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The grain boundary phase affects the magnetic properties and corrosion resistance of sintered NdFeB magnets. In
this work, a small amount of In was added to NdFeB magnets by induction melting to systematically investigate its effect
on the evolution of the microstructure, magnetic properties and corrosion resistance of NdFeB magnets. Microstructural
analysis illustrated that minor In addition generated more grain boundary phases and an abundant amorphous phase at the
triple-junction grain boundary. While the addition of In failed to enhance the magnetic isolation effect between adjacent
matrix grains, its incorporation fortuitously elevated the electrochemical potential of the In-containing magnets. Besides,
during corrosion, an In-rich precipitate phase formed, hindering the ingress of the corrosive medium into the magnet.
Consequently, this significantly bolstered the corrosion resistance of the sintered NdFeB magnets. The phase formation,
magnetic properties and corrosion resistance of In-doped NdFeB magnets are detailed in this work, which provides new

prospects for the preparation of high-performance sintered NdFeB magnets.

Keywords: In-doping, NdFeB magnets, magnetic properties, corrosion resistance

PACS: 75.50.Ww, 68.35.bd, 82.45.Bb, 75.60.Ej

1. Introduction

Since the inception of NdFeB permanent magnets in the
1980s, they have found extensive applications across diverse
fields.['>] With expanding demand, the need for information
on the magnetic properties and corrosion resistance of NdFeB
continues.> Studies have shown that optimizing the mi-
crostructure of magnets is a common approach to improving

s.[10-141 Corrosion resistance during prac-

magnetic propertie
tical application is another important indicator for evaluat-
ing NdFeB magnets.!!>1%1 Conventional corrosion processes
preferentially dissolve several low-potential grain boundary

(17.18] To prevent cor-

phases such as Nd-rich and B-rich ones.
rosion, it is necessary to mitigate the potential difference be-
tween the grain boundary phase and the matrix phase to im-
prove the corrosion resistance of a magnet.!!'>?° Therefore,
exploring how to efficiently improve the magnetic properties
and corrosion resistance of NdFeB magnets is an important
research topic.

It has been demonstrated that the addition of non-
magnetic alloy additives, such as Nd-rich and Pr-rich alloys,
can optimize the microstructure to enhance magnetic prop-

10-14,21,22

erties and corrosion resistance.! ! Furthermore, en-

hancing both magnetic properties and corrosion resistance is
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a challenge, and one of the properties may deteriorate. 1820231

Currently, the addition of microelements during the melt-
ing process has been widely used to optimize magnetic

[10.24] For example, Al and Ga have been added,

properties.
resulting in the formation of continuous and thick grain
boundaries, thereby increasing the coercivity via the de-
magnetization coupling strengthening mechanism. The ad-
dition of alloying additives containing Al and Ga also en-
hanced the corrosion resistance of NdFeB magnets.[>-27! This
method diminishes the disparity in electrochemical potential
between the ferromagnetic phase and the intergranular matrix
phase, subsequently attenuating the impetus for electrochemi-
cal corrosion. [28-30]

The element In is the same main group as Al and Ga and
has similar chemical properties. Therefore, we speculate that
In doping of NdFeB magnets will produce similar effects to
the addition of Al and Ga, but this has rarely been studied sys-
tematically. In this work, a small amount of In was introduced
to sintered NdFeB magnets during induction melting to ex-
amine its impact on microstructure, magnetic properties and
corrosion resistance. It is expected that In and Ga will have
similar effects in NdFeB, with amorphous thin-walled grain

boundary phases appearing at grain boundaries that may en-
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hance the magnetic properties and corrosion resistance of the
magnet. Microstructural analysis was utilized in this work to
clarify the mechanism of the effect of In doping on the mag-
netic properties and corrosion resistance of sintered NdFeB
magnets.

