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Abstract. Powdered Nd–Fe–B permanent magnets were sieved to different particle sizes and
oxidized in an ambient air furnace in the 150–300◦C temperature range for different times.
Transmission M̈ossbauer spectrometry was used to determine the dissociation kinetics of the
Nd2Fe14B phase. The experimental curves were fitted according to the Ginstling–Brounshtein
model, taking into account the real distribution of particle size. The kinetic parameters, namely
the activation energyEa and the diffusivity pre-exponential factorD0 were determined to be
110 kJ mol−1 and 2.4 mm2 s−1 respectively, It appeared that the kinetics parameters could
be determined as well by considering a simple theoretical single-particle analysis model. The
influence of the particle size was studied in the case of this simple model.

1. Introduction

In spite of their good magnetic properties, the use of Nd–Fe–B permanent magnets is still
restricted by their poor corrosion resistance. Sintered Nd–Fe–B magnets are constituted of
three phases: the Nd2Fe14B major phase, the non-magnetic Nd1.1Fe4B4 phase and a Nd-rich
intergranular phase. According to published results, the corrosion behaviour of these phases
is the following. The Nd-rich phase (responsible for the good coercivity of the magnet)
is very sensitive to corrosion, being rapidly affected by humidity [1]. The nature of the
corrosion products (Nd2O3 or Nd(OH)3) depends both on temperature and on humidity
[2]. The Nd2Fe14B phase oxidizes slowly at around 100◦C and its oxidation rate increases
with temperature [2, 3]. The oxidation mechanism of the Nd2Fe14B phase has recently
been characterized by transmission electron microscopy: the Nd is oxidized and the phase
dissociates into nanoparticles of iron, which grow epitaxially from Nd2Fe14B substrate [4].
On the other hand, the Nd1.1Fe4B4 phase is not oxidized, even at 400◦C [5].

To increase the intrinsic corrosion resistance, it is possible to use additives which form
corrosion resistant intergranular or intragranular precipitates (Co, Zr, V. . .) [6]. The use
of coatings increases the lifetime of the magnet, but, when the corrosion starts, it occurs
below the coating/magnet interface, so that the corrosion mechanism of the coated magnet
is related to the corrosion mechanism of the uncoated magnet [7]. In order to estimate the
lifetime of a Nd–Fe–B magnet at high temperature, it appears to be necessary to determine
the oxidation kinetic parameters of the Nd2Fe14B phase, because the degradation of the
magnetic properties at high temperature is related to the dissociation of this phase [8].

With the aim of determining the activation energy and the diffusivity pre-exponential
factor of the dissociation process of the Nd2Fe14B phase in the 150–300◦C temperature
range, we followed the evolution of the Nd2Fe14B phase by57Fe Mössbauer spectrometry.
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This technique was shown to be a very useful tool for such a study, because the Nd2Fe14B
contribution to the M̈ossbauer spectrum is about 95% for an untreated magnet [6].

2. The experimental procedure

Nd16Fe76B8 sintered magnets were supplied by the University of Birmingham (UK). They
were powdered and sieved to the following particle sizes: less than 20, 20–40, 40–63 and
63–100µm. The particle size distribution was measured by scanning electron microscopy
(SEM). The powders were oxidized in an ambient air furnace at temperatures in the range
150–300◦C for different times. Heat-treated samples were then analysed by transmission
Mössbauer spectrometry (TMS) at room temperature. This technique allows the volume
of the particle to be analysed. Transmission Mössbauer analysis was performed using a
conventional57Co source in a rhodium matrix. The isomer shift (relative to metallicα-
Fe at room temperature), quadrupolar splitting, quadrupolar shift and hyperfine field are
denoted IS, QS, 2ε and Hhf respectively. Estimated errors1 for hyperfine parameters
originate from the statistical errorsσ given by the fitting program [9], taking1 = 3σ .

3. Fitting of the M össbauer spectra

All the Mössbauer spectra were fitted with a procedure which was described previously [6].
This procedure can be summarized as follows. First, the hyperfine parameters both of the
Nd2Fe14B and of the Nd1.1Fe4B4 phase were fixed to the values obtained from the Mössbauer
spectrum of the untreated sample. Next, the hyperfine parameters of the corrosion products
were fixed to the values obtained from the Mössbauer spectrum of a completely corroded
sample (the values obtained for the hyperfine parameters are reported in table 1). Then,
throughout the spectra, the relative intensities of the contributions to the Mössbauer spectra
of the corroded samples (from Nd2Fe14B, Nd1.1Fe4B4 and corrosion products) were fitted,
keeping their hyperfine parameters constant to the values obtained before. The Mössbauer
spectra at 300◦C are displayed in figure 1.

