich dia-
mond indenter. The tests were performed under loading
control, with maximum applied load of 10 mN, loading
and unloading rate of 20 mN/min, and dwell time of 5 s.
Eleven indentations per sample were performed, and the
average values were recorded. Hardness and elastic
modulus were calculated by Oliver and Pharr method on
the indentation load versus depth curves.

III. RESULTS AND DISCUSSION
A. Mechanism of Coatings

1. Siliconizing coating

During the pack-siliconizing process, the chemical
reactions taking place are described by Egs. [1] through
[10]. In the charge,*®

NH4C1(S) — NH3(g) + HCl(g)7 [1]

2NH3<g) — N2<g + 3H2(g), [2]

)

4HCl,) + Sigy — SiCly, + 4H. 3]
On the substrate,

3SiCly, + Siy — 4SiCls,, 4]

2SiCly, + Si) — 3SiCly, 5]

SiCly, + Sii) — 2SiClyy), [6]

H + Clg — HClg), [7]

Si + Cl, + Hy — SiH,Cly, 8]

Si + <%>Clz + (%)Hz — SiHCl;, [9]

Fe + Si — FeSi, FeSi, or Fe;Si. [10]
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Table I. Chemical Composition of the AISI D2 Tool Steel

Element Fe C Si Mn

S Cr Mo Ni Cu \%

Composition (Wt Pct) 85 1.43 0.198 0.308

0.012 0.0075 12 0.8

0.0304 0.0901 0.124

Table II. Chemical Composition of Pack Mixtures, Time, and Temperature of the Pack Treatment

Powder Composition (Wt Pct)

Pack Si NH,CI NaF

Al,O4

Time (h) Temperature (°C) Coded Value

0.5 — 87.5

2 650 12
800
950

3 650 13
800
950

2 650 22
800
950

3 650 23
800
950

2 650 32
800
950

3 650 33
800
950

During the siliconizing procedure, NH4Cl is the
halide activator; the halide evaporates by producing
NH; and HCI; and then the reaction occurs at temper-
atures higher than 350 °C (i). By increasing temperature,
gases pressure for forming both N, and H, are increased
(i1). The silicon powders react with the HCI (iii) to form
SiCly. Consequently, the other chlorides, SiCl;, SiCl,,
and SiCl form through the reaction with Silicon powder.
Besides these reactions, the silicon reacts with the H,
and Cl, and this reaction produces other two chlorides
in the form of SiH,Cl, and SiHClI;. Finally, the H, and
Cl, combine and produce the HCI gas. The vaporized
compounds react with the etched surface of the base
metal resulting in diffusion of the silicon. This allows for
the formation of FeSi, FeSi, or Fe,Si.”*!

2. Plasma nitriding coating

Plasma nitriding on the surface of the steel evolves
through four main reactions (11-14). The process
schematic is shown can be described through Figure 1
[29]:

e = Ny=N"+N+2e, [11]
N* — Work surface

= sputtered Fe and sputtered contamination,
[12]
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Sputtered Fe + N = FeN, [13]

FeN — Fer:N + N

Fe;N — FesN + Nie - phase)

Fe;N — FesN + N(y - phase)

FesN — Fe + N (the compoundes of iron and nitrogen zone)

[14]

B. Silicides Formation

The pack-siliconizing products formation and diffu-
sion comprise four steps®®: (i) halide activator is
converted to the gas, (ii) the gas reacts with the elements
of the coatings, (iii) reacted gas penetrates in the base
metal, then creating the coated surface, and (iv)
solid-state diffusion in the substrate.

At high temperature, Si reacts with the activators
forming SiClx and SiFy compounds. Then, gaseous
chlorides and fluorides start to diffuse in the steel
through the contact surface and the different formed
phases.*”) Normally, the final coatings contain different
layers of various compositions depending on the diffu-
sion efficiency due to the time—temperature processing
conditions.”” The NH,Cl-activated pack cementation is
very complex; it comprises various hydrogen-based
compounds’ formation such as SiH4,Cl, (y=1-4).
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Fig. 1—The mechanisms of plasma nitriding.

