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Abstract

The active screen plasma nitriding technique has been studied in recent years as a method to optimize surface
properties in steel components, avoiding the negative effects caused in the conventional Direct Current plasma treatments.
In this study, ASTM M2 high-speed tool steel samples were plasma nitrided with and without the use of the active screen,
in order to compare the surface properties developed by each technique. The treatments were carried out at 500 °C, with
the gas mixture of 76 vol.% N, + 24 vol.% H,, for 4 and 8 h. The active screen used was built with an expanded sheet
of 304 stainless steel. The results were evaluated through optical microscopy, X-ray diffraction, and microhardness
measurements. The samples were subjected to dry ball-on-flat tribological tests and the wear tracks were verified by 3D
optical interferometry. The active screen use provided the formation of thinner layers, however, avoided the formation
of brittle phases, resulting in the lowest wear volumes observed, up to 10 times less than the other analyzed conditions
(nitrided and non-nitrided samples).

Keywords: Plasma nitriding; Active screen; ASTM M2 steel; Sliding wear.

Comparacao da modificacio superficial por nitretacio direta e por
tela ativa de um aco ASTM M2 em mistura rica em nitrogénio

Resumo

A técnica de nitretagdo com tela ativa vem sendo estudada nos ultimos anos como uma maneira de otimizar
propriedades superficiais de componentes de ago, evitando os efeitos negativos provocados nos tratamentos a plasma
convencionais de corrente continua. Neste estudo, amostras do ago rapido ASTM M2 foram submetidas a tratamentos de
nitretagdo a plasma com e sem a utilizagdo da tela ativa, a fim de comparar as propriedades superficiais proporcionadas
por cada técnica. Os tratamentos foram executados em 500 °C, com a mistura gasosa de 76% N, + 24% H,, durante 4 e
8 horas. A tela ativa utilizada foi construida utilizando chapa expandida de aco inoxidavel AISI 304. Os resultados foram
avaliados através de microscopia otica, difragdo de raios-X e medidas de microdureza. As amostras foram submetidas a
ensaios tribologicos do tipo esfera-sobre-plano a seco e as trilhas de desgaste foram verificadas por interferometria dtica
3D. A utilizagdo da tela ativa proporcionou a formagdo de camadas menos profundas, porém, evitou a formagdo de fases
frageis, resultando nos menores volumes desgastados observados, até 10 vezes menor que as outras condigdes analisadas
(amostras nitretadas e ndo-nitretada).

Palavras-chave: Nitretagdo por plasma; Tela ativa; Aco ASTM M2; Desgaste por deslizamento.

1 Introduction

Plasma nitriding is a thermochemical treatment applied ~ resistance [1,2]. In the conventional Direct Current Plasma
to steel parts and tools in order to develop outstanding surface ~ Nitriding (DCPN) method, the specimens to be treated are
properties, the main features provided by plasma nitridingare ~ subjected directly to the plasma discharge that may develop
the increase in surface hardness, wear resistance and corrosion  a series of limitations due to specimens geometry that can

!Laboratorio de Transformagdo Mecanica, Universidade Federal do Rio Grande do Sul — UFRGS, Porto Alegre, RS, Brasil.

*Corresponding author: leonardo.fonseca@ufrgs.br

2176-1523 © 2021. Oliveira et al. Published by ABM. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
BY; cited.

Tecnol Metal Mater Min. 2021;18:¢2448 | https://doi.org/10.4322/2176-1523.20212448 1/8


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-4670-9157
https://orcid.org/0000-0002-4086-5389

Oliveira et al.

reduce treatment quality, or even prohibit the realization
of the treatments in some parts. Some examples of these
limitations are the non-uniformity of treatment temperature,
overheating, surface damage due to arcing, edge effect
(non-uniformity on the layers due electromagnetic fields
density amplification in edges and corners) and hollow
cathode effect (uncontrollable local increase in temperature
due to plasma sheath overlap that takes place in holes) [3,4].
The Active Screen Plasma Nitriding (ASPN) technique was
developed to bypass the restrictions of the conventional
DCPN method. This technique consists of developing the
glow discharge plasma in a screen structure that surrounds the
nitriding parts. Such parts are electrically insulated from the
equipment’s main electrodes and set in a floating potential.
Thus the parts can interact with the active species that are
sputtered, transferred from the screen and deposited on its
surface, leading to surface chemical composition changes
to develop a nitrided surface while avoiding the major
inconveniences that usually happen on electrically charged
surfaces subjected to plasma discharges [5,6].

