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Abstract

An attempt was made to produce anisotropic Pr-Fe-B—Cu-type permanent magnets from the cast ingot materials
using an upset forging process. The effects of the casting condition of the ingot on the magnetic properties of
the upset forged magnets were investigated. Most of the free iron which existed in the cast ingot material was
removed by upset forging at high temperatures (approximately 900 °C), and this was achieved by a solid-liquid
peritectic reaction between the free iron and the praseodymium-rich grain boundary phase thought to be aided
by cracks in the Pr,Fe B matrix grains caused by the upset forging. The magnetic alignment of the upset forged
magnets can be explained by grain boundary gliding of the plate-like ferromagnetic matrix grains. A Pr-Fe-B-Cu
magnet (;H.~12.0 kOe, B, ~10.5 kG) with good demagnetization character was produced by the upset forging

of the ingot material at 900 °C.

1. Introduction

Copper-containing Pr-Fe-B alloys with high praseo-
dymium content (approximately 17 at.%) are known
to show appreciable hard magnetic properties in the
cast state, unlike the corresponding neodymium-based
alloys [1-5]. The praseodymium-based alloys have also
been successfully fabricated into high performance per-
manent magnets by hot pressing [6, 7]. The present
authors have reported [3, 4] that, in the cast state,
Pr-Fe-B-Cu with higher praseodymium content (20.5
at.%) exhibited better hard magnetic properties than
the corresponding alloy with lower praseodymium con-
tent (17.5 at.%) and the alloy has been found to show
some preferred orientation in the bulk ingot. The easy
magnetization direction (EMD, the c-axis) of the
Pr,Fe,,B matrix grain in the cast ingot appeared to be
in a preferred direction perpendicular to the cooling
direction.

In the present study, we attempted to produce an-
isotropic Pr-Fe-B—Cu-type permanent magnets by an
upset forging process where, typically, deformation was
carried out in approximately 20 s using a Pr-Fe-B—Cu
alloy with high praseodymium content. The effects of
the upset forging temperature and the casting condition
of the ingot material on the magnetic properties of the
upset forged magnets were investigated. The micro-
structures of the upset forged magnets and their relation
to the magnetic properties were also studied and a
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possible mechanism for the achievement of magnetic
alignment is proposed.

2. Experimental details

An alloy with a nominal composition Pr,Fe,,B,Cu,
was melted using an induction furnace, and cast ingots
were produced under two different casting conditions:
(1) casting into a 7 mm thick water-cooled copper
mould (7 mm thick ingot); (2) casting into a 30 mm
thick iron mould (30 mm thick ingot). 7X 7% 10 mm?
blocks were cut from the ingots so that the longitudinal
axis of the sample was perpendicular to the cooling
direction of the ingot. Upset forging of the blocks was
carried out by pressing them along this longitudinal
direction for 20 s to an 80% thickness reduction (strain
rate 4X 10~ %s~ ') in an open die configuration at varying
temperatures in the range 600900 °C under argon gas
and then holding the upset forged samples at the upset
forging temperature for 5 min. Figure 1 shows sche-
matically the pressing rig used in the present study.
The maximum load available from the rig is 250 kN
but the current work employed a load cell of 50 kN,
and the samples were heated by four halogen laips.
The microstructures of the cast ingots and the upset
forged magnets were observed using an optical micro-
scope and scanning electron microscopy (SEM), and
the magnetic domain structure of the samples was
observed using a Kerr image method in an optical
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Fig. 1. Schematic aiagram of the upset forging rig.

microscope. The grain sizes of the cast ingot were
measured using an image analyzer. 3X3X1.5 mm’
specimens (approximately 100 mg) of the upset forged
magnets were prepared for magnetic measurements (1.5
mm thickness direction parallel to the upset forging
direction). Prior to the measurements, the specimens
were magnetized along the upset forging direction using
a magnetic pulser with a field strength of 4800 kA
m™!, and the measurements were taken along the upset
forging direction. The permanent magnetic properties
of the specimens were obtained from the second quad-
rant demagnetization curve.

