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Abstract: The effect of a controlled oxygen admixture to a plasma nitrocarburizing process using
active screen technology and an active screen made of carbon was investigated to control the
carburizing potential within the plasma-assisted process. Laser absorption spectroscopy was used to
determine the resulting process gas composition at different levels of oxygen admixture using O,
and COy, respectively, as well as the long-term trends of the concentration of major reaction products
over the duration of a material treatment of ARMCO® iron. The short-term studies of the resulting
process gas composition, as a function of oxygen addition to the process feed gases Ny and Hy,
showed that a stepwise increase in oxygen addition led to the formation of oxygen-containing species,
such as CO, CO,, and H,O, and to a significant decrease in the concentrations of hydrocarbons and
HCN. Despite increased oxygen concentration within the process gas, no oxygen enrichment was
observed in the compound layer of ARMCO® iron; however, the diffusion depth of nitrogen and
carbon increased significantly. Increasing the local nitrogen concentration changed the stoichiometry
of the e-Fe3(N,C)14x phase in the compound layer and opens up additional degrees of freedom for
improved process control.

Keywords: active screen technology; plasma nitrocarburizing; process monitoring; gas diagnostics;
laser absorption spectroscopy; compound layer; oxygen

1. Introduction

Plasma nitrocarburizing (PNC) is an industrially established process applied in order
to improve corrosion resistance and fatigue behavior, as well as the wear resistance of
engineering materials like plain carbon or tool steels [1]. The production of thick compound
layers consisting of the e-Fes(N,C);.« phase, which is advantageous under corrosive and
tribological conditions, is the objective [2]. In order to stabilize the e-Fe3(N,C);.x phase and
to avoid the formation of the y’-Fe4N phase within the compound layer, carbon-containing
gas, such as CHy, is admixed to nitrogen-rich plasmas. However, in addition to the positive
effect of small CHy additions on the nitriding reaction, in the case of excess carbon, the
undesired cementite Fe3C phase is formed in the compound layer. Such a cementite
formation within nitride layers is detrimental under tribological and fatigue loads and
limits the process windows of PNC treatments using carbon-containing gases [3]. On the
contrary, by using a solid-phase carbon source, Dalke et al. showed that on AISI 4140 steel,
compound layers can form, which consist of nearly single-phase e-Fe3(N,C). without
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Fe3C formation [4]. The solid-phase carbon material serves as a chemical source for carbon
due to plasma-surface-interactions, forming HCN and various volatile hydrocarbons,
such as C;Hp, CHy, C;Hg, and CHj [5]. The mechanism known as chemical sputtering
is characteristic for plasma-discharged carbon materials [6]. Besides hydrocarbons and
HCN, NHj is formed from the N»-H, precursor gas and CO from oxygen leakage [7].
In a comparative spectroscopic laboratory study, Hamann et al. [8] showed that on plasma-
discharged surfaces the use of a carbon-fiber reinforced carbon (CFC) cathode increased
the concentrations of carbon-containing species, such as HCN and CyH; in the resulting
process gas by more than one order of magnitude, compared to a steel material with
methane gas addition. As a result of this finding, the concept of using a solid-carbon source
for nitrocarburizing is implemented for the active screen (AS) technology by replacing
the steel screen with a carbon screen made of CFC [9]. Analogously for the upscaled
active screen plasma nitriding (ASPN) process, the capability of the carbon cathode was
tested. Thereby, the concentrations of highly reactive plasma products were measured as
functions of various process parameters, such as the power applied to the carbon screen,
nitrogen-hydrogen ratio of the feed gas, pressure, and gas flow [7].

