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The HDDR (hydrogenation, disproportionation, desorption, and recombination) process can be used as an
effective way of converting a no coercivity Nd-Fe-B ingot material, with a coarse Nd,Fe 4B grain structure, to a
highly coercive one with a fine grain structure. Careful control of the HDDR process can lead to an anisotropic
powder with good Nd,Fe,4B grain texture; the most critical step for inducing texture is disproportionation. The
critical conditions (hydrogen pressure and temperature) for the disproportionation reaction of fully hydroge-
nated Nd;;sFeg i.x+y)Bs4GaNby (x=0 or 0.3, y =0 or 0.2) alloys, in different atmospheres of pure hydrogen
and a mixed gas of hydrogen and argon, was investigated with TPA (thermopiezic analyser). From this, the
hydrogen pressure-temperature diagram showing the critical conditions was established. The critical dispro-
portionation temperature of the fully hydrogenated Nd;,sFeg;.i-(x+y)Bs4GaNby alloys was slightly increased as
the hydrogen pressure decreased in both pure hydrogen and mixed gas. The critical disproportionation temper-
ature of the hydrogenated alloys was higher in the mixed gas than in pure hydrogen. Addition of Ga and Nb
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increased the critical disproportionation temperature of the fully hydrogenated Nd-Fe-B alloys.
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1. Introduction

An Nd-Fe-B alloy exhibits virtually no coercivity in
cast ingot conditions, primarily because of the coarse grain
size of the Nd,Fe 4B hard magnetic phase in the alloy.
The most effective way of converting the no coercivity
ingot material to a highly coercive one is the HDDR
(hydrogenation, disproportionation, desorption, and recom-
bination) process [1,2]. Through HDDR treatment, the
coarse Nd,Fe 4B grains in the alloy ingot are re-structured
into fine grains, of which size is comparable to the critical
single domain size (dc = 0.3 um) of the Nd,Fe 4B phase;
this fine grain structure leads to high coercivity. More
interestingly, a carefully controlled HDDR process can
lead to an anisotropic powder with good Nd,Fe 4B grain
texture [3-8]. In the anisotropic powder, the newly formed
fine Nd,Fe 4B grains are oriented orderly (texture), main-
taining their crystallographic orientation parallel to that of
their mother grain. In this HDDR treatment that leads to
an anisotropic powder (anisotropic HDDR, hereafter), the
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critical step for inducing the texture is disproportionation.
In order to improve texture, the kinetics of the dispropor-
tionation reaction should be as slow as possible, which is
commonly accomplished by alloy modification and employ-
ment of lower hydrogen pressure [5-7]. In the present
study, the critical conditions (hydrogen pressure and temper-
ature) for the disproportionation reaction of a hydrided
Nd-Fe-B alloy were investigated, and the hydrogen pre-
ssure-temperature diagram showing the critical conditions
was established.

2. Experimental Work

The Nd]gAsFeg].1_(X+y)B6A4GaXbe (X:O or 03, y:0 or
0.2) alloys used in the present study were prepared by
induction-melting of the high purity constituent metals.
The prepared alloy ingots were homogenised at 1413 K
for 40 h under argon gas, and pulverised into powder with
a particle size of 50-150 gm. The powder material (350
mg) was placed into a thermopiezic analyser (TPA) chamber
of an approximate volume of 160 cm®, and the chamber
evacuated and then filled with hydrogen (P =0.1 MPa).
The charged material was first fully hydrogenated in the

(© 2010 Journal of Magnetics



— 156 -

TPA by heating in hydrogen gas up to 400°C (heating
rate = 7°C/min) and holding for 1 h. Immediately after
completion of full hydrogenation, the hydrogen pressure
in the chamber was swiftly adjusted to a desired pressure,
and the hydrogenated material was then further heated
toward 850 °C from 400 °C. In the course of heating from
400°C, the hydrogen pressure change with temperature
was carefully monitored. One typical TPA result showing
the occurrence of the disproportionation is shown in Fig.
1. The hydrogen pressure started to decrease from 677 °C,
attributable to hydrogen absorption due to disproportion-
ation of the hydrided Nd,sFeg; B4 alloy. Based upon
this TPA result, the critical disproportionation conditions
of this particular sample were determined to be the com-
bination of temperature (677°C) and hydrogen pressure
(0.1188 MPa), where the hydrogenated material started to
absorb additional hydrogen. In a practical HDDR process,
a commonly used atmosphere for the disproportionation
reaction is either pure hydrogen gas or a mixed gas of
hydrogen and argon. In a mixed gas, the partial pressure of
hydrogen at an elevated temperature was calculated simply
by multiplying the total mixed gas pressure by the initial
partial ratio of hydrogen. The measured thermal expan-
sion of hydrogen and argon gas was nearly identical to
the temperature range used in the present study. There-
fore, the partial pressure of hydrogen in the mixed gas at
an elevated temperature can be given by a simple calcu-
lation. Magnetic phase analysis of the material at various
conditions was performed by magnetic balance-type thermo-
magnetic analyser (TMA). The magnetic field applied to
the sample in the TMA was approximately 400 Oe.

