metals

Article

The Effect of Cathodic Cage Plasma TiN Deposition on Surface
Properties of Conventional Plasma Nitrided AISI-M2 Steel

Luiz Henrique Portela de Abreu
Juan C. Diaz-Guillén (7, Javed Igbal >¢ and Rémulo Ribeiro Magalhaes Sousa

check for
updates

Citation: de Abreu, L.H.P,; Naeem,
M.; Mongao, R.M.; Costa, TH.C.;
Diaz-Guillén, J.C.; Igbal, J.; Sousa,
R.R.M. The Effect of Cathodic Cage
Plasma TiN Deposition on Surface
Properties of Conventional Plasma
Nitrided AISI-M2 Steel. Metals 2022,
12,961. https://doi.org/10.3390/
met12060961

Academic Editors: Shinichiro Adachi,
Francesca Borgioli, Thomas Lindner
and Marcello Cabibbo

Received: 9 May 2022
Accepted: 31 May 2022
Published: 2 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1

, Muhammad Naeem ?*, Renan Matos Moncao !, Thercio H. C. Costa 3(7,

1,7

Advanced Materials Interdisciplinary Laboratory (LIMAV), Postgraduate Program in Materials Science and
Engineering, Federal University of Piaui (UFPI), Teresina 64000-000, PI, Brazil;

luizhabreu92@gmail.com (L.H.P.d.A.); renanmatos2010@hotmail.com (R.M.M.);

romulorms@gmail.com (R.R.M.S.)

Department of Physics, Women University of Azad Jammu and Kashmir, Bagh 12500, Pakistan

3 Mechanical Department, Federal University of Rio Grande do Norte (UFRN), Natal 59000-000, RN, Brazil;
thercioc@gmail.com

CONACYT-Corporacion Mexicana de Investigacion en Materiales, Saltillo 25290, Mexico;
jcarlos@comimsa.com

Department of Physics, University of Azad Jammu and Kashmir, Muzaffarabad 13100, Pakistan;
javedkigbal@gmail.com

Department of Physics and Astronomy, University of Latvia, Raina bulvaris 19, LV-1586 Riga, Latvia

7 Mechanical Departament, Federal University of Piaui (UFPI), Teresina 64000-000, PI, Brazil

*  Correspondence: mnaeem@wuajk.edu.pk

Abstract: In this study, a combination of conventional plasma nitriding and cathodic cage plasma
deposition (CCPD) at different temperatures (400 and 450 °C) is implemented to enhance the surface
properties of AISI-M2 steel. This combination effectively improves the surface hardness and the
formation of a favorable hardness gradient toward the core, which would benefit the load-bearing
capacity of substrate. The duplex-treated samples exhibit iron nitrides (Fe4N, Fe,_3N) and titanium
nitride (TiN) phases. The thickness of the hard-TiN layer is 1.35 and 2.37 um, whereas the combined
thickness of the hard film and diffusion layer is 87 and 124 um, for treatment at 400 and 450 °C,
respectively. The wear rate and friction coefficient are dramatically reduced by duplex treatment. The
oxidative wear mechanism and adhesive wear mechanism are dominant for duplex-treated samples.
This study suggests that the cathodic cage plasma deposition technique can attain a combination
of hard film and diffusion layer. The plasma nitriding before CCPD is beneficial for attaining an
adequate nitrogen diffusion layer thickness. The drawbacks of conventional TiN film deposition,
such as “egg-shell” problems, can be removed.

Keywords: cathodic cage plasma deposition; hardness; wear resistance; titanium nitride

1. Introduction

AISI-M2 is molybdenum-containing high-speed steel widely used in several cold work
applications such as punching, pressing, and forming tools. The performance of high-speed
steel tools can be upgraded by surface modification either by thermochemical diffusion
techniques or the deposition of hard coatings. As a result, the machining performance of
tools can be increased, reducing personnel cost and maintenance expenditure [1].

