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ABSTRACT ARTICLE HISTORY

We report the effect of grain boundary diffusion of the Nd-Cu eutectic phase and the influence of Received 14 March 2022

Nb on the microstructure and magnetic properties of Nd-Fe-B melt-spun ribbons. The Atom probe KEYWORDS
tomography analysis indicated the presence of Nb clusters (~ 10 nm), which possibly restricts grain Grain boundary; diffusion;
growth during diffusion annealing while facilitating Nd-Cu grain boundary decoration. Correspond- Atom Probe Tomography; Nb
ingly, the coercivity was enhanced from the initial 1.2 T of the as-prepared to 2.1 T for the 20 wt.% clusters; Nd-Fe-B magnet
Nd-Cu diffusion annealed (600°C, 2 h). Incidentally, the as-diffused sample exhibited a high coercivity

of ~1Tat 150°C, making it suitable for high-temperature applications.
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Nb addition to Nd-Fe-B magnets results in the formation of ~ 10 nm-sized Nb-rich cluster, which
prevents grain growth during annealing and facilitates grain boundary decoration by Nd-Cu eutectic
for enhanced coercivity.

Introduction (~1.2 T) of the Nd-Fe-B magnet is an issue as it fur-

Since its discovery by Sagawa in 1984, the Nd-Fe-B  ther deteriorates at a higher temperature, making the

magnet has been one of the most sought-after perma-  magnet unusable at about 150°C, the typical operating
nent magnetic materials for many applications due to  temperature of the traction motors [2]. Hence, the room
its exceptional combination of magnetic properties [1].  temperature (RT) coercivity of Nd-Fe-B magnets must

The use of magnets in traction motors of hybrid and  be enhanced to realize the required coercivity of 0.8 T at
electric vehicles has led to a surge in demand for Nd-  150°C [3]. Therefore, achieving higher coercivity at RT
Fe-B magnetic material. The relatively low coercivity  is a key research topic in the area of Nd-Fe-B magnet.
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It is well known that coercivity depends on the magne-
tocrystalline anisotropy and the microstructure of the
alloy [3,4]. Attempts have been made to increase the mag-
netocrystalline anisotropy by replacing some of the Nd
with heavy rare earth elements, such as Dy and Tb, as
Dy;,Fe 4B and Tb,Fe;4B have higher magnetocrystalline
anisotropy than Nd,Fe 4B [5,6]. Although this method
is commercially adopted, it is not favoured due to the
scarcity, and Dy (543$/kg) and Tb (2766$/kg) are costlier
than Nd (173$/kg) [7]. Another approach to enhance the
coercivity of Nd-Fe-B magnets is to tailor the microstruc-
ture (viz. grain size, grain boundary (GB) engineer-
ing) as coercivity is a microstructure-sensitive property.
Generally, Nd-Fe-B powders are synthesized by differ-
ent processing methods, such as powder metallurgy [8],
hydrogenation disproportionation desorption recombi-
nation (HDDR) [9], and melt-spinning [10,11]. The
melt-spinning process yields fine nano-sized Nd,Fe;4B
grains (size < 100 nm), which is favourable for obtain-
ing high coercivity [12]. The typical phases present in
the melt-spun Nd-Fe-B ribbons are hard Nd;Fe 4B, soft
a-Fe, and Nd,Fej;. The soft a-Fe phase is known to
reduce the coercivity of Nd-Fe-B [13]. Hence, the alter-
native method to enhance the coercivity is to optimize
the microstructure, viz., suppressing the formation of the
soft a-Fe phase [13], reducing the grain size, and tuning
the grain boundary (GB) chemistry [14]. The doping ele-
ments, such as Ga, Al, Nb, and Cu, have been used in
this context and have enhanced the coercivity albeit with
different mechanisms [15,16]. Among all the dopants,
Nb has shown a significant effect on enhancing coer-
civity [16]. However, there are limited reports on the
Nb-doped Nd-Fe-B melt-spun ribbons, especially for the
cases where GB mobility is to be restricted during anneal-
ing. The main benefit of Nb doping is that it forms a phase
with Fe, namely NbFeB, thereby suppressing the forma-
tion of «-Fe [17,18]. The formation of the NbFeB phase
is attributed to the coercivity enhancement in Nb, con-
taining Nd-Fe-B magnet as it pins the domain walls and
restricts the growth of Nd,Fe 4B grains. The pinning of
magnetic domain walls also has a significant impact on
coercivity [19,20]. It is reported that 1.5 at.% Nb dop-
ing in Nd-Fe-B can increase the coercivity to 1.4 T at RT
but is still low for high-temperature applications [21]. It
is reported that magnetic isolation of Nd,Fe14B grains
by non-ferromagnetic species along the GBs reduces the
exchange interactions and thereby increases the coer-
civity of Nd-Fe-B [22]. Therefore, to attain high coer-
civity, it is very critical to develop nanosized Nd-Fe-B
grains with non-ferromagnetic species, decorating the
GBs. It is known that the grain boundary diffusion pro-
cess (GBDP), involving low-melting eutectic alloys, is
the most notable and effective approach for enhancing
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coercivity [23]. However, this process can lead to grain
growth, partially negating the benefits of GBDP [24]. H.
Sepehri-Amin et al. [25] discussed the significance of
restricting the grain size during diffusion heat treatment
to achieve high coercivity. As Nb doping in Nd-Fe-B
restricts grain growth, GBDP in Nb-contained Nd-Fe-
B can be advantageous for coercivity enhancement [21].
Therefore, the objective of the present work is to enhance
the coercivity of Nb-containing Nd-Fe-B melt-spun rib-
bon by GDBP using Nd7(Cuszg low melting eutectic alloy.
Magnetic measurements, exchange interaction studies,
and microstructural investigations are performed to elu-
cidate the role of Nb and correspondingly the mechanism
for the observed coercivity enhancement.