Table 1. Room temperature hyperfine parameters.

Hf IS 2ε, QS
Sub-spectrum (T) (mm s−1) (mm s−1)

Nd2Fe14B
16k1 28.0 ± 0.2 −0.06± 0.01 0.27± 0.01
16k2 30.2 ± 0.2 −0.11± 0.01 0.13± 0.01
8j1 26.0 ± 0.2 −0.08± 0.01 0.23± 0.01
8j2 33.9 ± 0.2 0.07± 0.01 0.61± 0.01
4e 26.6 ± 0.2 −0.12± 0.01 −0.32± 0.02
4c 23.6 ± 0.2 −0.05± 0.01 0.09± 0.02

Nd1.1Fe4B4 0.02± 0.01 0.52± 0.02

Corrosion products
α-Fe (distribution) 33.3 ± 0.2 0.00± 0.02 0.00± 0.02
Magnetic distribution 36.8 ± 0.4 0.34± 0.02 −0.10± 0.02
α-Fe2O3 51.2 ± 0.2 0.32± 0.01 −0.23± 0.01
Paramagnetic doublet 0.40± 0.02 0.85± 0.05
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Figure 1. Room temperature M̈ossbauer spectra of samples heated at 300◦C. The contribution
(six sextets) of the Nd2Fe14B phase is displayed.

The contributions of the corrosion products were analysed in relation to the dissociation
process of the Nd2Fe14B phase. The details of this interpretation will be described elsewhere
[10].

The Mössbauer relative intensity of the Nd2Fe14B phase (related to the number of iron
atoms in the phase) was determined for different treatment times. For each temperature,
the experimentalRφ = f (t) curve was plotted,t being the treatment time andRφ being
defined by

Rφ(t) = φ(t)

φ(t = 0)
× 100 (1)
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whereφ(t) is the relative intensity of the Nd2Fe14B phase contribution to the M̈ossbauer
spectrum aftert days at a given temperature.

By assuming that the Lamb–M̈ossbauer factors of the different phases are equal, the
ratio φ(t)/φ(t = 0) is equal to the volume of the Nd2Fe14B phase (φ phase) aftert days
of treatment timeVφ(t) compared to the initial volumeVφ(t = 0). Thus, at each timet ,
Rφ(t) represents the unreacted fraction of the material and theRφ = f (t) curves show the
disappearance in volume of the Nd2Fe14B phase:

Rφ(t) = Vφ(t)

Vφ(t = 0)
× 100. (2)

4. Fitting of the experimental Rφ = f(t) curves

4.1. The theoretical model

Because microstructural observations revealed that the particles sieved are roughly spherical
(figure 2), we applied a model that considers the uni-directional diffusion through a sphere
(the so-called ‘contracting envelope’ or ‘shrinking core’ [11]). This model assumes that
the oxidation process is governed by oxygen diffusion through the corrosion product layer
which continues to adhere to the unoxidized part of the particle. These assumptions are
valid in the case of Nd–Fe–B magnets, as was shown by microstructural observations of
bulk magnets oxidized in air at 400◦C [5].

Figure 2. A SEM image of particles for a powder sieved to less than 20µm.

In order to fit the experimentalRφ = f (t) curves with the best possible accuracy,
we used the Ginstling–Brounshtein model in which we introduced the real particle size
distribution of powders, measured by SEM. The Ginstling–Brounshtein model, which is
a single-particle analysis model, considers the growth of the product layer for steady-state
distribution of concentration through a spherical shell, the volume of the product layer being
equal to the volume of reactant consumed [11].

The oxygen concentration at the surface of the particles can reasonably be assumed
constant. On the other hand, micro-analysis measurements performed on oxidized magnets



Kinetic parameters of the dissociation ofNd2Fe14B 10725

showed that the oxygen concentration remains constant at the interface between the oxidized
area and the non-oxidized area [4, 5, 12].