Among thermochemical diffusion techniques, plasma nitriding is widely applied to
enhance the tribo-mechanical properties of tool steels by altering their microstructure [2].
In this process, nitrogen atoms are diffused in the surface and near-surface zone, and thus,
surface mechanical and tribological properties are changed. Commonly, the nitrided steel
contains a compound zone (white layer) and diffusion zone [3,4]. The white layer contains
iron nitrides formed on the top surface of the nitrided sample, while the diffusion zone is
due to interstitially dissolved nitrogen atoms or precipitated iron nitrides [3]. The presence
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of a white layer can improve the surface hardness of tool steel, but it is not beneficial
for tribological properties. The white layer is brittle, and thus it is cracked down during
sliding contact, generating hard abrasive particles on the sliding path, and thus it can
damage the wear resistance [5,6]. White layer formation, which is unsuitable for industrial
application, can be avoided by fine-tuning control parameters such as temperature, gas
composition, and treatment time [7]. On the other hand, hard film deposition such as
titanium nitride by physical vapor deposition (PVD) or chemical vapor deposition (CVD)
is used to improve the surface properties of steel. TiN coating exhibits high hardness,
low friction coefficient, and superior wear resistance [8-10]. Unfortunately, such hard
coatings have poor adhesion with the substrate due to a significant difference in hardness
between coating and substrate [11]. Thus, the combination of the thermochemical diffusion
technique and hard film deposition is beneficial.

In the conventional plasma-nitriding (CPN) technique, the substrate is kept at the
cathodic potential, and the reactor body acts as an anode. Its working is based on the
sputtering re-deposition model [12]: the bombardment of incident ions on cathodic samples,
removal of sample material, and reaction with nitrogen gas in plasma to form iron nitrides.
These nitrides are re-condensed on the sample’s surface, and nitrogen atoms subsequently
diffuse in the sample. Here, sample material is sputtered and re-deposited, and thus, only
nitrides of sample materials can be formed. Approximately two decades ago [13,14], the
cathodic cage plasma-nitriding technique (CCPN) was introduced. In CCPN, samples
are kept at floating potential and covered with a cathodic metallic screen (active screen
or cathodic cage) [13]. Ions directly bombard the cathodic cage, and the material of the
cathodic cage is sputtered and re-deposited on the surface of the sample. Thus, nitrides
of any material can also be deposited on samples, and due to this fact, it is referred
to as cathodic cage plasma deposition (CCPD). This method is widely used to deposit
numerous materials such as iron, chromium, aluminum, nickel, niobium, copper, silver,
and titanium [15-19]. As in cathodic cage plasma deposition, simultaneous diffusion of
nitrogen atoms and deposition of cage material occurs, and thus, it is predicted to be more
valuable to deposit titanium nitride hard film.

Several authors reported the duplex treatment (plasma nitriding and TiN film depo-
sition) on steel samples [20-22]. They found that duplex treatment can create a hardness
gradient among TiN film and sample, and thus adhesion of hard film can be enhanced.
However, they used PVD, CVD techniques for TiN film deposition, and a separate system
is required for nitriding and TiN film deposition. Thus, this combination is relatively expen-
sive. Besides this, the TiN film has low adhesion with substrate and shows an “egg-shell”
problem [23].

In this study, samples are nitrided by the CPN technique, and subsequently, TiN is
deposited by the CCPD technique. First, the samples are initially nitrided by CPN to create
an effective diffusion zone [8] and a hardness gradient before deposition of TiN. Then, the
TiN is deposited on pre-nitrided samples at different temperatures, 400 °C and 450 °C, by
the CCPD technique.

2. Experimental Details

AISI-M2 high-speed steel sample (nominal composition provided in Table 1 with a
cylindrical geometry (diameter 2 cm and thickness 1 cm) were considered. Before plasma
treatment, samples were polished using silicon carbide papers of multiple sizes (300-2500).
Then, they were mirror polished with alumina powder, cleaned in an ultrasonic bath, and
rinsed in flowing water.

Table 1. Chemical composition (wt.%) of AISI-M2 high-speed steel samples.

