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Comparative investigation of the nitrogenation

mechanisms of bulk intermetallic Sm2(Fe,Co)17

by two processes
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The nitrogenation mechanisms of the Sm2(Fe0.5Co0.5)17 compound were investigated on
bulk samples using X-ray diffraction and chemical analysis. Two nitrogenation processes
(fluidized bed nitrogenation (FBN) and gaseous nitrogenation (GN)) were used in order to
compare the different steps occurring during the treatment. The fluidized bed process leads
to a constant nitrogen surface concentration after one hour treatment while the
concentration increases continuously with the gaseous process. The overall bulk
nitrogenation kinetics is parabolic for the fluidized bed, whereas the gaseous nitrogenation
exhibits first an incubation period followed by an accelerated rate. Two different
mechanisms, bulk diffusion for the FBN process and an interface reaction for the GN
process, govern the nitrogenation kinetics. C© 2000 Kluwer Academic Publishers

1. Introduction
Since the discovery of the Sm2Fe17Ny (y≤ 4) nitride,
which exhibits very promising magnetic properties, by
Coey and Sun in 1990 [1, 2], several studies were de-
voted to understanding the nitrogenation mechanisms
of Sm2Fe17 powders, in relation to the nitrogenation
process used [3–5].

In a previous work [6], we investigated the influ-
ence of the nitriding process on the nitrogen distri-
bution in the bulk compound Sm2(Fe,Co)17. In addi-
tion to the usual gaseous process, a fluidized bed was
also used. This study has shown that both processes in-
volved different nitrogenation mechanisms. The cross-
sectional investigation of the nitrided samples revealed
that, with the fluidized bed process, the nitrogen dis-
tribution forms a nitrided layer parallel to the surface
whereas, with the gaseous nitrogenation, nitrogen first
diffuses along microcracks present in the samples [6, 7].

In the present work, both nitrogenation kinetics of
the surface layer and the overall nitrogenation kinet-
ics of the alloy are investigated in order to get a better
understanding of the mechanisms involved in these pro-
cesses.

2. Experimental
We investigated a commercial as-cast alloy (from
Johnson-Matthey), whose composition is close to the
Sm2(Fe0.5Co0.5)17 stoichiometry. Cobalt addition to
the Sm2Fe17 compound aimed at improving its in-
trinsic magnetic properties. The microstructure of this
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alloy is made up of three phases [7, 8]: the matrix
Sm2(Fe0.5Co0.5)17 (79 vol. % of the alloy), a dendritic
phase (Fe0.6Co0.4) with the bccα-Fe lattice (14 vol. %),
and Sm(Fe0.6Co0.4)3 (7 vol. %).

The samples were cut into 2 mm thick platelets. Two
different nitrogenating processes were then applied to
the samples:

– An usual gaseous nitrogenation (GN) process, i.e.
a heat treatment in a gas flow.

– A fluidized bed nitrogenation (FBN) process. De-
tails on this process are given in Refs. [6, 7].

The nitrogenating gas in both processes was a mix-
ture of N2+NH3 (60/40 vol. %) with a rate of gas flow
of 0.7 m3N/h.

The nitrided flat surfaces of the platelet-like samples
were investigated by reflection X-ray diffraction (XRD)
using Co Kα radiation. The analyzed depth by this tech-
nique (i.e. the thickness from which comes 95% of the
diffracted X-ray intensity) is about 3µm for an inci-
dence angle of 8◦.

Due to the overlap of the X-ray emission lines
Lα1 Co (second order) and Kα1 N (first order), the
nitrogen surface concentration cannot be determined
by using electron probe microanalysis. Katteret al.
and Weiet al. [9, 10] have reported an expansion of
the Sm2Fe17 lattice, dependent on the nitrogen con-
tent, which suggested the existence of intermediate
R2Fe17-nitrides. Such an expansion was observed in
our nitrided samples, and the lattice parameters of the
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Sm2(Fe0.5Co0.5)17Ny phase were determined from the
reflection XRD spectra. The nitrogen surface concen-
trationcs was therefore estimated for the samples from
the known dependence of the lattice parameters on the
nitrogen content [9, 10].

The nitrided platelets were ground and their nitro-
gen content determined by chemical analysis, as ex-
plained in Ref. [6]. From the mass and the surface of
the platelets, this analysis allowed us to determine the
amountM(t) of nitrogen introduced per surface unit of
the samples during each treatment.

3. Results
3.1. Nitrogenation kinetics of the surface

layer
The nitrogen surface concentrationcs dependence on
the nitrogenation time is shown in Figs 1 and 2, respecti-
vely for the FBN and GN processes. It can be seen that
thecs variation is different for the two processes.

With the FBN process (Fig. 1), the isothermal curves
exhibit the same behaviour. After one hour treatment,
cs reaches a constant value and a saturation plateau is
achieved rapidly. These plateaux increase in relation to
the temperature.

