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Recent work has shown that the coercivity of Pr,,sFe;; 3B ,Cu,-type sintered magnets produced by the hydrogen
decrepitation (HD) process can be enhanced substantially by a high-temperature post-sintering heat treatment. In the
present work, the microstructures of both as-sintered and annealed magnets have been investigated by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) in an attempt to reveal the reason for this increase.
Backscattered electron image on SEM and energy dispersive X-ray analysis (EDX) indicated the presence of Pr,Feq,
(Fe:Pr (at%) = 8.2) in both magnets. The presence of this phase has been confirmed by thermomagnetic analysis and TEM
investigations. The amount of this phase diminished after heat treatment. A Pr;,Fe,Cu, phase has also been observed by
TEM. The increase in the coercivity on annealing has been attributed to the improved magnetic isolation of the Pr,Fe 4B
grains, to the diminution in the amount of Pr,Fe,; phase, and to the formation of individual and isolated grains of this

phase.

1. Introduction

In the past, Pr-Fe-B sintered permanent
magnets with high coercivity have only been pro-
duced with substitutions of Co, Al, Dy and Tb [1].
Recently, however, it has been shown that mag-
nets based on the compositions Pr,, sFe; 4B;,Cu,
and Pr;,Fe,, B, produced using the hydrogen
decrepitation (HD) process achieve high coerciv-
ity after a post-sintering heat treatment [2,3].
Annealing the magnets at 1273 K resulted in an
increase in the intrinsic coercivity from 875 kA
m~! (~ 11 kOe) to around 1591 kA m~! (~ 20
kOe) for both alloys. Similar results have also
been obtained in Pr,sFeg B; magnets produced
by mechanical grinding [4]. In the present work,
the microstructures of HD sintered permanent
magnets with a composition Pr,,Fe,;B;,Cu,
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have been investigated using optical metallogra-
phy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) in an
attempt to reveal the reason for the increased
coercivity on annealing and to provide a compari-
son with the microstructure and magnetic proper-
ties of hot-pressed magnets [5] based on this
composition. This study has been carried out on
both as-sintered and high-temperature annealed
magnets. Thermomagnetic analysis (TMA) and
differential thermal analysis (DTA) have also
been employed in the present investigations.

2. Experimental

The study of the Pr,,Fe,; 4B;,Cu, cast alloy,
the details of the preparation of the HD sintered
magnets, post-sintering heat treatment and mag-
netic measurements have all been described in
previous papers [2,3]. The annealing treatment
was first employed by Shimoda et al. [6] in cast
and hot-pressed magnets based on the composi-
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tion Pr;Fe,sBs;Cu,s. The microstructural ob-
servations and microanalysis were carried out us-
ing an optical microscope, a JEOL 840A scanning
electron microscope (+EDX) and a JEOL
4000FX transmission electron microscope
(+EDX). Samples for optical microscopy were

etched with nital in order to reveal the grain
boundaries and 2 /17 phase. In order to prepare
the TEM specimens, thin slices were cut from the
magnets and the discs for TEM were then me-
chanically ground, dimpled to a thickness of ap-
proximately 80 pwm and finally thinned by argon

Fig. 1. Optical micrograph showing a general view of the microstructure of the Pry, sFe;; 3B;;Cu, HD magnet in the as-sintered
(a) and annealed (b) condition (black regions: grains pulled out on polishing or on etching with nital).
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ion beam milling at 5-6 keV. Thermomagnetic
analysis was carried out in a Sucksmith balance
using liquid nitrogen as the coolant for the low-
temperature studies. Differential thermal analysis
(DTA) was also employed in the present work
using a Linseis LDT2.

3. Results and discussion

The optical metallography of the as-sintered
Pry,sFe,;4B;,Cu, HD magnet is shown in fig.
1(a), and the microstructure of this magnet after
annealing at 1273 K for 24 h and then slow
cooling at a rate of 3.5 K min~! is shown in fig.
1(b). The magnetic properties of these magnets
are given in table 1 and the demagnetization
curves are shown in fig. 2. It can be seen that
there is a significant improvement in the square-
ness factor and a big increase in ; H, as a result of
the heat treatment.

Both samples were etched since the second
phase (Pr,Fe;;) was not visible in the polished
condition. In the as-sintered state, this magnet
consists of the Pr,Fe,,B matrix phase, the Pr-rich
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Table 1
Magnetic properties of Pry, sFe,; B3 ;Cu, HD sintered mag-
nets

Magnet Br H. (BH ) pax
condition (mT) (KAm™1) (KIm~?)
As-sintered 960 + 10 858420 147+ 6
Annealed ? 1070+ 8 1570+ 12 198+ 10

#1273 K for 24 h.

material in the grain boundaries and a dark grey
phase (Pr,Fe,,) within the matrix phase (the
chemical analysis is discussed later). After the
annealing treatment, the amount of the dark grey
phase diminished and the grain boundaries be-
came much more defined. This could indicate
that the coverage of the matrix phase with a
nonferromagnetic Pr-rich material is improved
after the post-sintering heat treatment and this
would enhance the intrinsic coercivity since bet-
ter magnetic isolation of the Pr,Fe;,B grains
would be achieved.