Concerning the possible volume change occurring during the reaction process, Geiss
showed that the Ginstling–Brounshtein equation is significant when the ratio of the volume
of product formed to the volume of reactant consumed is lower than two [13]. According
to previous results [12], no significant volume change occurs during the oxidation process
of the Nd2Fe14B phase and thus this model is applicable.

For a sphere of radiusr, the reaction kinetics is characterized by the following equation
[11]:

2D(T )

r2
t = 1 − 2

3
α(t) − (1 − α(t))2/3 (3)

whereα(t) is the reacted fraction at timet andD(T ) is the diffusivity at temperatureT . The
oxidation process being thermally activated,D(T ) can be written according to Arrhénius
law:

D(T ) = D0 exp

(−Ea

RT

)
(4)

whereEa is the activation energy,R the rare gas constant,T the absolute temperature and
D0 the diffusivity pre-exponential factor.

Figure 3. The particle size distribution for powders sieved to less than 20µm measured by
SEM.

In figure 3 is shown the distribution of particle size: there are 20 classes of particles
of radiusri (0.5 µm 6 ri 6 10 µm) andn(ri) is the number of particles for the classi.
Therefore, from the choice of a couple of values(Ea, D0), the equation (3) is solved for
each class of particles. For the classi, the equation (3) is

2D(T )

r2
i

t = 1 − 2

3
αi(t) − (1 − αi(t))

2/3. (3′)

If we considerRφi
(t) the unreacted fraction at timet of a particle of the classi, Rφi

(t)

is equal to 1− αi(t) and, by writingξi(t) = Rφi
(t)1/3 and substituting it into equation (3′),

the following equation is obtained:

ξ3
i − 1.5ξ2

i +
(

0.5 − 3D(T )

r2
i

t

)
= 0 (5)

whose physically meaningful root is [14]

ξi0 = 0.5 + cos

[
1
3 cos−1

(
12D(T )

r2
i

t − 1

)
+ 4

3π

]
for 0 6 t 6 ti (5′)
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Figure 4. Experimental points and fitted curves obtained from the Ginstling–Brounshtein model
extended to a particle size distribution for powders sieved to less than 20µm.

ti = r2
i /(6D(T )) being the time corresponding to the complete oxidation of a particle of

classi.
Then, for each classi, the valueRφi

(t) is equal to ξ2
i0
(t). Next, Rφ defined by

equation (2) is obtained from the following equation:

Rφ(t) =
∑

j Rφj
(t) × Vj (t = 0) × n(rj )∑i=20

i=1 Vi(t = 0) × n(ri)
× 100 (6)
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Figure 4. (Continued)

where the indexj concerns only the classes of particles which had not totally oxidized at
time t , Vj (t = 0) being the volume of the unoxidized particlej .

The experimentalRφ = f (t) data were thus fitted according to equation (6). Different
couples (Ea, D0) were tested in order to find the best fit to the experimental points.

Finally, it must be noted that, when the particles are not perfectly spherical, this kind of
model is applicable and the experimental results are consistent with the model, as indicated
by Valensi [15]. Moreover, Mintz and Zeiri studied with high accuracy the effect of particle
shape and concluded that little variations in the particle shape do not alter this type of
analysis much [14].

4.2. Determination of the kinetic parameters: results and discussion

4.2.1. Results obtained for powders sieved to less than 20µm. From the distribution of
particle size measured by SEM, shown in figure 3, only a few particles have a diameter
greater than 10µm. In bulk magnets, the size of the Nd2Fe14B grains is about 10–15µm,
so most of the particles are composed of a fraction of a grain. Therefore, what is observed
in the Rφ = f (t) curves is the oxidation of particles containing pure Nd2Fe14B phase with
no grain boundary inside. Consequently, the kinetic parametersEa andD0 are those of the
pure dissociation of the Nd2Fe14B phase, namely the purely intragranular diffusion process.

The couple of values(Ea, D0) which fits the experimentalRφ = f (t) curves best was
determined to beEa = 110 kJ mol−1, D0 = 2.4 mm2 s−1 and the related curves are shown
in figure 4. From the different fittings achieved by varying the values ofEa and D0, the
accuracies were estimated to be 10 kJ mol−1 and 1.8 mm2 s−1 respectively.

