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Abstract

The effects of milling conditions on the microstructure and interphase exchange coupling of
Nd,Fe4,B+10 wt% a-Fe nanocomposites were investigated. The a-Fe crystallite size is critical for
obtaining an efficient interphase exchange coupling. The problem of damaging the Nd,Fe4,B crystal
structure during milling was addressed by using different milling conditions. Nd,Fe 4B+ 10 wt% a-Fe
powder samples were prepared through mechanical milling for 6 h with @ = 10 mm and @ = 15 mm
balls respectively. The restoration of the Nd,Fe;4,B crystal structure after annealing was confirmed by
XRD, with a limited growth of a-Fe crystallites. The magnetic behavior was investigated from
hysteresis curves and dM/dH vs. H plots. The samples milled with small balls show a good interphase
exchange coupling, however, milling with larger diameter balls determined higher coercivities due to
the reduced damaging of the Nd,Fe 4B crystal structure during milling. The best exchange coupling
was obtained for the samples annealed at 750 °C for 1.5 minutes, with a maximum coercive field of
about 0.65 T. The Nd,Fe;4sB /a-Fe exchange coupling was analyzed as a function of milling and
annealing conditions.
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1 Introduction

Today, permanent magnets have become crucial in a wide range of applications, most notably
advanced portable electronics and green solutions, such as electric cars and wind turbines [1], [2]. The
increasing demand for high performance permanent magnets and the market considerations has
opened several research avenues, for instance high performance rare earth free permanent magnets [3]
or soft/hard magnetic nanocomposites (spring magnets) [4]. Soft/hard magnetic nanocomposites are
comprised of a fine mixture of exchange coupled hard and soft magnetic phases, ensuring high
coercivity, high remanence, and potentially very competitive magnets, when comparing the energy
product with current commercial products [5]. The Nd,Fe;,B/a-Fe spring magnet is interesting not
only because of its possible applications, but also from a fundamental research point of view [1], [2],
[6]. When compared to the current generation of high performance rare-earth based permanent
magnets, soft/hard magnetic nanocomposites could present such advantages as increased thermal
stability [7], [8] and higher corrosion resistance [9], in addition to the increased remanence gained
through the addition of the soft magnetic phase. Though the list of advantages of such materials is
impressive, the challenges involved in producing the nanocomposites are equally great. In order to
ensure a strong soft/hard interphase exchange magnetic coupling, the soft magnetic phase crystallites
cannot exceed twice the width of the magnetic domain wall of the hard phase, the hard phase must
maintain its crystallinity and the entire sample must present a homogeneous microstructure [1], [2],
[5], [6]. So far a number of techniques have been used to obtain soft/hard nanocomposites, such as:
melt-spinning [10], mechanical milling [11], hot pressing [12] and thin film deposition [13], followed
by various annealing procedures.

The structure and magnetic properties of 6 h mechanically milled (MM) nanocomposites
Nd,Fe 4B/a-Fe were previously studied. After milling, the samples showed poor crystallinity and high
defect density. It was shown that the crystallinity of the hard magnetic phase can be restored through
short time heat treatment at high temperature, thus limiting the growth of the soft phase crystallites
[14]. Previous Scanning Electron Microscopy (SEM) measurements have shown that nanocomposite
samples become homogeneous only after 6 h MM [15], therefore it is important to manage the milling
conditions employed for that duration of time. It was suggested that higher diameter balls will lead to
less pronounced amorphisation of the milled phases [16]. For the above reasons, in this work we
investigate the effect of different milling conditions (milling with different diameter balls) on the
structural, microstructural and magnetic properties of Nd,Fe,B/10wt%Fe nanocomposites.

