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Abstract. The dissociation process of the Mgk 4B phase in a sintered NgFezsBg powdered
magnet was investigated between 300 and°€50The oxidized powders were characterized by
Mossbauer spectrometry and x-ray diffraction. The contributions of the dissociation products to
the Mossbauer spectra were identified and the results interpreted consistently with previous trans-
mission electron microscopy observations. The microstructure of the dissociated phase was char-
acterized and found to depend on the oxidation temperature. For temperatures less ti@&n0
microstructure consists @-Fe nanograins (less than 10 nm in size, with a distorted structure) and
Fe304 superparamagnetic particles (size less than 10 nm), mixed with amorphous or poorly crys-
tallized N, O3 regions. For temperatures higher than 40Ghe microstructure consists in bigger
a-Fe grains (their size being 100 nm or more);Gg precipitates (size less than 10 nm) and crys-
tallized N&bO3 precipitates. It appears that the presence of additives in sintered Nd—Fe—B magnets
does not change the dissociation process. Apart from some contributions in very weak proportions
in Co containing samples, the same contributions are detected, owing to the same reactions.

1. Introduction

During the last 12 years, the corrosion behaviour of Nd—Fe—B permanent magnets has been
extensively studied either in warm humid air/steam [1-3] or at high temperature [4—6].
Sintered Nd—Fe—B magnets have a three phase microstructus€eid, Nd; ;Fe,B4 and
an intergranular Nd-rich phase). The Nd-rich phase is the less corrosion resistant, being
responsible for the poor corrosion resistance of Nd—Fe—B magnets under humid conditions
[7]. The Nd.Fe 4B hard magnetic phase, responsible for the good intrinsic magnetic properties
of the magnet, oxidizes at temperatures above°@0[B, 9]. The Nd ;Fe,B4 phase is good
corrosion resistant, as its oxidation is not observed below @ds6, 6].

The oxidation mechanism of the Mee 4B hard magnetic phase was first characterized
by transmission electron microscopy (TEM) on an;jfk;6Bg magnet heated at 428 in
ambient air [10]: the Nd is oxidized and the phase dissociatesifte crystals, which grow
epitaxially from the NdFe4B substrate. The orientation of theFe crystals is intimately
linked to the NdFe 4B one. Electron diffraction analyses revealed that the oxidizedrsgB
grains are composed mainly of monocrystala-dfe having a common [111] crystallographic
direction, most adjacent monocrystals being rotatedf@im each other. It was stated that
thea-Fe monocrystals are typically several hundred nanometres in diameter, and contain fine
precipitates, with a dispersion of size around 5 nm. According to electron diffraction analyses,
these precipitates were considered to be hexagongDd

Another TEM study made on a sintered Nd—Dy—Fe—Co—-V-Al-B magnet heateddf 110
under 100% relative humidity revealed that the microstructure of the dissociatdeeg
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phase is constituted afFe nanocrystallites (mean size: 2 nm), organized in domains with the
same crystallographic orientation [9]. The size of the domains is about 100 nm. It was stated
that thex-Fe nanocrystallites are embedded in an amorphous neodymium oxig@4{Nd

As the microstructure of the dissociated JRe 4B phase is not clearly established, a
complementary study is needed in order to characterize it accurately. Becéssbadder
spectrometryis alocal probe of the iron atomic environment, the identification ofdbsidduer
contributions to the spectrum of an oxidized magnet can help to characterize the microstructure
of the dissociated phase.

In this study, the dissociation of the bek4B phase in sintered Nd—Fe—-B magnets
oxidized at high temperature (300—6%D in ambient atmosphere) is investigated HiFe
Mossbauer spectrometry and x-ray diffraction. The microstructure is discussed as a function
of both temperature and treatment time. An investigation of oxidized magnets containing
additives (Co, Al, Nb, V, Mo) is also reported.

2. Experimental procedure

Several sintered Nd—Fe—B magnets with different compositions (table 1) were powdered by
mechanical grinding and sieved (the diameter of the particles being less tham)20The
powders were heated in a conventional air furnace, in the 300:&58nge for times up to

7 days. The oxidized powders were analysed by x-ray diffraction (XRD) and transmission
5’Fe Mossbauer spectrometry (TMS) at room temperature. Soligsbauer spectra were
recorded at 77 K.

