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Kinetics of nanocrystalline iron nitriding
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Nitriding of nanocrystalline iron was studied under the atmosphere of pure ammonia and in the mixtures
of ammonia — hydrogen — nitrogen at temperatures between 350°C and 500°C using thermogravimetry and
x-ray diffraction. Three stages of nitriding were observed and have been ascribed to the following schematic
reactions: (1) a-Fe — y-Fe N, (2) y- Fe,N — ¢ - Fe,N and (3) € - Fe,N — ¢ - Fe,N. The products of these
reactions appeared in the nitrided nanocrystalline iron not sequentially but co-existed at certain reaction
ranges. The dependence of a reaction rate for each nitriding stage on partial pressure of ammonia is linear.
Moreover, a minimal ammonia partial pressure is required to initiate the nitriding at each stage.
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INTRODUCTION

Nitriding of monolithic and coarse-grained iron has been
a subject of extensive research! ~* due to its influence on
the surface hardness, anticorrosion properties and wear
resistance of metallic materials. Recently, nanometric
materials have attracted a lot of attention due to their
exceptional properties? ~7. In the iron-nitrogen system
several different phases of iron nitrides can be distin-
guished. Among them the most important are y- Fe,N
and € - Fe N3. The preparation techniques of iron nitrides
include a simple reaction between iron and gaseous am-
monia®>”? -1 as well as spark erosion, plasma nitriding,
and other methods!? - 15, Thermodynamics'® and kinet-
ics!” of nitriding of the monolithic iron are well known.
The exact composition of nitrided material depends on
the nitriding temperature and the nitriding potential'®.
However, the knowledge that has been gathered for mono-
lithic and coarse-grained materials is not fully applicable
to the nanometric materials'. Recently, several new in-
vestigations on the nitriding of nanocrystalline iron have
been published® 1120 - 23,

The present paper is focused on the kinetics of
nanocrystalline iron nitriding process, based on the reac-
tion between iron and gaseous ammonia. The process
carried out in pure ammonia as well as ammonia - hydro-
gen — nitrogen mixtures have been investigated in the
temperature range between 350°C and 500°C. The studies
are based on the thermogravimetric measurements ac-
companied with XRD analysis.

EXPERIMENTAL

Nanocrystalline iron samples have been prepared by a
complex procedure consisting of fusion and reduction
stages. At first an oxidized precursor was prepared by the
fusion of magnetite with calcium and aluminum oxides in
an electric furnace. The additives were introduced to
promote the formation of the nanocrystalline structure of
the samples. The obtained alloy consisted of iron oxides
with a small addition of calcium oxide
(3.2 %wt.) and aluminum oxide (3.3 %wt.). The alloy was
crashed and grains of size between 1 and 1.2 mm were
selected. Before each nitriding experiment a new iron

sample was prepared from the precursor. 1 g of the pre-
cursor grains was placed in a single layer on a perforated
platinum basket being a part of an electronic spring
thermobalance. Next, the reduction of iron oxides under
the flow of pure hydrogen (99.999%) was performed. It
was done under atmospheric pressure, according to the
following temperature program: 1 hour at 200°C, 2 h at
350°C, 12 h at 400°C, 24 h at 450°C, 24 h at 500°C. The
final weight loss observed for all the samples was about
25 %wt., which agrees with theoretical calculations as-
suming the complete reduction of iron oxides.

Nitriding processes were carried out isothermally in a
glass tube reactor being part of the electronic spring
thermobalance, either under the atmosphere of pure am-
monia or in various NH;/N,/H, mixtures. The source of
ammonia was a gas cylinder supplied by Messer Polska.
The purity of the gas was 99.97 %vol. NH,/N,/H, mix-
tures were prepared by the catalytic decomposition of
ammonia over a nickel catalyst placed in a pre-reactor.
Various compositions of NH;/N,/H, mixtures were ob-
tained by the variation of the decomposition temperature
in the pre-reactor. The flow of ammonia introduced to the
process was regulated by a valve and measured with use
of a flowmeter.

During thermogravimetric (TG) experiments the sam-
ple mass change as well as the reaction temperature were
acquired at the computer. The concentration of nitrogen
in iron samples was calculated assuming that no other
reaction but iron nitriding took place in the solid. The
composition of the gas at the outlet of the reactor was
measured acidimetrically by the following procedure: the
entire gas product stream was passed through a fritted gas
bubbler with a magnetic stirrer containing a given volume
of 0.1 M HCI with a droplet of phenolphthalein as long
as a solution colour changed into light red. The concen-
tration of ammonia in the gas was calculated basing on the
amount of NH; absorbed in the bubbler and a volume of
the remaining gas mixture (N, + H,) measured as a vol-
ume of water displaced from a vessel.

