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ARTICLE INFO ABSTRACT

Keywords: Active screen plasma nitriding (ASPN) was performed on tempered 42CrMo4 low alloy steel samples. The effects

Active screen plasma nitriding of two technological parameters, namely 1) the hole size of the screen and 2) the open area ratio were in-

Hole size vestigated on the properties of the developed nitride layer. Scanning electron microscopy (SEM), atomic force

Surface characterisation microscopy (AFM) and Vickers microhardness testing were used for the characterization of the surface. The

AFM thickness of the nitride layer, the microhardness and the length of the nitride diffusion zone and surface areal
parameters like surface roughness, skewness, grain diameter and area were measured and correlated with the
screen hole size and open area ratio. It was found that these two major technological parameters influence
different aspects of the developed nitride layer. The layer thickness and surface skewness (connected to either a
balanced surface with zero skewness or the appearance of hill-like complex structures with positive skewness) is
more sensitive to the open area ratio, while the surface roughness is primarily a function of the hole size. The
maximum surface hardness, the length of the nitride diffusion zone or the size (diameter and surface area) of the
nitride grains did not show a strong correlation with either of these two parameters.

Introduction During ASPN several technological parameters, such as the material

Plasma nitriding is a surface treatment widely used in the industry
to improve the hardness, the wear and in some cases the corrosion
resistance of steels. One type of this technology is the active screen
plasma nitriding (ASPN), which is becoming increasingly widespread
among the surface hardening techniques. In this case, the sample is
electrically isolated from the voltage source and the plasma is formed
on the screen placed around the sample [1]. The specimen is heated by
radiation and the ASPN generates a nitrogen mass transfer to its surface
[2,3].

Previous papers already discussed the pros and cons of ASPN
compared to DCPN (direct current plasma nitriding), such as edge and
hollow cathode effects, regarding the resulting surface properties [4-6].
The edge effect, which is one of the major shortcomings of DCPN, can
be perfectly eliminated with ASPN, preventing the breaking of the
corners [7,8]. Besides, the hardness of the nitrided layer is more even
with ASPN [9,10] and the layer thickness can also be higher with in-
creased temperature [11,12].

and the geometry of the active screen, the time and temperature in-
fluence the resulting properties, especially the layer thickness, hardness
and surface roughness of the formed nitride layer. Previous studies
aimed to characterize the connection between these parameters, for
example the effect of the distance between the sample and the active
screen was investigated in several works [13-15]. However, none of the
previous works provided a definite answer regarding the effect of the
active screen hole sizes on the developed surface properties, although
some of them did mention and touch this parameter, to a limited extent.

For example, Sousa et al. nitrided different austenitic stainless steel
samples with @8 mm hole size in a cage with 112 mm diameter. The
results showed uniform phases and layer thickness on the surface and a
similarly good surface hardness on all samples [16]. The effect of the N,
ratio in the gas mixture was also characterized. The resulting layer
thickness and hardness decreased in pure nitrogen atmosphere and the
highest values were found to be at 80% N, content [17]. By increasing
the gas pressure, the previously mentioned properties also increased
[18]. Nishimoto et al. used three types of austenitic stainless steel active
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screen cages (such as pipe, foil, and wire mesh) and compared the re-
sulting properties of the nitride layer with DCPN. They found that the
hole size of the cage had a slight influence on the surface properties,
namely that the surface of the sample treated with the wire mesh screen
were slightly finer than those treated with screens with 5mm holes
[19]. Taherkhani compared the effect of screens with 6 mm and 8 mm
holes with various top lids on low alloy steel. He reported that the re-
sulting hardness is higher by performing the procedure under screen lid
than under plate, because of the greater movement of iron nitride from
the top lid holes [20]. However, this research still does not discuss the
effect of different screen hole sizes in detail. Naam et al. also used these
two types of hole sizes, but within one screen, and analyzed the effect of
different diameters on unalloyed steel. He found that while reducing
the diameter of the active screen, the distance between the sample and
the screen as well as the current density changed, therefore an optimum
active screen diameter existed to maximize the ion flux on the speci-
men’s surface. This depends on only the diameter of the screen, not the
hole size [21].

Not just only few researchers disclose the utilized hole sizes, the
open area ratio of their screen is also rarely given or discussed. This
parameter gives the percentage of open area under the screen, and is
also expected to have an influence on the properties of the plasma
treated surface. Hubbard et al. used a cage with 47% open area ratio
and different electric arrangements and described the most significant
nitrogen transfer mechanisms of ASPN based on the experiments [22].
Nishimoto et al. also studied the open area ratio, the effect of 38%, 48%
and 63% ratios were compared during active screen plasma nitriding.
Compared to the previously used holes with circular cross section, in
this case square forms were used on the screen. The thickness of the
nitrided layer increased with decreasing open area ratio of the screen. A
schematic illustration of the mechanism of nitrogen mass transfer in
ASPN process was presented, which explained that at a lower open area
ratio, the number of sputtered particles on the active screen increased
because of the large area of screen material. Although similar open area
ratios could be prepared with larger holes, the effect of hole size was
not investigated [23].

