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To reduce the Nd—Fe-B material cost and balance the utilization of rare earth sources, the misch metal (MM) substitution for Nd
in the sintered magnet attracts interest. Under the processing of fabricating Nd—Fe-B magnet, hydrogen decrepitation (HD) is widely
used to obtain magnetic powder; however, the HD behaviors of RE-Fe-B strips based on MM may be complex. The HD behaviors
of the [(Pr, Nd);_.MM,]303Fep,Co1.4 Boo7 (x = 0-1) strips were studied under 0.2 MPa pressure. We find that it is similar to the
Nd-Fe-B, 2:14:1 tetragonal structure of RE-Fe-B strips based on MM which is not broken during hydrogen decrepitating. But
the REFe, phase in MMj3 sFey, Co; 4By o7 disappears dramatically as a result of hydrogenation. For the samples with MM, the HD
process is quicker and the particle size gets smaller than that for free MM, especially for samples with 35 wt.% MM, which may

be attributed to La and Ce elements.

Index Terms— Hydrogen decrepitation (HD), misch metal (MM), REFe, phase, surface activation.

I. INTRODUCTION

UE to the excellent magnetic properties, the demands

of Nd-Fe-B magnets are increasing and the use of
closely relied rare earth (RE) Pr/Nd/Dy/Tb is expanding [1],
[2]. In this regard, there exists serious contradiction between
the increasing demand for Nd-Fe-B and the tight supply of
raw materials. Hence, high abundance and low-cost La/Ce
substitution for Nd to fabricate RE-Fe—B magnets has become
a research focus [3]-[8]. However, from misch REs to pure
La/Ce/Pr/Nd metal, the extraction and purifying processes are
very complex and influence ecological environment. Based on
protecting the environment and balanced use of RE resource,
the predecessor misch metal (MM), which contains La, Ce,
Pr, and Nd elements with natural ratio (26-29 wt% La,
49-53 wt. % Ce, 4-6 wt.% Pr, and 15-17 wt.% Nd) [9],
is directly applied to prepare RE-Fe—-B magnets. According
to the literatures, RE-Fe-B magnets with MM substitution
have preferable magnetic performances, although the intrinsic
magnetic properties of MM,Fe ;4B are inferior to Nd,Fe 4B,
yet the magnetic energy product of the isotropic MM 3Feg; B¢
melting ribbons have reached 12 MGOe [10]. The mag-
netic properties of the sintered RE-Fe-B with 30.3 at.%
MM substitution are Hg; = 7.11 kOe and (BH)pax = 41
MGOe, which is the highest in magnets with the same
composition prepared by all kinds of approaches. In a word,
powder metallurgy to fabricate sintered RE-Fe-B magnets
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with MM is an effective approach to realize quantitative

production.
Generally, the powder metallurgy method to fabricate sin-

tered Nd—Fe—B magnets is composed of strip-casting, hydro-
gen decrepitation (HD), jet milling, aligning under magnetic
field, sintering, and annealing. Among the process, HD is
the key process. Under hydrogen atmosphere (or elevated
pressure), due to the hydrogen absorption of Nd,Fe ;4B and
Nd-rich phase, the induced crystal volume expanding and
subsequent stresses make the material crushed and pulverized.
The obtained coarse powders are friable and easy to be milled
than the conventional powders. The HD process has been
demonstrated to have a great influence on the powder size
and shape and the microstructure of the final magnets [11],
[12]. For the RE-Fe-B strips with the La/Ce substitution,
it is more difficult to be hydrogenated than the Nd-Fe-B
strips, which is ascribed to higher oxygen affinity of La
and Ce than Nd [13]. But La and Ce are considered that
there are better the properties of hydrogen absorption than
Pr and Nd based on thermodynamic simulation and are the
typical hydrogen storage material [14]. There are the two
diametrically opposed views. In addition, due to the phase
constitution and microstructure of (Nd, MM)-Fe-B strips is
different from Nd—Fe-B, the HD behavior of these strips may
be also different. Hence, to further improve the magnetic
properties and stimulate quantity production, it is necessary to
study the HD behaviors of the RE-Fe-B strips based on MM.

II. EXPERIMENT
The alloy flakes with the nominal composition of [(Pr,
Nd)1_XMMX]_@(),gFCba]CO],4B0‘97 (Wt.%, X = O, 035, 050, 100)
were prepared by induction melting and strip-casting with a
copper wheel speed of 1.5 m/s. The mean thickness of the
obtained strips was about 0.3 mm. In the experiment, MM is
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Fig. 1. Initial magnetization curves of the [(Pr, Nd);_.MMxl308

Fepa1Cop.4Bo.97 (x = 0, 0.35, 0.50, and 1) strips at 300 K.

one of the typical MM from Bayan Obo mine in Baotou, which
contains about La 28.63 wt.%, Ce 50.13 wt.%, Pr 4.81 wt.%,
Nd 16.28 wt.%, and <1 wt.% others.

