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Influence of the Active Screen on the Embrittlement of a Plasma-Nitrided Edge
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In plasma nitriding of cutting tools, edge embrittlement can result from both, deepest layer,
and grain boundaries precipitation. Overheating and surface charge density concentration in Direct
Current Plasma Nitrided (DCPN) can be reduced through an indirect source of plasma, called Active
Screen Plasma Nitriding (ASPN). The removal of the oxide layer from previous processes, such as
heat treatment, is required in DCPN samples. This metallographic preparation can be a challenge in
more delicate locations, such as on edges. This preliminary step is not usually described in studies
comparing DCPN with ASPN. In the present work, a special pre-nitriding procedure aims for edge
integrity and equivalent surface state at the top and the flank of AISI M2 samples. Under standard
temperature (500°C) and atmosphere (2.5mbar, N,/ H,:25/75), ASPN and DCPN were conducted
for 2 and 4 hours, respectively. Edge cross-sections were analyzed in an Olympus GX-51 optical
microscope (OM) and in a Carl Zeiss EVO MA 15 Scanning Electron Microscope (SEM). ASPN was
effective in reducing embrittlement caused by grain boundary precipitation at a plasma nitrided edge.
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1. Introduction

The performance of tools in manufacturing processes,
such as shearing, is significantly influenced by edge failure.
In the blanking process, wear on the side surface of the tool
plays a more substantial role than wear on the bottom surface.
The wear experienced at the side and edge of the punch is
particularly critical for formability'?, as it determines the
tool’s replacement time®. Mechanical loading at the tool edge
causes very specific and inhomogeneous stress and strain
fields, where variations occur not only in the load amplitude
but also in the loading direction®.

Throughout the cutting phase of the blanking process,
axial compression of the punch occurs due to the resistance
from the sheet metal. Upon completion of the cutting process,
the sheet metal undergoes spring back, generating normal
contact stress on the punch circumference. Friction between
the punch and the sheared edge induces tensile stresses in
the axial direction of the punch during the retraction phase®.
The lateral surface of the punch, near the cutting edge,
experiences the highest absolute values for both maximum
and minimum principal stress throughout the entire cutting
and retraction operation®. This cyclic loading leads to severe
plastic deformation, resulting in a highly damaged zone.
The presence of numerous cracked or debonded carbides
may induce fatigue collapse®’.

AISI M2 tool steel is a commonly utilized high-speed
steel for cutting tools, dies, and punches. Achieving an
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appropriate grain structure and optimizing the combination
of surface and core properties can enhance cutting edge
sharpness®, thereby delaying punch wear due to fatigue’.
Moreover, fatigue resistance can be heightened through the
induction of high compressive surface residual stresses via
diffusion-based thermochemical surface treatments, such as
nitriding'*!". Nitriding processes can be conducted through
various methods, with plasma and gas nitriding being notable
examples. The advantages of plasma nitriding over gas
nitriding are well recognized, offering more precise control
over nitriding layer properties.

During the nitriding process of tool steels, nitrogen can
diffuse into the edge from multiple directions. In punching
tools, edge embrittlement is induced by both a deeper diffusion
zone'? and a nitride network along the grain boundaries!>!*,
In conventional, direct current plasma nitriding (DCPN), the
component to be treated serves as the cathode. Plasma is
formed on the component surface by which the component is
heated". The highest surface area to volume ratio (4/v)'¢,
as well as the higher plasma current density, enhances the
intensity of nitriding'>!°.

Active Screen Plasma Nitriding (ASPN) offers an
alternative treatment approach. In this method, the workload
to be treated is kept in a floating potential (or is subjected
to a biased voltage potential), while the higher cathodic
potential is applied to a metal screen that surrounds the
workload. The plasma heats the screen, and radiation from
the screen provides the heat that brings the workload to
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the required temperature. The plasma also provides active
species for nitriding treatment'®. The continuous (4/v) ratio
of cylindrical screen can avoid problems seen in the DCPN
(i.e., localized overheating and/or surface charge density
concentration due to workload geometry).

The uniformity provided by ASPN on top surface
of cylindrical samples have been evidencing by visual
examination®"?; surface hardness®? and roughness®; layer
thickness??; and hardness profile**. Despite that, nitrogen
saturation at the edge cross-section could still be induced
due to the non-unidirectional diffusion flow. Investigations
into the results of Direct Current Plasma Nitriding (DCPN)
at the edge cross-section can be found in Nayal et al."” and
Kwietniewski et al.'*. According to the former, this is the only
certain method to characterize microstructure embrittlement.
A pre-nitriding procedure by meticulous polishing of edge
surfaces was described only in the latter. This preliminary
metallographic preparation is also uncommon in Active
Screen Plasma Nitriding (ASPN) investigations, such as
Axinte et al.®.