Table 1. Nominal atomic compositions of the samples investigated.

Name Composition

NdieFereBs
DCVA Nd135Dyl'5FQ37C()5V4BgA|
CVA Nd14Fes06C0OsV3B7Al 1.4
CMA  Ndi44Pro2Fesg7CosM025B7.2Al
DNA Nd139Pr0.2Dyg 4F€77.9Nbp 7B 2Al 0.7

XRD analyses were performed by reflexion, in an evacuated chamber using a fast curved
detector INEL CPS 120. The x-ray generator was equipped with a Co anticathode, using Co
(Ka) radiation ¢ = 0.179 09 nm).

TMS analyses were performed using a conventiéf@b source in a rhodium matrix. The
samples contain about 10 mg tfrof natural iron. The isomer shift (relative to metalieFe
at room temperature), quadrupolar splitting, quadrupolar shift and hyperfine field are denoted
8, A, ¢ and B respectively. Estimated errors for the hyperfine parameters originate from the
statistical errorg given by the fitting program [11], taking3

3. Powders oxidized in the 300-650C temperature range

3.1. The dissociation products at 300

Infigure 1 are shown the bssbauer spectra of a powdered pike;6Bg magnet before oxidation

and after oxidation at 30 for 12 hours. The Ndssbauer spectrum of the unoxidized powder

is fitted with the contributions of NgdFe;4B [12] and Nd 1FeB,4 [13] phases. No more
Nd;Fe 4B is detected in the spectrum of the oxidized powder, 12 hours being the time necessary
for the complete dissociation of the pfek; 4B phase at 300C [14]. The contributions used

to fit this spectrum are displayed in figure 2, and the corresponding hyperfine parameters and
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Figure 1. Room temperature Bssbauer spectra of the NfFe;6Bg powder before (a) and after
oxidation at 300C for 12 hours (b). The contribution of the NgFe,B,4 phase is displayed.
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Figure 2. The contributions used to fit the room temperaturéskbauer spectrum of the
NdieFereBs powder oxidized at 300C for 12 hours.
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Table 2. Hyperfine parameters and relative absorption ared®4) of the contributions to the
Mossbauer spectra of the Nffe;sBg powder oxidized at 300C (for 12 hours) and in the
350-650'C temperature range (for 2 hours}. means that the contribution was fitted using a
distribution of hyperfine fieldsK is the mean hyperfine field). means that the contribution was
fitted using a sextet§ = 33.0 £ 0.1 T). The hyperfine parameters forJ& were fixed to the
values obtained from the literature [15].

Hyperfine parameters Relative absorption area (%)
) 2¢, A B 300°C 350°C 400°C 450°C 500°C 550°C 600°C 650°C
Contributon (mms!) (mms?1) (T) 12h 2h 2h 2h 2h 2h 2h 2h
a-Fe 0.00 0.00 333 67 58 42¢ 26" 15 3t — —
+0.02 +0.01
mag 0.34 —0.10 38.0 14 14* 8* — — — — —
+0.02 +0.02
a-FeOs3 0.27 —-0.17 514 3 9 20 34 40 53 61 67
+ 0.04 + 0.05 +0.2
Fes04 0.26 -0.16 49.0 — — 5 9 12 10 0 —
0.67 —0.20 46.0
Ndi1FeBs 0.03 0.58 — 3 4 4 5 4 1 0 —
+ 0.02 +0.04
FesB 0.01 0.00 27.8— — — — — 5 5 5
+0.04 fixed +0.2
—0.09 0.00 26.2
+0.04 fixed +£0.2
0.11 0.00 22.6
+0.04 fixed +0.2
NdFeQ 0.36 0.07 432 — — — — 7* 7* 14* 16*
+0.02 + 0.02
paral 0.38 0.73 — 13 12 18 21 7 — — —
+ 0.05 + 0.07
para2 1.33 0.54 —_ - 3 3 5 2 — — —
+0.03 + 0.07
para3 0.30 1.05 —_ — — — — 13 21 20 12

+0.02 +£0.05

relative absorption areas are reported in table 2. It is worth mentioning that these contributions
were used to fit the Kissbauer spectra of the same powder oxidized between 150 ah@ 300
[14]. This indicates that the dissociation process of theMégiB phase is the same in this
temperature range.