With the GN process (Fig. 2),cs increases continu-
ously with the nitrogenation time. No saturation plateau
is obtained, except for the curve at 560◦C which shows
a plateau close toy= 3.5 after 4 h treatment. This value
is close to the maximum nitrogen content in Sm2Fe17Ny

(y= 4) reported in the literature [5, 10].
This study by XRD confirms that different mecha-

nisms occur in both nitrogenation processes. The dif-
ferent nitrogen distribution according to the process,

Figure 1 Dependence of the nitrogen surface concentrationcs on the
nitrogenation time with the FBN process.

Figure 2 Dependence of the nitrogen surface concentrationcs on the
nitrogenation time with the GN process.

reported in a previous paper [6], can be correlated with
differences in the nitrogenation kinetics of the surface
layer.

3.2. Overall nitrogenation kinetics of the
alloy

The amount of nitrogen introduced in the platelet sam-
ples per surface unitM(t) is calculated from the quan-
titative chemical analysis data. Figs 3 and 4 show the
M(t) plot as a function of time for each nitrogenation
process. These kinetics again show a difference of be-
haviour for both processes.

3.2.1. FBN process
With the FBN process (Fig. 3), theM(t) depen-
dence on the square root of time can be expressed as:
M(t)= k t1/2 (parabolic rate law), wherek depends on
the temperature. Such a behaviour indicates that the
nitrogenation kinetics is controlled by the nitrogen dif-
fusion in the sample. Taking into account that the sur-
face concentrationcs is constant during the treatment
(Fig. 1), the solution of Fick’s equations indicates that
thek coefficient may be written, for each temperature
[11]:

k = 2cs

√
D

π
(1)

whereD is the nitrogen diffusion coefficient at the tem-
peratureT . The diffusion coefficients obtained from
Equation 1 are reported in Table I and will be discussed
later.

Figure 3 Dependence of the absorbed amount of nitrogen per surface
unit M(t) on the square root of nitrogenation time with the FBN process.

Figure 4 Dependence of the absorbed amount of nitrogen per surface
unit M(t) on the square root of nitrogenation time with the GN process.
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TABLE I Nitrogen diffusion coefficients in Sm2(Fe0.5Co0.5)17 at dif-
ferent temperatures for the FBN process

Temperature DFBN (mm2 · s−1)

450◦C 3.3× 10−7

560◦C 1.6× 10−7

3.2.2. GN process
The kinetics is more complex with the GN process
(Fig. 4) than with the FBN process. The kinetics first
exhibits an incubation period (more than 4 hours) while
M(t) increases very slowly, then the rate is accelerated
with time. As shown in Fig. 2,cs increases continu-
ously during this incubation. It is inferred that the bulk
diffusion process is activated only whencs exceeds a
critical threshold. This can be determined from Fig. 2
to be roughly similar to the value reached at the plateau
for the FBN process (Fig. 1). After the incubation,cs
continue to increase, thus explaining the accelerated
rate for the overall nitrogenation kinetics.

3.2.3. Nitrogen diffusion coefficients
The nitrogen bulk diffusion coefficientsD in
Sm2(Fe0.5Co0.5)17 for the FBN process are reported in
Table I. Contrary to the expected behaviour, the dif-
fusion coefficient decreases with increasing tempera-
ture. That means that an atomic process affecting the
Sm2(Fe0.5Co0.5)17 lattice couterbalances the thermal
activation of the diffusion process. Though the origin of
this atomic process is not yet clear, several assumptions
can be made:

i) Sm2(Fe0.5Co0.5)17 is known to be somewhat un-
stable at high temperature and can slowly dispropor-
tionate into the nitrides SmN and Fe4N [12]. These
precipitates could act as a diffusion barrier and decrease
the apparent diffusion coefficient through the matrix at
higher temperatures. Since lattice disproportionation is
facilitated by mechanical stress due to the nitriding ex-
pansion [12], and since such stresses are easier to re-
lease in a single isolated particle than in the bulk, this
effect is expected to be more important in bulk material
than in powders.

ii) dissociation of the gaseous atmosphere of ammo-
nia into hydrogen and nitrogen during the treatment
leads to the introduction of hydrogen into the ma-
trix, and this is associated with an expansion of the
Sm2(Fe0.5Co0.5)17 lattice. This expansion distends the
Fe-Fe atomic distance and could facilitate nitrogen dif-
fusion. The amount of hydrogen in the lattice decreases
as the temperature increases [12]; this could lead to less
enhancement for the high temperature nitrogen diffu-
sion coefficient.

Data on nitrogen diffusion in Sm2Fe17, obtained by
several groups [3, 4, 13–17] are plotted on the Arrhe-
nius diagram displayed in Fig. 5. They are compared
to the values reported in Table I. It can be seen that our
experimental curves are above those drawn from the
different published data. The latter data are obtained
over a wide range of experimental conditions: process,
gaseous atmosphere and grain size of the powder. The

Figure 5 Arrhenius plots for the diffusion coefficients from different
groups and from this study.