Due to its inherent vulnerability, preparing the edge for
plasma nitriding is a challenging task. Additional preparation
of the flank surface in prismatic samples makes this procedure
even more laborious too. These aspects could be reasons for
their absence in studies such as Ribeiro et al.”>. Although the
influence of surface state on nitrogen diffusion®, achieving
top and flank reproducibility at the edges remains a gap in
comparative studies between Active Screen Plasma Nitriding
(ASPN) and Direct Current Plasma Nitriding (DCPN),
particularly for square edges in blanking tools.

In DCPN and ASPN studies, the gap in edge cross-section
analysis could be addressed to the absence of a suitable
preparation process for such a delicate region. Keeping this
in mind, this work proposes a special pre-nitriding procedure
combining cutting, mounting, grinding, and polishing to
prepare AISI M2 samples for direct (DCPN) and active
screen plasma nitriding (ASPN). The primary objective is
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Figure 1. Pre-nitriding procedure.
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to investigate the embrittlement of edges using different
plasma nitriding methods.

2. Experimental Procedure

2.1. Pre-nitriding procedures

The material under investigation was AISI M2 high-speed
steel. The chemical composition expressed in weight percentages
(%), was obtained by optical emission spectroscopy analysis
using a Brucker Q2 ION analyzer: 1% C, 1.50% V, 3.17% Cr,
6.44% W, 4.66% Mo, 0.33% Si, 0.24% Mn, and Fe in balance.

To prepare the samples, discs measuring 31.75 mm in
diameter and 5 mm in height were machined from an AISI
M2 hot-rolled rod of the same diameter. Subsequently, these
discs underwent hardening with an austenitizing temperature
of 1170 °C, followed by oil quenching and a triple tempering
at 540 °C. The resulting core hardness was measured to be
61 +£0.22 HRC.

Following the heat treatment, pre-nitriding procedure
remolded the original discs, showing in Figure 1a, to the
final workpiece geometry with a surface finishing depicted
in Figure 1i. The top and flank surfaces of the samples were
established through alternating metallographic preparation,
cutting, and mounting. Metallographic preparation was
performed by wet sanding using silicon carbide sandpapers
with grit sizes of 100, 220, 400, 600, and 1200 and polishing
with 3 um grain size diamond paste to obtain a final roughness
of Ra=0.020pm. Metallographic cutting split down the middle
of the polished surface. The sectioned samples were mounted
with the polished surfaces in contact. The objective was to
attain equivalent surface state and edge integrity, important
for better results after plasma nitriding?®.

2.2. Treatments and pos nitriding procedures

Prior to each nitriding treatment, the workpieces
underwent a cleaning process using alcohol and acetone
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in an ultrasonic bath. Within an experimental nitriding
plasma oven, the samples were symmetrically positioned,
as illustrated in Figure 2. A double-layer active screen was
installed in the vacuum chamber, as depicted in Figure 2b.
Space between the border of the sample holder and the
screen was maintained at 30 mm. The screen was composed
of expanded AISI 304 austenitic stainless-steel sheets with
a 10x5 mm mesh and 0.5 mm thickness.

Asillustrated in Figure 3, two distinct electric arrangements
were employed. In Figure 3a, the workpieces designated for
treatment were set at a cathodic potential, while the furnace
wall was maintained at an anodic potential. This configuration
represents the standard DC plasma nitriding setup. In Figure 3b,
the active screen was supported by the cathodic base plate,
connected to the cathodic potential. The workpieces were
kept at a floating potential and isolated from both the screen
and the anodic furnace wall by a ceramic insulator positioned

(@)

beneath the sample holder. This configuration corresponds
to the AS plasma nitriding arrangement. In both setups,
a (Type-K) thermocouple was inserted into a ‘dummy
workpiece’ for temperature measurement.

The nitriding workpieces were denoted as DC (Figure 3a)
and AS (Figure 3b), based on the respective electrical
arrangements during the nitriding treatment. Prior to and after
plasma nitriding treatments, electrical conductance between
the samples and cathode was verified using a multimeter.
Additionally, the ceramic insulator was cleaned after each
treatment to eliminate any deposited material.

The plasma nitriding experiments started with the
depressurization of the vacuum space until reaching the
base pressure. At this stage, residual air was replaced by
argon through a rinsing process. Following the completion
of rinsing, the pump once again depressurized the space.
Subsequently, a hydrogen—nitrogen gas mixture was introduced

Figure 2. Schematic view of (a) DC and (b) AS setup, along with a (c) detached view of samples placement above sample holder and (d)

Edge cross-section with indication of layer thickness measurements.
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Figure 3. Detailed view of electric arrangements (a) DC and (b) AS plasma nitriding.
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at the desired rate, initiating the heating period. The nitriding
process commenced upon reaching the treatment temperature.
Detailed plasma nitriding parameters are provided in Table 1.