2 Experimental details

The Nd,Fe4B ingot was prepared by induction melting in a purified Ar atmosphere, followed by
annealing in vacuum at 950 °C for 72 h. The ingot was crushed and the resulting powder was sieved
through a 500 um sieve. The starting material for the soft magnetic phases was commercial NC 100.24
Fe powder (Hdganas product) below 40 um. The sieved Nd,Fe;sB powder was mixed with the Fe
powder in a weight ratio of 90% Nd,Fe;4B/10% Fe. The mixtures were dry-milled under Ar using
@ =10 mm and @ = 15 mm diameter balls for 2, 4 and 6 h. The milling vials (with a volume of 80 ml)
and balls were made of 440C hardened steel. The ratio between the rotation speed of the disk and the
relative rotation speed of the vials was Q/®=333/900 rpm with a ball-to-powder weight ratio of 10:1.
The samples of milled powder were wrapped in tantalum foil, sealed in quartz tubes and annealed in
an inert Ar atmosphere using a preheated furnace at 700, 750 and 800 °C for times ranging from 0.5 to
2.5 minutes. After annealing, the sealed samples were quenched in water. The structure and
microstructure of the nanocomposites were investigated using a Bruker D8 Advance X-ray
diffractometer using Cu-Ka radiation and Bragg-Brentano focusing geometry. The X-ray diffraction
measurements were performed on powder samples using the 6—26 scan. The mean crystallite size of
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a-Fe (2 nm) and Nd,Fey4B (£10 nm) were determined from the full width at half maximum (FWHM)
values of the (211) diffraction peak of a-Fe at 20 = 82.3° and the (214) peak of Nd,Fe4B at 26 = 37.3°
using Scherrer’s formula [17]. The FWHM values were obtained by fitting the peaks using a
normalized pseudo-Voigt function. For the calculation of the average crystallite size, the instrumental
contribution to the peak width was subtracted from the obtained FWHM values. The instrumental
broadening was measured from the X-ray diffraction pattern of a reference sample. Because the
evaluations were made on annealed samples, the influence of internal stress on the FWHM was
neglected. Scanning electron microscopy (SEM) and X-ray microanalysis studies were performed on a
Jeol-JSM 5600 LV microscope equipped with an energy dispersive X-ray EDX spectrometer (Oxford
Instruments Inca 200 software). For magnetic measurements, the powder samples were blocked in
epoxy resin. The demagnetization curves were recorded at room temperature using the extraction
method in applied fields up to 10 T [18]. Considering isolated spherical magnetic particles we used a
demagnetization factor of 1/3 for the magnetic data and for the calculation of the internal field, H;p.

3 Results and Discussions

In order to study the influence of the grinding medium, i.e. geometry and energy of milling, on the
microstructure and magnetic properties of Nd,Fe;,B+10 wt% Fe nanocomposites, we prepared
Nd,Fe4,B samples milled with different diameter balls (& = 10 mm and @ = 15 mm diameter balls
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Figure 1: Normalized XRD patterns for the 6 h MM as-milled and annealed Nd,Fe;4,B+10 wt% o-Fe samples,
milled with @ = 10 mm (a) and @ = 15 mm (b) balls. For clarity the patterns are shifted vertically.

respectively). The X-Ray diffraction (XRD) patterns for both milled samples, Figure 1, show a
broadening of the a-Fe peaks and the Nd,Fe;4,B peaks completely disappear after 6h MM, denoting the
destruction of the hard phase crystalline structure during milling. After annealing, the XRD peaks of
the hard magnetic phase are restored, pointing to the recrystallization of the Nd,Fe;4,B phase. It is
worthwhile to note that for the annealed samples milled with @ = 15 mm balls the XRD peaks
corresponding to Nd,Fe 4B are more intense and better resolved compared to the same samples milled
with @ = 10mm balls, pointing to a better recrystallization of the hard phase. The FWHM of the (211)
peaks of the a-Fe decreases with annealing time and temperature - Figure 2 - pointing to an increase of
the a-Fe crystallites. This result is shown more clearly in Figure 3 (a), the average a-Fe crystallite
sizes increasing with annealing time and temperature. The average size of the Nd,Fe 4B crystallites -
Figure 3 (b) - varies slowly with annealing time for an annealing temperature of 700 °C, however for
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Figure 2 : XRD patterns of the (211) a-Fe peaks for some of the best 6h MM annealed samples milled with
balls having a diameter of @ = 10 mm (a) and @ = 15 mm (b). For clarity the patterns are shifted vertically.

the samples annealed at 800 °C, the crystallite sizes show a large increase with annealing time. This
could be explained by the fact that Nd,Fe4B has a recrystallization temperature around 700 °C [14].
For all annealing conditions, the mean crystallite size is systematically lower when the balls with @ =
10 mm are used. However, the a-Fe crystallite size values remain in the 5-25 nm range after
annealing, showing that the excess growth of the Fe crystallites was hampered during short time
annealing.
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Figure 3: The mean crystallite sizes vs. annealing time for a-Fe (a) and Nd,Fey4B (b) at the indicated
temperature as derived from XRD for the annealed samples milled with @ = 10 mm (filled symbols) and
@ = 15 mm (empty symbols) balls respectively. The lines are guide for the eye.

