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Abstract

Effects of a NH3/O2/N, premixed flame/non-ignited mixture on iron-based metal walls have been investigated
experimentally. A premixed NH3/O2/N; flame or non-ignited mixture formed by a quartz tube burner impinged
on a disc-shaped metal test plate, of which the temperature was kept at 550 °C by an infrared lamp heater. As
materials for the test plate, SACM645, SUS304, and SUS310S, which are widely used as industrial steels, were
examined. After being exposed to either the NH3/O2/N; flame or non-ignited mixture for 5 hours, the surface
hardness was measured by using a nano indenter. Distributions of nitrogen atoms diffused into the metal wall
were measured by means of an Electron Probe Micro Analyzer (EPMA) and Secondary lon Mass Spectrometry
(SIMS). In addition, spatial distributions of the NH3 concentration in the NH3s/O2/N, flame and non-ignited
mixture were measured by employing a two-photon absorption laser-induced fluorescence (TALIF) technique. It
was found that the surface hardness of the test plates increased significantly after being exposed to the NH3/O2/N2
flame/non-ignited mixture. The distributions of surface hardness and nitrogen atom concentration show that
nitriding occurred by the present NHs/O2/N, flame/non-ignited mixture with the equivalent level of the
conventional gas nitriding method. Moreover, it is also found that NH3 concentration in the vicinity of the wall
plays an important role in the surface hardness increase, and a wider distribution of NH3 can result in a broader
surface hardness distribution.

© 2022 The Authors. Published by Cardiff University Press.
Selection and/or peer-review under responsibility of Cardiff University

Received: 8" Jan 23; Accepted: 31% Mar 23; Published: 04" July 23

Keywords: Ammonia combustion, Nitriding, Surface hardness, Nitrogen atom concentration, Two-photon absorption laser-induced
fluorescence (TALIF).

The combustion characteristics of NH3 have been

Introduction widely investigated, mainly focusing on its burning
In the past few decades, efforts have been made to velocity and NOx formation. Hayakawa et al. [3]
reduce CO, emissions to slow down the progress of and Takizawa et al. [4] reported that the laminar
global warming. Combustion of fossil fuels has been burning velocity of NHs/air premixed flames is
the main source of CO, emissions. Therefore, around 7 cm/s, which is an order of magnitude lower
developments  of  decarbonized  fuels  and when compared to hydroparbon_f_uels. Hayakawa et
improvements in combustion efficiencies are al. [5] employed strain-stabilized ammonia/air
crucial. Hydrogen (H.) has attracted attention in premixed flames in a stagnation flow to mvestlgate
recent years because it can be produced from the the product gas, and reported that the mole fractions
electrolysis of water using renewable energy of NO can be minimized under slightly-rich
sources, and its carbon emission through the cor_1d|t|ons, which corresponds to the equivalence
combustion process is zero. However, because the ratio of 1.06.
boiling temperature of hydrogen is as low as -253 In addition, detailed kinetic models for predicting
°C, its transportation and storage are key challenges ammonia reaction pathways have also been
in hydrogen energy development. In such a context, developed for better understanding of ammonia
ammonia (NHs) has alternatively attracted attention oxidation and pyrolysis. Okafor et al. [6] reported
as a promising hydrogen carrier. NH; has already that the formation of NO is overestimated by GRI-
been used in various industries, and accordingly, Mech 3.0 [7], and modified the reaction between NH
technologies for its production, transportation and and H.O. Nakamura et al. [8] reported the
storage are mature. In addition, despite its low importance of the N,Hx chemistry in the kinetic
combustibility, its utilization as a fuel through direct model at temperature ranges below 1027 °C and
combustion has been tested in the fields of industrial added the pyrolysis reaction. Recent reviews on
furnaces [1] and gas turbines [2]. combustion characteristics of NHs; flames and
modeling of their reaction pathways can be found in
Refs. [9, 10].
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Fig. 1. Schematic of the ammonia combustion experimental setup and NHs-TALIF optical diagnostic system.

When flames exist in the vicinity of a wall, flame
structures will be modified due to flame-to-wall
interactions. In our previous studies, the wall
chemical effects on radical pools in premixed flames
such as a methane flame [11], dimethyl ether (DME)
weak flame [12], nitrogen-diluted H; flame [13], and
oxy-DME cool flame [14] have been investigated by
employing a Planar Laser-Induced Fluorescence
(PLIF) technique. These results show that the flame
structures are significantly affected by the wall
depending on its surface material.