Experiments

Commercial Nd-Fe-B melt-spun flakes with a nomi-
nal composition of Ndj;FegysBsNb; 5 (at.%, hereafter
referred to as ‘as-recd’) with an average particle size of
250 pm were used as starting powders. Binary Nd7oCusg
(at.%; hereafter referred to as Nd-Cu) eutectic alloy with
a melting temperature of 520°C was used as a diffusion
source. Nd7oCusp was prepared by arc melting of elemen-
tal Neodymium (Nd; 99.9% purity; American elements)
and elemental copper (Cu; 99.9% purity; American
elements) in a water-cooled Cu hearth. The sample
preparation, including GBDP employed, was as follows:
pulverizing as-recd and Nd-Cuto ~ 14 ym and ~ 18 yum,
respectively, consequently mixing and packing the as-
recd with Nd-Cu pulverized powders in a quartz tube
under an inert atmosphere inside a glove box (O, and
H,0 <1 ppm). The diffusion heat treatment of the pack-
aged samples was carried out at 600°C with different
proportions of Nd-Cu eutectic (10, 20, and 30 wt%) and
also the duration of heat treatment (1hr and 2hr) in a
vacuum (107> mbar). The magnetic measurements of the
as-received and 20 wt.% Nd-Cu eutectic diffused GBDP
(herein after GBDP represents 20 wt.% Nd-Cu-diffused
Nd-Fe-B-Nb) samples were taken using the Physical
Property Measurement System (PPMS: Quantum design,
USA) at a maximum field of 9 T. The X-ray diffrac-
tion (XRD: Rigaku Smart Lab X-ray diffractometer, Japan
using Cu-K radiation (A = 1.5406) in the scan range of
20-70° at a scan speed of 2°/min) was used to anal-
yse the crystal structure of the phases. Microstructural
studies along with Energy Dispersive X-ray spectroscopy
(EDS)-based chemical mapping were carried out using
Tecnai T20 Transmission Electron Microscope (TEM)
and Talos F200S Scanning Transmission Electron Micro-
scope (STEM). Three-dimensional atom-probe tomog-
raphy (3D-APT) measurements were carried out using
a local electrode atom probe (LEAP 5000XR, Cameca
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Figure 1. (a) Magnetic properties of the as-received (as-recd) and grain boundary diffused sample (20 wt.% Nd-Cu in Nd-Fe-B-Nb (GBDP))
with (a) showing the enhancement in room temperature coercivity for GBDP and (b) temperature dependence of coercivity with GBDP

exhibiting higher coercivity across the entire temperature range.