The a-Fe contribution is fitted with a discrete distribution of hyperfine fields, the mean
hyperfine field value being 33.3 T. The width of the distribution is related to the poor crystallized
nature of thex-Fe phase. The fact that the mean hyperfine fietd-BE in the oxidized powders
is slightly higher than that of pure-Fe (33.0 T) can be related to the presence of strains,
probably due to the presence of interstitial B atoms in the structure.

An unidentified magnetic contribution (namely mag) is fitted with a discrete distribution
of hyperfine field, distinct from that af-Fe, to account for the non-symmetric broadening at
the basis of the:-Fe lines. Another fit with one large discrete distribution shows two maxima
at 33 and 38 T (indicating two different kinds of environment around the Fe atoms) which
correspond to the mean hyperfine fields of the two distinct distributions (figure 3). However,
because such a fit does not account for the asymmetry of the broadening at the basis of the
a-Felines, all the Mssbauer spectra presented here were fitted with two distinct distributions.

Thea-FeO3 contribution is fitted, evidencing the oxidation of somé&e. The paramag-
netic contribution of the Ngh Fe,B,4 phase is detected, showing that this phase is not oxidized
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Figure 3. The two hyperfine field distributions (solid lines) used to fit #ad-e and mag
contributions. The single hyperfine field distribution (dotted line) is shown for comparison.

up to at least 300C, in agreement with previous work [5, 6]. One paramagnetic unidentified
contribution (namely paral) is fitted to account for the broadening at the centre of the spectra.
Apart from the NdiFeB, contribution, all the contributions correspond to the
dissociation products of the MHe 4B phase.
The XRD pattern of the oxidized NeFe;sBs powder is shown in figure 4. No more
Nd,Fe 4B peakis observed, a very broae-e(110) peak being presentinstead. Sanfe,03
peaks are observed as well. These observations are in agreement witbdsiealder results.
The main peak of the cubic N@3 phase (c-NgOs) is detected, its presence being attributed
to the oxidation of the Nd-rich phase [6].

3.2. Structural evolution of the dissociation products in the 350=65fange

With the aim of following the behaviour of the dissociation products during oxidation, and thus
of obtaining more information on the structure of the dissociated phasef-dlgBg powders
were oxidized for 2 hours in the 350—630 range.

The corresponding XRD patterns are shown in figure 4. As the temperature increases,
several remarks can be made. First, the intensity of the hxeBd peak decreases as the
intensities of thex-Fe,03 peaks increase, in agreement with the oxidation ob#ee phase.

At 500°C, thea-Fe peak is sharp, indicating that a change in the structure of-the phase
has occurred. At 550C, the intensity of thex-Fe peak is weak: the-Fe phase is almost
fully oxidized. Second, the NdFe4B4 peaks are no longer observed at 500 indicating
that this phase starts to oxidize at this temperature. Third, the main peaks of hexagg®al Nd
(h-Nd,O3) can be observed from about 53D. As this temperature corresponds to a change in
the structure of the-Fe phase, the appearance of the h-Qigheaks can be related to a change
in the structure of the N@D; amorphous regions (that is to the crystallization of amorphous
Nd,03), the NdO3 amorphous regions resulting from the dissociation of theMf¥dB phase

[9]. Fourth, from 500C, the peaks of NdFefare observed, indicating that some-e,03
phase reacts with c-N@®3 or h-Nd,O3 to form NdFeQ.

The room temperature &dsbauer spectra of the oxidized ee;¢Bg powders are shown
infigure 5. The hyperfine parameters and relative absorption areas of the different contributions
used to fit the spectra are reported in table 2. Except for tg@fmagnetic contribution, the
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Figure 4. XRD patterns of the NgkFez6Bg powder oxidized in the 300-65C range.

hyperfine parameters of the different phases were allowed to vary only in the spectra where
their corresponding relative absorption area is maximum (errors for the hyperfine parameters
are deduced from these fittings). The spectra were fitted by keeping constant the hyperfine
parameters of the same phase in the different samples and allowing the relative areas to vary.
The hyperfine parameters used for thg®gphase come from [15].

