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Abstract
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In this work, we present a complete study of the influence of Nb and Cu addition on the
crystallization behavior of Nd-lean Nd—Fe—B melt-spun alloys. Alloys with compositions
Nd;g_.—,FegsBeNb,Cu, (x = 1,y = 0 and x = 0.5, y = 0.5) were melt-spun at different wheel
speeds (15-40 m s~ ') to obtain samples in amorphous, highly disordered and nanocrystalline
structures. The crystallization process, induced by different heat treatments, was studied

by means of differential thermal analysis and x-ray powder thermodiffraction. Magnetic
properties of as-made and heat-treated ribbons were measured by magnetometry. The as-made
amorphous samples showed a crystallization to the 2:14:1 hard magnetic phase at 7} ~ 350 °C.
Doping with Nb results in an increase of 7, and addition of Cu lowers 7). This behavior is
explained in terms of an inhibition of grain growth by Nb and a nucleation enhancement by Cu
additions. During the crystallization process, a secondary phase (identified as a bce-Fe-rich
phase) is formed. The amount of such a phase increases with the annealing temperature.
Coercivity increases upon annealing reaching maxima at 700—750 °C. This can be explained
in terms of competition between the two phases formed: the 2:14:1 hard phase and the soft
bcee-Fe-rich phase. The highest coercivity of the Nd-lean samples is observed when the
microstructure is appropriate and both phases are exchange-coupled.

Keywords: amorphous ribbons, nanocrystallization, rare-earth-lean permanent magnet
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1. Introduction

Nd-Fe-B magnets can be found in almost every modern-
day electrical device. Certain applications demand that these
magnets operate at high temperatures (above 150 °C), such as
electrical vehicle motors and wind-turbine generators. These
applications require high coercivity, which can be obtained
in Dy/Tb-substituted Nd-Fe-B magnets. However, both
Dy and Tb are critical and strategic raw materials [1], and

1361-6463/17/015305+8%$33.00

the recent rare-earth crisis calls for rare-earth-lean or rare-
earth-free permanent magnets. Melt-spun Nd-lean Nd—Fe-B
alloys are potential candidates for the development of nano-
composite magnets consisting of magnetically hard Nd,Fe 4B
grains exchange-coupled with magnetically soft a-Fe grains
[2]. Usually, the coercivity of these magnets is rather low, but
could be enhanced substantially with grain-boundary infil-
tration [2]. Therefore, it is very important to gain a better
understanding of the crystallization processes and the final

© 2016 IOP Publishing Ltd  Printed in the UK
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microstructure in melt-spun Nd-Fe-B alloys before infiltra-
tion [2, 3]. In this sense, many researchers have been working
to identify the best fabrication conditions to obtain exchange-
coupled nanocomposite Nd—Fe—B-based permanent magnets
[4-6]. Much of the research has been focused on amorphous
samples where different fabrication methods (melt-spinning,
mechanical alloying) and annealing treatments were investi-
gated to obtain the best properties. The type and amount of
different amorphous/disordered phases obtained by melt-
spinning can be controlled using different wheel speeds [7]
and can be well tuned by small substitutions of Nb [8, 9]
avoiding any secondary heat treatment. However, this results
in a high structural inhomogeneity when compared with the
heat-treated samples. In order to make the microstructure
of rare-earth-lean Nd—Fe-B magnets uniform, non-conven-
tional annealing processes have been used. Flash annealing,
which allows temperatures up to 750 °C to be reached in
30s, was used to anneal Nd(Pr)-lean samples leading to
exchange-coupled magnets with a grain size of 20nm [10].
High-pressure-torsion deformation was used to induce plastic
deformations in as-spun ribbons of Nd-lean Nd-Fe—B magnets
[11], where the authors reported the formation of a nanocrys-
talline a-Fe phase embedded in amorphous Nd-Fe-B with a
homogeneous distribution. Other works were focused on the
influence of doping on the crystallization behavior [12, 13];
for example, the addition of Co and Zr in fast-annealed Nd-lean
Nd-Fe-B samples resulted in an improvement of coercivity
and remanence [12]. Additionally, the Curie temperature was
found to increase with Co and decrease with Zr additions.
Other authors reported the effect of Nb, Co, Cu and Ga in as-
spun Nd—Fe-B ribbons where fast annealing under an external
magnetic field of 0.8 T showed an increase in coercivity in
samples with Co [13].