Instruments) applying laser pulses at 250 kHz frequency
with laser energy of 30 pJ to study the composition
of the intergranular phases and the Nd-rich regions.
The hemispherical tips for the APT analyses were pre-
pared using a Dual Beam Microscope with Focussed
Ion Beam (FIB), namely, Helios G4 UX by the lift-out
method [26,27].

Results and discussions

The magnetic properties of all the GBDP samples are
shown in Table 1. The maximum coercivity is obtained
for the sample with 20 wt.% Nd-Cu diffusion heat treated
at 600°C for 2 h (referred: GBDP Sample) and hence is
chosen for a detailed analysis to elucidate the coercivity
mechanism. Figure 1(a) shows the hysteresis loop mea-
sured for the as-recd and GBDP samples, respectively.
The GBDP sample exhibited a coercivity of 2.1 T, much
higher than that of the as-recd sample (1.2 T). The energy
product (BHpax) of the as-recd and GBDP sample is 13
and 7 MGOe, respectively. The temperature dependence
of coercivity values for the as-recd and GBDP samples is
shown in Figure 1(b). A coercivity of ~1 T is obtained
in the GBDP sample at 150°C compared to 0.5 T in the
as-recd sample, which will be suitable for operation at
elevated temperature (150°C-200°C) applications.

Table 1. Coercivity values obtained for various diffusion condi-
tions to obtain the optimal combination of parameters.

SI. No. Sample detail with Heat treatment duration Coercivity (T)
1 As-received Nd-Fe-B melt-spun powder 1.2
2 NdFeB + 10 wt.% Nd7qCu3g—600°C 1h 1.6
2h 1.82
3 NdFeB + 20 wt.% Ndy7oCuzo—600°C 1h 1.8
2h 2.1
4 NdFeB + 30 wt.% Nd7qCu3p—600°C 1h 2.0
2h 2.03

Figure 2(a) shows the XRD pattern, which confirms
the presence of Nd,Fe;4B as the major phase in the
as-received sample. It could be noted that no prominent
peak corresponding to «-Fe (BCC structure) is detected
from the XRD pattern as it is apparent that the addition of
Nb prevents the formation of the «-Fe phase [17,18]. The
XRD pattern of the GBDP sample shows the presence of
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Figure 2. (a) shows the X-ray diffraction pattern for the as-recd
and GBDP (20 wt.% Nd-Cu in Nd-Fe-B-Nb) sample along with the
TEM micrographs showing a similar grain size for (b) as-recd and
(c) GBDP samples. The grain size distribution plot along with mag-
nified images of Nd-Fe-B grains are shown in the set. The dark
sporadic contrast (indicated by arrows) visible in as-recd magni-
fied image represents the Nb clusters, while the GBDP sample
had Nd-Cu segregation along grain boundaries as visible in bright
contrast (indicated by arrows) in the STEM-HAADF insert image.
(d) STEM-EDS mapping of Nd and Cu corresponding to HAADF
image in the inset of GBDP sample indicating the predominant
segregation along grain boundaries.



additional peaks along with Nd,Fe;4B, which were iden-
tified as «-Nd and NdCu phases. The peak profiles were
broad and overlapping, typical for the melt-spun samples,
suggesting the presence of nano-sized grains. According
to the Debye Scherrer method, the grain size of the as-
recd and GBDP sample was 22 +4 nm and 2544 nm,
respectively. Transmission electron micrographs of the
as-recd and GBDP sample (as shown in Figure 2(b,c)) are
in good conformity with the grain size estimated from
the XRD measurements. The average grain size for the
as-recd and GBDP sample was 23 + 1.5 nm and 26 £ 2.3
nm, respectively estimated from the grain size distribu-
tion, shown as an insert in the respective bright-field
TEM images. There is no significant grain size differ-
ence between the as-recd and GBDP samples, unlike ear-
lier reports wherein a significant grain growth has been
reported for similar annealing conditions during grain

Concentration (Atomic%)

M
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boundary diffusion affecting the coercivity [25,28]. In the
present case, there is an insignificant grain growth dur-
ing the diffusion process, which could be attributed to
the presence of the Nb-rich clusters that hinders the grain
growth.