2. Experimental details

The raw materials were industrially pure (99.9%)
Fe, Fe-B, Nd, Co, Al, Cu and Zr Alloys with
nominal compositions of Ndsg 5(Fe,Co)gs.6Mp5Boos and
Ndj3¢.5(Fe,Co)¢7.56In0.5Mp 5Bo.94 (Wt%, where M = Al, Cu or
Zr) were denoted as OIn and 0.5In samples, respectively. Al-
loys were melted by induction melting under a protective at-
mosphere of high-purity Ar gas and then cast onto rotating
copper rollers. The obtained OIn and 0.5In alloys were in
the form of strip-cast (SC) flakes. The SC flakes were then
crushed into coarse powders using hydrogen decrepitation,
and these were further refined by jet milling under a nitro-
gen atmosphere. The magnetic particles were then crushed
by hydrogen decrepitation and jet milling to give an average
particle size of 2.5-2.8 pm. The magnetic particles of two
different compositions were then compacted in a 1.8 T mag-
netic field then isostatically compacted at a pressure of 160—
170 MPa. Afterwards, the green compacts were sintered at
1080-1090 °C for 4 h in a vacuum with gas quenching, fol-
lowed by post-annealing for 2 h at 900 °C and 500-550 °C,
respectively. Finally, magnets of 7 mm diameter and 5 mm
thickness were prepared by cutting.

The room-temperature demagnetization curves of the
magnets were measured using a pulsed-field magnetometer
(HIRST PFM14.CN). Observation of the microstructure of the
samples was carried out in the backscattering mode of a scan-
ning electron microscope (SEM; FEI Quanta FEG 250), and
energy dispersive spectroscopy (EDS) was used to quantita-
tively analyze the elemental distribution. Using a Talos F200X
scanning/transmission electron microscope the detailed mi-
crostructure and elemental distribution of the localized phases
was further investigated by scanning/transmission electron mi-
croscopy and energy dispersive x-ray spectroscopy. Electro-
chemical polarimetry (Modulab XM potentiostat) was per-
formed at 25°, and all experiments were conducted in a stan-
dard three-electrode cell consisting of a working electrode of
NdFeB, a saturated silver chloride reference and a Pt counter
electrode. The experiments were performed in an aerated
3.5 mass% NaCl solution. After the opening point position
(open circuit potential) reached a stable state (usually after
soaking in an electrolytic cell for 30 min), the polarization
curve was recorded at a scanning rate of 0.5 mV-s~! (the test
time was 2 h), from negative potential to positive potential.
All electrochemical tests were repeated twice under the same

conditions to ensure reasonable reproducibility. Before the ex-
periment, each sample was cleaned and its initial weight was
recorded. The samples were placed in a weight loss instru-
ment (HAST EHS-221M) with saturated humidity and a tem-
perature of 130 ° for 72 h for high-pressure cooking testing.
After the test, the surface of each sample was cleaned and the
weight loss of each sample was recorded.

3. Results and discussion

3.1. Microstructure evolution during strip-casting, sinter-
ing and annealing processes

Figure 1 shows the backscattered electron (BSE) SEM
images of the SC alloys. Both OIn and 0.5In alloys are com-
posed of layered matrix phases (gray stripes) and rare-earth-
rich (RE-rich) phases (white stripes), consistent with previ-
ously reported phenomena.3!=33 The corresponding Fe and
Nd elemental mapping distributions are clearly visible, with
Fe distributed as strips in the matrix phase and Nd enriched at
grain boundaries. It is important to note that the morphology
of the RE-rich phase of the 0.5In magnet is distinct from that
of the OIn magnet. First, the width and length of the colum-
nar crystals in the matrix phase of the In-doped magnet are
narrower and shorter. Second, the grain boundary phase is
discontinuous and inhomogeneous. The grain boundary phase
of 0.5In SC is shorter than that of OIn SC alloy, and the ter-
minals are concentrated into distinct spheres (regions 1 and
2 in Fig. 1(d)). Third, In is enriched in the grain boundary
phase and remains concentrated in spheres in the grain bound-
ary phase. The distribution of In in the grain boundary phase
is extremely discontinuous and inhomogeneous. The segrega-
tion distribution of In is directly responsible for the disconti-
nuity and inhomogeneity of the grain boundary phase of the
0.5In magnet. This phenomenon may extend to affect the sub-
sequent sintering and annealing processes and may impact the
magnetic properties of the magnet. The microstructural differ-
ences of SC alloy (0.5In) are related to various factors. Firstly,
because the added amount of In only accounts for 0.5 wt% of
the overall content it only enters some Nd-rich grain bound-
ary phases. The microstructure of the strip-cast alloy is related
to the melting temperature and cooling rate, and under these
conditions the distribution of In at grain boundaries tends to
converge in some Nd-rich phases, with little effect on the ma-
trix phase.