When ammonia is employed as a fuel in industrial
scenes, interactions between combustor walls and
flames/non-ignited mixtures must be considered.
While ammonia flames are affected by the metal
wall surface, the metal wall surfaces themselves will
also be influenced by ammonia flames/non-ignited
mixtures. For instance, nitrogen atoms generated by
the decomposition of ammonia on the surface can
diffuse into the wall material and bond with metal
atoms, such as Fe and Cr, leading to surface
modification. This phenomenon is known as
nitriding. This is a heat treatment aiming to improve
the surface hardness of metal by diffusing nitrogen
atoms to the surface, leading to the formation of
nitrides. Nevertheless, “undesirable” nitriding can
result in the surface hardness increase, making the
material fragile [15], which is not preferable for its
use as a combustor wall. Additionally, brittle and
insufficiently protective nitride layers can be formed
under an insufficient nitrogen diffusion condition,
which will reduce the corrosion resistance to
aqueous environments [16]. Tseng et al. [17] have
reported that nitrogen atoms diffusing into iron-

based wall surfaces can generate FesNx, which can
enhance the surface reactivity to ammonia. In
general, austenitic stainless steels, such as SUS304
and SUS310S, are difficult to nitride without the
prior pickling process due to the existence of passive
films on their surface, while Sueyoshi et al. [18, 19]
reported that SUS304 can possibly be nitrided due to
the change of surface components after being
preheated in air. Although gas nitriding has been
widely studied as an industrial process, there is still
a lack of knowledge on nitriding by NHs flames.
Therefore, further quantitative investigation of the
effect of NH3 flames on metal walls is required.
The objective of the present study is to elucidate the
effects of NH3/O2/N, flames and non-ignited
mixtures on heated metal walls. SACMG645,
SUS304, and SUS310S were chosen as the wall
materials. After exposure to a NHsz flame/non-
ignited mixture, the surface hardness was measured
by using a nano indenter. In addition, distributions
of nitrogen atom concentration in the plate were
measured quantitatively. Furthermore, in situ
measurements of the NH3; spatial distribution were
conducted by employing a Two-photon Absorption
Laser-Induced Fluorescence (TALIF) technique to
investigate the effects of the NH3 distribution on the
surface hardness and nitrogen atom concentration.

Materials and Methods

Exposure of metal walls to a NH3/O2/N2 flame/non-
ignited mixture

An experimental setup built in the present study is
shown in Fig. 1. An NH3/O2/N; premixed jet flow
was issued from a quartz tube with an inner diameter
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Fig. 2. Measurement positions (a) and surface roughness of SACM645 before (b) and after (c) the exposure
to the NH3/O2/N, flame measured by the AFM.

of 4 mm and an outer diameter of 6 mm. Each gas
was supplied from an individual gas cylinder and
their flow rate was individually regulated by a mass
flow controller (MFC, Model 3660, KOFLOC). The
mixture impinged on a disc-shaped metal test plate
(630 mm x 3 mm), which was fixed under a high-
temperature-tolerant ceramic substrate. The surface
temperature of the metal plate was monitored at the
position 14 mm away from the center of the test plate
by wusing a radiation thermometer and was
maintained at 550 °C using an infrared lamp heater
(GVL298, THERMO RIKO) through a 25 mm-
diameter center hole in the ceramic substrate. Note
that a typical temperature used for gaseous nitriding
is around 550 °C [20]. The distance between the tip
of the tube nozzle and the surface of the test plate
was adjusted using a z-axis stage. In the present
study, it was fixed at 3.6 mm. Experiments were
conducted under oxygen-enriched conditions to
enhance the combustibility of NHz flames. The
oxygen concentration (Q), which is defined as the
oxygen mole fraction in a mixture of oxygen and
nitrogen, was kept at 0.4 (note that air gives Q =
0.21). The equivalence ratio and bulk mean velocity
were 1.1 and 53 cm/s, respectively.

In addition to SACM®645 (aluminum-chromium-
molybdenum steel), which is commonly used as a
nitriding steel, SUS304 and SUS310S (austenitic
stainless steel) were selected as materials for the test
plates. The chemical compositions of each material
are shown in Table 1 [21, 22, 23].