Mainly the reacting species are recognized in SiCl,,
SiCly, SiCl,H,, and SiCl3H.B” Obviously, the coating
thickness and its adhesion to the substrate are strongly
related to the processing conditions employed during the
deposition.

Microstructure of the coating observed by SEM on
cross-section sample of the (HAPC) coatings formed at
650 °C for 2 and 3 hours is shown in Figure 2. Given that
the coatings form for all the powder compositions, the
coatings thickness, measured from the SEM images, after
2 hours are 10, 9.2, and 29 um for the powders no. 1, 2,
and 3, the thickness of coating in 3 hours is 50, 76, and 74
um for the powders no. 1, 2, and 3, respectively. By
increasing the processing time and the percentages of
activator and silicon, the diffusion of the silicon in the
substrate increased. The chemical reactions evolution is
related to the time, temperature, and the percentage of
the activator. With increasing the activator percentage
and treatment time, the chemical reactions velocity
increases and consequently higher thickness can be
obtained. The thickness of the coatings, for different
composition and time, demonstrates that the diffusion of
the silicon in the base metal significantly increases with

increasing the temperature and the halide percentage. As
can be seen in Figure 2, the silicon has inter-diffusion in
the base metal with different surface qualities.

In this case, those coatings produced with powders
no. 2 and 3 show crack formation at the coating—sub-
strate interface as well as inside the coating. Only the
coating produced with the powder no. 1 appears with an
acceptable adhesion and with the absence of cracks. The
silicon diffusion was very low for the material treated at
650 °C for 2 hours. On the other hand, silicon diffusion
increases as the treatment time increases to 3 h. The
diffusion is also largely improved by passing from 2 to 3
hours of heat treatment for the coatings produced with
powders 2 and 3. The addition of NaF markedly
improves the silicon penetration only for the powder
no.2 leading to values close to those belonging to the
coating produced with powder no.1.

Microstructure of the coating observed by SEM on
cross-section sample of the coatings deposited through
HAPC at the temperature of 800 °C for 2 and 3 hours is
shown in Figure 3.

By increasing temperature, the adhesion largely
improves for all the employed powders. The coating
thickness, deposited from the powder no.l at 2 hours
and powder no.2 at 3 hours, was detected to remarkably
increase with temperature as shown in Figure 3. The
achieved coating thicknesses, measured from the SEM
images, at 800 °C for powders 1, 2, and 3 in 2 hours
were 47, 27, and 24 um, respectively, and after 3 hours,
the thicknesses were 41, 76, and 32 um, respectively. The
silicide coating thickness increased with increasing the
percentage of the silicon inside the powder composition
of the pack and with increasing the treatment time.

The diffusion behavior was also monitored through
the Si profile along the coating thickness (Figures 4). As
shown in Figures 3 and 4, the silicon diffusion increases
as the silicon percentage in the powder and the treating
time increase. The distribution of silicon increased from
the base plate to the coating (Figure 4). Also, the EDS
line scan provides the correct thickness of the silicon
diffusion inside the substrate.

Finally, the HAPC process was performed at the
highest temperature (950 °C), and the SEM microstruc-
ture of the coatings are shown in Figure 5. Here, no
cracks were observed for all the experienced processing
conditions.

The coating thicknesses, measured from the SEM
images, at 950 °C for powders no.1, 2, and 3 in 2 hours
were 79, 83, and 92 um, respectively, and after 3 hours,
the thicknesses were 89, 356, and 356 um, respectively.
Also, the same thickness of the coating is shown for the
pack composition no.3 with the holding time of the
3 hours by Najafizadeh er al.®*" The coatings, produced
by adding the NaF as an activator, show increased
thickness due to the silicon diffusion which largely
improved thanks to the increased activation energy. This
behavior is observed for all the treating times at the
temperature of 950 °C. The thickness of the silicide
coating is related to the alloying elements, time, and
temperature.*? The best conditions to obtain coatings
with high thickness without cracking are those deposited
at 950 °C and 3 hours. The mean reasons for enhancing
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Fig. 2—Microstructure of the coating observed by SEM on cross-section sample of the HAPC coatings formed at 650 °C for (a) 12, (b) 22, (¢)

32, (d) 13, (¢) 23, and (f) 33.

the thickness of the silicide coating with the augmenting
temperature from 650, 800, and 950°C are recognized in
the halide vapors easy formation as the temperature
increases. This is the main contribution to the thickness
enhancement.

