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Abstract 

This paper reports the results of investigations of the microstructures and magnetic properties of some cast and 
annealed Pr-Fe-Cu-B alloys represented by the formulae, PrxFe94.3_xfu2.0B3.7, Pr20.sFe75.s_xCuxB3. 7 and 
Pr20.sFe77.s_xCu2.0B~,. Microstructural examination of these alloys showed that most of them exhibited Pr2Fe14B 
plate-like grains with the c-axis perpendicular to the plate surface and there was c-axis alignment in the plane 
perpendicular to the predominant cooling direction. Scanning electron microscopy examination of the alloys 
showed that the copper was concentrated in the inter-crystalline regions and only trace quantities (<0.4at.%) 
of copper were detected in the Pr2Fe14B phase. A eutectic mixture and a needle-like phase were observed in 
the inter-crystalline regions. The permanent magnet properties of the alloys, subject to various casting conditions 
and heat treatments, were investigated and enhanced properties were observed perpendicular to the predominant 
cooling direction. The largest (BH)max value (70 kJ m -a) was achieved for the Pr20.sFe73.aCu2.0B3.7 alloy after 
annealing at 1000 °C for 5 h to remove the free iron. An improvement in the intrinsic coercivity of 73% was 
observed for this alloy on annealing for 3 h at 500 °C. Attempts have been made to correlate the permanent 
magnetic properties of the alloys with their corresponding microstructures. 

I. Introduction 

Fully dense Nd-Fe-B-type permanent magnets are 
manufactured usually by sintering pre-aligned and com- 
pacted powders. As there are a number of critical steps 
in this process involving reactive powdered material, 
attempts have been made to develop simpler, more 
cost-effective methods for the production of fully dense 
magnets. One such method is the production of magnets 
by the hot deformation of ingot material either by 
pressing [1-13], extrusion [14-18] or rolling [4, 19-21] 
at high temperatures (about 1000 °C). Shimoda et al. 

[1] showed that, in Pr -Fe-Cu-B alloys, significant per- 
manent-magnet properties could be achieved even in 
the cast condition, and they identified an optimum 
composition of PrlvFe76.sCUl.sB 5 for hot pressing. These 
and other studies showed that, in order to obtain good 
permanent-magnet properties on hot deformation, it is 
necessary to optimise the initial cast structure. This 
was reported to be a fine-grained columnar structure 
with the c-axis of the Pr2Fe14B grains randomly dis- 
tributed in the plane, perpendicular to the cooling 
direction. Chen and co-workers [7, 8] investigated the 
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microstructures and magnetic properties of cast and 
hot-pressed Pra9Fe74.5Cul.sB 5 alloy, whereas Faria et al. 

[22] and Kwon et al. [9-12] studied similar properties 
in the alloy Pr2o.sFe73.aCu2B3. 7. Chen et al. [8] and Kwon 
et al. [11, 12] presented similar models in terms of 
Pr2Fe14B crystal rotation to explain their experimental 
observations on hot-pressed magnets and the latter 
identified plate-like grains in their alloy with the c-axis 
perpendicular to the plate surface. This was a critical 
observation in view of the hot-pressing behaviour. Faria 
et al. [23] have produced high-coercivity sintered mag- 
nets using the Pr2o.sFe73.sfu2B3. 7 composition. 

Scanning electron microscopy (SEM) and transmis- 
sion electron microscopy (TEM) studies [9, 10, 13, 24] 
on the Pr -Fe-Cu-B alloys have shown that there is 
very little copper in the matrix Pr2Fe14B phase and the 
grain-boundary regions consist of Pr-rich-PrCu-type 
eutectic mixture. 

Kwon et al. [9, 10] indicated a higher Pr content for 
the intermetallic constituent of the eutectic but this is 
probably a result of electron-beam overlap with the 
neighbouring Pr-rich ]ghase. These workers [9, 10] iden- 
tified a needle-like phase in addition to the eutectic 
mixture with the ,composition Pr32.3Fe62.sCu4.1B H and 
the amount of this phase was found to increase on 
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annealing at 500 °C. A phase PraE.aFe62Cus. 5 has been 
observed by Kajitani et al. [13] which is close to the 
composition reported by Kwon et al. [9, 10] and they 
also observed that this phase formed in the grain 
boundaries during heat treatment at around 500 °C. 
The phase was identified [13] as a tetragonal Pr6Fe~3Cu 
compound, space group I4/mcm. 