The treatment parameters, including temperature and
gas composition, were configured based on established
processing routes for the surface treatment of blanking tools®,
and to avoid high residual tensile stresses of a compound
layer'®. With process duration tailored to achieve the desired
nitriding depth® the durations for both AS and DC were
experimentally set to yield an approximately 50 pm deep
diffusion zone, as higher nitriding depths are known to
increase embrittlement in cutting and forming tool steels®%-32,
After the prescribed nitriding duration, the mixture gas flow
was terminated, and the workpieces were cooled down to
room temperature under vacuum.

Post-nitriding, each workpiece underwent precision
cutting using a low feed rate diamond blade. Edge cross-
section was obtained through an equivalent portion of the
samples, indicated by hatching in Figure 2c. In this region,
imbalances due to the charge density concentration at the
border of the sample holder can be neglected in DC results'®.
Induced by the chemical gradient, nitrogen intake across the

Table 1. Setting parameters for DC and AS sample nitriding.

Plasma Nitriding Variant ~ Duration (h) Sample
Direct current 4 DC
Active screen 2 AS

Temperature; mixture and gas pressure: S00°C; 75H, — 25N ; 2.5 mbar.

(@)
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edge is non-unidirectional’. As illustrated in Figure 2d, the
thickness of the nitride layer increased from the top (Top,),
flank (Flank;), and corner (Corner;) at the edge cross-section.
The sectioned samples were subjected to ultrasonic cleaning,
drying, and coated with nickel through electroless plating.
Subsequently, the samples were hot-mounted in an epoxy
thermosetting resin known for its low shrinkage and excellent
edge retention®.

The cross-sectioned samples were ground successively
with 100, 220, 400, 600, and 1200 grit silicon carbide papers,
followed by polishing with 3 pm grain size diamond paste.
After the metallographic preparation, the samples were
etched with a 2% Nital solution. Microscopic analysis was
conducted using an Olympus GX-51 optical microscope
(OM) and a Carl Zeiss EVO MA 15 Scanning Electron
Microscope (SEM).

3. Results and Discussion

Firstly, the appearance of the nitrided surfaces was
inspected (Figure 4). Unlike the DC sample in Figure 4a,
the AS sample in Figure 4b did not exhibit an edge contrast.
Accordingly with de Ataide et al.** this result could be
addressed to the absence of glow plasma sheath covering
the sample under floating potential. Figure 5 demonstrates
that neither of the treatments formed a compound layer on
the analyzed edge. The layer thickness investigated in the
cross-sectional area do not represent the entire extent of the
edge. It was observed that the thickness of the diffusion zone
in the DC piece varied from 65.71 pm, shown in Figure Sb,

(b)

Figure 4. Images of plasma nitrided samples (a) DC sample (b) AS sample.

(a

R (v)

Figure 5. Optical microscopy images at cross-section of plasma nitrided-edge. Vertical, horizontal e diagonal measurements are respectively

Top,, Flank, and Corner; in (a) DC and (b) AS samples.
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to 43.66 um when moving away from the corner. In contrast,
for the AS workpiece, the diffusion zone depth increases
from 26.03um in Figure 5b to 60.10um. Despite these
complementary results determined the treatment durations
described in Table 1, the heterogeneity of Top, along the
edge of the sample radially arranged to the experimental
apparatus is subject in a further investigation.

A more localized analysis of layer heterogeneity, as
indicated in Figure 2c, is the way in which the present
study investigates the influence of the active screen on the
embrittlement of a plasma nitrided edge. In the analyzed
edge cross-section, diffusion zone formation across top (Top,)
and flank (Flank,) surfaces reached a similar depth in DC
sample (Figure 5a) and AS sample (Figure 5b). As stated
by Nishimoto et al.¥*, layer formation during nitriding is
related with the distance from the active screen. With an
equal distance from the screen, the boundary conditions
are the same at the top and flank surfaces of the analyzed
cross-section under a floating potential. Yet, considering the
influence of surface state in nitrogen diffusion described by
Hirsch et al.”” and Rocha et al.?®, the reproducibility in the
pre-nitriding boundary conditions contributed to the results
in the AS workpiece.