Besides these previously mentioned properties, the resulting
roughness of the surface is also a non-negligible factor. ASPN modifies
the surface roughness due to the sputtering. At DCPN the roughness of
the surface was found to increase with the time of nitriding. The ni-
triding time increases the size of microstructures, which start to overlap
resulting in bigger cones with different morphologies and lower surface
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density [24,25].

The aim of this research is to investigate the effect of different active
screen hole sizes during plasma nitriding and analyze the resulting
surface properties, the thickness and hardness of the nitrided layer.
Furthermore, the influence of the open area ratio and the hole size will
be compared.

Material and methods
Sample preparation

A tempered 42CrMo4 low alloy steel was used for the experiments
with chemical compositions shown in Table 1. The material was cut
into disks with 20 mm diameter and 6 mm thickness. The surface of the
samples was wet ground with 80-2500 grit SiC and finely polished with
a 3um diamond suspension, degreased with acetone in an ultrasonic
bath and dried with air.

Plasma nitriding

The plasma nitriding experiments were made in a custom laboratory
equipment. The active screen used for the plasma nitriding was made
from a 1.0330 type unalloyed steel. The dimensions of the screen were
2100 x 85 x 0.8 mm, with different hole sizes, which are given to-
gether with the nitriding parameters in Table 2. As can be seen in the
table, concerning the time, temperature, or content and pressure of the
gas mixture, all experiments were performed with the same experi-
mental conditions. The sample was placed at the center of the active
screen, the distance from the top lid was 35 mm. The temperature was
monitored by using an isolated K-type thermocouple under the work-
piece. The constant temperature of the samples was regulated by the
applied voltage, which was proportional to the open area ratio (the
percentage of open holes in the active screen), as can be seen in Table 2.

After placing the sample on the holder, the pressure of the chamber
was decreased to around 0.16 mbar. First, the chamber was flushed
with argon, then the pressure was set to 2.8 mbar with the gas mixture
used for the nitriding (75% N>-25% Hy). The 4 h treatment time started
when the sample reached the 490 °C nitriding temperature. After the
process the sample was cooled under the operating pressure and gas to
300 °C, then air was introduced into the chamber and the sample cooled
down to room temperature.

Table 1
The chemical composition of the material in wt%.
C Si Mn P S Cr Mo
42CrMo4 0.38-0.45 =0.4 0.6-0.9 <0.025 =<0.035 0.9-1.2 1.5-0.3
Table 2

The applied plasma nitriding conditions for the 42CrMo4 samples.

Sample no. Hole size (mm) Open area ratio (%) Voltage (V) Current (I) Temp. (°C) Time (h) Pressure (mbar) Gas mixture
d4.5 4.5 50 430 1 490 4 2.8 75% N»-25% Hy
d8 @28 61 468 1

di2 212 50 485 0.9

dis 218 74 532 0.9

d2s @225 61 540 0.8

d4s @245 87 636 0.7
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Characterization methods

The hardness of the nitrided samples were measured with a Vickers
microhardness tester (Buehler IndentaMet 1105, 10 g load), while a
Zeiss EVO MA10 scanning electron microscope (SEM) vas used for the
cross-sectional investigations.

For surface characterization a Veeco (lately Bruker) dilnnova type
atomic force microscope (AFM) was used in contact-mode with an ART
D160 diamond probe (spring constant: 5 N/m). The images were ob-
tained in 2 pm X 2 um and 10 um X 10 pum scan sizes, with a sampling
resolution of 512 X 512 and 1 Hz scan rate. The obtained images were
post-processed with the Gwyddion 2.36 software [26]. Only standard
background correction was applied on the images to remove piezo
movement and sample tilt effects. Surface roughness (S, S;) and
skewness (Sgi) values were calculated based on Egs. (1)-(3), defined by
the ISO 25178-2 (2012) standard, where N is the number of height
points of the image, #; is the distance between a height point (z;) and the
central plane defined for the surface and p, is the n-th second central
moment of the height distribution. For every sample a number of 8
images per scan size — obtained in different positions on the surface —
were used for the mean and standard deviation calculations. The sur-
face area of the grains and the equivalent diameter of the projected
grains were calculated with the built-in functions of the Gwyddion 2.36
software, after masking the independent grains on the image. The
equivalent grain diameter is the diameter of the disc with the same
projected area as the grain. The surface area is calculated by a trian-
gulation scheme, described in detail in the Gwyddion user guide [26].
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SEM investigations