The Mossbauer spectrum of the powder oxidized at ¥5@vas fitted with the same
contributions as those used to fit the spectrum of the powder oxidized a€386ad in addition
a paramagnetic doublet (para2) with a weak relative area. With increasing temperature in the
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Figure 5. Room temperature Bssbauer spectra of the NgFe;sBg powder oxidized for 2 hours
in the 350-650C temperature range. The contribution of th&e phase is displayed.
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350-500C range, the relative areas of bathFe and mag contributions decrease, as those
of a-Fe,03 and FgO, increase, according to the oxidationwfe. The relative area of the
paral doublet increases as well, indicating that this contribution could correspond to an iron
oxide. The relative areas of the NdFe,B4 and para2 contributions remain constant, within
the accuracy of the measurement. Between 500 andG50ew contributions appear in the
spectra, while some others disappear. Thglzeaelative area decreases from 5@ and

Fe;O,4 disappears at 60@€. The NdFe@ contribution appears and its relative area increases
up to 650°C. The Nd ;FeB4 contribution disappears at 550, and this corresponds to the
appearance of the B contribution. This seems to indicate that N&#e&B,4 oxidizes at
550°C, resulting in the formation of B8, in agreement with the fact that the relative area of
Fe;Bis equal to that of Ng; Fe,B,4. At500°C, the paramagnetic contributions paral and para2
disappear and another paramagnetic contribution (namely para3) appears instead, suggesting
that the paral and para2 compounds transform into para3 due to an oxidation reaction.
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4. Characterization of the Mossbauer contributions

As the hyperfine parameters of the unidentified contributions (mag, paral, para2 and para3)
do not correspond to any Fe—B—O or Fe—B phase, further heat treatments were performed to
allow their identification.

4.1. The magnetic contribution

As previous investigations showed thafe nanograins are formed during the dissociation
process of the NgFe; 4B phase [9], the mag contribution is attributed to Fe atoms located at the
surface of thex-Fe nanograins while the-Fe contribution corresponds to Fe atoms within the
nanograins. The factthatboth the isomer shiftand the hyperfine field of the surface contribution
are higher than those of the bulk contribution could be related to a reduced interfacial density
at the surface of the nanograins, in agreement with theoretical calculations [16, 17], and to the
fact that in the dissociated structure the Fe surface atoms can have Nd and O neighbours.

Assuming that, first, the hyperfine field enhancement is observed for Fe atoms in the first
surface layer (thicknesg: = 0.25 nm) [18, 19] and, second, that the nanograins are spherical,
one can give an estimation of the size of th&e nanograins from the dsbauer data. The
diameterD of a spherical nanograin is related to the volume fracgigrof bulk «-Fe by:

2e

The volume fraction of bulkx-Fe is obtained from the BEsbauer relative absorption
areas of thea-Fe’ and ‘'mag’ components (Yeand %,,, respectively), assuming that the
Lamb—Modssbauer factors of the two contributions (bulk and surface) are equal:

%o

Po = g —o, -
“ %a+(y0mag

From the Mdssbauer spectra of samples oxidized in this work and in [5, 6, 8, 14, 20], the
estimated values db are 6+ 2 nm in the 150-300C range, and & 2 nm in the 300-400C
range. Attemperatures higher than 480 or at 400 C for longer times, the mag contribution
no longer appears in theddsbauer spectra of the oxidized powders, indicating thai-the
grain size is higher than 100 nm. In figure 6 is shown a high resolution scanning electron
micrograph of the oxidized layer of an NgFe;¢Bg sintered magnet heated at 4Z3for 12 days
[20]. Nanograins of 60—100 nm in size can be clearly seen, in agreement with our estimation.
These results indicate that the size of the nanograins increases with the oxidation temperature.
The broadening of the:-Fe peak observed in XRD patterns of powders oxidized at
temperatures less than 400D cannot be explained in terms of grain size effects only, and
this confirms the presence of strains, in relation with the presence of interstitial Binkke
grains, which could be responsible for the distorted structure af the lattice.
The disappearance of the mag contribution in ttisskbauer spectrum of powders oxidized
in the 350-650C range can thus be related to the structural change aife phase that
occurs simultaneously. At 45C, the mag contribution disappeared anddikee contribution
is fitted with one sextet in agreement with an increase ot grain size. The linewidth
of the fine sextet is equal to the experimental linewidth (0.26 m#) is agreement with a
structural refinement of the grains. This structural refinement can also be evidenced from
the evolution of thex-Fe lattice parameter. The lattice parameter deduced from the XRD
measurements in powders oxidized at less than°@0@ higher than that of pure-Fe in
relation with the presence of interstitial B atoms (figure 7). When the oxidation temperature
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Figure 6. High-resolution scanning electron micrograph of a dissociated grain in asF&@Bs
sintered magnet heated at 4Z3for 12 days. From [19].
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Figure 7. The lattice parameter of the Fe phase as a function of the oxidation temperature.