In addition to spectroscopic evidence of the improved reactive gas composition,
various material studies show the possibilities of surface modification, using austenitic
stainless steels as an example. Thereby, a significantly extended process window for a
successful nitrocarburizing process was revealed. In particular, the nitrogen-hydrogen
ratio [10] and the bias power at the steel components to be treated [11], as well as the power
applied to the AS [12], were identified as factors influencing the resulting steel surface
modifications. However, it was also demonstrated that the carbon-containing fraction
within the resulting process gas can be varied only within small limits by lowering the
plasma power at the carbon screen [12]. In order to exploit the possibilities of the extended
process window of AS plasma nitrocarburizing (ASPNC) using a carbon AS for plain carbon
and low-alloy steels, further concepts of process control and related parameters influencing
the process itself need to be investigated. For instance, a conceivable option to affect
the concentration of the carbon-containing fraction of the process gas, and, consequently,
the carburizing potential, is the additional admixture of oxygen-containing gases to the
nitrogen-hydrogen feed gas. For conventional plasma nitrocarburizing treatments using
gaseous carbon precursors, such as CO,, a positive effect of the oxygen-containing gas was
reported [13,14]. However, the effect of an oxygen admixture to the nitrogen-hydrogen
plasma of an ASPN process operating with a solid-phase carbon source on the resulting
process gas composition, as well as the material response, have not yet been investigated.
In addition, no long-term spectroscopic measurements accompanying the full duration
of a material treatment are available. Especially in the context of an oxygen addition to
the nitrogen-hydrogen feed gas, long-term spectroscopic gas diagnostic measurements
can provide information on the stability of the process gas composition within the plasma-
assisted process.

In this work, the effect of oxygen admixtures by applying O, and CO, additions to the
N,-H; feed gas was investigated within an industrial-scale cold-wall ASPN reactor. The
main focus was to reduce the concentrations of carbon-containing reactive species within
the resulting process gas in a controlled way. The resulting process gas composition’s
dependence on an oxygen admixture to the N»-H, feed gas during short-term process cycles
was measured by infrared laser absorption spectroscopy (IRLAS). The time-dependent
developments of species concentrations were monitored in situ by IRLAS without and
with an oxygen admixture during a nitrocarburizing material treatment of ARMCO® iron.
The effect of an oxygen addition on the compound layer formation and the corresponding
diffusion depth of nitrogen and carbon were revealed. The study aims to contribute to
the understanding of the mechanisms of plasma-based nitrocarburizing processes and the
interaction of the process gas atmosphere and the material reaction.
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2. Materials and Methods

In an ASPN reactor, the influence of oxygen addition on the development of resulting
process gas species was investigated. ASPN experiments using an AS made of CFC
were performed in an industrial-scale cold-wall vacuum reactor with a reactor volume of
approximately 1 m3. A model probe—an assembly of connected rings—was placed in the
center of the reactor and cathodically biased, cf. [15]. A resulting, so-called bias plasma was
maintained at an applied power of 850 W. The diagnostic path for spectroscopy was located
throughout the rings; the respective assembly was reported in detail in [15]. By IRLAS, the
concentrations of seven molecular species, CHy, C;H;, HCN, NHj3, CO, CO,, and H,O,
were measured as functions of the level of O, and CO, admixture for a starting feed gas
mixing ratio of Ny:Hp = 9:1. While the fraction of O, and CO; was stepwise increased
from 0 to 10% of the total gas flow, the fraction of nitrogen was correspondingly decreased
from 90 to 80% to maintain a constant hydrogen fraction of 10% in the constant total gas
flow of ® = 80 slh. It must be noted that the gas-mixing station was only equipped with
an Ar mass flow controller, through which O, and CO; were introduced. The quantity
was determined via manufacturer-provided conversion factors. Therefore, there may have
been small deviations of the real gas fractions, compared to the nominal concentrations.
The pressure was set to 3 mbar. The experiments were performed in such a way that
the parameter set of the nitrogen-hydrogen-oxygen gas mixture was adjusted and kept
constant for about 20 min, and then the IRLAS measurement was performed before the next
gas mixture was set. Details of the IRLAS measurements method can be found in [16,17].
In Table 1, a list of detected species and their spectral positions, line strengths, and limits of
detection are compiled.