3. Results and Discussion

Fig. 2 shows the TPA results performed at various hydro-
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Fig. 1. TPA result of the fully hydrogenated Nd;,sFeg; Bg4
alloy, showing the conditions for initiating the disproportion-
ation reaction (P, =0.1188 MPa, T =677°C).
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Fig. 2. TPA results showing the effects of hydrogen pressure
on the onset disproportionation temperature of the fully hydro-
genated Nd,, sFeg; B4 alloy.

gen pressures for the fully hydrogenated Ndi,sFeg; B4
alloy. The arrow indicates the critical hydrogen pressure
and temperature for initiating the disproportionation of
the hydrogenated alloy. It appears that the temperature
where the disproportionation reaction began increased
slightly as the hydrogen pressure decreased. The mea-
sured critical disproportionation conditions of the fully
hydrogenated Nd,,sFeg; Bg4 alloy under various hydro-
gen pressures are presented in the hydrogen pressure-
temperature diagram shown in Fig. 3(a). In order to
initiate disproportionation of the fully hydrogenated
Nd»sFeg;.1Bg 4 alloy, it was necessary that the hydrogen
pressure and temperature be located in the right-hand side
of the curve in this pressure-temperature diagram.

As mentioned earlier, in a practical HDDR process, the
commonly used atmosphere for the disproportionation is
either pure hydrogen gas or mixed gas of hydrogen and

0.14

0.12 -

0.10 -

0.08 -

0.06 | \

Pressure ( MPa)

0.04} /
002l (a)A\A (C)'%.

0 .00 1 1 1 1 1
660 670 680 690 700 710 720

Temperature (oC)

Fig. 3. Hydrogen pressure-temperature diagram showing the
critical conditions of the disproportionation of the fully hydro-
genated alloys in different atmospheres. (a) Ndi,sFeg; 1Bg4 in
pure hydrogen, (b) Nd;, sFeg; 1Bg4 in a mixed gas of hydrogen
and argon, (¢) Nd;,sFegoBs4Gag3Nby, in pure hydrogen, (d)
Nd»sFeg6Bs.4Gag3Nbg» in a mixed gas of hydrogen and argon.
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Fig. 4. TPA results showing disproportionation of the fully
hydrogenated Nd,,sFeg; Bg4 alloy in an atmosphere of (a)
pure hydrogen (0.02 MPa) and (b) a mixed gas of hydrogen
(0.02 MPa) and argon (0.08 MPa).

argon. In the present study, we investigated the effects of
different atmospheres of pure hydrogen and mixed gas on
the critical disproportionation conditions of a fully hydro-
genated Nd-Fe-B alloy. Fig. 4 shows the TPA results
showing disproportionation of the fully hydrogenated
Nd,, sFeg;.1Bg 4 alloy in different atmospheres. The hydro-
gen pressure in the mixed gas given in Fig. 4 was the
hydrogen partial pressure in the mixed gas. As a result,
the hydrogenated Nd;,sFeg; 1Bg4 alloy started to be dis-
proportionated at higher temperatures in the mixed gas
than in pure hydrogen gas. In order to ascertain the partial
hydrogen pressure effects on the critical disproportion-
ation conditions, TPAs were performed in the mixed gas
with different hydrogen partial pressures for fully hydro-
genated Ndi,sFeg Bg4 alloy. The critical disproportion-
ation conditions collected from those TPA runs are present-
ed in the hydrogen pressure-temperature diagram shown
in Fig. 3(b). It can be seen that the critical disproportion-
ation temperature of the fully hydrogenated Nd,,sFeg; 1B¢ 4
alloy was higher in the mixed gas than in the pure
hydrogen.

Both Ga and Nb are typical elements added to Nd-Fe-
B-type alloys to improve the texture in the HDDR-treated
material. The effects of Ga and Nb addition upon dis-
proportionation of the fully hydrogenated Nd;, sFes 1-(xty)-
Bg4GaNby alloys were examined. The disproportionation
conditions of the fully hydrogenated alloy were examined
by TPA under various hydrogen pressures, and the results
presented in Fig. 3(c) and 3(d). It appears that the Ga- and
Nb-added alloy started to disproportionate at higher
temperatures with respect to the ternary alloy in both pure
hydrogen and mixed gas atmospheres. This result is in
good agreement with a previous report [9, 10], in which
the addition of Ga and Nb to the Nd-Fe-B alloy was
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found to significantly retard disproportionation kinetics. It
can also be seen that the hydrogenated Nd;,sFeg; 1.y
B¢4GaNby alloys started to disproportionate at higher
temperatures in the mixed gas than in pure hydrogen.
Fig. 3 is a general hydrogen pressure-temperature diagram,
in which the effects of the Ga- and Nb-addition and the
reaction atmosphere on the critical disproportionation
conditions of the fully hydrogenated Nd;, sFeg; 1.(x+y)Be.4-
GaNby (x=0 or 0.3, y=0 or 0.2) alloys can be clearly
seen at a glance. Regardless of the alloy type and atmos-
phere, the onset temperature of the disproportionation was
increased slightly as the hydrogen pressure decreased.
The addition of Ga and Nb led to a shift of critical
disproportionation conditions of the fully hydrogenated
Nd-Fe-B alloy towards a higher temperature. The critical
disproportionation temperature of the hydrogenated Nd-
Fe-B alloys was higher in the mixed gas than in pure
hydrogen gas.