For the as-recd condition, the magnified bright field
TEM image in the inset of Figure 2(b) shows sporadic
dark contrast regions (indicated by arrows) around GBs
possibly representing the Nb-rich clusters. Similarly, the
STEM High Angle Annular Dark Field (HAADF) image
in the inset of Figure 2(c) indicates GBs where Nd-Cu
eutectics have diffused as bright contrast regions ( ~70%
area fraction indicated by arrows). This observation indi-
cates that the GBDP has resulted in the inhomogeneous
decoration of GBs. Furthermore, STEM-EDS mapping
of eutectic species, namely, Nd and Cu, was performed
to ascertain the distribution characteristics, as shown in

b
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Figure 3. Three-dimensional atom probe measurements with (a) proximity histogram of the selected Nb cluster in the inset along with
the 3D distribution of clusters delineated with 3 at.% the Nb isoconcentration surface of the as-recd sample; (b) Elemental distribution
maps showing the homogeneous distribution of Fe, B and Nd in the as-recd sample; (c) proximity histogram of the selected Nb cluster in
inset along with the 3D distribution of Nb clusters delineated with 3 at.% the Nb isoconcentration surface of the GBDP (20 wt.% Nd-Cu
in Nd-Fe-B-Nb) sample (d) 1D Compositional profile obtained from 10 nm diameter cylindrical region of interest with 0.5 nm bin width
along the Cu-enriched region (highlighted by isodensity surface) of the GBDP sample.
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Figure 2(d). It is apparent that not all GBs are decorated
by the 20 wt.% Nd-Cu eutectic.

Figure 3(a) shows the proximity histogram corre-
sponding to the Nb cluster (indicated by the rectangle in
the inset) delineated with an isodensity surface in the Nb
elemental distribution map of the as-received condition.
The Nb concentration in the core of the cluster was 29 + 4
at.%; the corresponding Nb content in the matrix region
was 1.3 £0.17 at.%. The enlarged view of the Nb cluster
is shown in Figure 3(a). The three-dimensional distri-
bution maps of the constituent elements, such as Fe, B,
and Nd, appear to be homogeneously distributed within
the analysed volume, as indicated in Figure 3(b) for the
as-received condition.

Similarly, the proximity histogram for the GBDP sam-
ple is shown in Figure 4(c). The presence of ~10 nm
diameter-sized Nb-rich clusters is apparent (inset of
Figure 3(c)), which did not coarsen during annealing, as
can be evidenced from the delineated Nb-rich regions
using a 3 at.% Nb iso-concentration surface. The aver-
age Nb concentration in the core of the clusters was
23 £ 3.5 at.% and that in the matrix was 0.62 = 0.08 at.%.
According to the earlier studies, the low solubility of only
~0.7 wt.% NbD in the Nd,Fe;4B phase [29] results in the
formation of Nb-rich clusters, which hinders the grain
growth, thereby facilitating the retention of nanosized
grains during subsequent heat treatment [21]. Figure 3(d)
presents the 1D concentration profile taken along the
10 nm diameter cylindrical region of interest as shown

Nd

in the inset, which also depicts the local enrichment of
Cu distinguished using an isodensity surface. An appar-
ent enrichment of Nd and Cu, along with the supposed
GB together with the depletion of the Fe and B, can be
noticed.

Figure 4 represents the mechanism of GBDP in the
presence of Nb, which, by forming nano-scale clusters,
hinders the mobility of Nd-Fe-B GBs during diffusion
annealing and retaining small grain sizes with a large
fraction of GBs. On the contrary, the same annealing
process without the presence of Nb results in grain coars-
ening, as depicted in the schematic. The nanoscale Nb
clusters did not coarsen during GBDP and hence assisted
in the enhancement of coercivity by facilitating the dif-
fusion of Nd-Cu eutectic. The GB-decorated Nd-Fe-B
grains may more respond to the applied magnetic field
in isolation than the non-GB decorated Nd-Fe-B grains.