Table 1. Chemical compositions of test plates

(mass %).
Cr Al C Mn Ni
SACM645 | 1.50 | 0.95 | 0.46 | 0.37 -
SUS304 | 1828 | - |0.06|0.89| 854
SUS310S | 25.00| - | 0.08 | 2.00 | 20.00

Measurement of surface hardness

In order to minimize the unwanted effect of surface
roughness on the surface hardness measurement,
surfaces of the test plates were mirror-polished

before the NH3 exposure. They were subjected to
solution treatment process at 1025 °C in a vacuum
furnace in order to remove the effects of work
hardening that occurred due to polishing. Surface
hardness distributions were measured by using a
nano-indenter (ENT-NEXUS, ELIONIX). Figure 2a
shows the measurement positions, which were
selected at the center of the test plate and moved in
the radial direction with 1 mm intervals. At each
position, 25 measuring points were made by a 200
mN load with a spacing of 100 um to avoid
interference among the measurement points. The
indentations appear as black triangles with a length
of 17.7 um as shown in Fig. 2a. Mean values among
the 25 data points were used as the surface hardness.
After exposure to the NH3/O2/N, flame/non-ignited
mixture, wet polishing was also performed for 5
minutes by using a diamond slurry with an average
grain size of 0.125 pm. The surface roughness was
measured using an Atomic Force Microscope
(AFM). As shown in Fig. 2b and 2c, the mean
surface roughness before and after being exposed to
the flame were respectively 8.53 nm and 20.57 nm
in the scanned area of 10 um x 10 pm, indicating that
sufficiently smooth surfaces were obtained. The
surface hardness was calculated by the load-
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Fig. 3. Load-displacement curve from nano
indenter for calculating surface hardness.
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displacement curve shown in Fig. 3. The red and
blue lines represent the load and unload process of
the indenter, respectively. The surface area of
indentation A, is used to calculate the Vickers
hardness HV from the following equation,

max

P
HV = 0.0945 x =, (1)

P
where Pmax is the maximum load. A, is calculated
from both the maximum contact depth hmax and

stiffness S as follows,
2

P
A, = 24.56 X (hmax — ";“" s) . Q)

where ¢ is a constant depending on the indenter type,
with & = 0.75 when the Berkovich indenter is used.

Measurements of nitrogen atom concentration
Concentrations of the nitrogen atoms diffused into
the metal plate were measured after being exposed
to the NHs/O2/N> flame/non-ignited mixture. The
test plate was sliced by using a diamond wire saw
(CS-203, Hitachi) and the cross sections were
mirror-polished to identify the nitride layer.
Distributions in the radial direction on the surface
and in the depth direction at the center axis were
measured by using a Dynamics SIMS (PHI ADEPT-
1010, ULVAC-PHI) and an Electron Probe Micro
Analyzer (EPMA - JXA-iSP100, JEOL),
respectively.

NHs-TALIF

Spatial distributions of NHjz concentration were
measured by using the Two-photon Absorption
Laser Induced Fluorescence (TALIF) technique [13,
24, 25, 26]. Following the study of Brackmann et al.
[27], the excitation of the C' < X transition at
304.798 nm and fluorescence in the 568 nm C — A
band were used for the NHs-TALIF measurement.
As shown in Fig. 1, the NH3-TALIF system consists

Wang D et al. (2023)

of a Nd: YAG laser (LS2147, Lotis TII), a tunable
dye laser (LiopStar-E&LSEH, Liop-Tec) with a dye
mixture of sulforhodamine 640. The dye laser was
pumped by the second harmonic (532 nm) of 10 Hz
nanosecond Nd:YAG laser to generate a 609.596 nm
laser beam. It was then frequency-doubled by a beta-
barium borate (BBO) crystal for the second
harmonic generation (SHG) to yield 304.798 nm. A
combined laser beam of 609.596 nm and 304.798
nm was separated by a Pellin Broca prism. Three
cylindrical lenses were used to form a laser sheet
with a height of 6 mm. The laser was aligned to pass
between the nozzle outlet and the wall surface. The
fluorescence of NH3 molecules was recorded by a
Gen 11l ICCD camera (iStar 312T, Andor) with a
band-pass filter centered at 568 nm (HWFM: 10
nm). The measurement was conducted after
exposing the test plate to the flame/non-ignited
mixture for 5 hours. 500 single-shot images were
taken and ensemble-averaged. The background level
was captured and subtracted from the obtained
image. The spatial intensity variation in the laser
sheet was compensated with pure NH; fed into a
quartz cell. The dependence of the NHs-TALIF
intensity on the laser energy density was examined
(not shown). The results show a quadratic
correlation in the range of 0.54-0.86 mJ/pulse,
confirming that the effect of photolytic interference
is negligible in the present measurement.