ASTM M2 is a high-speed tool steel widely used for
cutting and forming tools as for example cold work punches
and dies [7]. These tools main feature is the presence of
sharp and tough cutting edges, which are subjected to harsh
conditions. To increase tool life, several studies developed
surface engineering solutions. For nitrided M2 steel,
some authors report on advantages of having a nitrided
layer without the presence of the compound layer [7-15].
DCPN treatment can develop undesirable properties for
M2 steel engineering applications, among them the major
concern is with edge and corners embrittlement due to
the non-homogeneous temperature distribution and ion
bombardment in the parts. The ASPN method can develop
treated surfaces without deleterious edge effects, but few
studies report on comparative results for the ASPN method
on the ASTM M2 steel [16-18].

In order to compare the surface properties developed
by each technique (DCPN and ASPN), plasma nitriding
treatments were carried out with and without the active
screen in quenched and tempered ASTM M2 steel samples.

2 Materials and methods

Disc shaped ASTM M2 steel samples with 31.75 mm of
diameter and 5 mm of height were used. Table 1 presents the
chemical composition of the steel. Samples were previously
quenched (from 1200 °C) and triple tempered (at 540 °C).
After heat treating samples were ground using 100, 240,
400, 600 and 1200 grit size silicon carbide sandpapers and

Table 1. Chemical composition of the ASTM M2 samples

polished with 3 um grain size diamond paste. Prior to each
thermochemical treatment the samples were cleaned with
alcohol and acetone.

The surface treatments were carried out in a cylindrical
stainless-steel vacuum chamber plasma nitriding apparatus
(630 mm in diameter and 680 mm in height). The nitriding
parameter were as follows: 3 mbar of gas pressure; gas mixture
of N,:H, —76:24 vol.%; Temperature of 500 °C (monitored
by a thermocouple sensor attached to a sample); Nitriding
times were 4 and 8 hours long. The nitriding apparatus is
equipped with a rectified sinusoidal wave power supply,
with 120 Hz frequency and variable voltage amplitude,
the positive potential electrode (anode) is grounded and
connected to the nitriding chamber outer steel wall, the
negative potential electrode (cathode) is connected to the
inner base plate chamber. Figure 1 shows a diagram of the
specimens arrangement for both conventional and active
screen nitriding setups. For the DCPN method, the samples
are placed directly over the cathodic base plate electrode. In
the ASPN treatments, samples were kept at a floating electric
potential, being positioned in a sample holder electrically
insulated from the cathodic potential by a ceramic plate.
The active screen is positioned surrounding the samples,
supported by the cathodic base plate. Previous experiments
using a single layer active screen developed a slow heating
rate. In order to accelerate the heating, a double layer
screen was developed. The screen was made of two layers
from expanded AISI 304 stainless steel sheet. The external
screen dimensions were a diameter of 175 mm and a height
of 190 mm in height. The distance from the samples’ upper
surface to the inner top of the screen was 60 mm, and from
sample’s corner to the inner screen wall was 35 mm.

The nitrided specimens were cross-sectioned using a
low speed diamond precision blade. Sectioned samples were
mounted in bakelite, ground with silicon carbide sandpapers
and polished using 3 um grain size diamond paste, for the
optical microscopy analysis, samples were etched using
2% Nital solution.

For each mounted samples’ cross-section, Vickers
microhardness profiles were determined by using a load of
0.98 N (100 gf) and a loading time of 10 s per indentation.
X-Ray diffraction data were acquired using a GE Seifert
Charon XRD M - Research Edition equipment, with Bragg-
Brentano geometry, CrKa radiation (A = 2.2897 A) and
20 angle ranging from 35° to 166°.

The wear behavior was evaluated by means of
non-lubricated reciprocating ball-on-flat tribological tests,
having the treated samples’ face as flat surface and as
counter-body Zirconia balls with a diameter of 4.76 mm.
Test parameters were a normal force of 6 N, stroke length

C Si Mn

Mo \% W Fe

Wt. % 1.00 0.40 0.27

4.40 1.75 6.85 Balance

Chemical composition verified with a Bruker Q2 Ion Optical Emission Spectrometer.
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Figure 1. Arrangements used for the conventional and active screen nitriding experiments.

of 4 mm, oscillating frequency of 4 Hz and test duration
of 30 min (total sliding distance of 57.6 m), each sample
was tested four times. The wear tracks’ profiles have been
characterized using a Bruker Contour Elite three-dimensional
interferometer. ASTM G133 standard was used to measure
the mean wear volume for each sample [19].

3 Results and discussion

The M2 steel microstructure is composed of tempered
martensite with dispersed carbides [13]. In the cross-section
analysis, the typical nitrided steel promotes the formation of
mainly two distinct regions: the compound layer (or white
layer) in the outermost surface formed by iron nitrides and
the diffusion zone underneath, were the fine precipitation
of nitrides of the alloying elements are the main responsible
for increasing hardness and generation of compressive
residual stresses.