The present paper reports the results of some further 
work on alloys at and around the Pr2o.5Fe73.sC2.oB3. 7 
composition and was undertaken in order to optimise 
the composition with regard to the magnetic properties 
of the cast and annealed alloys. This is a necessary 
precursor to the production of hot-pressed magnets 
based on these compositions and also provides infor- 
mation on the possibility of producing orientated cast 
magnets from these alloys by appropriate mould design. 

2. Materials and experimental methods 

All the alloys studied in this work were prepared 
from a single batch of 99% praseodymium, 99.99% 
iron, 99.9% copper and commercial grade ferro-boron. 
The compositions of the various alloys are given by: 

PrxFecga.3_~)Cu2.oB3.7, where x= 19.5, 20.5, 21.5; 
Pr2o.5Fec77.5_x)Cu2.oBx, where x=3.2, 3.7, 4.5, 5.2; 
Pr2o.sFef75.s_x)CuxB3.7, where x = 1.0, 2.0, 3.0, 4.0, 5.0. 

The raw materials were alloyed in a one-step operation 
by melting in an alumina crucible, using a vacuum 
induction furnace and a partial argon atmosphere. The 
maximum temperature, pouring temperature and dwell 
time were held constant for all the alloys and water- 
cooled copper moulds (maximum dimensions 
100x 120× 8 mm 3) were employed which gave rectan- 
gular, slab-shaped ingots. The cooling rates were in- 
creased by placing copper inserts into the mould thus 
decreasing the ingot thickness. 

Rectangular blocks with dimensions about 10 mm × 10 
minX ingot thickness (representing approximately 1% 
of the ingot volume) were produced, usually from the 
central region of the ingot. In one case, however, wider 
sampling was employed, with samples from the ingot 
edge as well as from the middle of the ingot. Prior to 
the preparation of these blocks, the rough chill zone, 
adjacent to the mould wall, was ground away. All the 
samples were vacuum-annealed at 1000 °C for 5 h in 
order to remove the free iron and, in the case of three 
blocks, this was followed by a 3 h anneal at either 300. 
400 or 500 °C. All the annealing treatments were 
terminated by a slow furnace cool to room temperature 

The microstructures of the alloys were examined in 
the polished and etched (15% nital) states, using a 
JOEL JXA-840A SEM and the various phases were 
analysed using energy dispersive X-ray analysis (EDX). 

A permeameter was used to measure the magnetic 
properties after the samples had been pulsed in a 
magnetic field of 6 T. These properties were measured 
perpendicular and parallel to the predominant cooling 
direction. 

3. Results and discussion 

3.1. Microstructural characterisation 

The microstructure of a PrEo.sFe73.sCu2.0B3. 7 alloy after 
annealing at 1000 °C for 5 h and cooling slowly to 
room temperature is shown in Fig. 1. The sample is 
shown in the as-polished condition and is viewed per- 
pendicular to the predominant cooling direction. In 
this case, the top surfaces of the platelet-shaped 
PrEFe14B-type grains (A) can be seen (c-axis orientation 
according to Kwon et al. [10-12]) and, in the inter- 
crystalline regions, there is a needle-like phase (B) and 
a eutectic mixture (C). The free iron observed in the 
cast material has been removed completely by this heat 
treatment. These observations are similar to those re- 
ported by Kwon et al. [9, 10] after a similar heat 
treatment. EDX measurements indicate that only trace 
quantities (<0.4at.%) of copper are present in the 
matrix grains and the eutectic mixture consists of pre- 
dominantly praseodymium and a copper-rich phase 
(Pr+ PrCu according to other workers who have ex- 
amined the compositions Pr17Fe77.sCul.sB4 [24] and 
Pr17Fe76Cua.sB5. 5 [13]). The EDX studies also indicated 
regions which contain close to 100%Pr. The needle- 
like phase (B) was analysed to have a composition 
Pra4Fe62Cu 4 (neglecting the possible B content) and 
this is close to the composition identified by Kwon et 
al. [9, 10] and by Kajitani et al. [13]. If the specimens 
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Fig. 1. The microstructure of the Pr2a.sFe73.sCu2.0B3.7 alloy in the 
as-polished state, viewed perpendicular to the predominant cooling 
direction: (A) matrix phase, (B) "needle-like" phase, (C) eutectic 
mixture. 
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were etched in nital then this highlighted the crystal 
morphology but obscured the eutectic mixture in the 
inter-crystalline regions. Two other alloys with increased ,, 
Cu content were also examined (namely, Pr2o.sFe72.a- 
CU3.oB3. 7 and Pr20.sFe71.sCu4.0B3.7) and these exhibited 
a similar microstructure to that described above, apart 
from significantly reduced quantities of the needle-like 
phase. 