Figure 2 shows the BSE SEM and EDS images at dif-
ferent magnifications in OIn (Figs. 2(a) and 2(b)) and 0.5In
(Figs. 2(c) and 2(d)) sintered magnets. For the OIn and 0.5In
sintered magnets, Fe atoms are distributed in the matrix phase
and Nd atoms are enriched at grain boundaries, consistent
with the elemental distribution in SC alloys. Additionally, In
atoms segregate in the triple-junction phase, Moreover, under
low magnification (Figs. 2(a) and 2(c)), there are more grain
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boundaries in the 0.5In sintered magnet than in the OIn one.  rated from each other. The reason for this phenomenon is that

However, the grain boundaries of the 0.5In magnet are still ~ In accumulates and forms defects at the grain boundary. In

not continuous and the matrix grains are not effectively sepa-  fact, defects cannot be eliminated by sintering the magnet.

Fe Nd

Fig. 1. BSE SEM images showing elemental mapping of Fe, Nd and In for (a), (b) strip-cast OIn NdFeB and (c), (d) strip-cast 0.5In doped

NdFeB.

Fig. 2. BSE SEM images of (a), (b) OIn NdFeB sintered magnet and (c), (d) 0.5In NdFeB sintered magnet and the corresponding EDS elemental

mapping of Fe, Nd and In.

ka) O_ill e

~ 50 pm

Fig. 3. Different magnifications of BSE SEM images of (a), (b) OIn NdFeB annealed magnet and (c), (d) 0.5In NdFeB annealed magnet and

the corresponding EDS elemental mapping of Fe, Nd and In.

The structural characteristics and elemental distribution
of OIn and 0.5In annealed magnets are shown in Fig. 3. The
distributions of Fe, Nd and In in the annealed magnets are sim-
ilar to those in the sintered magnets. However, the annealed
0.5In magnet still has more grain boundary phases than the
annealed OIn magnet (Figs. 3(a) and 3(c)). The increase in the
grain boundary phase is due to melting of the defect region
at the grain edge of the matrix phase upon magnet annealing,
and also to the introduction of non-magnetic elements. Ob-
servations at high magnification reveal that the OIn magnet ex-

hibits a continuous grain boundary phase, effectively isolating

the adjacent matrix phases. However, the 0.5In magnet does
not form a considerable number of continuous grain bound-
ary phases to support the magnetic isolation effect, although
it has more grain boundary phases. In addition, it is not dif-
ficult to see that a large number of blocky In agglomerates
are eliminated at the grain boundaries. Segregation of In at
grain boundaries in sintered and annealed magnets also occurs
for various reasons. On the one hand, during the strip-casting
stage it is observed that some Nd-rich phases contain In while
others have no In. During subsequent hydrogen decrepitation
and jet milling, the alloy flakes are crushed without affecting
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the phase structure. Therefore, this segregation phenomenon
continues until the sintering and annealing stages. On the other
hand, the fluidity of In in NdFeB is poor,**! and the sintering
and annealing temperatures cannot change the distribution of
In-rich phases stacked at the triple-junction grain boundaries.
Therefore, the segregation of In runs through the entire process
of magnet preparation.