With the aim of using a simpler model considering a distribution of identical spherical
particles, we applied Jander’s model [16]. In this model, the thickness of the oxidized
shell is assumed to follow a time-parabolic law, similar to the diffusion-controlled planar
case. Many authors [14, 17] discarded this model (when applied to the case of spherical
particles), arguing that the assumption of the parabolic time-dependence of the oxidized
layer thickness is incorrect since the surface area is not constant, or indicated that Jander’s
model is only applicable during the first stages of the reaction process, when the thickness
of the oxidized layer is far lower than the radius of the particle. Here we investigated the
validity range of Jander’s model.

By introducing directly the thicknessx of the spherical oxidized layer in the expression
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Figure 5. Experimental points and fitted curves obtained from Jander’s model for powders
sieved to less than 20µm.

for Rφ(t) given in equation (2),Rφ is simply written

Rφ(t) =
(

1 − x(t)

r

)3

× 100 (7)

wherer is the radius of the spherical particle. Then, writing that

x2(t) = 2D(T ) × t (8)
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Figure 5. (Continued)

D(T ) being the diffusivity, the expression forRφ becomes(
Rφ

100

)1/3

= 1 −
(

(2D(T ))1/2

r

) √
t . (9)

Consequently, the experimental points were fitted with equation (9) and we obtained
satisfactory fittings (figure 5). The value of the activation energyEa (which requires no
assumption concerning the size of the single particle of Jander’s model) can be deduced from
the slope of the ln(2D(T )/r2) = f (1/T ) curve (figure 6). A value of 109 kJ mol−1 was
obtained which is very consistent with the value obtained from the Ginstling–Brounshtein
model extended to a particle size distribution.

Figure 6. The Arrh́enius plot obtained from Jander’s model for powders sieved to less than
20 µm (Ea = 109 kJ mol−1).

Then, the values ofR1/3
φ were plotted versus

√
t (figure 7),Rφ being calculated from the

extended Ginstling–Brounshtein model. From these curves, it appears thatR
1/3
φ = f (

√
t)

is a linear function as long asRφ is greater than 30%. Then, Jander’s model is equivalent
to the Ginstling–Brounshtein model for a largeRφ range (30–100%). Moreover, within the
experimental errors, the two models give comparable results (error bars in figure 7). It is
possible to estimate the size of the single spherical particle of Jander’s model from the zero
ordinate of the ln(2D(T )/r2) = f (1/T ) curve by assuming thatD0 is equal to the value
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Figure 7. R
1/3
φ versus

√
t points for powders sieved to less than 20µm: the Ginstling–

Brounshtein model (♦) extended to a distribution of particle size and (• ) applied to a single
spherical particle. The full line represents the simple version of Jander’s model.

Figure 8. Experimental points and fitted curves obtained from the Ginstling–Brounshtein single-
particle analysis model for powders sieved to less than 20µm at 250 and 300◦C.

obtained with the extended Ginstling–Brounshtein model. The value ofr was determined
to be about 5µm.

It must be noted that the use of the Ginstling–Brounshtein single-particle analysis model
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(without considering the real particle size distribution) gives fittings of the experimental
Rφ = f (t) curves which are not so satisfactory as those obtained with both the two previous
models (figure 8). From the comparison of these models, it appears that Jander’s model can
be applied for a largeRφ range (30–100%), the corresponding radius of the single spherical
particle being 5µm. The fact that the validity range of Jander’s model is large may be
due to the effect of the particle size distribution. The fitting of the experimental points
according to Jander’s model seems to compensate for the effect of the real particle size
distribution, which is not taken into account (and does not need to be measured) in Jander’s
single-particle analysis model. From theR

1/3
φ versus

√
t points calculated from this model,

it is clear that the Ginstling–Brounshtein single-particle analysis model is farther from the
Ginstling–Brounshtein model extended to a distribution of particle size than is Jander’s
model. Consequently, Jander’s model, which accounts well for the intragranular diffusion
in Nd–Fe–B magnets (provided that theRφ range remains between 100% and about 30%),
was retained and used in order to follow the oxidation behaviour of particles sieved to larger
than 20µm.