In the special case of samples doped with Nb and Cu,
Zhang et al studied the effect of Nb in Nd-Dy-Fe-B per-
manent magnets and found that small Nb substitution makes
the grains smaller and more homogeneous [14] enhancing
the exchange coupling, which leads to a significant increase
of coercivity with a slight decrease of remanence. Other
compositions of Nd-lean-based (Nd-Fe—Co-B) were
studied with Nb and Cu substitution by Wu et al [15] who
found that the amorphous phase at the grain boundaries is
enriched with Nb and B, making this phase more stable.
This amorphous phase controls the grain growth during
the fabrication process. Nb plays an important role during
annealing, controlling the sample microstructure while Cu
does not show a substantial influence on microstructure or
on magnetic properties of these alloys because their signifi-
cant amount of Co may enlarge the solubility of Cu, inhib-
iting the clustering of Cu atoms. In this work, we present
our recent results on the crystallization processes in Dy-free
Nd-lean Nd-Fe—B samples with small additions of Nb and
Cu. X-ray thermodiffraction and calorimetry DSC (differ-
ential scanning calorimetry) measurements were performed
on as-spun amorphous ribbons to detect the crystallization/
formation temperature of different phases formed with the

treatment. After determining the crystallization temper-
atures, we performed several heat treatments at different
times and at temperatures close to those determined by the
thermal analysis data, and monitored the development of
coercivity with annealing. In order to understand the influ-
ence of Nb and Cu on the crystallization and resulting
properties, samples which showed the maximum coercive
field were used to study their structure by x-ray diffraction
(XRD) and Mossbauer spectroscopy, and to determine and
quantify the different phases formed during crystallization.
A strong relationship was found between the amount of the
phases present, their grain size, the magnetic properties that
depend on their microstructure and the exchange coupling
between the two phases.

2. Experimental

Alloys with compositions Nd;;Feg;BgNb;, Nd;oFeg4Be,
NdoFegsBsNb; and NdyFegsBgNbysCugs were prepared
by arc-melting the pure constituents under Ar atmosphere
(table 1). Pieces of as-cast samples were melt-spun using
an induction furnace on a Cu wheel at wheel speeds of
15-40 m s~! under Ar gas. In order to induce the crystalli-
zation of the amorphous ribbons, the samples were annealed
at high temperatures after sealing them in quartz tubes under
vacuum to avoid oxidation during the heat treatment. No
reaction of our samples with the quartz tubes was evidenced
at any of the temperatures used. Heat treatments were per-
formed between 600 and 800 °C and for times from 15 to
120min. Hysteresis loops were obtained at room temper-
ature using a vibrating sample magnetometer EZ7-VSM from
Microsense, with the magnetic field applied along the ribbon
length so that the self-demagnetization effect was negligible.
Simultaneously, the crystallization of amorphous ribbons was
investigated by means of differential thermal analysis (DTA,
Setaram 92-16.18) and x-ray thermodiffraction measurements
using temperature ramps of 20 and 5K min~!, respectively, to
determine the different thermal processes and phases formed
in the samples during the heat treatment. The XRD measure-
ments on heat-treated samples were made on a Philips X’ Pert
Pro diffractometer, in the Bragg-Brentano geometry, with Cu
K, radiation (A = 1.5418 10\). The samples were placed on a
spinner to avoid a possible preferential crystalline orientation.
The diffractograms were refined by Rietveld method, using
the FullProf suite, in order to obtain the amount of phases
present in the samples and their grain size estimated by means
of the Williamson—Hall method. >’Fe Mossbauer spectra were
acquired at room temperature using a constant acceleration,
transmission spectrometer with a ’Co-Rh source. Calibration
of the spectrometer and isomer shifts were referred to bce-Fe
at 295K. This technique has often been used to gain infor-
mation about iron-containing phases and the relative percent-
ages of these phases formed during the crystallization process.
Direct measurements of the microstructure on heat-treated
samples were studied by means of scanning electron micros-
copy (SEM, JEOL JSM-6400).
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Table 1. Sample compositions, sample notation and crystallization temperature of the Nd—Fe—B phase (7)) and the a-Fe (7,) determined