The powder compositions no.1 and no.2 deposited at
950°C and 3 hours were selected for plasma-nitriding
treatment. Those coatings will be indicated in the
following as HAPC 1 and HAPC 2, respectively. Their
hardness profiles, before the plasma-nitriding process,
are shown in Figure 6(a). For comparison, the Si profile
along the thickness is shown in Figure 6(b). The silicon
coating substantially shows increases in the hardness.”

C. Nitriding

The nitriding of the steel is related to the different
parameters such as the composition of the alloy, the
mixture of the nitrogen and hydrogen, and treating
temperature and time.”**> Obviously, in the present case,
the nitriding evolution and the consequent phases forma-
tion mainly depend on the silicon-rich material and silicides
precipitated on the steel surface during the previous coating
process. Microstructure of the coating observed by SEM
on cross-section sample of the HAPC 1 and 2 coatings after
plasma nitriding is shown in Figure 7. The average
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thickness of the SizNy coating as shown in Figure 7 for
HAPC 1 is 37 um and HAPC 2 is 115 um, respectively.

The EDS analyses results of the HAPC 1 and HAPC 2
coatings are summarized in Figure 8. The compositional
profiles show that the HAPC 2 coating has higher
percentage of Si and N than the HAPC 1. Habibo-
lahzadeh et al. used the EDS analyses for the recogniz-
ing the N and the other elements on the coating.*® As
previously mentioned, the huge amount of Si along the
nitrogen diffusion path will influence the precipitates
formation and composition. In fact, although the
nitrogen quantity is common for a traditional nitriding
process, the silicon quantity belonging to the previous
treatment is very high.

The kinetic and thermodynamic reactions, leading to
the coatings formation, are due to the diffusion in the
substrate. So, the diffusion path of silicon and its
compounds formation are fundamental for the analysis
of the coatings properties and stability.1*”!

The XRD analysis allows identifying the different
phases forming during the process. The XRD pattern of
the siliconizing coating is shown in Figure 9(a). The
XRD analysis performed on the surface of the silicon
coating indicated the three phases: FeSi2, FeSi, and
Fe2Si. The same FeSi intermetallics are founding by
Najafizadeh et alB” The XRD pattern of the
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Fig. 4 —SEM-EDS Linear analysis of the silicon in the steel coated at 800 ° C for (¢) 2 h and (b) 3 h.

plasma-nitridled HAPC 1 coating is shown in
Figure 9(b). The results show the y phase formation
during silicon nitriding.®® According to the XRD
pattern, the main reinforcing phases were 7-SizNy
(cubic), FesN (hexagonal), Fe4N (cubic), CrN (cubic),
and CrSiAl (hexagonal). The XRD pattern of the
plasma-nitridled HAPC 2 coating is shown in

Figure 9(c). The results show the formation of the f
phase.??! According to the XRD pattern of the HAPC
2, the - SizN4 (hexagonal) and other phases such as
FeysN (cubic), CrFe (cubic), CrFeSi (hexagonal),
N,0Si,, and Fe,N (orthorhombic) were detected. The
detection of the different compounds precipitation is
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Fig. 6—(a) Hardness profiles of the AISI D2 steel after coating through HAPC at 950 °C for 3 hours by employing powders of compositions 1

and 2; (b) Si profile along the coating thickness for both the powders.

fundamental because brittleness can be induced in the
material if precipitates evolve in an undesired way.[*"!
The hardness profiles after plasma nitriding are
shown in Figure 10. The maximum hardness of the
plasma-nitrided coating on HAPC 1 sample appears
marginally higher than the hardness of the HAPC 2
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coating one. This is attributed to the different phases
evaluation during the nitriding process. The hardness of
the 7-Si;N, phasel*! is higher than the f-Si;Ny.*?