The HD process for [(PI‘, Nd)]_XMMX]_}()‘gFCba]CO]‘4B0.97
(x = 0, 0.35, 0.50, 1.00) strips was separately performed
in a high-pressure autoclave with initial hydrogen pressure
of 0.2 MPa (the value of the hydrogen pressure is generally
applied in industrial manufacture) at 293 K. The mass of
the strips loaded in the autoclave was 1000 g every time.
During the whole process, the pressure was detected by the
pressure sensor and the temperature was monitored by the
thermocouple in the autoclave. The autoclave was charged
with hydrogen automatically as soon as the pressure dropped
to 0.168 MPa. The hydrogen content of the samples was tested
by Oxygen Nitrogen Hydrogen analyzer (Eltra ONH-2000).
The phase constitution was analyzed by X-ray diffraction
(Panalytical X’pert Powder system) with Co Ka radiation.
The micro-structure was observed by a scanning electron
microscope (Phenom Prox) with an energy-dispersive X-ray
spectrometer (EDS). Subsequently, the magnetization field
(M-H) curves of the strips were also measured at 300 K by
a Quantum Design PPMS with a maximum field of 9 T. The
particle distribution of the powder after the HD process was
tested by the laser particle diameter analyzer (SYMPATEC
HELOS&RODOS/L type).

III. RESULTS AND DISCUSSION

Fig. 1 shows the initial magnetization curves of [(Pr,
Nd)1,xMMx]30_gFeb31C01_4B0.97 ()C = O, 0.35, 0.50, 1) strips
at 300 K. According to the law of approach to saturation, the
saturation magnetization poMs is obtained and summarized
in Table I. With increasing MM substitution, the value of
toMs gradually declines. But these values are higher than
that of ferrites. The RE-Fe-B sintered magnets with MM
substitution could plug the gap between Nd-Fe-B mag-
nets and ferrites. However, the magnetic performances of
the RE-Fe-B sintered magnets are influenced by the HD
process [10], [16]. Therefore, the study on the HD behavior of
[(Pr, Nd); MM ]30.8FepaCoy 4Bo.o7 strips is very necessary to
realize mass production.
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TABLE 1
oM VALUE OF [(PrNd);—,MMjx]I30.8Fepa Co1.4Bo.97(x = 0, 0.35,
0.50 AND 1) STRIPS, THE OXYGEN, HYDROGEN CONTENT
BEFORE AND AFTER HD PROCESS, AND THE VOLUME
VARIATION AFTER HD PROCESS

X= 0 0.35 0.50 1.00
oM (T) 1.57 1.50 1.44 1.26
Oxygen(ppm) bef. HD  84.95 87.57 79.30 84.61
Oxygen(ppm) aft. HD  897.2 1098 1169 1110
Hydrogen(ppm) aft. HD 4663 4885 4795 4771
AV/V (%) aft. HD 242  2.62 2.00 2.40
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0.195 —a—x=0.35
—v—x=0.50
0.190 + —a—x=1.00
0.185 |
& 0.180
3
o 0175
0.170 +
0.165 |-
0.160 |
0155 1 1 1 1 1 1
0 5 10 15 20 25 30 35
t (min)
Fig. 2. Hydrogen decrepitation curves of the [(Pr, Nd);_ MMl30.8

FepaCo1.4Bo.97 (x =0, 0.35, 0.50, and 1) strips with initial hydrogen pressure
of 0.2 MPa at 293 K.

Fig. 2 illustrates the HD behaviors of the [(Pr,
Nd)1,xMMx]30_gFeb31C01_4B0.97 ()C = 0,0.35,0.50,1) strips. The
hydrogen pressure P versus time ¢ plots are presented by
exposing the strips to pure hydrogen atmosphere with hydro-
gen pressure of 0.2 MPa. In general, the HD process is
composed of sample surface activation, hydrogenation of the
RE-rich phase, and hydrogen absorption of the RE;Fe;4B
phase [17]. With increasing MM substitution for Pr—Nd alloy,
the duration of the sample surface activation decreases gradu-
ally (the region circled by the red line in Fig. 2), and the speed
of hydrogen absorption also increases which is demonstrated
by the slopes of the curves in Fig. 2. The phenomenon is
entirely different from that of RE-Fe—B with other RE element
substitution except for the La and Ce elements [18]. For these
strips with increasing MM content, the amount of La and
Ce in the RE-rich phase and RE,Fe ;4B phase also increases
gradually, as is found in [15]. Due to the active reaction
between La/Ce and H [14], the duration of surface activation
and the speed of hydrogen absorption may be affected by
the La and Ce content of the RE-rich phase for the [(Pr,
Nd);_ MMx]30 8FepaCo; 4Bog7 strips, based on the similar
thickness, surface roughness, and oxygen content factors (the
process is the same in the strip-casting procedure, and the
content of oxygen is similar, as is shown in Table I). As is
shown in Fig. 2, the durations of the whole HD process of
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Fig. 3. X-ray diffraction patterns of the [(Pr, Nd);_MMxl303
FepaCo1.4Bo.o7 (x = 0, 0.35, 0.50, and 1) strips (a) after the HD process
and (b) enlarged X-ray diffraction patterns of 26 between 47° and 53° of the
((PrNd) | —xMMy )30 8Fepa Coy 4B 97 strips before and after the HD process.