The microstructure of the nitrided samples and the formed com-
pound layers are presented in the SEM images of Fig. 1. The layer
thicknesses, which were calculated based on these images are given in
Table 3. To increase the contrast and visibility of the features all sam-
ples were etched in 2% Nital. The measured layer thicknesses range
roughly between 3 and 4um, with the largest difference measured
between samples d12 and d18. However, by comparing the images and
the data in Table 3, it can be seen that the resulting layer thickness is
more sensitive to the open area ratio, than to the hole size. The thickest
layers were produced with 50% open area ratio (3.6 to 4 um), while
61% resulted in 3.4-3.5 um thickness. However, the effect of hole sizes
is not entirely clear. In Fig. 1, the images are paired in a way that
samples with the same open area ratio are placed together. At 50%
open area ratio the larger hole size resulted in a thicker layer. The same
is true for the samples with the highest open area ratio: sample d45
resulted in a thicker layer compared to d18 (open area ratio is 87% and

Table 3
Layer thicknesses of the nitrided samples.

Sample no. Open area ratio (%) Layer thickness (um)
d4.5 50 3.6
d8 61 3.5
d12 50 4.0
di8 74 3.1
d25 61 3.4
d4s 87 3.3

nitrided layer

EL . o

Fig. 1. Cross-sectional SEM images of the nitrided samples. The used hole sizes of the active screens are a) 4.5 mm, b) 12 mm, ¢) 8 mm, d25 mm, e) 18 mm, f) 45 mm.

The first two rows have the same open are fraction, as can be seen in Table 3.
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74%, respectively). The two samples with 61% open are ratio resulted
in nearly the same layer thickness. Based on this, we might say that
larger hole sizes result in higher layer thicknesses, but the open area
ratio is clearly the more dominant parameter in the process. Also, the
two samples prepared with 50% open area ratio have less even nitride
layers (Fig. 1 top row). This phenomenon confirms the previous re-
search, where the thickness of the nitride layer increased with de-
creasing open area ratio [23].

Microhardness

Fig. 2 shows the cross-sectional hardness profiles of the nitrided sam-
ples. In all cases the average of three measurements is presented. Again, the
samples are paired based on their open area ratio. The dashed lines mark
the end of the diffusion zone, which is calculated as the base hardness of
the sample plus 50HV. The samples are evaluated based on their maximal
measured hardness and the length of the diffusion zone in Fig. 3.

As it can be seen, all samples show high surface hardness that drops
decreasingly until reaching the substrate hardness value. The maximum
hardness of the samples were ranging roughly between 650HV0.01 to
800HV0.01, which was measured on the d8 sample. The differences in
the lengths of the diffusion zones are within 20 um. Looking at the data
in Fig. 3 no apparent correlation can be observed between the measured

Results in Physics 12 (2019) 1311-1318

parameters (maximum hardness and length of the diffusion zone) and
the hole size or open area ratio. Samples with the same open area ratio
(plotted with the same color in Fig. 2) can have similar cross-sectional
hardness profiles, e.g. d4.5 and d12 for 50% open area ratio, or sig-
nificantly different, e.g. d8 and d25 for 61% open area ratio. For both
pairs the samples treated with smaller hole size have shorter diffusion
zones. It is interesting to mention that the two samples with the highest
maximum hardness (d8, d18) have the shortest diffusion zones.

Surface characterization

Figs. 4 and 5 presents sample contact-mode AFM images in two
different scan sizes from the nitrided samples. It can be seen, that the
surface has a grainy morphology, which is structured in different levels.
Besides the grains we can observe surface waviness with hills and
valleys (e.g. Fig. 4 top row for d4.5, d12), and also larger, complex
morphologies, which resemble aggregated grains, most visible most
visible in the 10 um x 10 um images in Fig. 5 for d8 and d45. This
confirms, that the treated surfaces have different characteristic features
depending on the applied technological parameters, and since these
features have different spatial frequency, the measured surface de-
scribing parameters (surface roughness, skewness) are depending on
the scan-size, as proved by Fig. 6.

—4—d4.5 ——d18
—=—d8 —=—d25
d45

—v—d12

<

0.15

0.20 0.25

Distance from the surface (mm)

Fig. 2. Cross sectional hardness profiles of the nitrided samples.
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Fig. 3. Maximum measured hardness and diffusion zone length of the nitrided samples.
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Fig. 5. 3D contact-mode AFM images of nitrided samples. Top row: d4.5, d8, d12; bottom row: d18, d25, d45. Scan size: 10 pm X 10 pm.