Results and discussions

Surface modification

Figure 4 shows the optical micrographs of the
SACM645 and SUS304 test plates after being
exposed to the NHs/O2/N, flame at 550 °C for 5
hours. Both surfaces have been significantly
modified after the exposure, particularly near the
center. While dependence on the radial position is

SACM645)|

Austenite grain

SUS304 \

r =0 mm (center)[ » =0 mm (center)

r=2mm

r=4mm r=6mm

Untreated

Treated by NH5/O,/N, flame

Fig. 4. Optical micrographs of the SACM645 and SUS304 test plate surfaces after being exposed to the
NH3/O2/N; flame at 550 °C for 5h. (Austenite is seen as the polygonal texture on the surface of untreated
SUS304).
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Fig. 5. Radial distributions of surface hardness of the SACMG645, SUS304 and SUS310S test plates after
being exposed to the NH3/O2/N, flame/non-ignited mixture at 550 °C for 5h.

hardly observed on the SACM645 test plate, the
surface modification on the SUS304 test plate shows
different behaviors depending on the radial position.
In the latter case, the precipitates consisting of
chromium and iron nitrides are observed at r < 2
mm. They cover the austenite, of which the
microstructure is shown in the untreated case of
SUS304, implying nitriding can occur regardless of
the grain interiors or austenite boundaries. This
result shows a similar trend with the surface treated
by gas nitriding for 20 hours [28]. It is noticeable
that the oxidation layers (blue regions) together with
some precipitates are also confirmed at r = 4 mm,
indicating nitriding does not fully proceed at further
radial positions.

Effect on the surface hardness

Figure 5 shows the surface hardness distributions of
the SACM®645, SUS304 and SUS310S test plates
after being exposed to the NH3/O,/N, flame or non-
ignited mixture. They are also compared with the
result after heating the samples at 550 °C in air for 5
hours. For the SACMG645 test plate, the surface
hardness is found to be 284 kgf/mm? before
exposure, which is in good agreement with the

literature value [29]. After heating at 550 °C in air,
the surface hardness slightly decreases to 277
kgf/mm? at r = 0 mm due to the annealing effect. On
the other hand, when the test plate is exposed to
NH3/O2/N, flame and mixture for 5 hours, the
surface hardness at r = 0 mm increases to
approximately 456 kgf/mm? and 570 kgf/mm?,
respectively, indicating that nitriding occurred. In
previous studies, it was reported that the hardness of
SACMG645 increased to 820 kgf/mm? as a result of
gas nitriding in a pure NH3 atmosphere at 580 °C for
20 hours [30]. In the present study, the increase in
the surface hardness is slightly lower than that in the
gas nitriding case, which is attributed to the shorter
exposure time. However, the effects of nitriding on
the surface hardness induced by the NH3/O2/N;
flame and non-ignited mixture is confirmed. In
addition, the surface hardness decreases as the radial
distance increases, and the effect of nitriding almost
disappears at r = 10 mm. Furthermore, effects of the
NH3/O2/N2 non-ignited mixture on the surface
hardness are more significant than that of the flame.
These results are caused by the differences in the
NHs; concentration in the vicinity of wall, which will
be discussed later. The effects of NH3/O2/N, flame
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Fig. 6. Radial distributions of nitrogen atom
concentrations on the SACM645 and SUS304
surface after being exposed to the NH3/O2/N-

flame/non-ignited mixture at 550 °C for 5 hours.

