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Abstract: The effect of cathodic hydrogen evolution on coercivity and thermal stability was investigated in sintered NdFeB
magnets. The magnetic properties, phase structure and morphology were studied by SQUID-VSM, DSC, XRD, TEM and SEM.
After cathodic hydrogen evolution, the H¢j decreases from 1034.8 kA m™to 963.16 kA m™. The temperature coefficient a declines
from —0.253% € to —0.3229% <€, and the 8 declines from —0.7518% €™ to —0.7738% <. A mechanism was proposed to
explain the results. In the process of cathodic hydrogen evolution, some of the generated hydrogen atoms react with the Nd,Fe14B
phase and Nd-rich phase, forming Nd,Fe;sBHy and NdH,, respectively. The formation of NdH, causes a volume expansion, which
results in intergranular cracks and stress. X-ray diffraction and morphology characterization confirms the presence of these defects.
These defects would significantly promote the nucleation of reverse magnetic domains, and further decline the coercivity and

thermal stability of magnets.
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Sintered NdFeB magnets are widely used in electronic
industry, wind power generation and electric vehicle, due to
their excellent magnetic properties?. The magnets have
poor corrosion resistance®*. Surface treatment is necessary
to improve the corrosion resistance. Electroplating Ni, Zn
and Ni/Cu/Ni coatings or electrophoresis of epoxy coating
are the most commonly used surface treatments in
industry'™®®.. However, it has been noticed that these surface
treatments declined the magnetic properties”™. In the
electroplating or electrophoresis processes, cathodic
hydrogen evolution is the main side reaction and inevitable,
while the composition, microstructure and magnetic
properties of NdFeB magnets are sensitive and vulnerable
to hydrogen. It is reasonable to relate the declined magnetic
properties with cathodic hydrogen evolution. Coercivity
and thermal stability are important magnetic properties for
the application of magnets, especially at high temperature.
So it is very significant to clarify how cathodic hydrogen
evolution affects the coercivity and thermal stability.

The magnets are composed of matrix Nd,Fe 4B phase and
intergranular Nd-rich phase. The coercivity and thermal
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stability are in close relation with the composition and
microstructure of magnets. Additions including Ce!*?,
H063.4Fe36.6[13]r Dny[M]x Y72C023[15], Dy32.3C017.7[16] and zrt*"
etc. were used to enhance the coercivity and thermal stability
by composition and microstructure optimization. While the
local stress near the grain boundary™® cracks in the
magnetst*¥ and lattice misfit of N-rich phase with Nd,Fe,,B
phase® all could decline the coercivity. Thus, identifying
the relations among cathodic hydrogen evolution,
composition and microstructure is particularly important.

In the present study, we investigated how cathodic hydrogen
evolution declined the coercivity and thermal stability. A
mechanism was proposed to explain this phenomenon. This
knowledge would also provide a chance to avoid the coercivity

and thermal stability decline or regain them.

1 Experiment

The commercial sintered NdFeB magnets
(Ndy51ThggFe;7.4Bgo) Were used in the investigation. Magnets
were polished with SiC abrasive papers (of grades in the
range of 600~2000), ultrasonically cleaned in alcohol and
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then dried in air. The cathodic hydrogen evolution was
performed in 3.5 wt% NaCl solution with a DC power supply
(KAE-1201) at room temperature. The 3.5 wt% NaCl
solution was used to simulate the aqueous salt solution in
electroplating and electrophoresis. Magnets and Pt plate were
used as cathode and anode, respectively. Hydrogen was
generated at the NdFeB magnets surface with cathodic
current density of 0.2, 0.5 and 1 A/dm? for 30 min. In actual
electroplating or electrophoresis process, the cathodic current
density usually varied from a few tenths of amperes per
square decimeter to several amperes per square decimeter.
The cathodic current density was also bigger in the edges and
corners of cathode due to tip effect. The deposition time
varied from tens of minutes to hours. So these cathodic
current density and time were chosen in the experiment. The
electrode reaction was as following'!!:

Anode reaction: 40H —0,+2H,0+4¢ @

Cathode reaction: H'+e'—H 2)

Magnetic properties were measured using an SQUID-VSM
magnetic measurement device with a maximum magnetic
field of 7 T at 300 and 373 K. The Curie temperature was
tested by differential scanning calorimetry (DSC, NETZSCH)
at a heating rate of 10 €/min. Phase analysis was examined
by X-ray diffraction (XRD, Rigaku, Japan) with Cu Ka

radiation. Transmission electron microscopy was carried out
by FEI Tecnai G2 F20 operated at 200 kV. The surface
morphologies were characterized by field emission scanning
electron microscopy (FESEM, Apollo 300).

2 Results and Discussion

Fig.1 shows the remanence (B), coercivity (H) and
maximum energy product ((BH)ma) Of the original and
treated NdFeB magnets. The H declines obviously after
cathodic hydrogen evolution. It declines from 1034.8 to
963.16 kA m™ at 300 K, and from 469.64 kA m™to 421.88
kAm?' at 373 K. The B, and (BH)max also declines
significantly. However, when the cathodic current density
increases to 1 A/dm?, the magnetic properties recover partly.
This might be due to the shedding of the most hydrogenated
surface grains, which would be discussed later.

Fig.2 shows the differential scanning calorimetry (DSC)
curves of the original and treated NdFeB magnets. It
indicates the Curie temperature (T¢) is affected by cathodic
hydrogen evolution. The T¢ increases by about 2 € from the
original 310 <€ after cathodic hydrogen evolution. The
increased T¢ results from the volume expansion, which is
induced by hydrogen entering crystal lattice of magnets®?.
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Fig.1 Remanence (B), coercivity (H¢) and maximum energy product ((BH)max) of NdFeB magnets treated by cathodic hydrogen evolution
with different current density for 30 min tested at 300 K (a) and 373 K (b)
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Fig.2 DSC curves of original and treated NdFeB magnets by
cathodic hydrogen evolution for 30 min

The temperature coefficients of B, (a) and Hg (8) of
magnets from 300 K to 373 K are shown in Fig.3. They
reflect the thermal stability of magnets, which are calculated
from the following formulas:

a= & x100% 3
B, (T—To)
Hr - — T x100% (4)
“H, (T - )

where o and g are the temperature coefficients of B, («) and
H¢ (6) at temperature range from T, to T, respectively. The a
declines from —0.253% <€ to —0.3229% <€, and the g
declines from —0.7518% <€ to —0.7738% <" after cathodic
hydrogen evolution. It is shown the cathodic hydrogen
evolution reduces the thermal stability of magnets.

The coercivity and thermal stability are in close relation
with the composition and microstructure of magnets. To
investigate the effect of cathodic hydrogen evolution on the
composition and microstructure of magnets, XRD, TEM and
SEM were employed in the study. The diffraction patterns of
the original and treated NdFeB magnets are shown in Fig.4.
The diffraction peaks are characteristic peaks of Nd,Fe;,B
phase (PDF 36-1296) and Nd-rich phase (PDF 07-0090)%.
No new diffraction peaks appear in the patterns of treated
magnets. However, all the diffraction peaks shift relatively
toward smaller diffraction angles. This reveals that cathodic
hydrogen evolution expands the lattice parameters of the
Nd,Fe 4B phase and Nd-rich phase. It is due to that parts of
the generated hydrogen atoms react with the Nd,Fe 4B phase

and Nd-rich phase, forming Nd,Fe;,BH, and NdH,,

respectively”*?l. The reaction is as following®*"*:
Nd+xH—NdHx )
Nd,Fe;,B+xH—Nd,Fe,;,BH, ©)