In the annealed condition, as indicated by fig.
1(b), the Pr,Fe,, phase appears more as individ-
ual grains and in isolated regions. A comparison
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Fig. 2. Demagnetization curves for slow-cooled Pr,, sFe; sB; ;,Cu, magnets, before (1) and after annealing (2).
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between these two microstructures also demon-
strates that, rather surprisingly, there has been no
significant grain growth during the post-sintering
heat treatment. It has been suggested [7] that the
Pr,Fe,; phase retards the grain growth of the
Pr,Fe,,B matrix phase. No clear evidence of free
iron and of a grain boundary eutectic observed in
cast material [8] has been found in these sintered
magnets.

Figures 3(a) and (b) show a backscattered elec-
tron image of the as-sintered and annealed mag-
nets. The presence of the dark phase (Pr,Fe,,) is
also observed in both samples, which is consistent
with the optical microscope results. It can be seen
clearly in fig. 3(a) that the dark phase is dis-
tributed within the matrix phase and since the
backscattered electron image reveals the differ-
ence between the average atomic numbers of the
phases, the differences in contrast show that the
phases have different compositions. Figure 3(b)
indicates that, after annealing, the dark phase is
more concentrated in the form of isolated grains
and this is consistent with the optical microscope
examinations. EDX microanalysis indicates that
the dark phase is richer in iron than the matrix
phase and the matrix phase showed a Fe:Pr
atomic ratio of about 7 and the dark phase a
Fe : Pr atomic ratio of approximately 8.2, indicat-
ing a 2:17-type phase. This is consistent with
previous studies [7], which have shown that, in
sintered magnets of the Pr;Feg, B -type, the
magnetically soft Pr,Fe;, phase always occurs
when x <5, and this phase would act as nucle-
ation centres for magnetization reversal. An
equivalent Nd,Fe,, magnetically soft phase has
also been found in Nd-based sintered magnets
with similar compositions [7,9,10]. It has been
shown [9] that the amount of this phase (Nd,Fe,,)
was reduced with a high-temperature heat treat-
ment. According to this work [9], some of the
2:17-type phase was removed during the high-
temperature heat treatment and this is consistent
with the present observations for the Pr-based
magnets. No other phases could be detected by
the SEM.

Thermomagnetic curves for the as-sintered and
annealed magnets are presented in figs. 4(a) and
(b). The small magnetization variation (350-500
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Fig. 3. Backscattered electron image of details of the

PryysFeq;3B3,Cu, HD magnet in the as-sintered (a) and

annealed condition (b). In the as-sintered condition the

Pr,Fe,; phase is embedded in the matrix phase (Pr,Fe ,B),

whereas after annealing at 1273 K for 24 h and then slow
cooling it occurs as individual isolated grains.

K) can be ascribed to the competing effects of
increasing temperature on the degree of satura-
tion of the sample (due to decreasing anisotropy
of the sample which is misaligned slightly with
respect to the field) and the value of the satura-
tion magnetization. The TMA curves of both
magnets showed that, in addition to the matrix
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phase (T.=555 K), there was a lower Curie
point ferromagnetic phase in both magnets with a
T around 304 and 310 K, and this can be at-
tributed to the presence of a 2:17-type phase in
these magnets, consistent with the SEM observa-
tions. This phase (Pr,Fe,;) has a reported Curie
point as low as 283 K [11] and 288 K [7], and as
high as 301 K [12]. It has also been reported [12]
that when free Fe is present the Curie point of
this phase varies from 315 to 323 K (free iron has
not been detected in the present magnets). The
initial Curie point minimum in fig. 4(b) is signifi-
cantly less pronounced than that in fig. 4(a),
indicating a possible reduction in the amount of
the 2:17 phase after the annealing treatment.
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Fig. 4. Magnetization (non-saturated) versus temperature for
the Pry, sFe;;3B; ,Cu, HD magnet in the as-sintered (a) and
annealed condition (b) (error+ 5 K).
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Fig. 5. DTA heating curve for as-sintered (a) and annealed (b)
Pr,5Fe;34B3,Cu, magnet prepared using the HD process
(error+7 K).

The Curie temperature of the matrix phase
determined by DTA was around 563 K (see figs.
5a and b). This value is slightly higher than that
determined by TMA. This phase also has various
reported Curie temperatures such as 576 K [13],
563 K [14] and 557 K [15]. In figs. 5(a) and (b), at
around 736 K, there is the possibility of a small
peak, which could be related to the melting tem-
perature of the Pr-rich eutectic grain boundary
phase (723 K [8] and 734 K [15]). This eutectic
phase has been found in the grain boundaries of
the as-cast alloy after annealing [8] and the DTA
studies on this material showed an appreciable
peak at 723 K, due to the melting of this phase.
In the present studies on sintered magnets there
is no clear evidence for the presence of the
eutectic phase either from the DTA or from
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optical metallography and SEM studies. The finer
grain size of the sintered magnet and hence more
evenly distributed grain boundary phase would
make it more difficult to resolve the eutectic
mixture (if present). It should also be noted that
the oxygen content of the sintered magnet will be
significantly greater than that of the cast material
and this should lead to a modification of the
grain boundary phases. In the ‘as-sintered’ condi-
tion the DTA curve shows a well defined peak
around 940 X, which can be ascribed to the
Pr,Fe,,B-Pr eutectic isotherm at 949 K [14].
However, this peak is not observed in the an-
nealed condition, thus indicating a change in the
nature of the grain boundary phases after this
treatment.

