Journal of Magnetics 6(4), 122-125 (2001)

Phase Relationships and Magnetic Properties of
HDDR-treated Sm;(Fe,Co,V),s Alloy

Hae-Woong Kwon™

School of Materials Science and Engineering, The Pukyong National University, Nam-Gu, Pusan 608-739, Korea

(Received 1 December 2001)

Phase relationships of the HDDR (hydrogenation, disproportionation, desorption and recombination)-treated
Sm;(Fe,M)y-type alloy with chemical composition of SmyFesCo2Vs were studied by X-ray diffraction (XRD)
and by thermomagnetic analysis (TMA). The alloy was disproportionated into a mixture of SmH, and o-Fe at
high temperature under hydrogen gas. The disproportionated material was recombined into a mixture of Sm-
(Fe,M) (M =Co and/or V) and o-Fe phases. The structure of the Sm-(Fe,M) phase was dependent upon the
recombination conditions, and a detailed phase diagram showing the phase relationships in the HDDR-treated
alloy has been established. The Sm-(Fe,M) phase in material recombined above 900 °C had the Sm,Fe,;-type
structure, and it exhibited the SmFe;-type structure when recombined at temperatures ranging from 700 °C to
850 °C. Recombination below 650 °C led to the SmFe;-type structure of the Sm-(Fe,M) phase. Curie temper-
atures of the Sm-(Fe,M) phases in the recombined material were significantly higher than those of the corre-
sponding stoichiometric phases. It was suggested that the chemical composition of the Sm-(Fe,M) phases may
be significantly different from that of the corresponding stoichiometric phases. All the HDDR-treated

SmyFessCo Vs materials showed the soft magnetic features regardless of the phase constitution.
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1. Introduction

The Sms(Fe,M), compound (M =V, Ti, Cr, Mn) [1, 2] is
considered to be a an attractive material as a promising can-
didate for a permanent magnet application because its
nitride, Smj(Fe,M)gN, [3-5], has attractive hard magnetic
properties with a high Curie temperature and strong uniax-
ial anisotropy. In order for the Sms(Fe,Co,V),oN, to be
exploited as a useful permanent magnet, it has to have a
high coercivity. The high coercivity in a rare-earth — tran-
sition metal hard magnetic alloy can be realised usually by
obtaining a fine grain structure. One of the effective ways
of obtaining fine grain structure in the rare earth-transition
magnetic alloys is a HDDR process. The Sms(Fe,M),, com-
pound has been known to exhibit an unique HDDR fea-
tures. Unlike the other rare-earth-transition metal magnetic
alloys, such as Nd-Fe-B-type and Sm,Fe;; alloys, the
Smy(Fe,M),-type alloy does not recombine into the initial
3:29 phase after the HDDR treatment, but rather, recom-
bines into a two-phase mixture of Sm-(Fe,M) and o-Fe(M)
phases [6, 7). The Sm-(Fe,M) phase has a different structure
from that of its parent 3:29-type. In the present study, the
phase relationships and magnetic properties of the HDDR-
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treated Smy(Fe,Co,V)y alloy were studied.

2. Experimental Work

The SmoFessCoy Vs alloy used in the present study was
prepared by induction melting the high purity constituent
metals. The prepared alloy ingot was homogenised at 1150
°C for 40 hrs under argon gas and then rapidly cooled to
room temperature. X-ray diffraction (XRD, with Cu-K,
radiation) on this homogenised ingot showed that the mate-
rial was composed of near single 3:29 phase. The material
was then pulverised into a powder with a particle size of
40-60 pum. Hydrogenation and disproportionation reaction
of the alloy powder in hydrogen gas was examined using
TPA (thermopeizic analysis) and DTA (differential thermal
analysis) in hydrogen gas (p= 1.2 kgf/cm?). The powder
material was subjected to a HDDR treatment. Hydrogen
pressure for the hydrogenation and disproportionation was
maintained at 1.2 kgf/cm?. Fully disproportionated material
was recombined in vacuum at various conditions, and
phases in the recombined material were analysed by XRD.
Phase analysis of the recombined material was also per-
formed by thermomagnetic analysis (TMA) using Suck-
smith-type magnetic balance with applied magnetic field of
600 Oe. Magnetic characterisation of the HDDR-treated
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material was undertaken by means of VSM (vibrating sam-
ple magnetometer with a maximum magnetising field of 1.5
T). For the VSM measurement, the powder sample was
consolidated with a wax and then magnetised with a puls-
ing field of 4.5 T prior to the measurement.