increases, a reduction of the lattice parameter down to the value ofxpheeis observed,
which corresponds to a sharpening of th&e diffraction peak.

These assumptions are supported by the fact that in tbesbauer spectrum of an
Nd;sFe6Bg powder oxidized at 300C for 12 hours and annealed at 6@under vacuum for
7 days, ther-Fe contribution is fitted with one fine sextet (figure 8(a)), with a relative absorption
area equal to that of the mag asmd-e contributions together before annealing. It follows that,
upon annealing, the growth of theFe grains leads to both a reduction of the relative fraction
of the surface atoms and a structural refinement of the grains, that occur simultaneously.
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Figure 8. Room temperature Bbssbauer spectrum (a) and XRD pattern (b) of thegRe;sBs
powder oxidized at 300C for 12 hours and vacuum annealed at 60@or 7 days. Inthe Ndssbauer
spectrum, the paramagnetic contribution of FeO (two doublets) is displayed.

4.2. The paramagnetic contributions

The room temperature 8sbauer spectrum of the powder oxidized at@€r 12 hours and
annealed at 60CC for 7 days reveals that the paral contribution disappeared during annealing,
the paramagnetic contribution of FeO [21] being present instead (figure 8(a)). The presence
of FeO is confirmed by XRD analysis (figure 8(b)). The appearance of FeO is in agreement
with the Fe—O phase diagram if one considers that th®kphase is present in the oxidized
powder before annealing: FeO is formed from 5C0wing to a reaction betweenFe and

Fe;O4 according to the following formula [22]:

o-Fe + Feg0O, — 4FeQ Q)

The FeO compound is stable above 3Z0and metastable below about 2@[22]. The
Mossbauer relative areas of the contributions detected in the spectrum of the powder before
and after annealing are in complete agreement with reaction (1) if one assumes that the paral
contribution corresponds to g@,4. The paral contribution is thus attributed tg;6g.
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Figure 9. Mdsshauer spectra recorded at room temperature and at 77 K of thledsBs powder
oxidized at 400C for 7 days (a) and at 60€ for 2 hours (b). The contribution of paral is
displayed in (a). The contribution of para3 is displayed in (b).

Inthe 77 K Mbssbauer spectrum of the powder oxidized at4Dér 7 days (figure 9(a)),
no more paral contribution is observed, and a large magnetic distribution is fitted instead. This
behaviour is comparable to that observed in the case of 6 gyF@anoparticles at 80 K [23].
The relative area of this magnetic distribution is equal to the relative areas of the paral and
Fe;O,4 contributions together in the room temperaturédgbauer spectrum. This indicates
that the FgO, particles related to the paral contribution are small, being superparamagnetic
at room temperature. According to the literature, the behaviour of thesbhuer spectrum
of 6 nm FgQ,4 particles is similar to that of paral, and this is not the case for 10 y©4e
particles [23]. The mean size of thedey particles related to the paral contribution is thus
very probably less than 10 nm.