[(Pr, Nd);_MMx]30.8FepaCoy4Bog7 strips (x = 0.35 — 1)
with MM get shorter than that of the (PrNd)3;p gFepaCo;.4Bo.97
strips, which is beneficial to industrial production.

Fig. 3(a) shows the XRD profiles of [(PrNd);_.MM;]303
Fep,Coy4Boo7 (x = 0 — 1) powder after the HD process.
A series of characteristic diffraction peaks corresponding to the
RE;Fe;4sBHy phase (space group P42/mnm) are similar to that
of the RE,;Fe 4B phase. It is implied that the 2:14:1 tetragonal
phase in all the samples with different MM (x = 0 — 1) can
keep stable in the HD process. But the characteristic peaks
corresponding to the RE,Fe;4BHy phase shift toward the left
relative to that of the RE,Fe 4B phase, as is shown in Fig. 3(b).
The movement distance of the peak position is 0.419° for
x =0, 0.454° for x = 0.35, 0.349° for x = 0.50, and 0.416°
for x = 1, respectively. Based on the angle of 2:14:1 tetragonal
phase diffraction peak before and after the HD process [17],
the relative variation in the lattice volume(A V/V) is calculated
and displayed in Table I. The variation tendency of AV/V
with MM content accords with the results of hydrogen content
in Table I tested by the Oxygen Nitrogen Hydrogen analyzer.
The hydrogen absorption content of the RE,Fe 4B phase in
the [(Pr, Nd);_ MMx]s08FepaCo14Bogo7 (x = 0 — 1) strips
is in the range of 4000-5000 ppm, as is reported in [19]
and [20]. After the HD process, the amount of hydrogen in
[(Pr, Nd);_ MMx]30.sFepaCoj 4Bg 97 powder increases with the
increasing MM. But for x = 0.35, the hydrogen content is
highest, which may be attributed to the larger lattice constants
of RE,Fe;4B with 35 wt.% MM than that of Nd,Fe;4B.
In addition, before the HD process, for x = 1, there exists the
REFe, phase that is verified as a result of the appearance of
diffraction peaks at 26 ~ 40.56° and 260 &~ 47.96° in Fig. 4 (the
phenomenon was reported in our previous paper). But when
x = 1 (MMj3ggFepaCo;4Boo7), the characteristic peaks of
the REFe, phase disappear dramatically after the HD process.
Because HD is an exothermal process, the rising temperature
and hydrogen pressure could make REFe, phase hydrogen-
induced amorphization and decomposition [21]-[23]. It is ben-
eficial to fabricate high magnetic performance magnets with
MM replacement (REFe, phase is paramagnetic at ambient
temperature).

Fig. 5 shows the morphology of the [(Pr, Nd);_.MM;]303
FepaCoy 4Boo7 (x = 0 and 0.35) powder after the HD process.
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Fig. 4. X-ray diffraction patterns of the MM3( gFepa1Co1.4Bg 97 strips before
and after the HD process.

Fig. 5.  SEM image of the [(Pr, Nd);_MM;]308FepaCo1aBoo7 (x = 0,
0.35) powder after the HD process.
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Fig. 6.
Fepa1Co1.4Bog7 (x =0, 0.35, 0.50 and 1) powder after the HD process.

Morphology and particle distribution of the [(Pr, Nd);_MMx]30.8

Under the HD process, preferential hydrogenation of the
RE-rich phase causes shear stress and brings about intracrys-
talline fracture eventually. The local overheating aroused by
hydrogenation of the RE-rich phase makes the RE,Fe;4B
phase hydrogenated and the volume expands, and as a result,
transgranular fractures. For x = 0.35, as a result of more
intergranular and transgranular fractures, more cracks exist
and the final particle size is very smaller than that for free
MM samples in Fig. 5. Eventually, as is illustrated in Fig. 6,
after the HD process, the percentage of small particles for the
samples with MM is higher than that for free MM samples.
It makes following jet-milling easier for samples with MM.
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IV. CONCLUSION

The HD behavior of the [(Pr, Nd);_.MMy]30sFepa
Co;.4Boy7(x = 0, 0.35, 0.50, 1) strips has been systematically
investigated. During the HD process, the 2:14:1 tetragonal
structure with high Hay and M can keep stable in all the
samples (x = 0 — 1), but the REFe, phase disappears
dramatically. Because the H atoms easily react with La/Ce,
the HD process of the samples with MM is quicker than that
of free MM samples, especially for the samples with 35 wt.%
MM. For samples with MM, the particle size is smaller after
the HD process. Therefore, quicker HD process and easier
jet-milling, is beneficial to realize industrial production for
Pr—Nd—-MM-Fe-B magnets.
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