Table 1. Species, spectral positions, room temperature line strengths, used for IRLAS measurements
and their estimated limits of detection. The laser source for the given spectral position is denoted
with a Q for EC-QCL (external-cavity quantum cascade lasers) and a T for TDL (lead salt tunable
diode laser) sources, respectively. Data taken from the HITRAN database [18].

Spectral Absorption Line Limit of
Species Position Strength Detection Ref.
(cm™1) (cm~1/molecules cm—2) (molecules cm—3)
CH,@ 1356.4868 1.784 x 10~20 2 x 1013 [19]
CH,@ 1356.5974 1.190 x 1020 2 x 1013 [19]
NH;@ 1388.0552 2.726 x 10722 2 x 101 [20]
NH;@Q 1767.5181 6.090 x 10~21 2 x 1013 [20]
H,0@Q 1387.9337 8.769 x 10~ 5 x 1014 [18]
H,0Q 1388.3483 9.843 x 10~ 2 x 1015 [21]
H,0Q 1781.9619 1.167 x 10~ 1 x 10 [21]
C,H,@Q 1356.8305 5.899 x 10~22 5 x 1014 [22]
C,H,@Q 1356.8881 8.920 x 10~21 2 x 1013 [22]
HCN@Q 1356.9389 4.636 x 10~ 4 x 1014 [23]
HCNQ 1388.3225 3.592 x 10~22 1 x 1014 [24]
coM 2150.3409 1.840 x 10~ 2 x 1011 [25]
coM 2150.8560 1.826 x 1019 2 x 1013 [25]
CO,M 606.2771 2713 x 10721 5 x 1013 [5]

Since the short-time gas-diagnostic measurements are always to be considered as a
snapshot, no conclusions can be drawn from them regarding the long-term trends of the
concentrations of major reaction products in the plasma-assisted process. Therefore, ASPN
treatments of ferrous samples with concurrent time-dependent LAS measurements were
conducted for both an admixture of 6% O, relative to the total nitrogen-hydrogen gas flow
and without oxygen admixture.

For the material treatment, the system was evacuated and heated up by the glow
discharge at the carbon AS to 510 °C (783 K) at 1.5 mbar in an hydrogen-argon atmosphere
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(Hp:Ar = 3:1) at a total flow rate of 60 slh. After reaching the target temperature, the target
gas composition was set to 84% N, 10% Hj, and 6% O, and 87% Ny, 10% Hj, and 3%
O, with a total gas flow rate of 80 slh. For the reference treatment without O,, the gas
composition was set to 90% N, and 10% H;. The measurements were performed at a
temperature of 540 °C (813 K) at a constant pressure of 3 mbar for a treatment duration
of 8 h followed by a cooling step in pure Hp (® = 20 slh) until room temperature was
reached. The power at the carbon AS during the treatment time was approximately 6 kW.
Spectroscopic sampling of the current process gas composition occurred approximately
every 20 min for the 8 h duration of an ARMCO® iron specimens’ treatment. Therefore,
15 mm x 15 mm specimens were cut out of a 2 mm thick plate. Before the process, the
samples’ surfaces were polished to 1 um surface finishing, cleaned in ethanol, and placed
in the center of the vacuum reactor.