It should be noted that the critical disproportionation
condition discussed earlier indicates only the conditions
where disproportionation begins, and does not reveal
whether the hydrided alloy has been disproportionated
completely in the course of heating up to 850°C. The
phase of the fully hydrogenated Nd),sFeg1Bgs alloy,
after heating up to 850°C in pure hydrogen gas with
various pressures, was analysed by TMA, and the results
shown in Fig. 5. Also included in Fig. 5(c) are the TMA
results of the starting Ndi,sFeg |Bg4 alloy for compari-
son. The starting alloy showed a magnetic transition at
315°C, which is the Curie temperature of the Nd,Fe 4B
matrix phase in the starting alloy. The starting alloy was
fully hydrogenated and then heated up to 850°C in pure
hydrogen gas. When the hydrogen pressure at the start of
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Fig. 5. TMA results of the fully hydrogenated Nd;, sFeg; 1Bs4
alloy after heating to 850°C in pure hydrogen. The hydrogen
pressure at the start of disproportionation was approximately
(a) 0.03 MPa, (b) 0.02 MPa, and (c) Nd,,sFes; 1Bg4 starting
alloy.
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disproportionation was higher than 0.03 MPa, in the
course of heating up to 850 °C, the material after heating
in the hydrogen gas exhibited no magnetic transition at
approximately 315°C (Fig. 5(a)). This indicates that the
hydrided Nd,Fe;;B phase has been disproportionated
completely after heating in hydrogen gas. However, when
the hydrogen pressure at the start of disproportionation
was lower than 0.02 MPa, the material exhibited a mag-
netic transition near 350 °C (Fig. 5(b)). These results indi-
cate that the hydrided Nd,Fe 4B phase has been partially
disproportionated, with a portion remaining intact after
heating in hydrogen gas. The Curie temperature (353 °C)
of the remaining hydrided Nd,Fe;4;B phase was signifi-
cantly higher than that of the Nd,Fe 4B phase in the start-
ing Ndj,sFeg 1Bg4 alloy. Undisproportionated Nd,Fe;,B
phase absorbed a select amount of hydrogen after hydro-
genation and high temperature heating in hydrogen gas,
and existed as the hydride of Nd,Fe4BH,. The increase in
the Curie temperature was attributable to the hydrogen
absorption. For the alloy modified with Ga and/or Nb, the
complete disproportion of the Nd,Fe;4BH, hydride also
depended heavily upon the hydrogen pressure at the start
of disproportionation. When the hydrogen pressure at the
beginning of disproportionation was higher than 0.03
MPa, throughout the course of heating up to 850°C, the
Ga- and Nb-added material after the heating exhibited no
magnetic transition at approximately 315 °C, indicating a
full disproportionation of the Nd,FesBHy hydride. How-
ever, when the hydrogen pressure at the starting of dis-
proportionation was lower than 0.02 MPa, the Ga- and
Nb-added material still exhibited a magnetic transition of
the incompletely disproportionated Nd,(Fe,Ga,Nb);4BH,
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Fig. 6. TMA results of the fully hydrogenated Nd-Fe-B alloys
after heating to 850°C in different atmospheres. The hydrogen
(partial) pressure at the star of the disproportionation was
approximately 0.02 MPa. (a) Nd;, sFeg; 1Bg4 in pure hydrogen,
(b) NdyysFeg;.1Bg4 in @ mixed gas of hydrogen and argon, (c)
Nd,2 sFeg sBs.4GagsNby, in pure hydrogen, (d) Nd;, sFeg ¢Be4-
Gay;Nby, in a mixed gas of hydrogen and argon.
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phase, in a temperature range from 358 to 372°C, as
shown in Fig. 6. The difference in the Curie temperature
of the Nd,(Fe,Ga,Nb),,BH, phase may be attributed to the
different hydrogen content within.

4. Conclusion

A hydrogen pressure-temperature diagram of the critical
conditions for the disproportionation of fully hydrogenat-
ed Nd]z_sFEg]'1_(X+y)B6_4GaXbe (X =0 or 03, y= 0 or 02)
alloys, in different atmospheres of pure hydrogen and a
mixed gas of hydrogen and argon, was established. The
critical disproportionation temperature of the fully hydro-
genated alloys was slightly increased as the hydrogen
pressure decreased in both the pure hydrogen and mixed
gases. The critical disproportionation temperature of the
hydrogenated alloys was higher in the mixed gas than in
pure hydrogen. The addition of Ga and Nb increased the
critical disproportionation temperature of the fully hydro-
genated alloys. The hydrided materials were dispropor-
tionated completely when the hydrogen pressure at the
starting of disproportionation was higher than 0.03 MPa,
regardless of alloy type or atmosphere studied within the
work herein.
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