The results of the SEM-EDX investigations are shown in Figure 4. The powder particles - Figure 4

top - are comprised of agglomerations of nanoparticles which is a characteristic of milled powders. It
can be seen that the grains have an isotropic shape with sizes ranging from several hundred
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nanometers to several micrometers. Therefore, for the demagnetizing field correction we considered
spherical particles, using a demagnetization factor of 1/3. The EDX analysis of the samples - Figure 4
bottom - shows that the annealed powders are homogeneous, the distributions of Nd and Fe being
identical. Previous EDX investigations performed on similar samples [19] showed that the large and
small grains present in the SEM images have the same chemical composition proving a good mixing
of the hard and soft magnetic nanocrystallites.

The demagnetization curves, after magnetization at 10 T, of the as-milled and annealed samples
are shown in Figure 5. Both of the as-milled samples (milled with @ = 10 mm and @ = 15 mm balls
respectively) show very low coercivity and remanence values - insets of Figure 5 (a),(b) - these
samples being comprised mainly of a-Fe and an amorphous matrix resulting from milling [20]. This is
consistent with the XRD results, the as-milled samples showing only a wide a-Fe peak - Figure 1. The
shape of the demagnetization curves of the annealed samples show a single phase magnetic behavior,
except for the sample milled with @ = 10 mm and annealed at 700 °C for 1.5 min which presents an
inefficient coupling. The inefficient coupling shown by this sample could be explained by the fact that
the hard magnetic phase is not completely recrystallized after annealing, in good agreement with XRD
data from Figure 1 (a). The samples milled with larger diameter balls (& = 15 mm) show better
magnetic properties, i. e. higher remanence and coercivity than the samples milled with @ = 10 mm

Nd Lal Fe Kal Nd Lal Fe Kal
Figure 4: SEM image (top) and EDX analysis (bottom) of the same area for Nd and Fe for:

(a) Nd,Fe 4B+ 10wt% a-Fe 6h MM + 750 °C/2' (@ = 10 mm balls) and

(b) Nd,Fe,,B+10 wt% o-Fe 6h MM + 700 °C/1.5' (@ = 15 mm balls).

balls. This behavior could be attributed to the reduced amorphisation of the hard phase during milling
[16], which leads to a better recrystallization after annealing. The dM/dH vs. H plots of the annealed
samples are shown in Figure 6. These plots show two peaks, one at low field values around 0.2 T and
the other centered between 0.5 - 0.7 T. The dM/dH peak at low fields could correspond to badly
coupled or uncoupled Fe and Nd,Fe4B crystallites, while the peak at higher fields could be attributed
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to the exchange coupled nanocomposite. For the sample milled with @ = 10 mm balls and annealed at
700 °C for 1.5 min the dM/dH vs. H curves show an intense peak at low magnetic field values,
confirming the inefficient coupling between the hard and soft phases, while for the samples annealed
at higher temperature and/or time the coupling strength increases as pointed out by a significant
decrease in the dM/dH peak at low fields, as seen in Figure 6(a). The samples milled with @ = 15 mm
diameter balls show a good interphase coupling for all the samples, indicated by large and rather

120 . —
—®—700°C/1.5'
—O—700°CI2.5
—#—750°C/1.5'
—O—750°CI2

—H-go0°cr1.5

B as-milled

80

40

M (Am?/kg)

-0.4

-0.2

pH _(T)

0 int

0.2

120
—®—700°C1.5'

—O—700°Cr2.5'
—4—750°C/1.5'
—O—750°Cr2

—t—go00°cr.5'

80

M (Am?/kg)

-1 -08 -06 -04 -02( 0
wH (T
:

-0.2 0 0.2

H . (T)

M0 int

-0.4

Figure 5: Demagnetization curves for the 6 h MM Nd,Fe;,B+10 wt% Fe samples, annealed at the indicated
temperatures and times, milled with @ = 10 mm (a) and @ = 15 mm (b) balls. The insets show the uncorrected
demagnetization curves of the 6 h MM as-milled and annealed samples.
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Figure 6: dM/dH versus H curves for the 6 h MM Nd,Fe;4,B+10 wt% Fe samples, annealed at the indicated
temperatures and times, milled with @ = 10 mm (a) and @ = 15 mm (b) balls.
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narrow peaks at high fields, and a very small peak at low field, Figure 6(b). The better coupling
obtained for the samples milled with @ = 15 mm balls can be explained by the fact that smaller balls
(@ = 10 mm) tend to favor amorphous phase formation [16]. This type of behavior was attributed to
intense frictional action favored by milling with smaller balls [16]. Therefore, the structure of the hard
magnetic phase is more damaged for the samples milled with @ = 10 mm diameter balls and more
energy is required in order to fully recrystallize the hard phase during annealing. This is most evident
in the case of the samples annealed at 700 °C because the temperature is close to the recrystallization
temperature of Nd,Fey4B [14]. This explanation is also backed up by the fact that in this case the Fe
crystallites size are similar for both milling types, but the recovery of the hard phase is better when
milling with @ = 15 mm balls, which is confirmed by XRD - Figure 3 (b) - and the magnetic behavior
shown in Figure 5.