The diffusion zone formation across the corner (Corner;)
was the deepest at AS and DC edge cross-section as shown
in Figures 5a and 5b, respectively. This statement is in
accordance with previous findings in DCPN studies by
Kwietniewski et al.’® and Nayal et al."”. The novelty here
lies in demonstrating that part of this result is inherent to the
bidirectional layer growth at the intersection between Top,
and Flank;. As shown in Figure 2d, regardless of nitriding
conditions, this portion corresponds to the Resultant given by
Equation 1. Compared to Resultant, Corner; is only slightly
higher, about 1.11 times in DC and 1.12 times in AS edge.
These results are summarized in Table 2 and demonstrate
that the active screen has a negligible effect on embrittlement
caused by excessive layer thickness in a plasma nitrided edge.

Resultant = \/Toptz + Flank? +2.Top, Flank, cos(180—a) (1)

The microstructure revealed by Scanning Electron
Microscopy at the DC and AS edges are shown in Figures 6 and 7,
respectively. From the work of Kwietniewski et al.'®, Tier?,
Mridha and Jack™ it is reasonable to infer that cementite (Fe,C)
precipitate has been formed. The fracture at the DC edge is

BT 0w
T

()

Figure 6. Microstructure revealed by Scanning Electron Microscopy at cross-section of DC plasma nitrided-edge (Nital etchant) (a)
overview and grain boundary precipitation closed to the (b) Top and (c) Flank surfaces.

Table 2. Layer thickness measurements at edge cross-sections of DC and AS samples.

Sample Top, Flank, Corner; a(®) Resultant Cornery | Resultant
DC 65.71 63.79 101.24 89.9 91.50 1.11
AS 26.03 24.02 41.54 95.02 36.93 1.12
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Figure 7. Microstructure revealed by Scanning Electron Microscopy at cross-section of AS plasma nitrided-edge (Nital etchant) (a)

overview (b) Flank detached view.

attributed to reduced toughness caused by more pronounced
grain boundary precipitation, as observed by Doyle et al.!?,
Nayal et al."” and Tier et al.*®. Despite a negligible effect on
layer thickness of the nitrided edge, active screen reduced
embrittlement imposed by grain boundary precipitation.
The nitriding of the DC sample differs from the AS
sample due to its direct interaction with plasma. Related
with surface charge density, a higher current density can be
expected at the edge under cathodic potential, as described
by Kwietniewski et al.'* and Nayal et al."’. Influence from
surface charge density concentration extends to the direction
of electric field lines. At the same time that ion bombardment
enhances heating, its non-perpendicular direction enhances
the amount of sputtering®. The tendency to sputtering carbon
induces a chemical gradient of this element®. Due to the
affinity of nitrogen with chromium, carbon is released from
alloy carbides during the formation of alloy nitrides™*!. Part
of this released carbon flows in the direction of the chemical
gradient and, at the overheated edge, has sufficient mobility
to migrate to grain boundaries and form precipitates®®.
When the core of the workpiece is heated to 500°C
(as stated in Table 1), the temperature at the edge under
cathodic potential may exceed 525°C. This excess is
about 5%, according to Olzon-Dionysio et al.*>. Not only
embrittlement but segregations and large carbides also affect
edge stability in AISI M28. Overheating to 530° increases
nitrogen saturation, lowering compressive residual stresses,
and consequently reducing the useful life of tools subjected
to cyclic loading, such as in the blanking process'!. At the
edge of the AS sample, variation from surface charge density
can be neglected due to floating potential magnitude, only a
few tenths of volt*. Also, in the AS method, the heating of
the workpieces is done by radiation from the screen', which
reduces the thermal gradient from the workpiece’s edges.

4. Conclusions

Edge integrity with similar surface state between top
and flank of the sample was achieved in the workpieces
by a special pre-nitriding procedure. The influence of the
active screen on the embrittlement of a plasma nitride edge
was locally investigated. In cross-sections at corresponding

locations between the samples, layer thickness and grain
boundary precipitation were analyzed. Far from the border of
the sample holder under cathodic potential, imbalances due
to surface charge density concentration could be neglected
in DC results.

Layer thickness measured from the top and from the flank
of the samples were used in a resultant parameter. Through
resultant reference, edge cross-section with different layer
thicknesses can be compared. In this way, the increase in
layer thickness from the corner was not too high, being
almost the same at the edges of DC and AS samples. Despite
a negligible effect on layer thickness, edge cross-section
analysis reveals that active screen can reduce embrittlement
of a plasma nitride edge due to grain boundary precipitation.

Results obtained in this study are related to the geometric
proportions of the experimental setup. Since a compensation
effect on charge density can occurs between the edge at top
of DC sample and the concavity formed by his intersection
with sample holder, similar investigation with sample higher
than 10mm is suggested.
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