The 77 K Mdssbauer spectrum of the powder oxidized at®D@r 2 hours (figure 9(b))
was fitted with the following contributions:-Fe, O3, F&;B, a magnetic distribution including
the NdFeQ contribution and para3. The relative area of the para3 contribution is lower
at 77 K than at room temperature. This means that the compound corresponding to
para3 is paramagnetic at room temperature and partially magnetic at 77 K, thus showing
a superparamagnetic behaviour. This compound appears very probably as a distribution of
small particles, which could explain the presence of a remaining para3 doublet at 77 K. The
room temperature hyperfine parameters of the para3 contribution (see table 2) correspond to
those of superparamagnetieFe,O; particles with size less than 10 nih & 0.34 mm s,
A = 1.02 mm s estimated from [24], and = 0.32 mm s, A = 1.06 mm s after
[25]). For this reason, and because the room temperatosshauer spectrum of anFe, O3
powder with a mean particle size less than 10 nm is paramagnetic [26], the mean size of the
superparamagnetic-Fe,O3 particles is estimated here to be less than 10 nm.
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From the previous observations, it can be concluded that the transformation of paral into
para3 at 500C corresponds to the oxidation of &, into «-Fe,O3 according to the formula:

4Fg04 + Oy — 6a-F&0s. (2)

The size of these particles does not change significantly upon oxidation, remaining less than
10 nm. The fact that the E®, and«-Fe,O3; oxides were not detected by XRD is attributed

to the nanometric size of the particles and to the fact that these particles are probably not well
crystallized.

The para2 doublet is not clearly identified. Its isomer shift corresponds to the Fe(ll)
oxidation state, indicating that the related phase contaifsiBes. On the other hand, the
para2 contribution is still paramagnetic at 77 K, indicating that the related phase is very
probably non-magnetic. We therefore assume that the para2 contribution corresportds to Fe
ions, dispersed in Nd oxides.

5. Discussion

5.1. The structure of the dissociated N, 4B phase

The results of both Nssbauer and XRD investigations are consistent and show that at tem-
peratures lower than 40C, the structure of the dissociated N 4B phase consists in-Fe
nanograins (less than 10 nm in size, with a distorted structure) ay@} Beperparamagnetic
particles (less than 10 nm in size), mixed with amorphous or poor crystallizgO4\tdgions.
This structure is outlined in figure 10. The presence of superparamagngilg iBeelated to
the oxidation of the Nd in the NdFe 4B phase: the reaction between the Nd atoms and oxygen
releases enough energy to oxidize the Fe atoms in their close vicinity, forming very sl Fe
particles that are embedded in @} regions (thus showing a superparamagnetic behaviour).
This interpretation is consistent with TEM observations of an Nd—Dy—Fe—Co—-V-Al-B magnet
oxidized at 110C for 120 hours [9] and indicates that the size of¢hEe nanograins depends
on the temperature, being 2 nm at 2W[9], 6 nm in the 150-300C range and 9 nm in the
300-400C range. Thex-Fe nanograins are organized in domains (about 100 nm in size) with
the same crystallographic orientation, as shown by TEM observations [9].

From 400°C, a change in the structure of theFe phase is observed: a structural
refinement and a growth of the-Fe grains occur simultaneously. Thus at 4G0for long
times (several days) or attemperatures higher tharfi@she microstructure of the dissociated
phase is constituted of bigge+Fe grains (their size being 100 nm or more);Ggprecipitates
(size less than 10 nm) and crystallized hoRd precipitates. The growth of the-Fe grains
probably results from the coalescence ofd¢hEe nanograins having the same crystallographic
orientation. This structure is outlined in figure 10. This interpretation is consistent with TEM
observations of an Nd—Fe—B magnet oxidized at428%r 12 days [10].

Consequently, the TEM observations mentioned in section 1 [9, 10] are not inconsistent,
but reflect the influence of the oxidation temperature on the structure of the dissociated
Nd,Fe 4B phase.

5.2. The oxidation reactions

According to the relative absorption areasaefe and FgO4 deduced from the Kissbauer
spectra, the following reaction can be written:

4NdyFe 4B + 110, — 48.50-Fe(Boog2) + 2.5Fe;04 + 4N, Os. 3
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Figure 10. Schematic microstructure of the dissociated,Nel4B phase as a function of the
oxidation temperature. The common orientation of th€e nanograins fof’” < 400°C is
evidenced.