Figure 2 shows another region of the Pr20.sFe73.8 - 
Cu2.0B3.7 alloy after heat treatment, again perpendicular 
to the predominant cooling direction but now in the 
etched condition (nital). It can be seen that the alloy 
consists of small, well-isolated platelet-type grains, this ..... 
time with the platelets viewed predominantly "edge- 
on" rather than on the top surface. The eutectic mixture 
is not visible in the etched condition. I~ 

Microstructural examination of the more B-rich com- 
positions (4.5 and 5.2%B) showed that they exhibited 
a relatively large grain size compared with that of the 
Pr2o.sFeTa.sCu2.oB3. 7 alloy and there was some evidence 
of crystal clusters giving poorer isolation of the individual 
crystallites, as shown in Fig. 3 for the Pr2o.sFe73.oCu2.oB4.5 
alloy. 

f 

4 
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Fig. 3. The microstructure of the Pr20.sFe73.0Cu2.0B4.5 alloy, viewed 
perpendicular to the predominant cooling direction, etched in 
15% nital. 

TABLE 1. Variation of magnetic properties with varying Pr 
content, for the composition PrxFe(94.3_x)Cu2.oB3.7, measured per- 
pendicular to the cooling direction 

3.2. Magnetic characterisation 
The magnetic properties measured perpendicular to 

the predominant cooling direction of the heat treated 
samples (1000 °C for 5 h) are summarised in Tables 
1, 2 and 3. The magnetic properties parallel to this 
direction have also been determined and, in all cases, 
much inferior properties have been obtained. Typically, 
a Pr2o.sFeTa.aCu2.oB3.7 alloy gave a remanence of only 
57 mT, a coercivity of 195 KAm-1 and a (BH)max value 
of 0.52 KJm -3. The second quadrant demagnetisation 

Value of x Coercivity Remanence Energy product 
(at.%) (kAm-1) (mT) (kJm-3) 

+ 5.0 + 10.0 + 1.0 

19.5 109 261 5 
20.5 553 641 70 
21.5 719 568 57 

TABLE 2. Variation of magnetic properties with varying B content, 
for the composition Prm.sFe~77. 5_x)Cu2.0B~, measured perpendicular 
to the cooling direction 

Fig. 2. The microstructure of the Pr2o.sFeTa.aCu2.0B3.7 alloy, viewed 
perpendicular to the predominant cooling direction, etched in 
15% nital. 

Value of x Coercivity Remanence Energy product 
(at.%) (kAm -1) (mT) (kJm -3) 

+ 5.0 + 10.0 + 1.0 

3.2 88 597 54 
3.7 553 641 70 
4.5 173 395 16 
5.2 206 396 18 

curve (C) for this alloy is shown in Fig. 4 together 
with those measured perpendicular to the predominant 
cooling direction, (A) and (B). This behaviour is typical 
of all the alloys studied in this work and the magnetic 
and microstructural observations indicate that the plate- 
let Pr2Fe14B crystals are growing within the tetragonal 
basal plane and along the predominant cooling direction, 
i.e., perpendicular to the large face of the rectangular 
mould. This behaviour results in the alignment of the 
c-axes of the platelets in a plane at right angles to the 