The formed compound layers were analyzed by glow discharge optical emission
spectroscopy (GDOES) on a LECO SDP 750 spectrometer in order to quantify the element
concentrations of nitrogen and carbon as well as their diffusion depths, and to examine the
nitride layers with respect to a possible oxygen enrichment. Cross-sections of the treated
samples were nickel-plated, metallographically prepared, and etched with sodium picrate
etchant. Images of the compound layers were obtained with an optical microscope Carl
Zeiss Neophot 30 equipped with a JVC TK C1381 CCD-camera. Furthermore, structural
analyses of the nitrided layers were carried out by X-ray diffraction (XRD) in conventional
0-20 Bragg-Brentano symmetric configuration using a SEIFERT-FPM URD6 (SEIFERT-
FPM) diffractometer with a scan rate of 0.01°/min and 26 angle ranging from 20° to 150°.
The diffractometer was equipped with a sealed X-ray tube with a Co anode (Co-K;:
A = 1.78897 A) operating at a voltage of U = 40 kV and a current of I = 30 mA. The Rietveld
refinement method was applied to determine the quantitative phase composition.

3. Results
3.1. Spectroscopic Investigations

Figure 1 presents the concentrations of seven detectable reaction products of the
ASPNC process. The level of the O, or CO, admixture is given as a fraction of the feed gas
on the x-axis, as well as an equivalent concentration as a dashed line in the respective figure.
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Figure 1. Concentrations of C,H,, CH4, HCN, NHj3, CO, CO,, and H;O as functions of (a) O, and (b) CO, admixture.
T =540 °C, Ny + Oy =90% or Ny + CO; = 90%, Hy = 10%, Pag = 6.0 kW.

In the pure nitrogen-hydrogen feed gas, i.e., without admixture of O, or CO,, HCN
is the most abundant reaction product, followed by CO, C,H;,, NH3, and CHy4. Oxygen
was present due to impurities in the technical precursor gas, leakage in the vacuum reactor,



Appl. Sci. 2021, 11,9918

50f12

or sources from the steel surface of the model probe, and was primarily detected after its
reaction to CO.

Both O, and CO, were dissociated in the reactor under the release of oxygen, which
can react to further chemical compounds. As a result, the fundamental dependencies of the
species concentrations towards the oxygen-containing precursor gases were comparable.
For CO,, the degree of dissociation was about 74%. This reduces the concentrations of
reactive chemical compounds, such as HCN or C;H,. Additionally, the high affinity of
hydrogen to oxygen led to the formation of H,O. By increasing the O, or CO, admixture
in the nitrogen-hydrogen feed gas, the concentrations of the oxygen-containing species
were monotonically increased, and more of the sputtered carbon reacted to form stable
species CO and CO,, and did not participate in formation of hydrocarbons and CN-species.
Therefore, concentrations of HCN, CH,4, and C,H;, were monotonically decreased, while
NHj; was slightly increased due to the proposed reaction paths as follows [26]:

2-CxHy + 0.5-(4x + y)-O2 — 2x-CO; + y-HO D)
HCN + 0.5-0, — HNCO @)
HNCO + H,O — NHj3 + CO, (3)

As an intermediate product, HCNO decomposed to NH3 and CO,. At higher oxygen
contents above 7%, CO becomes the species with the highest concentration. In addition,
more hydrogen formed H,O, resulting in a decreased NH3 concentration.

The normalized oxygen distribution in the reactive species CO, CO,, and H;O is
shown in Figure 2 in which 100% corresponds to the amount of oxygen that was fed into
the reactor.

Oxygen contribution (%)
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Figure 2. Normalized atomic oxygen contributions of the oxygen-containing species (CO, COy, and H,O) and their sum
related to the oxygen content in the precursor gas for (a) O, and (b) for CO,. T =540 °C, Np + O, = 90% or Ny + CO, = 90%,

H, = 10%, Pag = 6.0 kW.

For both O, and COy, at a low flow rate, it is apparent that the sum of all oxygen-
containing species is well above 100%, which can be attributed to the leakage and contami-
nation of reactor parts only. As a result, more oxygen is present and bonds preferentially as
CO. As Figure 2a shows, H,O and CO; were detectable only at O, admixtures larger than
3%, with their concentrations remaining close to their limits of detection even at high levels
of admixture. The sum of the above-mentioned oxygen-containing species falls below
100% for more than 3% O, admixture. The likely reason is the degree of dissociation of
oxygen and the contamination of the reactor. With an increased O, concentration, leakage
becomes less important, whereas the degree of dissociation of O, might be regarded as
relatively constant or even decreasing resulting in saturation at about 70%. However, no
statement can be made about the degree of dissociation by means of IRLAS, since O, cannot
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be measured spectroscopically in the infrared range. However, it is also conceivable that
other undetected oxygen-containing species, like N,O or NOy, were formed.