D values obtained in this study are closer to the data
obtained in similar experimental condition, i.e. with a
gaseous atmosphere of ammonia [13] and with bulk
samples [14]. Contrary to expectation, it seems that the
use of a pure nitrogen atmosphere, or of a reduced grain
size, decreases the diffusion coefficient [3, 4, 15–17].

4. Discussion
4.1. The different stages of the

nitrogenation mechanism
The overall mechanism leading to the nitrogenation of
the bulk compound Sm2(Fe,Co)17 from the nitriding
gas can be described by three different stages in both
processes:

(1) Transport of reactive molecules (N2 or NH3) of
gas from the fluid phase to the bulk surface.

(2) Adsorption of these reactive molecules at the bulk
surface, and dissociation of these molecules leading to
the formation of atomic nitrogen N.

(3) Diffusion of N atoms in the bulk to form the nitride
Sm2(Fe,Co)17Ny.

4.2. Stage controlling the overall
nitrogenation kinetics

Stage (1), which is a mass transport (by diffusion or
convection) in a fluid, will always be more rapid than
stage (3) (transport by diffusion in the solid). So the
former cannot control the overall kinetics in both pro-
cesses.

With the FBN process, the overall nitrogenation ki-
netics follows a parabolic rate law, which indicates that
stage (3) controls the kinetics. The surface concentra-
tioncs reaches rapidly a saturation plateaucs0, socs can
be considered as constant for each temperature.

With the GN process, the overall kinetics exhibits
an incubation during which the surface concentration
cs increases progressively to a critical threshold; then
the kinetics is accerated with time. Such a behaviour
indicates that the overall nitrogenation kinetics is con-
trolled by an interfacial reaction, made up of the stage
(2), i.e. the N2 and NH3 adsorption/dissociation stage.

The rapid achievement of a saturation plateau with
the FBN process, and the related absence of the incu-
bation period, can be attributed to two effects due to the
fluidized bed particles impacts at the sample surface:
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Figure 6 Arrhenius plots for thecs0 andcs(max)values obtained with the
two nitrogenation processes.

(1) On the one hand, the momentum transfer during
the particles/sample surface collision activates the ad-
sorption and/or the dissociation of N2 molecules, lead-
ing to an enhanced kinetics of the interfacial reaction
with the FBN process.

(2) On the other hand, the fluidized bed particles im-
pacts increase the surface roughness, contributing also
to the acceleration of the interfacial reaction [7, 8].

4.3. Comparison of the cs maximum values
for both processes

The Arrhenius plot for the surface concentrationcs0
obtained from the plateau values with the FBN process
is reported in Fig. 6. Although they do not correspond
to an equilibrium plateau, thecs values achieved for
8 h treatment with the GN process are also displayed in
Fig. 6 to compare the two nitrogenation processes.

The fact that thecs0 plateau value with the FBN pro-
cess is smaller than thecs maximum value with the GN
process, seems to result from an equilibrium between
the adsorption and the desorption of nitrogen molecules
under the influence of the particles impacts. Though the
momentum transfer favours the molecules adsorption at
the surface, it is assumed that above a surface concentra-
tion limit, the reverse process i.e. molecule desorption
due to the particles impacts can occur competitively. It
results an equilibrium concentration corresponding to
thecs0 plateau value.

The Arrhenius plots for both processses in Fig. 6
shows that straight lines are obtained in the studied tem-
perature range. For the FBN process, the activation en-
ergy, deduced from the slope, isEa= 55± 20 kJ·mol−1.
This behaviour indicates that the competition between
adsorption and desorption at the sample surface is a
thermally activated process. The physical meaning of
the Arrhenius straight line is less clear for the GN pro-
cess, as it does not correspond to equilibrium plateau
values for thecs(t) curves (Fig. 2).

5. Conclusion
Most previous studies on the nitrogenation of Sm2Fe17-
type compounds were devoted to powdered samples. In
this work, the investigation of Sm2(Fe0.5Co0.5)17 sam-

ples in the bulk form, allowed us to reveal different
nitrogenation mechanisms in relation to two different
nitrogenation processes (FBN and GN).

The FBN process leads, in less than an hour, to a con-
stant nitrogen surface concentration. Nitrogen diffusion
takes place from this surface and governs the overall
kinetics, which results to be parabolic. This leads to a
homogeneous nitrogenated layer at the surface of the
bulk sample [6].

At the opposite, the GN process leads to a contin-
uously increasing surface concentration. After an in-
cubation period, the overall kinetics becomes acceler-
ated. This behaviour is consistent with an interfacial
reaction-controlled nitrogenation mechanism. The re-
sulting nitrogenated layer becomes irregular and much
more diffuse than with the FBN process [6].

The existence of such bulk mechanisms could be of
importance in the fundamental understanding of nitro-
genation of powders.
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