26 G.J .  Mycock et aL / Microstructures and magnetic properties of  some Pr-Fe-Cu-B alloys 

TABLE 3. Variation of magnetic properties with varying Cu 
content, for the composition Pr20.sFe(75.s_x)CuxB3.7, measured per- 
pendicular to the cooling direction 

Value of x Coercivity Remanence Energy product 
(at.%) (kAm - l )  (mT) (kJm -3) 

+ 5.0 + 10.0 + 1.0 

1.0 646 634 66 
2.0 553 641 70 
3.0 654 618 62 
4.0 666 620 66 
5.0 581 589 58 
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Fig. 4. Second quadrant hysteresis loop of the Pr20.sFe73.sCu2.0B3.7 
alloy: (A) sample annealed at 1000 *C for 5 h, measured per- 
pendicular to predominant cooling direction; (B) sample further 
annealed at 500 °C for 3 h, measured perpendicular to predominant 
cooling direction; (C) same treatment as (A), but measured 
parallel to the predominant cooling direction. 

growth direction and the nature of this alignment will 
depend upon the nature of the heat flow within the 
mould during solidification. 

If this interpretation is correct then, when viewed 
along the cooling direction, only the thin section of 
the platelet grains should be observable whereas, per- 
pendicular to this direction, it should be possible to 
observe a range of cross-sections up to the full platelet 
surface as the c-axis rotates within this section. This 
is, in fact, in accordance with the present microstructural 
observations for the Pr2o.sFe73.aCu2.0B3.7 alloy and is 
illustrated clearly in the ferrofluid pictures for this alloy 
shown in Figs. 5 and 6. 

Table 1 shows that the 19.5%Pr alloy exhibits very 
poor magnetic properties, even in the favourable di- 
rections. Microstructural examination indicated that the 
Pr2Fe14B grains were not well-isolated in this alloy. 
However, these drastic reductions in magnetic properties 
should be viewed with some caution until further trials 
can be carried out on this alloy. The best (BH)max 
value is observed for the Pr2o.sFe73.sCu2.oB3. 7 alloy and 

Fig. 5. Ferrofluid picture of the Pr20.sFe73.sCu2.0B3. 7 alloy, viewed 
parallel to the predominant cooling direction showing that the 
c-axes of the plate-like matrix grains lie within the plane per- 
pendicular to this direction. 

Fig. 6. Ferrofluid picture of the Pr20.sFe73.aCu2.0B3.7 alloy, viewed 
perpendicular to the predominant cooling direction showing that 
there is rotation of the platelet grains within this section. 

this is also true for Tables 2 and 3. The poorer magnetic 
properties for the 4.5 and 5.2%B alloys could be the 
result of increased grain size and poorer magnetic 
isolation as indicated in Fig. 3. Table 3 shows that the 
magnetic properties are not particularly sensitive to the 
Cu content. 

The present studies indicate that Pr20.sFe73.sCu2.oB3.7 
represents the optimum composition within the range 
studied in this work. The alloy compositions investigated 
in this work are significantly more rare-earth-rich than 
the Pr-Fe-Cu-B alloys studied in earlier work by Shi- 
moda et al. [1]. 



G. J. Mycock et al. / Microstructures and magnetic properties of some Pr-Fe-Cu-B alloys 27 

3.3. Variation in casting conditions 
Two ingots with the optimum composition 

Pr2o.sFe73.sCuz.oB3.7 were cast into narrower rectangular 
moulds with cavity widths of 6 and 4 mm (by inserting 
Cu plates). Because of the narrowness of the samples 
from these ingots it was not possible to use the per- 
meameter to measure the magnetic properties parallel 
to the predominant cooling direction. However, at right 
angles to the cooling direction, both samples exhibited 
relatively high coercivities of 754 and 914 kAm-~ re- 
spectively together with corresponding remanence val- 
ues of 605 and 596 mT respectively. The increased 
coercivities can be ascribed to a decreased mean grain 
size due to the increased cooling rate; and the decreased 
grain size has been confirmed by metallographic studies. 