3.2. TEM microstructural characterization

Transmission electron microscopy (TEM) was utilized to
clarify the composition distribution of the triple-junction phase
in more detail. Figure 4 depicts the detailed microstructural
characteristics of annealed OIn and 0.5In magnets. The high-
angle annular dark-field scanning TEM image of the annealed
OIn sample reveals three matrix phase grains surrounding the
triple-junction phase (Fig. 4(a)). The corresponding elemen-
tal distributions of Fe and Nd reveal that Fe is enriched in
the grains of the matrix phase while Nd is enriched in the
triple-junction phase, as shown in Figs. 4(d) and 4(e). A high-
resolution TEM (HRTEM) image of the A1 area (red circle) of
the grain boundary phase GB1 is shown in Fig. 4(b), and the
grain boundary phase hcp-RE, O3 structure in the selected area
(electron) diffraction (SAED) pattern is shown in Fig. 4(c).

* 2100,
h-Nd,O5; [001]

Bright-field TEM images of the 0.5In annealed magnet
are shown in Fig. 4(f). The grain boundary phase GB2 of the
0.5In annealed magnet has Fe-poor and Nd-rich regions, as
shown in Figs. 4(i) and 4(j), respectively. Figure 4(k) shows
that In is also enriched in the GB2 grain boundary region, con-
sistent with the BSE SEM observations (Fig. 3). In addition,
the A2 area (yellow circle) shows the grain boundary struc-
ture of GB2, which is significantly different from that of GB1.
Figure 4(h) shows an HRTEM image of the A2 area, which
presents a ring-shaped diffraction pattern. Accordingly, the
grain boundary area of the 0.5In sample remains amorphous.
Following TEM characterization, in-depth analysis was con-
ducted on the phase structure and distribution of OIn and 0.5In
samples. The distribution of In in sintered magnets is simi-
lar to that of Ga, and both form amorphous phases. However,
combined with BSE EDS analysis, it can be determined that
In does not form thick and uniform thin-walled grain bound-
ary phases in the grain boundaries, but rather accumulates in
triple-junction grain boundaries that cannot provide effective
magnetic isolation. The coercivity of NdFeB is a sensitive pa-
rameter of the structure, and considering the characteristics of
In distribution it may be less helpful for determining the mag-
netic properties.

Fig. 4. (a) High-angle annular dark-field (HADDF) STEM image of a OIn annealed magnet and (d), (¢) EDS elemental maps of the triple
junction. (b) HRTEM image of region Al in (a) and (c) SAED pattern of region Al in (b). (f) HADDF STEM image of a 0.5In annealed
magnet and (i)—(k) EDS elemental maps of the triple junction. (g) HRTEM image of region A2 in (f) and (h) SAED pattern of region A2 in (f).

3.3. Magnetic properties

The microstructure of magnets has a significant influ-
ence on their magnetic properties; therefore we studied the
magnetic properties of NdFeB magnets in detail. Figure 5(a)
shows the room-temperature demagnetization curves of Oln
and 0.5In magnets at annealed at different temperatures, and
their magnetic properties are summarized in Table 1. Fig-
ure 5(b) compares the magnetic properties of the OIn and 0.5In
annealed magnets at room temperature. The coercivity (H;)
of the 0.5In magnet is 11.24 kOe, which is slightly lower (by

0.32 kOe) than that of the OIn magnet (11.56 kOe), and the

maximum magnetic energy product (BH )max is 47.48 MGOe
and 47.08 MGOe, respectively In fact, H;; of NdFeB is highly
sensitive to microstructure, such as the grain size, intergranu-
lar phase composition and structure. The addition of a small
amount of In causes significant changes in the microstructure
of the magnet. Moreover, the amorphous structure is segre-
gated in the Nd-rich phase, which prevents effective magnetic
isolation. The addition of non-magnetic In led to a small re-
duction in the remanence (B;) and (BH )max, similar to the phe-
nomena reported previously upon the addition of Al and Ga

elements.[31-32]
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Fig. 5. (a) Room-temperature demagnetization curves of optimized an-
nealed OIn and 0.5In magnets. (b) By, Hj, and (BH )max of 0In and 0.5In
magnets.