It is important to note, that the freshly polished reference samples
have a surface roughness around 0.75nm (S,)/1.3 nm (S,), which was
expected [27,28], so the increase in the roughness is in the 30 x-70 X
range, depending on the applied hole size. Compared to the overall
thickness of the nitride layer (between 3 and 4pum, Table 3), the
150-250nm absolute height of the finer microstructure (based on
Fig. 4) is less than 10% of the whole layer. However, the
10 um x 10 um images of Fig. 4 shows, that this absolute height dif-
ference can reach 0.6 um (even around 20% of the layer thickness),
caused by the surface waviness and mentioned complex morphologies.
This is also visible on the SEM cross-sectional images of Fig. 1, which
are in good accordance with the AFM images (e.g. sample d12 shows
the waviest surface/cross-section).

The quantitative results presented in Fig. 6 also confirm this: the
surface roughness shows an average of 1.5 increase for images

1315

measured with the larger scan size. The surface roughness shows a
first slow than after d12 more pronounced increase in function of the
hole size, which drops back for the d45 sample. It is interesting to see,
that for smaller hole sizes (d4.5, d8, d12) the resulting surface
roughness was insensitive to the ratio of open area. The highest sur-
face roughness was measured for the second largest diameter of d25,
which also has a high, 61% open area ratio. In the case of d45 the
significantly higher open area (only 87%) seems to limit the process,
thus it resulted in smaller surface roughness compared to d18 or d25.
As presented in Fig. 9, considering d45 as an outlier, the correlation
coefficient between the surface roughness (for 10 pm x 10 pm images)
and the hole diameter is 0.96. Based on the results it is clear, that the
resulting surface roughness is more sensitive to the hole size, than to
the open area ratio, but the latter can also affect (limit) the develop-
ment of roughness.
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Fig. 6. Surface roughness (S,, Sq) values measured based on the AFM images with different scan sizes (left: 2 um x 2 um; right: 10 um X 10 um). For all cases the

mean and standard deviation measured on 8 different images are presented.
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Fig. 7. Equivalent projected grain diameter and grain surface area values measured based on the 2 pum X 2 um AFM images for the nitrided samples.

However, due to the simple average based nature of surface
roughness, it is possible that surfaces with different characteristics end
up having the same roughness value, which can be observed by com-
paring the AFM images for the samples having similar roughness, like
d4.5, d8, d12. For the sake of deeper understanding, the differences in
the surface characteristics, the equivalent grain diameters and grain
surface areas were also calculated and given in Fig. 7.

It is important to note, that these values were calculated based on
the 2pum X 2pm images, so they only focus on the grainy
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microstructure and exclude the larger, complex morphologies. It is
rather interesting to see, that while sample d25, which has the
highest surface roughness also has the biggest grains, sample d4.5
has a comparably large grain size, while having the smallest surface
roughness. Although the grain sizes presented in Fig. 7 do not have
any apparent correlation with either the hole size or the open area
ratio, comparing them, with the skewness values given in Fig. 8
(calculated for the 10 pm x 10 pm AFM images) gives us useful in-
formation.

T
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Fig. 8. Skewness (Sg) values calculated based on the on the 10 um X 10 um AFM images for the nitrided samples.
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Fig. 9. Correlations between left: the surface roughness (measured on 10 um x 10 um AFM images) and the hole size, with d45 considered outlier for fitting and

coefficient calculation, right: the skewness and the open area ratio.

The skewness characterizes the symmetry of the height distribution
function (HDF) of the surface. In a figurative way a surface with ba-
lanced features has a skewness close to zero, a generally flat surface
with holes has negative skewness, while we can expect positive skew
from a generally flat surface with hills as characteristic features. It can
be observed, that the calculated skewness in Fig. 9 is in negative cor-
relation with the grain size: for bigger grains (d4.5, d25, d12) the
surfaces have rather balanced features on a large scale (the skewness
was calculated for 10 um X 10 um areas), while for smaller grains (d8,
d18, d45) the skewness is higher, indicating larger hill-like complex
morphologies on the surface, also visible in Fig. 5. Based on the results
it seems, that the appearance of such larger structures and accom-
panying smaller grain sizes can be attributed to smaller open area ratios
and probably can be connected to more intensive sputtering. The only
slight exception in this observation is sample d8, where a relatively
larger open area ratio (61%) resulted in smaller grains with some larger
features. Considering skewness and the appearance of such complex
morphologies, the open area ratio seems to be the governing parameter,
as confirmed by Fig. 9.

Conclusion

The effects of screen hole size and open area ratio, as two major
parameters of active screen plasma nitriding, on the properties of the
developed nitride layers were investigated. It was found that the
thickness of the nitride layer is primarily a function of the open area
ratio. The microscopic surface roughness was found to increase with the
hole size of the screen, however increasing the open area ratio was
found to increase the skewness, resulting in a less balanced surface with
complex morphologies. The cross-sectional microhardness profiles were
not correlating strongly with any of the technological parameters.
Conclusively, it was demonstrated that the screen hole size and open
area ratio influence different aspects of the developed nitride layer and
they should be set in accordance with the needs of the user or specific
application.
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