3. Results and Discussion

Fig. 1 represents the TPA and DTA results of the
SmyFessCo Vs alloy undertaken in hydrogen gas, showing
the hydrogenation and disproportionation reactions of the
alloy. The alloy is hydrogenated and disproportionated at
around 250 °C and 600 °C, respectively. Phases in the mate-
rial heated above 600 °C in the DTA were analysed by
XRD, and the result is shown in Fig. 2. XRD spectrum for
the annealed alloy before exposing to the hydrogen is also
included in the Fig. 2 for comparison. It can be seen that
the alloy is disproportionated into a mixture of SmH, and
o-Fe at high temperature under hydrogen gas. The TPA
result also shows an evidence for the hydrogenation and
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Fig. 1. TPA and DTA tracings of the SmoFegsCoyVs alloy
undertaken in hydrogen gas.

o a-Fe
® SmSFe »
= o Sme
=
2@ . . 1
= b e Q
ot
&
&
g
N
=
= o
(b) /A
A - -
" 1 i [ 1 1 "
25 30 35 40 45 50

20 (deg.)

Fig. 2. XRD spectra of the SmoFessCo40Vs alloy (a) before and
(b) after heating up to 850 °C in hydrogen DTA.
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disproportionation of the alloy. Two hydrogen pressure
drops are clearly observed at around 250 °C and 600 °C,
and those are due to the hydrogen absorption on the hydro-
genation and disproportionation. It can be seen that the
3:29-type alloy exhibits a similar hydrogenation and dispro-
portionation behaviour with other rare-earth — transition
metal magnetic alloys, such as Nd-Fe-B and SmyFe;;.

Recombination of the material was studied under various
conditions using fully disproportionated material. Full dis-
proportionation of the alloy was achieved by heating it at
750 °C for 1 hr in hydrogen gas (p = 1.2 kgf/cm?). Subse-
quently, the material was held at various temperatures for 1
hr in vacuum to induce a recombination and then cooled
rapidly to room temperature. XRD phase analysis on the
material recombined at 900 °C for 1 hr was performed, and
the result is shown in Fig. 3. The disproportionated material
is not recombined into the initial 3:29 phase after HDDR,
but rather, recombined into a two-phase mixture of
Sm,Fe,;-type and o-Fe phases. This result is in good agree-
ment with previous reports [6, 7]. The fully disproportion-
ated material was also recombined at temperatures of 800
°C and 650 °C for 1 hr, and XRD phase analysis results on
theses materials are also shown in Fig. 3. The materials
recombined at 800 °C and 650 °C consist of a two-phase
mixture of SmFe;-type phase and o-Fe and of SmFe;-type
phase and o-Fe, respectively. The structure of the Sm-
(Fe,M) phase depends on the recombination temperature,
and it changes from 1:3-type to 1:7-type and then to 2:17-
type as the recombination temperature rises. It can be noted
from the XRD results of the recombined materials that the
amount of o-Fe in the material recombined at 650 °C is
much greater than that in the materials recombined at
higher temperatures. This can be readily understood by con-
sidering the stoichiometry of Sm-(Fe,M) phase formed at
different recombination temperatures. The stoichiometry achiev-
ed at the lower temperature (650 °C) is 1:3, thus more o-Fe
should be precipitated in the recombined material.

It is believed that the structure of the Sm-(Fe,M) phase in
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Fig. 3. XRD spectra of the SmgFeqsCo,0V alloy recombined for
1 hr at various temperatures. (a) 900 °C, (b) 800 °C, (c) 650 °C.
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V: Sm2Fel7 + a-Fe, : Sm2Fel7 + SmFe7 + o-Fe
V: SmFe7 + a-Fe, ©: SmFe7 + SmFe3 + «-Fe, ®: SmFe3 + a-Fe
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Fig. 4. Phase diagram showing the phase relationships in the
HDDR-treated SmgFegsCo,oV alloy.

the recombined state may depend, not only on the recom-
bination temperature but also on the recombination time.
Through a wide range of recombination experiments in var-
ious conditions, we could establish a detailed phase dia-
gram showing the phase relationships in the HDDR-treated
SmgFeesCo0 Vs alloy, and a full phase diagram is shown in
Fig. 4. It can be seen that the structure of the Sm-(Fe,M)
phase in the material recombined above 900 °C exhibits
2:17-type phase in the time range examined in the present
study. The structure of the Sm-(Fe,M) phase formed in the
temperature range from 750 °C to 850 °C is characteristic of
the 1:7 form, and that formed at lower temperatures tended
characteristic of the 1:3-type. It is noted that the Sm-(Fe,M)
phase in the material recombined at 650 °C exhibits the 1:3-
type structure in the beginning and then the 1:7-type struc-
ture begins to appear after 5 hrs, so that the two structures
coexist thereafter. This sort of structure change with recom-
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Fig. 5. XRD spectra showing the coexistence of the SmFe;-
and SmFe;-type phases, and of the SmFe;- and SmyFe,,-type
phases in the SmgFeg5Co,V alloy recombined for 3 hrs at dif-
ferent temperatures. (a) 675 °C (b) 875 °C.
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Fig. 6. TMA results of the SmgFeq;:Co Vg alloy recombined
for 1 hour at various temperatures. (a) 900 °C (b) 800 °C (c)
650 °C