by DTA and XRD.
Sample Quote T1pta (°C) Txrp (°C) To.pta (°C) T>-xrp (°C)
Nd;¢FegsBg at 26 m s~! 10NFB_26 323-367 360 577 600
Nd9F684B6Nb0_5CuOA5 at 40 m S_1 9NFBNC_4O 265-342 415 595 —_
NdgFegsBgNb; at 40 m s~ ! ONFBN_40 351-376 440 610 _
NdgFeg4sBsNbgsCug s at 15 m s ONFBNC_15 — — — _
Nd;,FegB¢Nb; at 26 m s~ 12NFBN_26 276-348 _ 611 _
1 a) ; o 2141 | 401 ) — 12NFBN_26
—_ F ---- 10NFB_26
2 Sofe 11 9NFBN_40
:C,_ i | %: 30+ -~ 9NFBNC_40
2 9NFBNC_15 3 T
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Figure 1. (a) XRD of selected as-spun samples and (b) DTA analysis of crystallization processes in amorphous Nd—Fe—B-based samples.

3. Results and discussion

3.1. Crystallization temperatures

The XRD spectra for ribbons spun at different wheel speeds and
the DTA measurements for all the alloys are shown in figure 1.
The x-ray spectra show the amorphous state of samples spun
at 26 and 40 m s~!, while for the sample spun at 15 m s~!
a crystalline ordering is observed (figure 1(a)). Crystalline
phases of ONFBNC_15 as-spun ribbons correspond to the
2:14:1 hard magnetic phase (o) and the secondary a-Fe phase
(§), formed by the Fe excess in the alloy. The DTA data (figure
1(b)) show two exothermic peaks: the first, broader, peak at
temperatures around 7' (~350 °C) corresponds to the crystal-
lization of the Nd,Fe 4B phase (as shown in figure 2), while
the second one, a better defined peak at a higher temperature
(T, ~ 600 °C), can be associated to the crystallization of a
bee-Fe-rich phase: the a-Fe phase. Table 1 shows the influ-
ence of the Nb and Cu addition on the crystallization of the
samples. Addition of Nb increases 7> from 577 °C in samples
without Nb to 611 °C in samples with 1 at% Nb (INFBN_40).
Furthermore, the intensity of the 7, peak is higher in samples
made with lower wheel speed (26 m s~!) and this may also be
associated with the presence of an a-Fe nuclei, which already
exists in the as-spun sample and they act as facilitators for
the crystal growth. This is also consistent with the observation
that more amorphous samples show a lower intensity 75 peak.
The onset of the first peak is associated with the nucleation,
and the influence of the addition of Cu is clearly observed
as a decrease on the nucleation temperature. Therefore, the
onset of crystallization occurs earlier in the sample with Cu
(ONFBNC_40), T ~ 265 °C, than in the one without Cu

(ONFBN_40), T} ~ 351 °C. These results suggest that the
crystallization temperatures, for both the main and secondary
phase, depend mainly on the addition of Nb and Cu, while the
initial structural state of the sample has less influence.

The thermal processes described previously are related
with the nucleation of stable phases and can be associated
with the formation of their corresponding crystalline struc-
tures, which can be quantitatively identified by XRD experi-
ments on annealed amorphous samples at the crystallization
temperatures.

3.2. X-ray diffraction of crystallized samples

The crystal structures, and the amount of each crystallized
phase, can be obtained by XRD experiments on samples
annealed at the crystallization temperatures 77 and 75.