The initial magnetization curves (IMC) of both the
samples shown in Figure 5(a) exhibit an S-shaped curve
with a change in slope of the magnetization curve (indi-
cated by arrows) at 1.2 T for the as-received sample,
while it has increased to ~3 T for the GBDP sample.
Figure 5(a) shows the derivative of the IMC of both the
samples, which helps identify the fields at which slopes
(the shaded region) deviate from the IMC. The low-
field peak around 1.2 T is observed in the as-recd and
the GBDP samples, due to Nb-rich clusters. However,
the high pinning field peak is observed only for the
GBDP sample, which is attributed to the pinning by

CueNb

Nd-Fe-B with Nb

® Nd-Cu eutectic

Nd-Fe-B without Nb

Figure 4. Schematic representing the process of GBDP where intentional Nb was added to suppress the grain boundary mobility in
comparison with grain coarsening by annealing in the absence of Nb.
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Figure 5. (a) Initial magnetization curve of the as-recd and GBDP (20 wt.% Nd-Cu in Nd-Fe-B-Nb) along with the inset showing the
derivative identifying the kinks due to the pinning of domain walls with (b) and (c) showing the Henkel plot and coercivity measured as
a function of the applied field, respectively showing the reduction in exchange in interaction and effective domain wall pinning and due

to grain boundary in the GBDP sample.

the Nd-enriched grain boundary phase. The observa-
tions from the APT data are in good agreement with
this proposition as the as-recd sample lacks a distinct GB
phase, while in the case of the GBDP sample (shown in
Figure 3(d)), it is obvious that the low melting Nd-Cu
eutectic phase decorates the GB, making it discernible
and weaken the exchange interaction. Thus, the com-
bined effect of Nb-rich clusters and the effective pinning
of domain walls at the Nd-Cu-enriched GBs lead to the
observed enhancement in coercivity. The reduction in
exchange interaction in the GBDP sample due to the dis-
tinct GB decoration is also proved from the Henkel plots
shown in Figure 5(b), wherein the intensity of the §M
peak is almost reduced to half compared to the as-recd
sample. Also, the typical GB composition of the GBDP
sample was Ndj;FegsB37Cus 3 from the APT GB anal-
ysis, which shows the presence of substantial Fe content
in the GB. Akimasa Sakuma et al. have reported that in
those cases where the Nd content is lower than 70 at%, the
GB was ferromagnetic [30], which explains the observed
positive M values of the GBDP sample (Figure 5(b)).
The effect of pinning is further confirmed by the coer-
civity measured as a function of the applied field, as
shown in Figure 5(c). A higher applied field is required
to obtain the saturated coercivity of 2.1 T for the GBDP
sample compared to the as-recd sample, which confirms
the effective domain wall pinning in the former sample.

Conclusions

Grain boundary diffusion, using the Nd-Cu eutectic
phase, was carried out in 1.5 at.% Nb containing Nd-Fe-B
melt-spun ribbons. The GBDP (20 wt.% Nd-Cu-diffused

Nd-Fe-B-Nb) sample exhibited a coercivity of 2.1 T com-
pared to the 1.2 T of the as-prepared melt-spun ribbons.
The following conclusions can be drawn as the reasons
for the 75% enhancement in coercivity.

(1) Nb-rich (> 22 at.% at the core) clusters were effec-
tive in restricting the grain growth ( ~ 25 nm) during
the diffusion annealing (600°C for 2 h) process as the
grain size of Nd, Fe4B grains was compared with the
as-prepared condition.

(2) STEM-EDS observation of GBs confirmed the GB
diffusion of Nd-Cu eutectic of which atleast 70% by
area fraction were decorated.

(3) The Nd-Cu segregation along the GBs has reduced
the exchange coupling between the Nd,Fe 4B grains.

Thus, Nb clusters play a crucial role in the GBDP of
Nd-Fe-B to enhance coercivity.
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