bination time can be seen clearly at 675 °C. In the begin-
ning, the Sm-(Fe,M) phase exists in the 1:3-type, and then
two structures of 1:3-type and 1:7-type coexist (Fig. 5(a)),
and finally it exhibits the 1:7-type structure on prolonged
recombination. Structural change from 1:7-type to 2:17-
type through the mixed phase of 1:7-type and 2:17-type was
also observed at 875 °C (Fig. 5(b)). A complete recombi-
nation of the disproportionated material was not achieved at
600 °C for a time period of less than 3 hrs.
Thermomagnetic properties of the material recombined
under various conditions were examined using TMA, and
the results are shown in Fig. 6. The material recombined at
900 °C for 1 hrs shows a magnetic phase with Curie tem-
perature (7,) of around 540 °C and a trace of magnetisation
inflection is seen at around 780 °C. Relating this to the
phase analysis results by XRD (Fig. 3), the phase with T, of
540 °C is thought to be the 2:17-type and the slope change
at around 780 °C to be due to o-Fe. The material recom-
bined at 800 °C for 1 hr shows a magnetic phase with T, of
around 500 °C and a slight inflection at around 780 °C. The
phase with 7, of 500 °C is probably the 1:7-type structure
phase. The material recombined at 650 °C for 1 hr shows a
magnetic phase with 7, of around 450 °C and a large mag-
netisation inflection is also seen at around 780 °C. The
phase with 7. of around 450 °C is probably 1:3-type struc-
ture phase. It is interesting to compare the Curie tempera-
tures of the phases examined in this TMA study with those
of the corresponding stoichiometric phases. The compari-
son is given in Table 1. The Curie temperatures of the
phases existing in the recombined materials are signifi-
cantly higher than those of the corresponding stoichiometric
phases. This may be attributed to the chemical composition
of the phases, which may be significantly different from
that corresponding to stoichiometry. It can be noted that the
Curie temperatures of the 2:17 and 1:7 phases in the recom-
bined material are significantly higher than those of the sto-
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Table 1. Comparison of Curie temperatures of the phases (°C)

phase stoichiometric reference in recombined state AT
2:17 116 [8] 540 424
1:7 210 (9] 500 290
1:3 371 [10] 450 79
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Fig. 7. Demagnetisation curves of the SmgFessCoxVe alloy

recombined for 1 hr at various temperatures. (a) 900 °C (b)
800 °C (c) 650 °C.

ichiometric phase. Much greater amounts of o-Fe in the
material recombined at 650 °C is clearly seen in the TMA
result.

Fig. 7 represents the magnetic characterisation results
measured by VSM for the materials HDDR-treated under
various conditions. The material recombined at 900 °C for 1
hr consists of the SmyFe,;-type phase and o-Fe, and the
material recombined at 800 °C for 1 hr consists of the
SmFe;-type phase and a-Fe. The material recombined at
650 °C for 1 hr consists of the SmFe;-type phase and o-Fe.
All the three types of materials show a poor coercivity. It is
not surprising to see the poor coercivity in the materials
consisting of the SmyFe ;-type phase and o-Fe and consist-
ing of SmFe;-type phase and o-Fe because both the
Smy,Fe ;- and SmFe;-type phases are magnetically soft. It is
rather surprising, however, that the material consisting of
the SmFe;-type phase and o-Fe after the recombination at
650 °C for 1 hr also shows a poor coercivity. The stoichi-
ometric SmFe; compound is known to be magnetically hard
phase with very high anisotropy field (H4=70.9 kOe at
room temperature) [10]. The material consisting of the
SmPFe;-type phase and o-Fe shows no evidence for the pres-
ence of a hard phase. This may be explained by the o-Fe
which may act as a nucleation site of the reverse domain
under the application of reverse field. Alternatively, the
poor coercivity may also be explained by the far off-sto-
ichiometric SmFe;-type phase in the recombined material,
of which chemical composition may be significantly differ-
ent from that of the corresponding stoichiometric SmFe;
compound as suggested by the TMA result, and thus the
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phase may be no longer a hard phase.

4. Conclusion

A detailed phase diagram showing the phase relationships
in the HDDR-treated SmgFegsCo,Ve alloy has been estab-
lished. After recombination the alloy consisted of a two-
phase mixture of Sm-(Fe,M)-type and o-Fe phases. The
Sm-(Fe,M)-type phase in material recombined above 900
°C had the Sm,Fe,;-type structure, and the phase exhibited
the SmPFe,-type structure when recombined at temperatures
ranging between 700 °C and 850 °C. Recombination below
650 °C led to a two-phase mixture of SmFes-type and o-Fe
phases. The Curie temperatures of the Sm-(Fe,M) phases in
the recombined material were significantly higher than
those of the corresponding stoichiometric phases. It was
suggested that the chemical composition of the Sm-(Fe,M)
phases may be significantly different from that of the cor-
responding stoichiometric phases. All the HDDR-treated
SmgFegsCo,0Vs materials showed the soft magnetic features
regardless of the phase constitution.
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