X-ray thermodiffraction spectra for (a) 10NFB_26, (b)
INFBNC_40 and (c) 9INFBN_40 are shown in figure 2. To
avoid the contribution of the Pt sample-holder used during
experiments, caused by its diffraction peaks at 260-39° and 45°
overlapping with the characteristic peak of a-Fe phase around
45° (see figure 1(a)), x-ray spectra are presented between
30°-37° and 47°-54°. Therefore, it was not possible to
observe the formation of the a-Fe phase clearly, except for the
10NFB_26 sample where the slight appearance of an additional
peak slightly below 45° is observed in the inset of figure 2. The
a-Fecrystallization temperaturein this sampleis around 600 °C,
close to the value obtained by the DTA method. On the other
hand, the formation of Nd,Fe ;4B hard magnetic phase is
clearly observed in all spectra at temperatures around 350 °C.
The most intense peaks are the first to appear, indicating the
start of the crystallization. A comparison with the DTA data
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Figure 2. Thermodiffraction profiles of amorphous ribbons: (a) IONFB_26, (b) OINFBNC_40 and (c) INFBN_40. Inset: evidence of
splitting of diffraction peak corresponding to Pt at 20 = 45° due to the crystallization of «-Fe phase.
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Figure 3. Formation of phases obtained from x-ray
thermodiffraction profiles fitted by the Rietveld method.

seems to indicate that crystallization occurs at higher temper-
atures in the XRD experiment. We should note that the XRD
peaks appear when there is a minimum of crystalline order
in the sample, which occurs at temperatures higher than the
onset of the crystallization process detected by calorimetry.

Through a Rietveld analysis of the x-ray thermodiffrac-
tions one can obtain the amount of different phases that
appear during annealing and the temperature at which they are
formed. The results of these refinements are shown in figure 3.
Analytically, the formation and evolution of Nd,Fe ;4B and
a-Fe phases during heat treatments can be monitored.

3.3. Optimization of coercivity

With these results in mind, the optimum heat treatments for the
crystallization of amorphous ribbons must be done at temper-
atures between those of both crystallization processes with the
intention of obtaining Nd,Fe 4B grains with the optimum size
and without an excessive amount of a-Fe phase in order to
obtain the maximum coercivity [16]. The coercivity of pow-
dered magnets increases with the reduction of particle size
going through a maximum at the single domain size [16]. A
series of heat treatments was performed on amorphous rib-
bons at temperatures between 600 and 800 °C and at times
from 15 to 120min to obtain samples with different grain
sizes and a-Fe content to optimize their hard magnetic prop-
erties. Representative results are shown in figure 4. The inset

shows the maximum coercivity obtained for each annealing
temperature.

The amorphous/highly disordered ribbons show a very
small coercivity. The coercivity of the ribbons increases
abruptly with the annealing temperature up to a critical temper-
ature; beyond this temperature the amount/size of a-Fe phase
(soft magnetic phase) is large, promoting easy nucleation of
reversed domains, which leads to lower coercivity. In the early
stages of heat treatment, a nanocomposite structure is formed
which consists of a mixture of Nd,Fe 4B hard magnetic phase
and a-Fe soft phase. According to the exchange-spring magnet
model [17], these two phases are exchange-coupled when the
size of soft phase is around 10nm (for Nd-Fe—B), resulting in
an increase of remanence and a slight decrease of coercivity.
The magnetic hysteresis loops in figure 4 do reflect the dif-
ferent microstructure of the treated samples. For instance, the
samples heat-treated at 650 °C show a constricted shape hys-
teresis loop indicating the presence of two uncoupled phases.
For most amorphous samples, INFBN_40 and INFBNC_40,
the maximum H, was obtained after annealing at 750 °C for
120 and 60 min showing a reduced remanence mgr = Mg/M; of
0.64 and 0.57 (M, value was obtained by the law of approach
to saturation), respectively, ensuring a good exchange cou-
pling between the two magnetic phases. Samples heat-treated
at higher temperatures or longer times showed a decreased
coercivity caused by the higher amount and larger size of
a-Fe which inhibits exchange coupling, again resulting in
constricted loops with lower H..

The results of all heat treatments are summarized in
figure 5. Since the addition of Nb in these alloys helps to inhibit
grain growth [15], annealing was done at higher temperatures
(~650 °C) in the Nb-containing samples. However, we found
some discrepancies with the results obtained by Wu’s group
[15] in samples with Cu addition. In our case, Cu facilitates
the nucleation of the hard magnetic phase and, therefore, it
can promote grain growth at lower temperatures. This effect
can be observed in our samples because the influence of
Co on the crystallization is not present in our compounds
(our samples do not contain Co). Consequently, one can obtain
samples with different microstructures at the same annealing
conditions by the addition of Nb and Cu.