The porous iron samples were pyrophoric and cannot
be exposed to air immediately after the completion of the
reaction, therefore before the removal from the reactor
the passivation procedure was always applied. The gas



mixture remaining in the reactor was exchanged with the
nitrogen stream saturated with water vapour by passing
the gas through a bubbler filled with cold water. After this
procedure the increase of the sample mass of about 4%wt.
was observed. It was attributed to the formation of a very
thin layer of superficial iron oxides.

The passivated samples were characterized by x-ray
diffraction. The phase composition of the samples was
examined with the use of HZG-4 diffractometer. Co Ko
radiation was used during the XRD experiments and the
phase identification was carried out with the use of X-
Rayan software. The average size of crystallites was cal-
culated according to Scherrer method. To complement
the results of these calculations the TEM examination was
carried out in JEOL JEM 1200 EX. The specific surface
area of the samples was measured by the volumetric method
by nitrogen adsorption with the use of Micromeritics ASAP
2010 apparatus.

RESULTS AND DISCUSSION

The substrate was prepared according to the procedure
described above to obtain the grain-like form required in
TG kinetic experiments and to get porous iron made of
nanometric crystallites. The mean size of the substrate
crystallites evaluated form XRD analysis is 30 nm. TEM
image shown in Fig. 1 displays a single iron particle of the
iron substrate. The size of the particle is about 100 nm.
The surface area of iron substrate measured by the volu-
metric method is 22 m?/g. Basing on the volumetric data

50 nm
]

Figure 1. Transmission electron micrograph of iron parti-
cles in the iron substrate

Pol. J. Chem. Tech., Vol. 12, No. 1, 2010 39

the particle size was calculated according to the model
presented in Ref. 24, assuming that the particles were
spherical. The resulting value is 36 nm and is in line with
the XRD analysis. The discrepancy between the results
obtained by XRD together with the volumetric analysis
and TEM observations may be explained if one considers
that the iron particles are built from smaller platelets as
suggested by Schlogl?.

In its final form iron substrate contained about 7% of
additives (Al,O; and CaO) required for the formation of
its well-developed nanometric structure. Under the con-
ditions of the nitriding experiments the reaction between
the additives and ammonia was not expected. Therefore
the total mass gain has been attributed to the increasing
nitrogen concentration in the sample.

The process of nitriding was observed by
thermogravimetric method. In Fig. 2 the TG curves re-
corded for two processes carried out at 350°C and 500°C
are displayed. In both experiments pure ammonia was
delivered to the reactor.
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Figure 2. Termogravimetric curves of iron nitriding in pure
ammonia at 350°C and 500°C. Points A, B, C and
D indicate the reaction stages at which samples
were analyzed using XRD. Horizontal dashed lines
represent the nitrogen concentration in the stoi-
chiometric iron nitrides

The iron nitriding carried out at 500°C proceeds ac-
cording to the line shown in Fig. 2. One stage of the
reaction is observed and the final concentration of nitro-
gen corresponds well to the iron nitride Fe,N. An XRD
analysis proved that almost pure y- Fe,N was formed
(Fig. 3).

At 350°C three stages of the process may be clearly
distinguished. During each of them the increase of the
nitrogen concentration in the sample is approximately
linear. The inflection points on the TC curve are notable
and lie at about 4.7%wt., 7.5%wt. and 10.5%wt. of nitro-
gen in the sample (points B, C and D in Fig. 2). The
nitrogen concentration at the inflection points is slightly
lower than the concentration of nitrogen characteristic for
stoichiometric iron nitrides: y'- Fe,N, e- Fe;N and e- Fe,N,
which are 5.9%wt., 7.7%wt. and 11.1%wt., respectively.
This observation suggests that nitriding process at this
temperature is stepwise and passes through three stages.

To get the information about the phase composition of
the sample at a given reaction stage x-ray diffraction analy-
sis of the samples nitrided up to four characteristic con-
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Figure 3. X-ray diffractogram of the final product of iron
nitriding in pure ammonia at 500°C. The identified
phases are marked as follows: black star — o-Fe,
open star — y'-Fe,N.