For comparison, plasma nitriding was performed on
the steel without HAPC treatment, the phases evolution
spectrum is shown in Figure 11. According to the XRD
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pattern of the D2 tool steel after plasma nitriding, the
Fe4N and Fe;N phases are detected on the surface of the
AISI D2 steel.

The main-hardening precipitates were &-FesN and
1-Fe4N. 7'-FeyN which were recognized as the main
phases, and these are also very efficient in improving the
wear resistance of the steel.l*! As a consequence, it is
expected that the precipitate states can lead to different
wear behaviors.[****! By increasing the percentage of the
nitrogen in the gas durin% plasma nitriding, roughness
of the surface increased.[*®!

D. Wear Behavior

The weight loss after sliding clearly shows that the
wear resistance of the steel increases through coating
operations (Figure 12). The wear resistance increases
with sliding distance. The friction coefficient variation
during sliding is shown in Figure 13 for all the studied
coatings.

First of all, the initial variation of the friction
coefficient depends on the surface roughness differences
due to the various surface treatments. Then the friction
coefficient varies for the different coating types because
of the intrinsic mechanical properties of the coated
layers as will be precisely described through the
nano-indentation behavior of the studied materials.

Plasma-nitrided HAPC 1 sample shows the best
performances in all the conditions. Plasma nitriding
without HAPC shows a higher wear resistance with
respect to the nitrided HAPC 2 sample up to a sliding
distance of 200 meters. The plasma-nitrided sample
weight loss is higher also with respect to the HAPC 1.
This confirms the brittleness of the coating performed
by employing NaF as activation compound during
HAPC. This behavior was explained as dependent on
the precipitation state of the steel belonging to the
different coating sequences.*”**) Plasma-nitrided AISI
D2 steel shows a good wear resistance due to the
optimal precipitates mainly recognized in y’-Fe,N, this is
reported to be very effective to improve the wear
properties.*>>”) The HAPC 1+ plasma-nitriding coat-
ing is shown to have higher wear resistance due to the
huge precipitation of hard Si;Ny silicides. These silicides
result excellent for the further increase in wear resistance

and are responsible for the remarkable decrease of the
friction coefficient (Figure 13, the fitting curve for the
friction coefficient is shown in red). In the case of the
HAPC 2+ plasma nitriding, the presence of brittle
nitrogen silicon dioxide phases leads to a decrease in the
wear resistance (lower than the plasma nitride steel).
Here, as a partial conclusion, even if the addition of
NaF as activator is very effective in realizing very thick
siliconized coatings; those coatings produced with the
sole NH,4Cl activator show improved mechanical prop-
erties after plasma nitriding.

The plasma nitride sample shows a slight increase of
the friction coefficient for low sliding distance, and then
it decreases up to the plateau value. A similar behavior
with lower friction coefficient is shown for the HAPC
2+ plasma-nitriding coating. The HAPC 1+
plasma-nitriding coating shows lower friction coefficient
with an almost constant behavior as a function of the
sliding distance. In order to further investigate such
behavior, nano-indentation tests were performed on the
base AISI steel and on the nitride coatings in both the
studied conditions. The results are shown in Figure 14.

As a matter of fact, the nano-indentation results give
a clear explanation of the wear behavior of the
coatings. In fact, the plasticity index largely increases
for HAPC2+ plasma nitriding and HAPC1+ plasma
nitriding with respect to the AISI D2 steel. The
precipitation behavior leads to strong modifications in
the elastic behavior as well as in the material hardness.
Obviously, this acts with different rates as a function of
the various treatments. Here, the proportion between
hardness (H) and elastic modulus (E), known as
plasticity index, is a very suitable parameter to evaluate
the wear behavior of coatings. The optimization of
wear resistance was measured with by plasticity index
for specifP/ing the extent of elastic behavior in surface
contact.’" In particular, the elastic strain to failure
(depending on the H/E proportion) is considered an
applicable parameter to support the wear resistance
instead using only hardness for measuring wear resis-
tance. In particular, the higher the plasticity index is,
the best the friction coeflicient results demonstrating
the best stability of the coatings due to the precipita-
tion state induced by the surface treatments. So as a
partial conclusion, the huge precipitation due to HACP