Transmission electron microscopy studies con-
firmed that the annealed Pr,,sFe.;¢B;,Cu, HD
magnets contain a phase with a Fe:Pr atomic
ratio of ~ 8.6 (2:17) and this is consistent with
the SEM analysis (fig. 6 shows the analyzed re-
gion). TEM observations also showed the pres-
ence of a Pr;,Fe,,Cu, phase in the annealed
sample and fig. 7 shows the TEM analyzed region
of this phase. A phase with a very similar compo-
sition has also been found in the cast alloy after
annealing [8,16] and has been reported [17] re-
cently in hot-pressed magnets as a ProFe ;Cu-type

Fig. 6. Transmission electron micrograph and X-ray spectrum
of a Pr,Fe;, phase (annealed magnet).
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Fig. 7. Transmission electron micrograph and X-ray spectrum
of a Pry,Fe4,Cu, phase (annealed magnet).

phase. A similar Cu-containing phase has also
been found in Nd,;Fe.sB;Cu,; sintered HD
magnets [9,18], and a similar phase has been
observed in Nd-Fe-Si and Nd-Fe-Al alloys
[19,20].

It has been shown by DTA studies [17] on an
annealed Pry, ;Fe,,Cus, alloy that the Pr,Fe,,
phase and the liquid phase are stable above 918
K and a Pr¢Fe,;Cu phase is formed below 918 K
by a peritectic reaction: Pr,Fe,; + Liq. —
Pr¢Fe,;Cu. According to this work, the Pr¢Fe ;Cu
phase crystallizes during holding at 753 K. It has
been shown [2] that the ,H. of annealed and
fast-cooled (100 K min ') Pry, sFe ;; sB;,Cu, HD
magnets is lower than that of the slow-cooled (3.5
K min~') magnets, indicating that slow cooling is
also important for increasing ;H._.

Further annealing of the present magnets at
773 K for 3 h did not result in change in the
intrinsic coercivity, indicating that full ;H_ has
been achieved with slow cooling after annealing
at 1273 K. Annealing at this temperature resulted
in an increase in ;H, from 858 to 1392 kA m ™!
(A = 534) whereas slow cooling was responsible
for a further increase from 1392 to 1570 kA m™!
(A =178). The present work indicates that the
amount of Pr,Fe;; phase is reduced with the
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heat treatment at 1273 K (as in the case of the
Nd,Fe,; phase in Nd-Fe-B-Cu HD magnets
[9]) and during slow cooling some of this phase is
also transformed into the Pr;,Fe,,Cu ,-type phase
(as in the case of the Pr-Fe-B-Cu hot pressed
magnets [17]). Bearing in mind that, in Cu-free
Pr—Fe-B HD magnets [2], there was also a simi-
lar increase in ;H_ on annealing at 1273 K, it is
most likely that in both cases, ;H, increases as a
result of a combination of factors, namely: (a) an
improved magnetic isolation of the Pr,Fe B
grains; (b) a reduction in the amount of the
Pr,Fe,, phase; and (c) formation and isolation of
individual Pr,Fe,, grains. The smoothing of the
grain boundaries could also be a contributory
factor (as reported in the case of cast Prys
Fe ., 4B;,Cu, magnets [16]). The presence of the
Pr Fe ;Cu-type phase is indicative of a further
reduction in the amount of the Pr,Fe,; phase
and this could be why the former is associated
with an improvement in coercivity. The similarity
in the coercivity behaviour of the Cu-free Pr-Fe—
B HD magnets [2] to the present ones on anneal-
ing at 1273 K and slow cooling, indicates that the
presence of the Pr.Fe, ;Cu-type phase may only
result in a small additional improvement in the
coercivity due to some improved magnetic isola-
tion of the matrix phase.

4. Conclusions

The increase in the coercivity of Pry,sFe;¢
B;,Cu, HD sintered magnets with high-tempera-
ture heat treatment can be attributed partially to
the better magnetic isolation of the Pr,Fe B
grains obtained with this treatment. The amount
of the Pr,Fe,; phase decreased after the post-
sintering heat treatment and this could also be
responsible for the enhanced coercivity in this
magnet. In addition, in the as-sintered condition
this phase is closely associated with the matrix
phase, whereas after annealing it occurs as indi-
vidual isolated grains. A Pr,,Fe,,Cu, phase has
been identified in a magnet annealed at 1273 K
for 24 h and then slow cooling but the similar
coercivity behaviour of a Cu-free, Pr,;Fe,,B,
magnet on annealing at 1273 K indicates that the

presence of such a phase may only result in a
small additional improvement in the coercivity.
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