Si Mn Co W A% Mo Cr C Fe
0.45 0.3 1 6.1 1.9 5 4.1 0.8 Balance
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The CPN treatment was carried out in a laboratory-scale plasma-nitriding reactor
made of austenitic stainless steel (304) with a cylindrical shape having 30 cm diameter and
30 cm height. The reactor’s body was grounded, which works as an anode, whereas the
sample holder works as a counter electrode (cathode). The power of 400 W is kept constant
during processing. The details of a CPN reactor are described elsewhere [24]. The titanium
nitride is deposited by a CCPD system equipped with a titanium cathodic cage. This system
is developed by covering the cathodic base plate of CPN with a titanium cathodic cage and
keeping samples on the ceramic insulator plate [24]. The cathodic cage was biased with a
high-voltage source (2 A and 1200 V). The cathodic cage comprises two concentric cylinders.
The inner cylinder is 35 mm in height and 45 mm in diameter, and the outer cylinder is
45 mm in height and 65 mm in diameter, as described earlier [25]. The samples are first
treated by CPN to create an effective diffusion layer and subsequently treated by CCPD
to deposit a hard titanium nitride layer. Thus, this combination of treatments is named
duplex plasma treatment. The labeling of samples and detailed processing conditions are
given in Table 2.

Table 2. Labelling of samples and corresponding treatment conditions.

Conventional Plasma Nitriding Cathodic Cage Plasma Deposition
Gases Pressure  Time  Temperature Gases Pressure = Time  Temperature Sample Labeling
(sccm) (Pa) (h) O (sccm) (Pa) (h) )
Quenching and tempering Base
30 Hy_ 10N, 350 4 400 CPN
30 Hp_ 10N, 350 400 30 Hp — 10N, 350 4 400 Duplex 400
30 H,_10N, 350 4 400 30 Hy _ 10N, 350 4 450 Duplex 450

The X-ray diffraction (XRD) data were obtained by an X-ray diffractometer (Malvern
Panalytical LTD, Malvern , UK)Empyrean, radiation Cu-K« (A = 1.54 A)) operated with a
copper target tube at a voltage of 45 kV, current of 40 mA, scanning angle of (26) from 30°
to 90°, and a stepping angle of 0.013°. It was equipped with Soller slits, which consist of
large numbers of parallel plates in the plane of diffraction to limit the spread of incident
and diffracted X-ray beams. Additionally, it contained graded multilayer Goebel mirrors.
The phases formed on the near-surface zone and deep inside the sample were assessed by
grazing incidence (0.3, 1, 3, and 5°) and conventional X-ray diffraction, respectively. The
XPert High Score Plus software was used for the phase’s identification. The microhardness
of samples was evaluated by a Vickers microhardness tester. The equipment used to
perform the microhardness testing was a Shimadzu microhardness tester (model HMV
2000). The load used in each analysis was 50 gf. For the superficial microhardness analysis,
10 indentations were made along the sample surface, while for the preparation of the
microhardness profile along with the nitrided layer, the samples were cut, sanded with
silicon carbide papers, embedded in resin, and indentations were made along its cross-
section in a total of 8 indentations. The surface and cross-sectional scanning electron
microscope (SEM) analyses were carried out by Tescan Mira 3, operated with 12 kV voltage.
The titanium composition in films was assessed by energy dispersive spectroscopy (EDS)
(Bruker, model X flash, Billerica, MA, USA). The EDS analysis was performed by 15 kV
accelerating voltage over 100 s. The presence of nitrogen in deposited films was examined
by wavelength-dispersive spectroscopy (WDS) [26]. The WDS conditions were 20 kV beam
voltage, 14.5 um work distance, dwell time of 2.5 s, and beam intensity close to 20 nA. For
nitrogen analysis, a Bruker detector with Crystal BRML80-Kal signal was used. Optical
microscopy was also used in the cross-sectional observation of deposited layers. The wear
resistance was assessed by a ball-on-disc wear tester containing a SiC ball of 6 mm diameter
and a normal load of 1 N. A sliding speed of 5 cm/s and wear track radius of 7 mm
were used.
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3. Results and Discussion