and non-ignited mixture on the surface hardness
distributions of stainless steels are highly different
from those of SACMG645 as shown in Figs. 5b and c.
The initial surface hardness is 272 kgf/mm? and 193
kgf/mm? for SUS304 and SUS301S, respectively.
The effect of heating on the surface hardness hardly
appears for the stainless steel test plates. On the
other hand, after being exposed to the flame or non-
ignited mixture, the surface hardness at r = 0 mm
increases to 979 kgf/mm? and 482 kgf/mm? for
SUS304, and 606 kgf/mm? and 417 kgf/mm? for
SUS310S, respectively. These results indicate that
nitriding induced by NHs flames also occurs on the
surfaces of stainless steel. After being exposed to the
NH3 flame, SUS304 and SUS310S show similar
trends in the surface hardness distribution, that the
areas of nitriding are localized near the center (r <
4 mm for the flame and r << 6 mm for the non-
ignited mixture case), and it hardly proceeds at
further radial positions. The surface hardness
distribution of SUS304 is in good accordance with
the result shown in Fig. 4, where the nitriding
regions are only observed near the center, while the
oxidation layers are observed away from the center.
Since the surface hardness distributions of SUS304
and SUS310S show similar trends, further
investigations are focused on SUS304 and
SACM®645.

Diffusion of nitrogen atoms

Figure 6 shows radial distributions of nitrogen atom
concentrations on the SACM645 and SUS304
surfaces after being exposed to the NHs/O2/N;
flame/non-ignited mixture. The mass fractions of
nitrogen reach 1.3% and 2.4% at the center of the
SACM®645 and SUS304 plates when exposed to the
non-ignited mixture, while they increase to 0.6%

Wang D et al. (2023)
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Fig. 7. Cross-sectional microstructures at r = 0
mm of SUS304 after being exposed to the (a)
NH3/O2/N; flame and (b) non-ignited mixture.
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Fig. 8. Nitrogen atom distributions of SACM645
and SUS304 at the center (r =0 mm) in the depth
direction after being exposed to the NH3/O2/N,
flame/non-ignited mixture at 550 °C for 5 hours.
Note that the values at the surface (vertical
intercepts) are slightly different from the result
shown in Fig. 6, attributed to the positioning
accuracy of the measurement points at each
surface.

and 1.7% for those exposed to the flame,
respectively. Nitrogen mass fraction gradually
decreases with increasing the radial direction and
becomes almost zero at r > 4 mm for SUS304, while,
for SACMG645, it distributes evenly at r < 10 mm.
These results are also in good accordance with the
distribution of surface hardness shown in Figs. 5a
and b, indicating that the increase in the surface
hardness is caused by the diffusion of nitrogen
atoms. However, it is worth noting that the nitrogen
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atom concentration at the SUS304 surface (r = 0) is
relatively high while the increase in surface hardness
is lower after being exposed to the NH3/O2/N2 non-
ignited mixture, showing that the increment of
surface hardness is not necessarily a unique function
of the nitrogen atom concentration. On the other
hand, the weakened nitriding effect away from the
center axis of the SUS304 surface may be attributed
to lower NH3 concentration which will be discussed
in the following section. The nitrogen mass fraction
on the SACM645 surface is approximately half of
the value achieved by the conventional gas nitriding
performed under pure NHs atmospheres at 580 °C
for 20 hours [30]. The discrepancy in the nitrogen
mass fraction is attributed to the shorter exposure
time. Nonetheless, it was confirmed that the
equivalent level of the nitriding effect can be
obtained through impingements of the NHs/O2/N,
flame/non-ignited mixture. To better understand the
effects of NH3/O2/N, flame/non-ignited mixture on
the SUS304 surface, microstructures of the cross-
section were observed as shown in Fig. 7. The nitride
layers with a thickness of 21.3 um and 18.9 um can
be observed clearly in the flame and non-ignited
mixture cases, respectively. Note that the black dots
are shadows on the cross-section surface caused by
defects in the sample and incomplete polishing.
Figure 8 shows the nitrogen atom distributions of
SACM®645 and SUS304 in the depth direction at r =
0 mm after being exposed to the NH3/O2/N.
flame/non-ignited mixture. For SACM645 exposed
to the non-ignited mixture, the nitrogen atom
diffuses as deep as 50 um, while the diffusion depth
for SUS304 under the same condition is around 25
pm, which is close to the nitride layer thickness

Wang D et al. (2023)

shown in Fig. 7. The nitride layer thickness of
SACMG645 is also slightly thicker than that of
SUS304 after being exposed to the flame, which
shows a similar trend to that exposed to the non-
ignited mixture. Differences in the nitride layer
thickness are believed to be caused by different
diffusion speeds of nitrogen atoms in SACM®645 and
SUS304. The main phase of SACM64S5 is ferrite (a-
Fe) with body-centered cubic (BCC) structures
while that of SUS304 is austenite (y-Fe) with face-
centered cubic (FCC) structures, in which the
diffusion coefficient magnitude of nitrogen atoms is
0.0047 and 0.0034 cm?/s, respectively [31]. As a
result, nitrogen atoms can diffuse deeper in the BCC
structure if the exposure time is the same. On the
other hand, the higher nitrogen atom concentration
at r = 0 mm in SUS304 has been observed for both
the flame and non-ignited mixture cases, compared
to SACM®645. The phenomenon is attributed to the
higher solubility of nitrogen atom in y-Fe (4.5 wt%)
than that in a-Fe (0.1 wt%) [32].