Six samples (dimensions 10× 10×8 mm 3) of the 
optimum composition alloy were cut from a rectangular 
ingot of overall dimensions (100x 120×8 mm 3) from 
the edge (top, middle and bottom) and from a central 
region (top, middle and bottom). It might have been 
anticipated that samples from the edge of the ingot 
would have experienced a more complex cooling be- 
haviour compared with that of samples from the central 
region and this would have influenced the c-axis ori- 
entation distribution of the Pr2Fe~4B crystals. However, 
the magnetic properties did not exhibit significant de- 
viations from one another or from the results reported 
earlier. 

3.4. Two-stage heat treatment 
A number of previous studies have shown that an- 

nealing at about 500 °C results in a significant im- 
provement in the coercivity of some hot deformed 
Pr-Fe-Cu-B alloys and Kwon et al. [10-12] and sub- 
sequently Kajitani et al. [13] have ascribed this im- 
provement, partially at least, to an increase in the 
amount of the grain boundary Pr32.3Fe62.5Cu4.1Ba. 1 phase 
[10] (or Pr3z3Fe62Cus.5 [13] phase). In the present work, 
three samples from a heat-treated (1000 °C for 5 h) 
Pr20.sFe73.aCuz0B3.7 alloy were shown to exhibit very 
similar magnetic properties perpendicular to the pre- 
dominant cooling direction. One sample was then heat- 
treated at 300 °C, one at 400 °C and the third at 500 
°C, all for 3 h (a similar time to that employed in 
previous studies). The magnetic properties were re- 
determined after these treatments and the results are 
summarised in Table 4. It can be seen that after 
annealing at 300 and 400 °C, only small, barely significant 
changes were observed in the remanence and coercivity, 
whereas after annealing at 500 °C, there was a small 
increase in the remanence and a dramatic improvement 
in the coercivity of some 73%. These changes in the 
magnetic properties are shown in Fig. 4 and the improved 
coercivity might be due to an increase in the amount 
of the needle-like phase at the grain boundaries. This 

TABLE 4. Magnetic properties of an alloy, Pr20.sFe73.sCu2.0B3.7, 
after treatment at 1000 °C for 2 h, then further annealing at 
various temperatures for 3 h. Measurements are taken perpen- 
dicular to the cooling direction. The values in parentheses are 
the percentage changes after annealing at the various temperatures 
shown 

Annealing temp. Coercivity Remanence Energy product 
(°C) (kAm- I) (mT) (kJm -3) 

+ 5.0 ± 10.0 + 1.0 

300 507(-2.2%) 655(+1.2%) 69(+4.5%) 
400 502(-2.1) 655(+0.2%) 70(+14.6%) 
500 896(+ 73.3%) 643(5.3%) 70(+ 14.6%) 

phase is known to form at temperatures around 500 
°C and the magnetic data shown in Table 4 could 
indicate either that this phase does not form at the 
lower annealing temperatures or that longer annealing 
times are required. 

4. Conclusion 

(1) The alloy with the best magnetic properties in 
the cast/annealed state exhibit "plate-like" Pr2Fe~4B 
crystals with the c-axis perpendicular to the plate surface. 
The crystals are arranged so that the c-axes lie within 
a plane perpendicular to the predominant cooling di- 
rection and the best magnetic properties are obtained 
in this plane. 

(2) Of the compositions studied in this work, the 
best overall magnetic properties are exhibited by the 
alloy Pr2o.sFe73.sCu2.sB3.7. 

(3) Small changes in the Pr and B concentration 
result in significant losses in the magnetic properties 
and metallographic studies indicate that these losses 
could be the result of an increase in grain size and 
poorer magnetic isolation of the PrzFe14B grains. 

(4) The magnetic properties are not very sensitive 
to small changes in the Cu concentrations. 

(5) The present results indicate that there is scope 
for further improvements of the magnetic properties 
of cast and annealed Pr20.sFe73.sCu2.0B3. 7 alloy with 
appropriate changes in mould design and casting pro- 
cedures. 

(6) Annealing at 500 °C results in a very significant 
improvement in the coercivity of the cast/annealed 
magnets and this could be related to an increase in 
the amount of the needle-like phase at the grain bound- 
aries. 
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