The hardness profiles of base material (quenched and tempered as described else-
where [27]) and conventional plasma-nitrided (CPN) and duplex-treated samples (base
sample is first treated in CPN, and then TiN is deposited by CCPD at 400 °C and 450 °C) are
shown in Figure 1. The first point in the hardness profile corresponds to the hardness on
the sample’s surface. It shows that the hardness of the base sample (~590 HV g5) increases
up to 1000, 1467, and 1716 HV 5 for the CPN sample and duplex-treated samples at
400 °C and 450 °C, respectively. Thus, the hardness is improved by duplex treatment
and is significantly higher than only nitrided M2 steel samples. In addition, the hardness
profile shows an increase up to a higher depth. Our results show that a favorable hardness
gradient is formed along with the sample’s depth, which can be ascribed to the diffusion of
nitrogen atoms up to higher depth during CPN and subsequent diffusion during CCPD.
This can be further confirmed by the cross-sectional SEM analysis presented later.
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Figure 1. Hardness profile of conventional plasma-nitrided (CPN) and duplex-treated samples with
substrate temperature for TiN deposition at 400 °C and 450 °C.

The conventional X-ray diffraction pattern of a base sample and CPN and duplex-
treated samples at 400 °C and 450 °C is plotted in Figure 2. The base material (Figure 2a)
comprises two phases: martensite, and carbide. The «-Fe martensite phase appears from
the steel matrix, whereas the carbide phase (M6C) comes from the combination of alloying
elements (where M = Mo, W, Cr, V) with carbon [28]. The M6C carbide phase has a face-
centered cubic (FCC) structure [29]. The nitrided sample (Figure 2b) shows the presence
of iron nitrides Fe4N (COD: 96-900-4226) and Fe; 3N (96-152-5732) phases. The samples
nitrided in CPN and TiN-deposited by CCPD show (Figure 2c,d) the presence of iron
nitrides Fe4N (COD: 96-900-4226) and Fep.3N (96-152-5732) and less intense peaks of
titanium nitride TiN (96-101-1101). However, it is quite challenging to identify the phases
of nitrided M2 steel due to the formation of nitrides of substrate alloying elements and
conversion of carbides (primary and secondary) into carbo-nitrides—or only nitrides—as
reported in the literature [28]. The phases of many nitrides appear close to the carbides,
and thus, diffraction peaks of nitrides are not distinguishable and overlap. Thus, the
intensity of background peaks is enhanced [28]. This change in intensity and broadness of
background peaks reveals the formation of iron nitrides in addition to background peaks.
As nitrided samples are post-treated by Ti cathodic cage, the peaks corresponding to TiN
are less intense. This shows that a thin TiN layer is formed. Thus, the film is characterized
by grazing incidence XRD using different incident angles 0.3-5°, as presented in Figure 3.
The top layer is mainly composed of TiN, and no intense background peaks corresponding
to iron or alloying element nitrides appear. However, when shifting to the core of the
sample (higher incidence angles), alloying element carbides and iron nitrides appear again.
While comparing the intensity of background peaks at the same incidence angle, at 400 °C,
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peaks are more intense than at 450 °C. This reveals that a thicker TiN layer is formed in this
condition, confirmed by cross-sectional SEM analysis. No intense peaks corresponding to Ti
or Ti;N are observed; thus, the deposited films are stoichiometric. The mechanism behind
the formation of TiN by CCPD can be ascribed to the well-known mechanisms of CCPN.
The working principles of both CCPN and CCPD are similar, and models proposed for
CCPN can be applied to CCPD. The only difference in these systems is that under a certain
processing pressure range, the additional hollow cathode effect arises through the holes of
the cathodic cage, which can increase the intensity of discharge [30]. As proposed in several
models, such as Saeed et al. [31], Hubbard et al. [32], Gallo et al. [33], and Fraczek et al. [34],
primarily energetic ions sputter titanium atoms from the cathodic cage, subsequently react
with active nitrogen atoms, and form nitrides of metal atoms, such as TiN in this case.
These nitrides are re-deposited on the substrate, and afterward, nitrogen atoms are diffused
in the substrate.
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Figure 2. Conventional X-ray diffraction of (a) base sample, (b) CPN, and duplex-treated samples
with substrate temperature for TiN deposition at (c) 400 °C and (d) 450 °C.
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Figure 3. Grazing incidence X-ray diffraction of duplex-treated samples with substrate temperature
for TiN deposition at (a) 400 °C and (b) 450 °C.