For CO,, Figure 2b shows that the normalized sum of all oxide species is well above
100% for all admixtures. In contrast to the O, admixture, CO, is measurable by means of
IRLAS and can therefore be included in the consideration. Overestimating the value above
100% could be related to measurement inaccuracies of the spectroscopic measurements and
the CO; flow through Ar mass flow controllers, which may have slightly underestimated
the CO, flow rate. However, this does not affect the relationship between the species being
formed to an exaggerated extent. The percentage values must accordingly be regarded
as slightly overestimated. Unlike in the case of O, admixture, the carbon in CO can have
two possible sources. On the one hand, CO may form by the CO, dissociation itself, and
on the other hand, oxygen is released by the dissociation of CO,, which in turn reacts
with the carbon from the AS to CO. H,O was formed accordingly. The content of H,O is
almost constant around approx. 10%. Based on the results, it can be concluded that oxygen
influenced the concentrations of species that are responsible for carburizing potentials. O
and CO, can be used in order to reduce the concentrations of HCN and C;H; in analogy to
the effect of a reduction of the power at the carbon surface.

3.2. In Situ Gas Analysis during Process Monitoring

In the following analysis, the long-term trends of the concentrations of detectable reac-
tive species in the process with and without oxygen were investigated. During the process,
the concentrations of the main products HCN, NH3, C,H,, and CH4 were monitored with
an average time resolution of At = 20 min. Figure 3 presents the results of this long-term
measurement, both for the process with a 6% oxygen admixture (red line) and without
(black line).

As a result of the O, addition, the concentrations of the carbon-containing species
(HCN, CyH,, CH,) were reduced significantly while the concentration of NHs; was in-
creased. With progressing treatment time, the concentrations of HCN and C,H; slightly
decreased, while NHz and CHy were almost unaffected. This trend can be explained by the
temperature balance and the resulting AS power in the ASPN reactor. Since the reactor
is water-cooled, there is balance between the energy supplied by the AS and the energy
dissipated at the cooled wall. This equilibrium, however, is approached over time and
was not initially established. Thus, at the beginning of the process, the AS power was
higher and decreased over time. Since the production rates of the species generated at the
AS show a power dependency, the concentrations of the species changed with time and
decreased steadily for HCN and C,Hj;. Nevertheless, the conditions during the material
treatment are relatively stable in terms of the concentrations of the detected gas species.

3.3. Surface Modification of ARMCO® Iron

Figure 4a presents the resulting concentration-depth profiles of N, C, and O as deter-
mined by GDOES.

The incorporation of oxygen into the material is independent of the admixture of
oxygen-containing precursors within the margin of error. Consequently, oxygen was not
preferably introduced into the surface despite its higher concentration in the vacuum
reactor. However, oxygen had an indirect influence on the layer modification, since the
nitrogen and carbon profiles were significantly changed by the addition of oxygen.

The maximum concentration of nitrogen reached up to approx. 20 wt% and was not
significantly affected by the O, addition. However, the depth profile changed, and more
nitrogen diffused into the surface with the admixture of O, in the feed gas. Thus, the
diffusion depth of nitrogen increased from approximately 21 um to approximately 28 um,
resulting in a significantly thicker compound layer. At the same distance from the surface, a
higher concentration of nitrogen was present for 6% O,. No significant increase in the local
nitrogen concentration at 3% O, was detected. In contrast, the carbon content integrated
over the depth was almost identical in all cases. However, the local carbon maximum was
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Figure 3. Monitored concentrations of (a) HCN, (b) NH3, (c) CoHy, and (d) CHy during the treatment in the industrial scale
ASPN reactor with (red) and without (black) the admixture of 6% O in the N,-H; feed gas. T =540 °C, Ny + O, = 90%,
Hj =10%, Pag = 6.0 kW.