Effects of NH3 distribution on surface hardness

Two-dimensional NHs-TALIF measurements were
performed to capture spatial distributions of NH;
near the wall surface. Figure 9 shows the NHa
distribution in the NHs/O2/N, flame/non-ignited
mixture on the SACM645 and SUS304 surfaces; 0
mm and 3.6 mm at the axial position correspond to
the wall surface and the location of the tube outlet,
respectively. It is confirmed that NHs distributes
widely in the non-ignited mixture, while it is hardly
observed at the downstream side of the flame front.
Differences in the NHs distributions should explain
the difference in the surface hardness distribution

(a) SACM645
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E ‘Wall surface
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Fig. 9. 2-D distributions of NH3 concentration in NHs/O2/N; flame (left column) and non-ignited mixture
(right column) in the vicinity of the heated wall at 550 °C. (a) SACM®645, and (b) SUS304 surfaces.
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between the flame and non-ignited mixture cases
shown in Fig. 5b, implying the NHs concentration
affects the distribution of nitriding regions. In
general, SUS304 is hard to be nitrided due to
inherent passive films formed on its surface, while
the heating process may modify their composition as
reported by Sueyoshi et al. [18, 19]. Therefore,
nitriding can possibly occur at all regions on the
SUS304 surface, while the surface hardness
increases only near the center after being exposed to
the NH3/O2/N; flame or non-ignited mixture, where
the NH3 concentration is high. For the same reason,
higher concentration and larger diffusion depth of
nitrogen atoms are observed both in the SACM645
and SUS304 test plates after being exposed to the
non-ignited mixture, if compared to those exposed
to the flame. Although NH;3 plays a dominant role in
nitriding, the higher surface hardness of SUS304
after being exposed to the flame at r = 0 mm is also
confirmed with lower near-wall NH3 concentration.
This indicates that the increase in surface hardness
does not only depend on the nitrogen atom
concentration diffused into the material and the
near-wall NHsz concentration, but also on the
characteristic composition of the material and its
bonding condition with nitrogen atoms. Differences
in the NHs distribution on different materials are
barely noticeable for both flame and non-ignited
mixture cases, indicating a similar wall chemical
effect on iron-based metal materials. However,
surface hardness distributions are different for each
case as shown in Fig. 5. Therefore, it is considered
that nitriding is mainly governed by the intrinsic
characteristics of the materials.

Conclusions

In this study, effects of a NH3/O2/N, flame/non-

ignited mixture on iron-based metal walls were

quantitatively investigated. SACM645, SUS304 and

SUS310S test plates heated to 550 °C were exposed

to either a NH3/O»/N; premixed flame or non-ignited

mixture for 5 hours. Distributions of surface
hardness and nitrogen atoms were measured to
examine the nitriding effect that occurred on the
surface. Additionally, NHs; distributions near the
wall surface were also measured by employing NHs-

TALIF to evaluate the effects of NH3 concentration

on surface hardness. The following conclusions

have been derived.

1. Exposure to either NH3/O»/N, flames or non-
ignited mixtures can cause a significant increase
in the surface hardness resulting from nitriding.
This confirms that exposures to the NHs/O2/N;
flame/non-ignited mixture increase the surface
hardness and nitrogen atom concentration to the
equivalent level of conventional gas nitriding.

Wang D et al. (2023)

2. The radial distributions of the nitrogen atom on
the SACM645 and SUS304 surface show good
accordance with those of the surface hardness,
while the distribution in the depth direction
implies that nitrogen concentration may not
determine the surface hardness directly on its
own.

3. The nitrided region on the SUS304 surface is
localized to r <4 mm and r < 6 mm for the flame
and non-ignited mixture cases, respectively.
The NHs-TALIF results confirm that the
distribution of the NH3 concentration near the
surface plays an essential role in nitriding.
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