The surface SEM images of base material and nitrided and duplex-treated samples
are shown in Figure 4. The base surface (Figure 4a) contains polishing scratches induced
by the mechanical polishing of samples before plasma processing. The surface of the
nitrided sample (Figure 4b) contains uniformly distributed polygonal iron nitride particles,
following the literature [7]. The surface of the duplex-treated samples (Figure 4c,d) contains
uniformly dispersed spherical nanoparticles agglomerated to coralloid granular nitrides,
as shown in high-resolution images. These particles are mainly composed of Ti and N
elements observed by EDS analysis (spectra are not presented here). The particles are more
agglomerated for the sample treated at higher temperatures [35]. The deposition of Ti can
be ascribed to the cathodic cage sputtering and its re-deposition on the substrate.

The thickness of the deposited layer is assessed by cross-sectional optical microscopy,
as presented in Figure 5a,b,d. It reveals thicknesses of 71 pm, 98 pm, and 124 um for
nitrided and duplex-treated samples at 400 °C and 450 °C. The thickness increases with
processing temperature due to better diffusion of nitrogen atoms in the steel matrix. This
layer thickness is the combined thickness of the TiN and diffusion layer, and layers are not
distinguishable due to resolution limitations. Therefore, the samples were further etched
to observe the TiN layer and observed by high-resolution cross-sectional SEM analysis,
as presented in Figure 5c,e. The titanium nitride layer in the top zone is confirmed by
titanium elemental mapping, as presented in Figure 5b. This shows that the thickness of
the TiN layer is 1.35 um and 2.37 pum for treatment at 400 °C and 450 °C, respectively. The
increase in thickness of TiN layer with temperature might be due to the higher sputtering
from the cathodic cage [36]. The typical EDS spectrum of duplex-treated samples with TiN
deposition at 400 °C is shown in Figure 6, which shows the presence of Ti and N on the
surface. This is further clarified by cross-sectional elemental line scan analysis and WDS,
as presented in Figure 7. This shows that titanium is mainly present in the top region of
treated samples and is quite comparable to the thickness of the TiN layer measured by
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cross-sectional SEM images. However, nitrogen is presented up to a higher depth due
to the diffusion during the pre-nitriding process and CCPD. This diffusion of nitrogen
atoms to a higher depth is the cause of the hardness gradient between a sample and its
TiN layer, and thus, this film is predicted to be valuable for wear resistance. Usually, in
conventional techniques, the titanium nitride layer is not so adhesive with the substrate,
and it can be avoided by CCPD. Additionally, the pre-nitriding process is responsible for
effective diffusion zone production, and thus, a better hardness gradient with the substrate
can be produced, as observed in Figure 1.
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Figure 4. SEM micrographs of (a) base sample and (b) CPN and duplex-treated samples with
substrate temperature for TiN deposition at (c) 400 °C and (d) 450 °C.
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Figure 5. Cross-sectional optical micrograph of (a) nitrided sample, optical micrographs with SEM

images of duplex-treated samples with substrate temperature for TiN deposition at (b,c) 400 °C and
(d,e) 450 °C.
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Figure 6. Typical EDS spectrum of duplex-treated samples with TiN deposition temperature of
400 °C.



Metals 2022, 12, 961

9of 14

L ' " 75 ' '
& A (a)
.' 5 60/
60 = )
] 5 48 \T
: 5 i
' < 30 \
50 4 S i
?,‘ S 15 \
I" 8 o 00009090004 900009000,70000,,00,0% 0000000
a0 N LI IR
&~
C’\

30 4 il i
< A D AP )
c
> 20 T T Y i
g % ' " 75 ' '

NI (b)
% 601478
80 - R AR l
. £ 457 \
S e o
é % =
e N S 30 |
T £
7044 . i
® ' g 15 \
' \ c \,
.: ‘9 8 0 2040940000,%00400004909904000,0%,®
604 ' ¥z % & & B
...
O~
‘..
50 4 .. e, -0
S gt s gens O
40 T T 4 2
0 2 4 6 8 10

Distance (pum)

Figure 7. WDS profile (for N detection) and EDS line scan (for Ti detection) of duplex-treated samples
with substrate temperature for TiN deposition at (a) 400 °C and (b) 450 °C.