4.2.2. Results obtained for powders sieved to 20–40, 40–63 and 63–100µm. In order to
characterize the influence of particle size on the determination of the kinetic parameters,
powders sieved to a size larger than 20µm were oxidized at 300◦C. According to the
conclusions of section 4.2.1, the experimental points were fitted (for the values ofRφ

higher than 30) by considering a distribution of identical spherical particles of radiusr and
the fittedRφ = f (t) curves obtained from Jander’s model are reported in figure 9. This
model allows the experimental data to be fitted correctly.

Since the mean Nd2Fe14B grain size in the bulk magnet is about 10–15µm, the particles
of each type of powder are composed of several Nd2Fe14B grains. These particles have
the same composition as that of the particles of size less than 20µm and we can assume
that both the activation energy and the diffusivity of the intragranular diffusion process are
equal to the values obtained before.

Then, from the slope of the experimentalR
1/3
φ = f (

√
t) curves at 300◦C, it is possible to

estimate the diameter of the spherical particle of the theoretical model (namely the diameter
of the spherical particle which oxidizes). The results are 16µm for the 20–40µm powders,
20 µm for the 40–63µm powders and 45µm for the 63–100µm powders. In each case,
the diameter of the spherical particle of the theoretical model is far lower than the size of
the particles in the powders.

The first value (16µm) is similar to the Nd2Fe14B grain size. Consequently, Jander’s
model applies if the spherical particle is a Nd2Fe14B grain. These results are consistent with
the results obtained for powders sieved to less than 20µm, if we consider that the Nd-rich
intergranular phase and the grain boundaries are preferential paths of diffusion for oxygen.
Thus, from the first stage of oxidation, the edge of the Nd2Fe14B grains is rapidly affected
by oxygen (this is indicated in figure 10), indicating that the intergranular diffusion process
is the dominant process. The following stages of the oxidation process are governed by the
intragranular diffusion of oxygen and the kinetic parameters that it is possible to measure
are those of the dissociation of the Nd2Fe14B phase.

For the 40–63 and 63–100µm powders, the diameters of the theoretical spherical
particles (20 and 45µm respectively) are found to be greater than the grain size. This
result is attributed to the fact that the diffusion of oxygen through the Nd-rich phase is not
fast enough to allow the Nd2Fe14B grains in the centre of the particle to be affected from
the beginning of the treatment. This is illustrated in figure 11. Thus, for such big particles,
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Figure 9. Experimental points and fitted curves obtained from Jander’s model for powders
sieved to more than 20µm at 300◦C.

what is observed is the effect both of intergranular and of intragranular diffusion processes
so that the value obtained for the diameter of the spherical particle is not representative and
thus the simple theoretical model does not apply.

In figure 12 is shown the well-known schematic temperature variation of the diffusivity
in bulk Nd–Fe–B sintered magnets with both intragranular and intergranular diffusion
contributions (the intragranular contribution corresponding to the dissociation of the
Nd2Fe14B phase). In a bulk magnet, for temperatures less than the cross over temperatureTi ,
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Figure 10. The oxidation process at 300◦C for the 20–40µm powders.

the intergranular diffusion contribution dominates whereas, for temperatures greater than the
cross over temperature, the intragranular diffusion dominates. From considering the results
of different studies [3], the cross over temperature should be located in the range 280–
360◦C. Our results indicate that the intergranular diffusion process still dominates at 300◦C
indicating that the cross over temperature in bulk sintered magnets should be greater than
300◦C. These results show that the kinetic parameters of the dissociation of Nd2Fe14B can
be determined unambiguously for powders with particle size less than the grain size.

5. Discussion

The kinetic parametersEa and D0 of the dissociation process of the Nd2Fe14B phase
(Ea = 110 kJ mol−1 and D0 = 2.4 mm2 s−1) determined by transmission M̈ossbauer
spectrometry are in good agreement with SEM measurements of the thickness of the oxidized
layer performed on bulk magnets in the 360–600◦C temperature range [8, 12]. Edgleyet al
[12] reported an activation energy of 114± 11 kJ mol−1 and a diffusivity pre-exponential
factor of 0.7 mm2 s−1. The value of the activation energy is consistent too with the value
of 118 kJ mol−1 measured by Blank and Adler [8]. In fact, they found 59 kJ mol−1, but
defined the activation energyE′

a with the following equation:

k(T ) = k0 exp

(−E′
a

RT

)
the thickness of the oxidized layerx(t) being

x(t) = k(T ) × √
t .
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Figure 11. The oxidation process at 300◦C for the 40–63 and 63–100µm powders.