The highest H, was obtained in near-stoichiometric alloys
12NFBN_26 (H. ~ 11 kOe), which were heat-treated between
650 and 700 °C. For under-stoichiometric Nd-lean Nd—Fe-B—
Nb—Cu ribbons produced at 40 m s~ ! the maximum coercivity
is obtained at 750 °C after 60 min annealing (H. ~ 3.7 kOe)
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Figure 4. Hysteresis loops of samples (a) INFBN_40 and (b) INFBNC_40 heat-treated between 650 and 800 °C at different times.
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Figure 5. Coercive field of ribbons heat-treated at different temperatures and times.

and decreases on samples heat-treated at 750 °C for more This effect was not observed in the INFBN_40 ribbon sam-
than 90min. This value is higher than the one obtained in ples, where H. increases progressively with annealing at
9NFBN_40 at the same annealing temperature (H, ~ 3.3 kOe). 750 °Cup to 120 min. In both cases, the use of higher annealing
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12NFBN_26 heat-treated at 700 °C for 60 min.

temperatures (800 °C) is detrimental to the desired magnetic
hysteresis behavior due to the excessive growth of a-Fe phase
at these temperatures.

It is clear that these results have not yet produced the best
magnetic hysteresis behavior expected in this system, possibly
due to the difficulty in obtaining larger grain sizes while, at
the same time, avoiding the formation of a large a-Fe phase.
In order to obtain a grain size closer to the optimum, with the
right amount of soft magnetic phase, a nanocrystalline ribbon
of ONFBNC_15 was prepared by spinning at 15 m s~!, which
led to a nanocomposite structure in the as-spun ribbons with a
relatively high H, (>5 kOe), due to the proper grain size and
lack of excess a-Fe phase. The highest coercivity (H. > 6 kOe)
is obtained at a considerably lower annealing temperature
(650°C-90min) or higher temperature, but for a shorter time
(700 °C-30min) than those obtained in the amorphous ribbons.

3.4. Nanostructure of the optimal samples

XRD was carried out on ribbons with the highest H.
values and analyzed by the Rietveld method to evaluate the
ratio of the different phases present. Results for the heat-
treated INFBNC_40 and 9NFBNC_15 samples are shown
in figure 6. XRD spectra for all samples are summarized

in the supplementary material file. Two phases, defined
as Nd,Fe;4B and «-Fe, are present. The lattice param-
eters of the Nd,Fe;4B phase are a = 8.80 4 0.02 /°\,
¢=1221+0.02 A and do not change with the heat treat-
ments. The amount of each phase obtained by this procedure
is rather unreliable, as it seems to be a pronounced texture in
most samples. For example in IONFB_26 heat-treated sample,
the amount of a-Fe phase was estimated as 60%, much higher
than the nominal value (16.7%), whilst for 12NFBN_26 this
value (5%) was close to its nominal (0%). For this reason, we
used Mossbauer spectroscopy to obtain the amounts of dif-
ferent Fe-rich phases in the heat-treated samples.

Nd,Fe 4B alloys have been studied extensively in the past
by Mossbauer spectroscopy [18, 19]. This phase presents six
non-equivalent crystallographic sites for Fe, 16k, 16k, 8j, 8,
4e, and 4c sites. The assignment of the six magnetic sextets
to the six crystallographic iron sites is the usual one [18, 19].
In order to independently determine the distribution of the Fe
atoms after crystallization among the bcc-Fe and Nd,Fe 4B
phases, the relative areas of the six sextets were constrained to
the site populations, i.e. 16:16:8:8:4:4.

The Mossbauer spectra observed in figure 7(a) for
INFBNC_40, were fitted using six Fe-sites corresponding
to the 2:14:1 phase and one Fe-site for bcc-Fe. At room
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Table 2. Summary of best heat-treated samples, heat treatments, coercive field, saturation magnetization, normalized remanence, phase
contents obtained by Mssbauer and estimated from nominal composition (in brackets) and grain size of 2:14:1 hard phase observed with

XRD and SEM, when available (in brackets).