centrations (points A, B, C and D in Fig. 2) was carried
out. At the point A, when the nitrogen concentration
reaches 3.5 %wt. a mixture of two phases, o- Fe and y'-
Fe,N is observed (Fig. 4a). As expected, part of a- Fe is
converted into y-Fe,N. No other phases are identified. At
point B, the first inflection point, the concentration of
nitrogen in the sample is 4.7 %wt. At this stage, o- Fe
phase disappears and y'-Fe,N dominates in the sample
(Fig. 4b). However, another phase, ¢- Fe N, starts to
emerge. It indicates that the formation of iron nitrides in
nanocrystalline samples is not strictly sequential but rather
reactions leading to the formation of different iron ni-
trides overlap partially. It should be noted that e- Fe N
occurs in the sample at the concentration of nitrogen
lower than that corresponding with stoichiometric Fe,N.
At point C, when the concentration of nitrogen in the
sample is 7.5%wt. the a- Fe crystallites are not observed
anymore and e- Fe N is the main component (Fig. 4c).
Some rest of y- Fe,N can be identified. At this stage
stoichiometry of the e- Fe, N phase is close to Fe;N. At the
final stage of nitriding, at point D, the concentration of
nitrogen reaches 10.7%wt. The phase analysis indicates
that the sequence of XRD reflexes is identical to that
observed at point C, however, the increasing shift of the
reflexes' positions to the smaller 20 values is observed
(Fig. 4d). The shift suggests the expansion of the e- Fe N
lattice. At this stage of the process the stoichiometry of
the product comes close to Fe,N.

The final concentration of nitrogen i.e. the type of iron
nitride formed after the completion of nitriding process is
a function of temperature and a nitriding potential, de-

Py,
fined as I P 16,18 At 350°C when the process of

2

nitriding achieved its final state the gas downstream of the
sample contained almost pure ammonia. According to
Lehrer diagram'® 26, under these conditions &-iron nitride
is a stable phase as observed in the present experiments.
Ammonia partial pressure at the outlet of the reactor
during the experiments carried out at 500°C was only 0.68
bar. As a result, the material was exposed to the atmos-
phere which led to the formation of y'- Fe,N only. The
difference between gas compositions observed at various
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Figure 4. X-ray diffractograms for relevant stages of the
reaction at 350°C shown in Fig. 1: a) point A, b)
point B, ¢) point C, d) point D. The identified
phases are marked as follows: black star — a-Fe,
open star — y-Fe,N, black triangle — e-Fe N

temperatures is due to the varying rates of ammonia de-
composition process taking place on the iron sample?” -2,

A plausible explanation of the multi-stage process ob-
served at 350°C are three reactions schematically shown
below:

o - Fe —» y-Fe,N (1)
y'-Fe,N > e¢—Fe;N (2)
e-Fe,N —>¢—-Fe,N 3)

Iron substrate is first converted into y- Fe,N, which
with the increasing concentration of nitrogen in the bulk
transforms into €- Fe N. Depending on the nitrogen con-
tent the stoichiometry of the obtained compound varied
between Fe;N and Fe,N. This mechanism is supported
both by TG and XRD observations. However, two conse-
quences coming from the proposed mechanism disagree
with the observations. First, according to the knowledge
gained for nitriding of the coarse-grained materials the
formation of iron nitrides is a process of nucleation and
growth driven by diffusion® and it follows the parabolic
law®, which can be symbolically presented as
Am = AXxt% where, Am — mass gain, t — time of the
reaction and A — constant. However, the TG observations
show a rather linear dependence on each stage of the
process, where the slope of the linear stages varies. Sec-
ondly, the mechanism indicates sequential reactions from
iron substrate to iron nitrides, but XRD experiments clearly



prove the coexistence of different iron nitrides in the
samples.

To understand the presence of these discrepancies the
nanocrystalline structure of the substrate must be consid-
ered. Recently it was shown that for the samples having
nanocrystalline superficial structure the linear depend-
ence on time is observed for nitriding kinetics®. Thanks to
the much higher density of grain boundaries the intensi-
fied diffusivity of nitrogen and reactivity of iron atoms in
the nanostructured iron material is suggested. In the case
of the present study the whole material has the
nanocrystalline structure and the diffusion length is very
small. It is rather supposed that surface reaction of ammo-
nia decomposition is a limiting step. This assumption
would justify the linear kinetics of nitriding.

Consideration of iron substrate nanocrystalline struc-
ture can help to elucidate the coexistence of different iron
nitrides during the nitriding process. The average size of
iron crystallites in a fresh sample is about 30 nm. How-
ever, it is obvious that smaller as well as bigger than
average crystallites exist. Small iron crystallites should
transform into consecutive iron nitrides before the bigger
ones. As a result small crystallites might be converted into
- Fe N while big crystallites are still not completely trans-
formed into y'- Fe,N. In this way different iron nitride
phases can be present in the sample which can be ex-
plained by the XRD observations.