Considering the global atomic composition of a dissociated graig {Ne, 2B450245),
the amount of oxygen obtained from this reaction is very consistent with electron probe
microanalysis measurements of the composition of the dissociated grains in bulk samples
oxidized at 423C (ngztlF%O:l:SB4:t1027:t3) [6]

During further oxidation, several reactions occur that depend on the oxidation temperature.
For temperatures less than 5@) thex-Fe grains are oxidized first into 5@, and then into
a-Fe03 according to:

3a-Fe +2Q — Fe0, (4)

and to reaction (2), and their magnetic contributions are detected in tissbduer spectra.
The oxidation proceeds from the surface of the particle to its inner part, as shown in figure 11,
due to the diffusion of oxygen within the oxide layer. The fact that the contribution of
superparamagnetic g@, is still observed is attributed to a faster diffusion of oxygen through
thea-Fe, O3 grains than through the N@®3; amorphous regions (the B@; amorphous regions
act for the FgO4 nanoparticles as a protective layer against oxidation).

For temperatures higher than 5@), the same reactions occur due to the diffusion of
oxygen into the particle, as shown in figure 12. The superparamagn€tgO; contribution
is observed instead of E®, due to the oxidation of the nanoparticles of;©g formed in
the N&,Os regions intox-Fe,0O3 according to formula (2). This is attributed to the diffusion
of oxygen through the h-N@; regions at these temperatures, in relation with the structural
change of the NgD3; amorphous regions at 50Q (see section 3.2). The NdFg€bntribution
is detected in the Kissbauer spectra. As this phase forms owing to the following reaction
between NdO3; anda-F&0s3:

a-Fe03 + Nd,03 — 2NdFeQ (5)
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Figure 11. The oxidation process of an MHe;4B particle at temperatures less than 5G0

it is concluded that NdFefregions form at the NgDs/a-Fe,03 interfaces. Ther-Fe,O3
precipitates in the NgD3 regions probably transform in NdFg@s well.

The reactions (2), (4) and (5) are in agreement with tlissalbauer relative areas of the
different phases deduced from theddébauer spectra of the oxidized powders. All these
results, obtained for Nd—Fe—-B powders, are consistent with the investigation of the oxidation
of bulk Nd—Fe—B magnets at high temperature [6].

The dissociation of the NgFe;4B phase being well characterized for the jdfek;6Bs
powdered magnet, the influence of additives on the dissociation process was investigated for
Nd-Fe-B powders containing additives.

6. Oxidized Nd—Fe—B powders containing additives

The nominal atomic compositions of the samples containing additives (DCVA, CVA, CMA and
DNA) are reported in table 1. The microstructural investigation of these samples is reported
elsewhere [27]. This study revealed the presence of both intergranular and intragranular
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Figure 12. The oxidation process of an MHe 4B particle at temperatures higher than 5@

X—Fe-B precipitates (with X= V, Nb, Mo). These phases were found to be corrosion
resistant in the 200-30C temperature range. Theddsbauer spectra of the fully oxidized
DCVA, CVA and CMA samples are very similar, and were fitted with the same contributions
(inthe same proportions, within the experimental accuracy). The spectrum of the CMA sample
is shown in figure 13, and the hyperfine parameters of the contributions used to fit the spectrum
are reported in table 3. On the other hand, thiesbbauer spectrum of the fully oxidized DNA
sample is very similar to that of the fully oxidized Ngre;6Bg sample.
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Figure 13. Room temperature Bssbauer spectrum of the CMA powder oxidized at 300or
3 days. The contributions used to fit the spectrum are displayed.

The Nd:Fe 4B phase is fully dissociated as its contribution no longer appears. For each
sample, a paramagnetic contribution attributed to the corrosion-resistant X—Fe—B phase is
fitted. Concerning the dissociation products, the same contributions as in the spectra of
oxidized samples with no additives are fitted (bulk and surface contributionsFaf, «-

Fe,03, magnetic and superparamagnetig®@gand a paramagnetic contribution attributed to
Fe?* ions in Nd oxides). Other contributions (fBand para4) are fitted in the Co containing
samples.