In Figure 4b nickel-plated cross sections of the resulting surface layers with different
O, concentrations are presented. The layers consisted mainly of a sandwich-like structure
with columnar e-Fe3(N,C)1,x grains and a thin layer of y'-Fe4N at the interspace of the
compound layer to the bulk caused by decreased local nitrogen concentrations. From the
micrographs, it can be concluded that the compound layer thickness as well as the porosity
was increased by the addition of oxygen.

The phase formation as a function of the oxygen content was studied with X-ray
diffraction. In Figure 5a, the X-ray diffraction profiles of the untreated ARMCO® iron and
treated specimens are given.



Appl. Sci. 2021, 11,9918

8 of 12

25

N-concentration (wt%)
€}

IIII|IIII|IIII|IIII|IIII|IIII_3
-=6%0

325
—-=3%0,

0% 0, 4 2

10 15 20 25 30

—_

o
&

6]
(C, O)-concentration (wt%)

i /7
= I

=

a) Distance from the surface (um) b) l(mm

Figure 4. (a) Element concentration-depth profiles of nitrogen, carbon, and oxygen of the ARMCO® iron samples treated
with 6% (dashed curves), with 3% (dash-dot curves), and without (solid curves) the usage of O, in the N»-H, feed gas;
(b) cross sections of compound layers formed on ARMCO® iron for different O, concentrations; sodium picrate etchant.
T =540 °C, Ny + Oy =90%, Hy = 10%, Pag = 6.0 kW.

: x=010  cFey(CN),,,
. x=0.22
s gf a ' G
-~ 4 i 6wt -~ x=0.30
= 3
= 8. A 110
= 3% 0, > £
ﬁ 0% O § 0
E - ’ l p) E 0%0, [ '
k ARMCO®-Fe -y N\ W
PN TN N N T N N A A N N I JJ;niuj.'Jnujnlujn'uu
40 45 50 55 60 43 44 45 46
a) Diffraction angle 26 (°) b) Diffraction angle 26 (°)

Figure 5. (a) X-ray diffraction patterns using Co-K« radiation; (b) peak analysis of the ¢(110) peak at
0% oxygen. Values for x estimated from [27]. T = 540 °C, N + Oy = 90%, Hy = 10%, Pag = 6.0 kW.

The compound layer on top of bece a-Fe consists of y'-FeysN (cubic, space group
Pm3m) and a derivative of the e-FesNy,, phase (hexagonal, space group P6322). It is
remarkable to note, that the peaks of e-Fe3Ny,, in Figure 5a (except for 001 lines) are
atypically broadened. The atypical broadening of the peaks results from the overlapping
of a number of e-Fe3(N,C)1.x peaks being slightly mutually displaced. The displacement
is a result of changes in the a lattice parameter induced by the solution of C in e-Fe3Nj«
to form e-Fe3(N,C)1,x [28] and the total interstitial content (C + N) [29]. It is assumed that
the total (C + N) interstitial content provides the largest effect for the lattice parameter
expansion [28]. A detailed investigation of the e-Fe3(IN,C)1.x peak profiles by means of a
detailed line-profile analysis, in order to extract lattice parameter distributions, is beyond
the scope of this report. Instead, Rietveld refinement was used to estimate the average
phase composition of the compound layer.