Sample HT (°C min) H. (kOe) M (emu g*]) M /M Nd,Fe 4B (%) a-Fe (%) Grain size (nm)
10NFB_26 650-60 5.1 123 0.71 84.7(83.3) 15.3(16.7) 80(125)
9NFBNC_40 750-60 3.7 169 0.57 75.2(75) 23.8(25) >100
9NFBN_40 750-120 43 143 0.64 82.7(75) 17.3(25) 88
INFBNC_15 700-30 6.1 148 0.64 78.2(75) 21.8(25) >100(90)
12NFBN_26 700-60 11 106 0.72 94.2(100) 5.8(0) 98(48)

temperature, these phases show ferromagnetic ordering, as is
evidenced by their corresponding sextets in the spectra. The
results of the Mossbauer spectra analysis are summarized in
table 2. As can be seen, the amount of each phase is close to
the nominal one, which is estimated from the Fe excess in the
initial alloy composition (displayed in table 2).

The sample with highest coercivity (11 kOe) is the stoi-
chiometric one: 12NFBN_26. This sample shows the lowest
value of the a-Fe phase (5.8%) and saturation magnetization
(106.5 emu g~!) and has the best coupling between the hard
and soft phases, as deduced from the highest my value of 0.72.
The sample 9NFBNC_40, heat-treated at 750 °C for 60min,
shows the lowest coercivity (3.7 kOe). This sample has the
highest amount of a-Fe phase (23.8%) and largest value of
saturation magnetization (169.3 emu g~!). Large amounts of
«-Fe usually worsen the exchange coupling, as reflected by
the corresponding value of mg = 0.57, which is the lowest
one in the series. However, the same sample 9NFBNC_15
spun at a lower wheel speed, shows a crystalline order
(see figure 1(a)). It has the largest coercivity (6.1 kOe) (one
of the highest values reported in Nd-lean samples) in the as-
quenched state and a slightly higher mg = 0.64, which indicates
a better exchange coupling in this sample. However, its high
a-Fe content still runs counter to a stronger exchange coupling.

In order to analyze the dependence of the hard magnetic
properties on the microstructure of the samples, we meas-
ured the grain size by SEM. An SEM micrograph of the
heat-treated 12NFBN_26 sample is shown in figure 7(b).
The values of grain size for each sample are summarized in
table 2, together with those calculated by XRD. The latter are
not reliable, because values close to 100nm lie in the upper
limit for a correct size estimation by x-ray. The data show
that the optimum grain size for maximum coercivity, which
is at the single/multi-domain threshold (~75-120nm) [20],
was reached in most samples. Recent predictions made on
nanocomposite Nd—Fe-B/a-Fe magnets by micromagnetic
simulations suggest that the effect of the volume fraction or
the magnetocrystalline anisotropy of the bcc-Fe phase on
exchange coupling, generally exceed the influence of the
grain size [21].

The values of coercivity in exchange-coupled Nd-lean
samples are lower than in over-stoichiometric samples. It
would be very interesting to study the effect of infiltration of
a eutectic rare-earth-rich alloy at the grain boundaries to try
to increase the coercivity in order to make these Nd-lean mat-
erials suitable for permanent magnets.

4. Conclusions

A study of the crystallization process was performed on
Nd-lean Nd—Fe-B melt-spun alloys with Nb and Cu doping.
The microstructure of as-spun ribbons can be controlled
by varying the wheel speed, allowing the reduction of the
annealing temperature in nanocrystalline samples (those spun
at a lower wheel speed) and the preparation of highly dis-
ordered ribbons in the case of high wheel speed. The crystal-
lization processes in these materials show (in all cases) the
formation of two magnetic phases: the 2:14:1 hard magnetic
phase at temperatures between 280-400 °C and a secondary
a-Fe soft magnetic phase around 600 °C. The grain growth
during the heat treatments can be controlled by the addition of
Nb and Cu, showing inhibition of growth by Nb and a nucle-
ation at lower temperatures in samples with Cu. However, the
early formation of 2:14:1 phase by heat treatment helps the
crystallization of the secondary a-Fe phase. We can conclude
that the formation of the latter phase is also driven by doping
and, furthermore, is detrimental to the exchange coupling in
our nanostructured magnets.
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