Figure 12. The schematic temperature variation of the diffusivity in bulk sintered Nd–Fe–B
magnets.

Thus, D(T ) is proportional tok2(T ) and the value of the activation energy that must
be considered has to be multiplied by two. In each case, it was found that the measured
thickness of the dissociated layer depends on the square root of time, which is consistent with
an oxygen diffusion process throughout the corrosion product layer. The results obtained
here show that the phenomenon followed by Mössbauer spectrometry and SEM is the same.
This is illustrated in figure 11. At high temperature, for which the intragranular diffusion is
the dominant process, the advance of the oxidation front is significant and can be measured
by SEM or optical microscopy. At low temperature, the thickness of the oxidized layer
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is no longer significant and cannot be measured by SEM. Furthermore, the intergranular
diffusion becomes the dominant process. Consequently, a Mössbauer study on powders
sieved to less than 20µm which are free from the intergranular phases allows the kinetics
of the pure intergranular diffusion to be determined.

Stewartet al [18] determined the oxidation kinetic parameters of Nd–Fe–B powders
by thermogravimetric measurements in the 20–1100◦C temperature range. They fitted
the experimental curves by taking into account the distribution of particle size with the
assumption of a parabolic time-dependence of the thickness of the oxidized layer and
reported an activation energy of 100 kJ mol−1. Because measurements in the 20–1100◦C
range include the oxidation of iron (above 400◦C), this value does not correspond to the pure
dissociation of the Nd2Fe14B phase. However, this value is close to the value obtained in
our study because it appears that the activation energies related to the oxidation of Nd2Fe14B
and to the oxidation of pure iron (125 kJ mol−1 after [18] and 138 kJ mol−1 after [19]) are
of the same order of magnitude.

Other studies performed on powders using different methods (thermogravimetry [20],
oxygen pressure measurements [21] and thermomagnetic measurements [22]) reported very
different ‘apparent activation energies’ (respectively 14.6 kJ mol−1 below 250◦C and
27.2 kJ mol−1 above 250◦C [20], 25 kJ mol−1 in the 100–250◦C range [21] and 35–
50 kJ mol−1 in the 360–600◦C range [22]). In each case, the experimental curves were
fitted with no explicit theoretical model (that is, with no relationship between the measured
physical quantity and the time through a temperature-dependent coefficient). Thus, insofar as
these measurements were not linked to the diffusivity and because the relationship between
the temperature-dependent coefficient and the activation energy is not clearly indicated, the
corresponding ‘apparent activation energies’ cannot be compared to our results.

6. Summary and conclusion

The oxidation kinetics of powdered Nd–Fe–B magnets in ambient air atmosphere were
determined in the range 150–300◦C by Mössbauer spectrometry. In this temperature range,
the intergranular diffusion of oxygen is much faster than the intragranular diffusion in bulk
magnets. However, it has been shown that, for powders sieved to less than 20µm, the
particles are single Nd2Fe14B grains and what is observed is the dissociation of the Nd2Fe14B
phase, due purely to diffusion of oxygen through the oxide. A good fit of the experimental
curves was obtained according to the Ginstling–Brounshtein model, by taking into account
the particle size distribution. The kinetic parameters (both the activation energy and the
diffusivity pre-exponential factor) were determined to be 110 kJ mol−1 and 2.4 mm2 s−1

respectively. These values are consistent with the values obtained at high temperature (for
which the intragranular diffusion dominates) by direct measurements of the thickness of the
oxidized layer by SEM.

It was shown that the kinetics parameters can be determined according to a simple
single-particle analysis model (Jander’s model), which seems to compensate for the effects
of the particle size distribution. By using this model, it was found that the dissociation of
the Nd2Fe14B phase at 300◦C can be followed for powders sieved to 20–40µm as well.
However, for bigger particles (corresponding to powders sieved to 40–63 and 63–100µm),
the influence of the intergranular diffusion cannot be neglected and it is not possible to
measure the kinetics parameters. From these results, Mössbauer spectrometry appears to
be an accurate method for the determination of the oxidation kinetics of the Nd2Fe14B
phase in the 150–300◦C temperature range, complementary to SEM measurements in the
360–600◦C temperature range.
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