Table 1. Magnetic properties derived from the demagnetization curves
for the annealed OIn and 0.5In magnets.

Sample B; (kG) Hj (kOe) (BH )max MGOe)
Annealed OIn 14.17 11.56 47.48
Annealed 0.5In 14.14 11.24 47.08

3.4. Corrosion resistance

The corrosion resistance of NdFeB magnets is closely
related to their microstructure and phase composition, par-
ticularly the composition and structure of the intergranular

33361 Figure 6(a) shows the potentiodynamic polariza-

phase.!
tion curves of OIn and 0.5In magnets before and after treat-
ment with 3.5 mass% NaCl solution; the corresponding fitting
results are summarized in Table 2. The BSE SEM and cor-
responding elemental distributions of OIn and 0.5In magnets
after the soaking treatment are shown in Figs. 6(b)-6(d). The

surface of the OIn magnet has more pits and inhomogeneous

101
= 102}
g
2
< 103}
> v 0In
80 10-4} +-0.5In
= 0In soaked
*0.5In soaked
10-°

-16 -—-12 —-08 —-04 0

Potenial (V vs. SCE)

pores (Figs. 6(b) and 6(c)), while the 0.5In magnet has bet-
ter surface characteristics than the OIn magnet (Figs. 6(c) and
6(d)). The original corrosion potential of the OIn magnet was
—0.77 V. After In doping, the corrosion potential of the 0.5In
magnet changed to —0.76 V. The corrosion current density of
the OIn magnet was 4.35 x 10~ A-cm~2, and after In doping
the current density dropped sharply to 1.54 x 10~* A-cm™2.
After soaking OIn and 0.5In magnets in 3.5 mass% NaCl solu-
tion for 48 h, the corrosion potential of the OIn magnet changed
to —0.82 V, but the corrosion potential of the 0.5In magnet re-
mained at —0.78 V. Furthermore, the corrosion current den-
sity dropped from 7.72 x 10~* A-cm~2 for the OIn magnet to
3.68 x 10~* A-cm~2 for the 0.5In magnet.

Figures 6(b) and 6(c) illustrate the inhomogeneous pits
on the magnet surface after the OIn sample was soaked in
3.5 mass% NaCl solution. Elemental distribution also con-
firms that these pits are due to the absence of grain bound-
ary phases, and an increased porosity between the grains of
the matrix phase is observed, making separation from the bulk
more likely. In contrast, after soaking, the surface of the 0.5In
magnet also has pits but is flatter than the OIn sample; the ele-
mental distributions also indicate that the matrix phase grains
are agglomerated with each other. Moreover, In is widely dis-
tributed on the surface of the matrix phase grains, so it can be
assumed that the enhancement of the corrosion resistance of

the 0.5In sample is due to the improved doping with In.

Fig. 6. (a) Potentiodynamic polarization curves for OIn and 0.5In magnets without and with 48 h soaking in 3.5 mass% NaCl solution. Different
magnifications of BSE SEM images of (b), (c) OIn and (d), (e) 0.5In annealed magnets after 48 h soaking and the corresponding EDS elemental

mappings of Fe, Nd and In.

Table 2. Results for OIn and 0.5In magnet potentiodynamic polarization
curves without and with 48 h soaking in 3.5 mass% NaCl solution.