In an effort to understand the influence of the nitriding
potential on the kinetics of iron nitriding, the experiments
with a varying partial pressure of ammonia in the gas
delivered to the reactor were also carried out. The nitriding
mixtures were produced by the decomposition of ammo-
nia in the pre-reactor. A series of nitriding experiments
for the temperature range 350 — 500°C was carried out,
where partial pressure of ammonia in the reaction space
varied from about 0.2 bar to 0.9 bar. The reaction rate was
calculated as a slope of linear sections of the obtained TG
curves. In Fig. 5 the results obtained at 400°C are shown.
Each stage of nitriding, ascribed by equations (1 — 3), is
marked separately. For each stage a linear dependence
can be drawn. Moreover, the minimal partial pressure of
ammonia is required to initiate the formation of a given
iron nitride. Taking it into account a simple equation of
the reaction rate is proposed below:

i =K (py, i) (4)

where: " is a reaction rate for a given nitriding stage
leading to Fe N, kf eV is a reaction rate constant for the
given nitriding stage leading to Fe N, p;, denotes the

partial pressure of ammonia at the outlet of the reactor

and p(’;‘j\;gs is the minimal partial pressure of ammonia

required to initiate the formation of the given phase Fe N.

The analysis of the collected data for the temperature
range from 350°C to 500°C utilizing the equation (4)
enable one to calculate the reaction rate constants for
each experimental temperature (Fig. 6). In that way, an
Arrhenius plot for three stages of iron nitriding is con-
structed. Apparent activation energy for each process has

Table 1. Apparent activation energy for different nitriding stages
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Figure 5. The rate of iron nitrides formation vs. ammonia
partial pressure at 400°C for each stage of that
process

-10 4

= u-Fe->y-FeN
© y-FeN->c-FeN
& :;-FEBN -> y:-Fe:N

13 -

130 135 140 145 150 155
1m*10*

Figure 6. Arrhenius plot for the formation of different iron

nitrides

been calculated and is shown in Table 1. The apparent
activation energy for the reactions (1) and (2) is quite
similar, however, the relevant value for the reaction (3) is
more than two times higher.

At least two phenomena can account for the difference
in the apparent activation energy of the observed nitriding
stages: (1) the diffusion of nitrogen in iron and iron ni-
trides and (2) the adsorption of ammonia on the surface
of these species. It is generally accepted that the diffusion
of nitrogen atoms in iron and iron nitrides is the limiting
step of the monolithic materials nitriding*® =32, Accord-
ing to literature® diffusion of nitrogen in iron and iron
nitrides will slow down in a sequence: o~ Fe > y'- Fe,N
> ¢- Fe,N. In the case of thin films and presumably
nanocrystalline materials the dissociative adsorption of
ammonia on iron surface is considered as the limiting
step of the process'® 3435, The adsorption is dependent on
the structure of the surface on which it takes place. There-
fore, the phase transitions giving rise to the surface recon-
structions need to be considered. First two reactions, (1)
and (2), occur on o-Fe and y- Fe,N which has cubic
lattice though the former is bce and the latter is fcc with

Reaction

a-Fe - y’- FesN

’\{’- FE4N —> € - F83N € - Fe3N —> €~ FezN

Apparent activation energy [kJ/mol] 38+7

43+4 100+ 6
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lattice constants 0.287 nm and 0.380 nm3, respectively.
The reaction (3) is just a saturation of &- Fe N from
stoichiometry Fe;N to Fe,N. This iron nitride has hcp
structure with much bigger lattice constants. Thus, the
expansion of the substrate lattice during nitriding result-
ing in the broadening of iron — iron distances can be
regarded as a reason for the observed high apparent acti-
vation energy of the reaction (3). However, basing on the
present results neither the diffusion nor adsorption proc-
esses can be excluded from the consideration. Still more
research is needed to solve the problem.

CONCLUSIONS

The extended study on iron nitriding at different reac-
tion temperatures and under different nitriding potential
leads to the following conclusions:

1. Final nitrogen concentration after nitriding process,
hence, iron nitride being a product of that process de-
pends on the nitriding potential and obeys the thermody-
namics of Fe-N system.

2. During nitriding of nanocrystalline iron three stages
of the process were observed. These stages were ascribed
to the following schematic reactions: (1) a- Fe —
v- Fe,N, (2) v- Fe,N — ¢- Fe;N and (3) e- Fe;N —
€ - Fe,N.

3. The linear dependence of the nitriding rate on the
ammonia partial pressure was observed for each stage of
the process. The surface reaction (ammonia decomposi-
tion) is supposed to be a limiting step of that process.
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