The performance of deposited films in sliding contact parts applications is assessed by
a ball-on-disc wear tester and worn tracks SEM images are presented in Figure 8. It shows
that base sample (Figure 8a) is severely worn, and tracks are wider than treated samples.
The abrasion grooves appear, and the surface contains metallic debris and microcracks.
These grooves and microcracks appear due to the low hardness of the base material, and
thus, micro-ploughing and plastic deformation is induced during sliding contact of the ball.
The tracks show that the abrasive wear mechanism contributes to the base sample. The
worn track of the nitrided sample (Figure 8b) is relatively narrow and smoother than the
base material due to increased hardness and resistance to plastic deformation. The duplex-
treated sample’s surface in Figure 8c,d shows that the surface is smooth—free of cracks
and metallic debris. This shows the existence of an adhesive wear mechanism. The surface
is hard enough for treated samples to prevent plastic deformation during sliding contact
against the ball. The oxygen elemental mapping reveals that the track is oxidized, and an
oxidative wear mechanism is also present. The titanium elemental mapping shows that the
entire surface of the sample, including the worn surface, contains homogeneous titanium
distribution. The titanium nitride layer is not removed during sliding contact against the
ball. This is primarily due to the hybrid mechanism of CCPD, which involves the deposition
of titanium, and the thermochemical diffusion process. This hybrid mechanism produces
TiN film with good adherence to the substrate. Additionally, the plasma pre-nitriding
process also produces an effective diffusion layer, increasing adhesion with the substrate.
Thus, the wear resistance is increased by duplex plasma treatment.
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and duplex-treated samples with substrate temperature for TiN deposition at (c) 400 °C and (d)

450 °C.
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The friction coefficients of the base material and nitrided and duplex-plasma-treated
samples with sliding distance are compared in Figure 9, and corresponding averages are
plotted in Figure 10. The friction coefficient of the base material fluctuates with the sliding
distance, and average values are higher than the treated samples. This can be ascribed
to the low hardness of the base sample, and thus, severe wear as described earlier [37].
The variation of friction coefficient with change in sliding distance is probably caused by
the formation and subsequent removal of the oxide layer on further sliding [37]. This is
supported by the surface SEM image of the base sample, in which bright and dark regions
appear due to oxidation of the surface and later spalling. The friction coefficient of treated
samples shows relatively smooth and low values due to sufficient hardness and low wear
rate of treated samples. This is also supported by surface SEM images, in which the surface
of treated samples is smooth, clean, and free of imperfection. The wear rates of the base
sample and nitrided and duplex-treated samples are compared in Figure 10. This shows a
significant decrease in wear rate by duplex plasma treatment due to sufficient hardness of
the sample and sufficient adhesion with the substrate, due to which hard TiN film is not
detached from the substrate during sliding contact.
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Figure 9. Variation of friction coefficient with sliding distance of base sample, CPN, and duplex-
treated samples with substrate temperature for TiN deposition at 400 °C and 450 °C.
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samples with substrate temperature for TiN deposition at 400 °C and 450 °C.
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4. Conclusions

Nitriding of AISI-M2 steel is carried out in a conventional plasma nitriding system
and subsequently, cathodic cage plasma deposition with a titanium cage is used to improve
surface properties. The hardness of the base sample (590 HV ¢5) is increased by duplex
treatment, and the maximum hardness of ~1716 HV g5 is attained by cathodic cage plasma
deposition at 450 °C. Besides the increase in surface hardness, a favorable hardness gradient
with depth is obtained by duplex treatment due to the formation of the diffusion layer
during plasma nitriding as well as cathodic cage plasma deposition. The grazing-incidence-
angle X-ray diffraction depicts titanium nitride formed on the nitrided sample during
CCPD. The combined thicknesses of titanium nitride and diffusion layer are 87 and 124 pm
for samples treated at 400 °C and 450 °C, respectively. The individual thickness of the
titanium nitride layer is 1.53 um and 2.37 pum. Furthermore, duplex treatment reduces the
wear rate and friction coefficient significantly due to the formation of the hard titanium
nitride layer in the near-surface zone and favorable hardness gradient, which increases hard
film adhesion with the substrate. As a result, the wear tracks are relatively narrower and
shallower for treated samples and adhesive, and the oxidative wear mechanism is dominant
for treated samples in contrast with abrasive and oxidative wear in the base sample.
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