TEM images of the original and treated NdFeB magnets
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Fig.3  Temperature coefficients (from 300 K to 373 K) of
remanence (a) and coercivity (5) of the NdFeB magnets
treated by cathodic hydrogen evolution for 30 min
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Fig.4 XRD patterns of original and treated NdFeB magnets by
cathodic hydrogen evolution for 30 min

are shown in Fig.5. The results of FETEM test are consistent
with that of XRD. As shown in the images and SAED pattern,
the crystal structure of tetragonal Nd,Fe;,B phase and
hexagonal close packed (hcp) Nd-rich phase do not change
after cathodic hydrogen evolution. Limited by accuracy, the
expansion of lattice parameters could not be discerned
directly in the image.

The surface morphologies of the original and treated
NdFeB magnets are shown in Fig.6. The original magnets are
compact. After 0.2 A/dm? cathodic hydrogen evolution for 30
min, some intergranular cracks and bulged matrix grains
appear, as shown in Fig.6a and 6b.

It is due to the absorption of hydrogen by the Nd,Fe ;B
phase and Nd-rich phase, as mentioned in the XRD analysis.
The formation of NdH, causes a volume expansion of the
grain boundary™®?!, which results in intergranular cracks and
stress. With the adding of current density, the volume
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Fig.5 TEM images and selected area electron diffraction patterns of original NdFeB magnets (a, ¢) and the magnets treated by cathodic
hydrogen evolution with 0.5 A/dm? for 30 min (b, d): (a, b) Nd,Fe1,B phase and (c, d) Nd-rich phase

Fig.6 Surface morphologies of original NdFeB magnets (a) and the magnets treated by cathodic hydrogen evolution for 30 min: (b) 0.2 A/dm?,

(c) 0.5 A/dm?, and (d) 1 A/dm?

expansion also increases. Parts of grains shred from magnets
surface after 0.5 A/dm? cathodic hydrogen evolution. And
almost all surface grains shred after 1 A/dm? cathodic
hydrogen evolution. The intergranular cracks are obvious in
the images. The shedding of the most hydrogenated surface
grains might partly recover the declined magnetic properties,
as mentioned previously.

Cathodic hydrogen evolution induces some changes of
composition and microstructure in the magnets, including the
interstitial hydrogen, intergranular cracks and stress. These
changes would promote the nucleation of reverse magnetic
domains, which further declines the coercivity and thermal
stability of the magnets. In NdFeB magnets, the coercivity is
determined by the activation energy of reverse magnetic
domains nucleation. The phenomenological equation is used™:

ch:aHa_Nefst (7)
where H, is the anisotropy field, a is structure factor, My is
the spontaneous magnetization, and N is the effective
demagnetization factor. The interstitial hydrogen would
decrease H,'?2. And the intergranular cracks and stress would
increase the N ™. These situations all lead to declined
coercivity. At a relatively high temperature, the treated
magnets would be more prone to nucleate reverse magnetic
domains, which also decreases the thermal stability. To avoid
the coercivity and thermal stability of magnets declining,
suppressing the cathodic hydrogen evolution in surface

treatments should receive more attention.
3 Conclusions

1) Cathodic hydrogen evolution results in declined
coercivity and thermal stability of sintered NdFeB magnets.
The H,; decreases from 1034.8 kA m™ to 963.16 kA m™ at
300 K. The a declines from —0.253% < to —0.3229% <™,
and the g declines from —-0.7518% <€ to —0.7738% <™.
The B, and (BH),..x also drops significantly.

2) Cathodic hydrogen evolution expands the lattice
parameters of the Nd,Fe;4,B phase and Nd-rich phase, and
forms Nd,Fe;,BH, and NdH,. The formation of NdH, causes
a volume expansion of the grain boundary, which results in
intergranular cracks and stress.

3) The interstitial hydrogen, intergranular cracks and stress
would promote the nucleation of reverse magnetic domains,
which further decreases the coercivity and thermal stability
of magnets.
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