The coercive field (H.) and remanent magnetization (M,) values, determined from demagnetization
curves, are summarized in Figure 7 (a) and (b) respectively. For the same annealing conditions, the H,
and M, values are both higher in the case of larger balls. The coercive field increases with annealing
temperature and/or time up to a maximum value of approximately 0.65 T. The higher coercivity values
for the samples milled with @ = 15 mm diameter balls are due to the better interphase exchange
coupling between the hard and soft magnetic phases resulting from the better recrystallization of the
Nd,Fe(4,B phase. It was previously reported that during milling, the Nd,Fe ;4B phase can present a
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Figure 7: Coercive field (H,) (a) and remanent magnetization (M) (b) vs. annealing time and temperature for
the Nd,Fe14B+10 wt% Fe samples milled with @ = 10 mm (filled symbols) and @ = 15 mm (empty symbols)
balls. The lines are guides for the eye.

separation of Fe from the structure, leading to the formation of Fe crystallites surrounded by an
amorphous phase [20]. This causes an increase of the a-Fe phase content in the composite mixture.
During annealing, the Nd,Fe;,B phase is progressively restored, meaning that less and less a-Fe,
coming from the decomposition of Nd,Fe4B, is present in the powder mixture [20]. This may cause a
slight decrease of the remanence values with annealing time, as seen in Figure 7 (b). This assertion is
also backed up by the fact that the M, values for the samples annealed at 750 and 800 °C seem to
converge to around 110 Am%Kg after 1.5 minutes of annealing. Also, the samples annealed at 700 °C
have lower remanence values than the samples annealed at 750 and 800 °C further proving that the
Nd,Fe4B phase is not fully recovered after annealing at 700 °C.
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The maximum energy product (BH)max is summarized in Figure 8. The (BH)m.x values increase
with annealing time for our samples and slightly increase with annealing temperature. The largest
(BH)max Values of 185 kJ/m® were obtained for samples milled with @ = 15 mm diameter balls. This
value is comparable with other results, on the Nd,Fe;,B+Fe system, obtained trough melt spinning, but
exceeds the values obtained trough mechanical alloying/milling, for the SmCos + Fe system, of 160
and 147 kJ/m? respectively [1], [21], [22].
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Figure 8: The (BH)max Values vs. annealing time and temperature for the Nd,Fe;4,B+10 wt% Fe samples
milled with @ =10 mm (filled symbols) and @ = 15 mm (empty symbols) diameter balls respectively. The lines
are guide for the eye.

4 Conclusions

Nd,Fe4,B+10 wt% Fe nanocomposites were obtained through ball milling for 6 h using balls
of different diameters (@ = 10 mm and @ = 15 mm respectively) and subsequent short time annealing
at 700, 750 and 800 °C for times ranging between 0.5 and 2.5 minutes, followed by quenching in
water. It was shown that the milling conditions and annealing parameters have a significant impact on
the structure and microstructure and therefore on the interphase exchange coupling and magnetic
properties.

Considering the relations between the coercivity and the crystallinity of the hard magnetic
phase, it was shown that milling with larger balls, @ = 15 mm, have a less destructive effect on the
crystal structure of Nd,Fe;4B, than milling with the smaller balls, @ = 10 mm. This result was
confirmed by the better resolved XRD peaks corresponding to Nd,Fe 4B and the larger crystallite sizes
of the annealed samples milled with @ = 15 mm balls. Additionally the crystallite sizes of the Fe were
small enough, in the 5-20 nm range, to ensure a good hard/soft exchange coupling.

The samples milled for 6 h with larger diameter balls (& = 15 mm) showed better magnetic
properties (coercive fields of 0.65 T, remanence of 110 Am?%kg and a high energy product of 185
kJ/m®) given by a more efficient hard/soft magnetic coupling. This behavior was explained by the less
damaged crystallinity of the hard phase after milling, yielding a better crystalline structure recovery
after annealing, consistent with the XRD results.
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