The quantitative phase composition determined by means of the Rietveld method
indicated that the compound layers were mostly made of e-Fe3(N,C)1.x (~ 95%) and small
fractions of y’-Fe4N (~ 5%). In order to mimic the complicated shape of the broadened
peaks of e-Fe3(N,C)1.«, three phases e-FesN1.4 (see Table 2) have been used with slightly
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different a lattice parameters but identical c lattice parameters. The latter is justified by the
absence of the atypical peak broadening for 001 reflections. Line-width parameters were
also refined. As both the total interstitial content (C + N) and the interstitial C/N ratio
change the unit cell dimensions of e-Fe3(N,C)1.x [28], it is impossible to derive the exact
composition range of the extremes of the lattice parameters from the current sample and
data set.

Table 2. Structure, lattice parameters, and the quantitative fraction (relative and absolute) of e-
Fe3(N,C)14+x (x =0.10, 0.22, 0.30; values for x estimated from [27]) determined by X-ray diffraction
and Rietveld method.

Fe3(N,C)14x (x = 0.10)

Oxygen (vol %) a (nm) ¢ (nm) rel. (vol%) abs. (vol%)
0 0.4716 (3) 0.4407 (1) 13 12+2
3 0.4713 (2) 0.4406 (1) 27 25+2
6 0.4713 (2) 0.4409 (1) 26 24 £2
Fe3(N,C)1+x (X = 0.22)
Oxygen (vol%) a (nm) ¢ (nm) rel. (vol%) abs. (vol%)
0 0.4738 (1) 0.4407 (1) 41 39+3
3 0.4736 (2) 0.4406 (1) 35 32+3
6 0.4734 (2) 0.4409 (1) 36 33+3
Fe3(N,C)1+x (X = 0.30)
Oxygen (vol %) a (nm) ¢ (nm) rel. (vol%) abs. (vol%)
0 0.4764 (1) 0.4407 (1) 46 43 +4
3 0.4753 (2) 0.4406 (1) 37 34+3
6 0.4754 (2) 0.4409 (1) 38 35+3

Additionally, a possible incorporation of oxygen into the carbonitride and its effect on
the lattice parameter of a hypothetical e-Fe3(N,C,0)1.x cannot be deduced from the data.
However, the absence of Fe-oxide phases in the XRD patterns may support the existence
of an e-Fe3(N,C,0)1.x but can also have different causes, such as a very thin oxide surface
layer being below the detection limit for XRD or the formation of amorphous oxides, e.g.,
as a layer at the surface.

Given the GDOES results (Figure 4a), an alteration of the C/N ratio with layer depth
(and eventually also the variation in the total interstitial content (C + N)) can be safely
assumed and is, thus, made responsible for the observed peak broadening due to the lattice
parameter changes. The penetration depth of the X-rays is in the order of the compound
layer thickness. The lattice parameters and the relative phase fractions of the three phases
used in Rietveld refinement of the XRD patterns shown in Figure 5a are compiled in Table 2.
The determined lattice parameters allow for categorizing the used e-Fe;Ny,y phases in
low-, medium- and high-interstitial bearing e-Fez3Nj.y (x = 0.10, 0.22, 0.30) (Figure 5b),
where N has to be replaced here with (N,C), with the aid of ICDD-PDF4 database entries
(see Table 2). Here, the values of x have been selected from [27] as the closest matches for
the lattice parameters determined for the present samples.

The mutual changes of the lattice parameters as a function of the oxygen content in the
reactive atmosphere are all within experimental error and thus do not generate a systematic
trend. Contrarily, the relative volume fractions of e-Fe3(N,C)1,x indicate that the presence
of oxygen in the reactive atmosphere promotes lower total (C + N) interstitial contents. This
effect is not directly reflected in Figure 5a because it is camouflaged by an increase in the
peak width (increase in lattice microstrain/decrease in crystallite size) of the low-interstitial
e-Fe3(N,C)14+x phase upon addition of oxygen to the reactive atmosphere. This observation
is concomitant with the occurrence of a thicker pore seam at the compound layer surface
(cf. Figure 4b), but a direct connection of these two observations cannot be established
based on the presented/available data.
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4. Discussion