Sample Ecorr (V) Leorr (A-cm™2)
0OIn —0.77 435%x 1074
0.5In —0.76 1.54 %1074
0OIn soaked —0.82 7.72 %1074
0.5In soaked —0.78 3.68x 1074

To verify the effect of In doping on the corrosion resis-
tance of the magnets, further weight reduction experiments
were performed. Figures 7(a)-7(d) show the surface morphol-
ogy and corresponding Fe, Nd, O and In distributions in Oln
and 0.5In samples after weight loss. Figure 7(e) shows the

energy spectrum of 0.5In samples after weight loss, Fig. 7(f)
shows the mass and mass difference of the two samples before
and after weight loss and Fig. 7(g) shows powder XRD spec-
tra of the two samples after weight loss. In Figs. 7(a)-7(d) the
OIn samples show severe corrosion on the surface and serious
grain damage. On the other hand, the surface of the 0.5In sam-
ple is very flat, and a large number of bright particles can be
observed under high magnification; the elemental distribution
and energy spectrum results indicate that the bright particles
are In-rich precipitates. Figure 7(f) shows that after weight

loss, the mass loss of the OIn sample was 1.819 mg-cm~3,
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while that of the 0.5In sample was only 0.930 mg-cm~3. This
fully demonstrates that In doping has a significant effect on
the corrosion resistance of the magnet. Figure 7(g) shows the
XRD results of the two samples after corrosion, and reveals
that several In-rich diffraction peaks appear in the 0.5In sam-
ple, consistent with the BSE EDS results.

Combining electrochemical and weight loss experiments,
it can be confirmed that the corrosion resistance of magnets
containing In is significantly enhanced. This is attributed to
the fact that In doping improves the electrochemical potential
of the magnet and reduces the potential difference between

2510 i

[ Original ] Loss I Amass

the grains of the matrix phase and the grain boundary phase.
This is most likely due to the substitution of some metals in
the magnet by In, which increases the total potential. The re-
sults of weight loss experiments also show that the corrosion
resistance of In is significantly improved. During corrosion
of a NdFeB magnet, the Nd- and B-rich phases are corroded
preferentially, and the In-rich grain boundary phase precipi-
tates into the In-rich oxide, preventing the corrosive medium
from entering the inside of the magnet, blocking the corrosion
channel, slowing down the corrosion rate and significantly im-

proving the corrosion resistance of the magnet.

(g)

Samples

§ mass mass
= 70 2.24F 2.0 : — 0In observed
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2 60}
= 1961 1.6
o | Nd i e
% 50 . 1.68 g
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Fig. 7. (a)—(d) Surface morphology and corresponding Fe, Nd, O and In distributions of the OIn and 0.5In samples after weight loss. (e) Energy spectrum
of the 0.5In sample. (f) Mass and mass difference of the two samples before and after weight loss. (g) XRD patterns of the two samples after weight loss.

4. Conclusion and perspectives

The magnetic properties, corrosion resistance and mi-
crostructural characteristics of sintered NdFeB magnets with-
out and with 0.5 wt% In doping were investigated. This work
fills the knowledge gap regarding the microstructural evolution
of In-doped NdFeB magnets through detailed and systematic
observations and characterizations. Additionally, the effect of
In doping on the corrosion resistance of sintered NdFeB mag-
nets was analyzed.

From observations of the microstructure, it was seen that
the OIn and 0.5In magnets have similar phase structures. How-
ever, due to the inherent properties and distribution character-
istics of In, subsequent heat treatment could not eliminate In
segregation. Although In doping increases the proportion of
grain boundary phases, most of the grain boundary phases do
not form continuous and uniform thin-walled grain boundaries
but instead form aggregates at the triple-junction boundary,
which is not conducive to magnetic enhancement. In addi-

tion, In doping increases the electrochemical potential at the
magnet and leads to the formation of In-rich oxide precipitates
during corrosion, blocking the corrosion channels and signif-
icantly improving corrosion resistance. Therefore, follow-up
work should focus on the relationship between the addition
of In and magnetic properties, optimize the processing con-
ditions for the preparation of strip-cast alloy flakes, optimize
the structure and prepare sintered magnets with excellent mag-
netic properties and strong corrosion resistance.
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