METALLURGICAL AND MATERIALS TRANSACTIONS A
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and plasma nitriding leads to high hardness and high Generally, the higher the H/E ratio is, the higher the
elastic modulus leading to a wear resistance and wear properties are expected.”>>¥ With this behavior,

stable surface. the plasticity index (Hardness/Elastic modulus) varies
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Fig. 9—X-ray diffraction pattern of (a) the siliconizing from HAPC 2 coating, (b) the plasma-nitriding HAPC 1 coating, (¢) the plasma-nitriding

HAPC 2 coating.
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Fig. 11—XRD pattern of the AISI D2 steel after plasma nitriding.
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from 0.051 to 0.06, being perfectly consistent with the
different wear behaviors observed during sliding.
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Fig. 12—Variation of weight loss with the sliding distance after pin
on dick tests.
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The morphology of the worn surface was examined
allowing to identify the wear mechanisms acting during
sliding. The SEM images of the specimens are shown in
Figures 15(a) through (d), after the wear test at 30N
load with the 0.5m/s. The SEM microstructure of AISI
D2 in the as-received condition and after plasma
nitriding is shown in Figures 15(a) and (b), respectively.
The morphologies of the worn surface show large plastic
deformation, the particles of material emerge, and also
adhesion wear can be underlined. The main wear
mechanism is adhesive. In this case, there is an adhesion
between pin and disk material without using lubricant.
The SEM microstructure after silicon nitriding is shown
in Figures 15(c) and (d). The wear grooves are revealed
by the observation of micro-pores on this coating. As
can be seen from Figure 7, the continual plastic
deformation of the coating and particles emerge cause
to form the micro-pores on the surface.**! The other
reasons for the formation of the micro-pores are
releasing and entrapment phenomend of nitrogen within
the superficial oxide layer.[*®
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Fig. 13—Friction coefficient as a function of the sliding distance (a) AISI D2, (b) plasma nitriding, (¢) HAPC 1+ plasma nitriding, and (d)

HAPC 2+ plasma nitriding.
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1.

IV. CONCLUSIONS

In the current study, silicide coatings were deposited
through halide activated pack cementation by employ-
ing different siliconizing powder compositions. The
concluding remarks are

Indentation load (mN)

Silicon diffusion increases as the treating tempera-
ture increases from 650 to 950 °C.

14
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Fig. 14—Indentation curves for the plasma-nitrided coatings.
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g \ Pull out

The optimal combination for having better thick-
ness occurred using temperature of 950 °C and
treating time of 3 hours.

By adding NaF to NH4Cl as an activator, the
thickness is far higher with respect to the treating
condition employing only NH,4CL

By employing NH4Cl or NH4Cl+ NaF as activa-
tors, a remarkable modification of phases forma-
tion was revealed.

The plasma-nitriding coating belonging to the
NH,Cl-siliconized steel showed the most harden
precipitated such as y-Si;N4 leading to higher
hardness and wear resistance.

By using NH4Cl+ NaF, the f-SizN, phase was
found, which plays a key role in wear resistance but
due to oxidation N20OSi2, the wear resistance is
decreased and then increased in comparison to the
as nitrided steel.

The mechanical behavior of the plasma nitriding
coating belonging to the NH4Cl-siliconized steel,
analyzed through nano-indentation, revealed that
the precipitation state leads to a significant increase
in the plasticity index confirming the improved wear
properties.

By increasing sliding distance, wear resistance
increased significantly. In the presence of SizNy,
the friction coefficient decreased.

1 Pull out

N

Adhesive wear ¥
fl,r 0y .V’Yf %J‘M‘ i)

Fig. 15—SEM images of the worn surface of the (¢) AISI D2, (b) plasma nitriding, (¢) HAPC 1+ plasma nitriding, and (d) HAPC 2+ plasma
nitriding.
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