The feasibility of an oxygen admixture to an Np-H; plasma in an ASPN process using
an CFC active screen was investigated. Additions of O, and CO; significantly reduced
the concentrations of hydrocarbons and CN-species, but increased the CO, CO;, and H,O
concentrations. Furthermore, the NH3 concentration was increased since more sputtered
carbon formed CO. As a result, more unbound hydrogen and nitrogen were freely available
in the plasma to form NHj. At very high oxygen concentrations, however, the hydrogen
was oxidized to HO and, therefore, no longer available for the formation of NH3 which,
in turn, decreased the concentration in the process.

Furthermore, long-term in situ monitoring has shown negligible trends in the con-
centrations of major reaction products over the typical duration of ASPNC treatments.
Without oxygen addition, it was found that there was a non-negligible oxygen content in
the reactor, which is always present during plasma processes due to the use of technical
gases, leakage and the contamination of surfaces. The predominant oxidation product
was CO.

As the admixture of oxygen-containing species impacted the concentration of reactive
species in the process, we further studied its effect on the material treatment results. The
addition of oxygen progressively lowered the concentration of HCN and C,Hj; however,
the formed species (CO, CO,) are known to facilitate carburization of metal surfaces in
conventional PNC.

During the material treatment of ARMCO® iron with an admixture of 3% and 6% O,
respectively, no excessive oxygen enrichment was detected in the nitrided layer. In contrast,
the nitrogen content in the compound layer increased significantly, which increased both
the concentration and the diffusion depth, resulting in a thicker compound layer and
higher porosity. The integral carbon content over the depth was almost identical in all
cases. However, the maximum carbon concentration in the compound layer (0.5 wt%) was
lowered (0.4 and 0.3 wt%) and shifted further towards the base material in the case of the
O, admixture. Both effects could ensure that the potential formation of cementite in plain
carbon or low-alloyed steels is reduced by increased nitrogen and reduced carbon activity.
Future in-depth optical emission spectroscopy investigations are required to gain more
insights on this.

The compound layer on ARMCO® iron consisted mainly of e-Fe3(IN,C)14+x and small
fractions of y'-Fe4N and was not significantly changed with regards to the phase composition.

Compared to conventional plasma nitriding, where the formation of oxide layers
above a critical oxygen concentration hinders nitrogen and carbon diffusion, high oxygen
contents in the reaction gas of ASPNC processes operating a solid carbon precursor, such
as CFC, do not negatively affect the material treatment. Rather, the positive changes on
the plasma chemistry are to be emphasized. The reason could be due to the high carbon
concentration and species concentration in the plasma. Oxygen is preferentially bound as
CO and, thus, obviously does not tend to form an oxide layer. However, other reactive
species, such as HCN, could ensure that a newly formed oxide layer is removed directly, so
that a thick and continuous oxide layer cannot generate.

5. Conclusions

In this work, the impact of two oxygen-containing precursor gases, O, and CO,, on a
plasma nitrocarburizing process using an active screen made of carbon-fiber reinforced
carbon was investigated in order to control and adjust the carburizing efficiency, i.e., the
carbon potential, of the resulting process gas composition. With increasing oxygen addition
to the N»-Hj-plasma, a reduction of the concentrations of HCN and C,H, was measured
by laser absorption spectroscopy. In contrast, oxygen-containing species, such as CO, COy,
and H,O as well as NHj3, were slightly increased. The long-term measurements at the
vacuum reactor demonstrated that the atmosphere can be regarded as nearly constant over
a long period of time.
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Despite enhanced oxygen concentrations within the process gas, no significant oxy-
gen enrichment was observed in the compound layer of ARMCO® iron. However, the
diffusion depth of nitrogen and carbon increased significantly. This effect can allow further
modification of the compound layers of plain carbon or low-alloyed steels during active
screen plasma nitrocarburizing.
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