As forthe Nd gFe;6Bg powder oxidized at 300C for 12 hours, the main contribution (fitted
with a discrete distribution of hyperfine fields) corresponds-tee. However, for the DCVA,

CVA and CMA samples, the-Fe contribution is characterized by a higher mean hyperfine
field (34.6—34.7 T) than that obtained for the ye;sBs and DNA samples (33.3-33.4T).
This is attributed to the presence of Co in dad-e phase, in agreement with the fact that
Co atoms substitute for Fe atoms in the;Ré 4B unit cell [27]. By interpolating the results
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Table 3. Hyperfine parameters anddgdsbauer relative intensitiesx1%) of the contributions to
the Mossbauer spectrum of the CMA powder oxidized at 3DGor 3 days. * means that the
contribution was fitted using a distribution of hyperfine fiel#si§ the mean hyperfine field). The
hyperfine parameters for E®4 were fixed to the values obtained from the literature [15]. The
hyperfine parameters for g were fixed to the values obtained for the Jf§Be;6Bg oxidized

sample.
Relative
8 2e, A B absorption
Contribution (mms?) (mms1 ) area (%)
bulk «-Fe Q05+0.02 001+0.02 347 56
(distribution)
surfacex-Fe 034+0.02 —-0.08+0.02 38.7 13
(distribution)
a-FeO3 0.35+0.04 —0.16+0.05 512+0.2 7
Fe304 0.26 —0.16 49.0 4
0.67 —0.20 46.0
FesB 0.01 0.00 27.8 2
—0.09 0.00 26.2
0.11 0.00 22.6
superpara g, 041+0.03 084+0.04 — 11
para2 1.65+0.03 002+0.04 — 3
parad —0.15+0.03 070+0.04 — 2
MozFeB, 0.09+0.01 037+001 — 2

of a study of the mean hyperfine field in{F¢Co, compounds (with 0< x < 0.5) [28],

the Co content ie-Fe was estimated to be 8 at.%. A similar effect is observed for the mag
contribution, in agreement with the fact that this contribution corresponds to the surface atoms
in thea-Fe grains.

The fact that the F#8 and para4 contributions are not observed in the spectrum of
oxidized NdgFezsBg or DNA powders is attributed to the presence of Co in theég,B
phase, which leads to the formation of other dissociation products (in weak proportions)
during the dissociation process. The formation of somgBFauring the process could
be related to the fact that the Co content in th&e phase (8 at.%) is higher than in the
Nd,Fe 4B phase (5 at.% [27]). The para4 contribution, in very weak amount, remains
unidentified.

It appears that the presence of additives in sintered Nd—Fe—B magnets does not change the
dissociation process. Apart from some contributions in very weak proportions in Co containing
samples, the same contributions appear, owing to the same reactions. This is consistent with
the fact that the activation energy of the dissociation reaction is the same for samples with and
without additives [27].

7. Summary and conclusion

The dissociation process of the Mk 4B phase in a sintered NgFe;sBg powdered magnet
was studied between 300 and 6%0 The oxidized powders were analysed bypddbauer
spectrometry and x-ray diffraction. Inthe 300—3&Xemperature range, the main dissociation
product isx-Fe, which results from the oxidation of Nd in the N 4B phase. It was shown
that thex-Fe phase appears as nanograins. Inthe 350:G&mperature range, the piek; 4B
dissociation process going very fast, the oxidation oftfiee phase is mainly observed. The
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characterization of the oxidation reactions occurring at high temperature allowed us to identify
the dissociation products accurately. The results were interpreted consistently with previous
TEM observations and the microstructure of the dissociated phase was thus characterized
accurately as a function of the oxidation temperature.

Fortemperatures less than 4@ the microstructure consistsaAFe hanograins (less than
10 nm in size, with a distorted structure) and®g superparamagnetic particles (about 6 nm
in size), mixed with amorphous or poorly crystallizedJ@d regions. For temperatures higher
than 400 C (or at 400°C for several days) the microstructure consists in bigg&e grains
(their size being 100 nm or more), §&& precipitates (size less than 10 nm) and crystallized
h-Nd,Os3 precipitates.

From the Mbdssbauer measurements, a dissociation reaction was proposed for the
Nd,Fe 4B phase which is consistent with previous EPMA measurements. The oxidation
reactions occurring at high temperatures are in agreement with the relative intensities deduced
from the Mossbauer analyses as well.

The dissociation process was investigated for Nd—Fe—B powders containing additives.
It was found that the presence of additives in sintered Nd—Fe—B magnets does not change
significantly the dissociation process.
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