Cross-sectional optical microscope images of the
M2 steel treated by DCPN for 4h and for 8h and treated by
ASPN for 4h and 8h are shown in Figure 2a to Figure 2d,
respectively. The nitrided layer etched with Nital 2% appears
white for the compound layer (and primary steel carbides)
and dark for the diffusion zone. The different treatment
methods developed different case structures, as follow: the
DCPN samples (Figure 2a and 2b) presented an evident thin
(and cracking) compound layer followed by a diffusion zone
underneath, whereas no compound layer was found on the
ASPN treated samples (Figure 2c and 2d).

The different nitriding methods presented different
nitrogen mass transfer mechanisms responsible for the
surface modification. In the active screen method, the
active species to be diffused are not generated directly on
the sample surface. A portion of the generated species are

Tecnol Metal Mater Min. 2021;18:e2448

lost (neutralized or deviated) in the path from the screen to
the samples, so that less species end reacting and modifying
the specimens surface [20]. Therefore, by using the same
treatment parameters for both nitriding methods is clear that
DCPN method would develop deeper layers as found in
this work. In plasma nitriding, the compound layer will be
formed when the nitrogen adsorption and nitride precipitation
rates are higher than the dissociation and diffusion rates.
For the DCPN parameters studied, the active species were
in abundance and led to the saturation of nitrogen in the
samples surface, promoting the precipitation of the compound
layer [4]. On the other hand, for the ASPN treatment, the
active species provided were not enough to saturate the
sample surfaces, thus developing only the thin diffusion
zones observed. It is important to point out that a DCPN
treatment using a low amount of nitrogen in gas mixture
also avoids compound layer formation for M2 steel [21],
however the edge effect that can lead to flank embrittlement
of tools could not be eliminated [10].

The hardness variation as a function of the distance
from surface for the nitrided samples are shown in Figure 3.

These hardness profiles confirm the results already
shown by the optical microscope images, i.e., the DCPN
samples developed deeper case depths than ASPN samples.
The surface hardness ranged from 1100 to 1400 HV . The
DCPN samples developed a hardness peak in the subsurface
region between 25 to 50 pm deep. When Nitrogen diffuses
inwards the steel it replaces Carbon in unstable carbide
structures. The released Carbon then reallocates itself to
stress-free regions, both to the steel surface, leading to
decarburization (and lower hardness in the near-surface
regions), and towards the steel core, developing a carbon-
enriched zone with increased hardness (as seen in the
DCPN-4h profile) [10,22].
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Figure 2. (a-d) Cross-section images of the nitrided samples in different conditions, etched with Nital 2%, CL = Compound Layer, DZ = Diffusion
Zone.

1700 ¢
~ —=—DCPN-4h —— DCPN-8h
2 "o ) @ ASPN-4h - ASPN-8h
2 1300 1
[}
S
2 1100
=
o
g 900 .
=

0 25 50 75 100 125 150
Distance from surface (um)

Figure 3. Microhardness profiles for the nitrided samples. The data regarding position “0” in the “Distance from surface” axis is from measurements
taken from surface indentations, the rest are from cross-section measurements.
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Below the hardness peak both treatment methods
developed a gradual hardness profile that decrease down
to the hardness of the base material. The samples treated
by the DCPN technique developed the overall hardness.
For the DCPN treatments, the surface hardness was about
1080 HV  at4 htreatmentand 1290 HV | at 8 h treatment.
The highest hardness were 1495 HV and 1350 HV , for the
4 and 8 hour treatment respectively, both in the subsurface
region between 25 and 50 micrometers, the DCPN-4h
treatment developed the hardness peak due to Carbon
migration, while the DCPN-8h presented a more stable
hardness baseline, denoting nitrogen saturation [23]. The
ASPN samples developed no compound layer and presented
surface hardness values of 1127 HV and 1390 HV  , at 4
and 8 h of treatment, respectively.

The microhardness profiles are associated with the
nitrogen diffusion [24]. The hardness increase after nitriding
treatment is due to three main mechanisms: 1. Solid solution
hardening promoted by Nitrogen atoms; 2. Dispersion
hardening due to nitrides formation from alloying elements.;
And 3. Compressive residual stresses developed in the
nitrided layer [11].

Diffusion Zone depth were measured using the
hardness profiles, the end of the diffusion zone was set
where the measured hardness was 50 HV above the mean
core hardness.

Imagel software was used to measure the Compound
Layer depths of the treated specimens on the micrographs
(Figure 2), each specimen was measured in four different
positions, the mean measured layers depths are presented
in Figure 4 (error bars are set with a confidence interval of
95%). The nitriding treatment of 8 h led to deeper layer for
both nitriding methods, the ASPN treatment led to thinner
layers than the DCPN for the same gas mixture, temperature
and nitriding times.

Figure 5 presents XRD pattern of the treated
samples along with the pattern for a non-nitrided sample for

0.1°

comparison. The base material mainly presents two sets of
diffraction peaks: one from the steel matrix (o Fe) and the
other from the dispersed carbide phases (M,C). Regarding
phase identification of the ASPN samples, the lack of nitride
phases diffraction peaks further supports the results from
optical microscopic examinations where no compound layer
was observed. Comparing the diffractograms from ASPN
samples and base material, no new peaks were developed.
The diffused nitrogen in solid solution in the diffusion
zone promotes compressive residual stresses, broadening
and displacing to the left the a-iron diffracted peaks due to
increase in dislocation density [25]. The XRD analysis revealed
that the surface layer of DCPN samples is composed by a
mixture of y'-Fe N and &-Fe, N, but with a preponderance
of e-Fe, .N, taking into account the higher intensity of the
peaks and the information depth of the X-ray diffracting
volume that for Cr-radiation varies from 2 to 5.5 um deep
for the verified 20 range (35° to 166°) [21].

Figure 6 summarizes the results of the ball-on-flat
reciprocate tribological tests. Considering the standard
deviation, the Non-nitrided specimen presented the highest
wear volume. The DCPN-4h treatment increased the mean
wear volume, while the DCPN-8h treatment reduced the
mean wear volume. Both ASPN specimens presented the
lowest wear volume compared to the non-nitrided and DCPN
nitrided samples, being the ASPN-8h the best result, with
volume loss nine times lower than the non-nitrided specimen
and 10 times lower than the DCPN-4h treatment.

According to the literature, when ASTM M2 steel
is plasma nitrided with improper treatment parameters, the
Carbon present in the alloy carbides can release, migrate
and reallocate themselves in the grain boundaries, promoting
embrittlement of the nitrided layer [10,12]. Studies show that
higher Nitrogen content in the gas mixture for the DCPN
method can develop a brittle compound layer. Such parts,
when subjected to tribological processes, develop several
wear mechanisms, including spalling, adding abrasive hard
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Figure 4. Nitrided layer depth measurements. Diffusion Zone depth was measured in the hardness profiles; Compound Layer depth was

measured in the micrographs.
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Figure 5. XRD pattern of the base material and the nitrided samples in different conditions.
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Figure 6. Wear volume for the different sample conditions tested by
reciprocate ball-on-flat tribological test.

particles in the wear track that end acting as wear boosters.
It is also known that in the ASPN method, there is lower
interaction of the nitriding parts with the plasma active species,
prolonging the nitriding time needed [13,26,27]. This study
shows that even with a higher Nitrogen content (76%) in the

Tecnol Metal Mater Min. 2021;18:e2448

nitriding gas mixture, the expected brittle compound layer
was not present in the ASPN treated specimens.

Literature suggests in cases where there is no compound
layer formation, the wear rate is reduced, so the nitriding
parameters must be chosen in a way to avoid formation of
the compound layer for this class of steel. In DCPN treatment
for M2 steel a gas mixture with low nitrogen concentration
is needed, in such situation the diffused active species do not
form compounds, but they allocate themselves as interstitial
atoms in the specimen’s lattice in solid solution, forming
nitrides with alloying elements and developing compressive
residual stresses [26,28]. The active screen modifies the
kinetics of the nitrided layer formation in a way that even
using a high nitrogen gas proportion no compound layer
was found, evidencing that the active screen application
reduces the availability of nitrogen active species needed
for the nitrided layer formation. The ASPN samples surface
without compound layer developed smaller wear volume,
shallower wear tracks and substantial increase in the wear
resistance, reaching up to 9 times lower mean wear rate than
the non nitrided specimen.
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Different microstructures can be developed by
applying the same nitriding parameters with different nitriding
methods. For the DCPN method, despite the formation of
deeper diffusion zones and higher overall hardness, a brittle
compound layer took place, leading to higher wear in the
tribological tests. In the ASPN method, the main difference
observed was the formation of thinner layers composed only
of diffusion zone, with higher wear resistance.

4 Conclusions

The DCPN treated samples developed the overall
deeper and harder layers, with the presence of both compound
layer (with a mixture of € and y’ nitrides) and the Diffusion
zone. Although the ASPN samples developed a softer and
thinner case, with the presence of only diffusion zone these
samples had the best results in the tribological tests, with
wear resistance up to ten times higher than the other studied
cases, this result is attributed to the non-formation of a
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