3. Results and discussion

Figure 2 shows the microstructures of the 7 mm thick
and the 30 mm thick ingots. The microstructures of
both ingots consist mainly of three phases: a Pr,Fe, B
ferromagnetic matrix phase (A), a praseodymium-rich
grain boundary phase (B), and free iron (C). A detailed
study on the microstructure of the alloy used in the
present study has been reported elsewhere [3, 4]. The
obvious difference in the microstructure of the two
ingots is the grain size of the matrix phase. The matrix
grain size of the fast cooled ingot (7 mm thick) is much
finer than that of the slow cooled ingot (30 mm thick).
The matrix grain sizes of the ingots measured using
an image analyser are shown in Table 1. These two
ingot materials with different grain sizes were used for
production of the upset forged magnets, and the effect
of the grain size of the ingot material on the magnetic
properties of the upset forged magnet was investigated.

Figure 3 is a typical micrograph showing the grain
morphology and the magnetic domain structure of the
ingot material (30 mm thick); it can be seen that most
of the grains have a plate-like shape and the easy

(b)

Fig. 2. SEM (backscattered electron) images showing microstruc-
tures of the cast materials: (a) 7 mm thick ingot, (b) 30 mm
thick ingot.

TABLE 1. Mean matrix grain size of the ingots

30 mm thick
=18.0

7 mm thick
=10.5

Ingot
Grain size (um)

magnetization direction (EMD, the c-axis of the grain)
is roughly perpendicular to the flat surface of these
grains.

Figure 4 shows the variations of the intrinsic coercivity
and the remanence of the upset forged magnets pro-
duced from the 7 mm thick ingot as a function of the
upset forging temperature. The Intrinsic coercivity and
the remanence of the upset forged alloys increase with
increasing upset forging temperature, and it is found
that reasonably good properties (;H,=8.0kOe, B, = 10.0
kG) could be achieved by upset forging at temperatures
above 800 °C.

The good remanence of the magnets upset forged
above 800 °C indicates that the magnetic matrix grains
are well aligned during the upset forging process. The



H. W. Kwon et al. | Pr-Fe-B—Cu permanent magnets 133

Fig. 3. Micrograph showing the grain morphology and magnetic
domain structure of cast material (30 mm thick ingot).
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Fig. 4. Variations in the intrinsic coercivity ;H, and the remanence
B, of the upset forged magnets as a function of the upset forging
temperature (7 mm thick ingot).

Fig. 5. Magnetic domain structure (Kerr image) of the magnet
upset forged at 900 °C (7 mm thick ingot).

magnetic domain structure of the alloy upset forged
at 900 °C observed on the plane perpendicular to the
upset forging direction is shown in Fig. 5, and it can
be seen that the EMD (c-axis) of the ferromagnetic
mairix grains is well aligned along the upset forging
direction. It should be interesting to compare the mag-

netic properties of upset forged magnets with those of
sintered magnets. A sintered magnet with a composition
very close to that used in the present study has been
reported [8] to possess magnetic properties of B,.=10.7
kG and ;H.=19.8 kOe. The intrinsic coercivity of the
sintered magnet is significantly higher than that of the
upset forged magnet, and this can be attributed to the
fine grain size of the sintered magnet.

There is a striking change in the microstructure of
the magnets upset forged at temperatures above 800
°C. Most of the free iron which existed in the initial
ingot (Fig. 2) was removed by the upset forging process
(see Fig. 6(a)). At first sight this is rather surprising
since the simple upset forging process consisted of a
short period of pressing (20 s) and a dwell time of
only 5 min at the upset forging temperature. It has
been reported [3, 4] that a long (over 5 h) annealing
at 1000 °C is required to remove the free iron from
the cast alloy used in the present study. Free iron is

(b)

Fig. 6. SEM (backscattered electron) images showing the mi-
crostructures of the magnets (30 mm thick ingot) upset forged
at (a) 900 °C and (b) 750 °C.
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still visible in the magnets upset forged at temperatures
lower than 750 °C (see Fig. 6(b)).

The rapid removal of free iron by upset pressing at
high temperature can be explained in the following
manner. During upset forging, the Pr,Fe;,B matrix
grain will be heavily cracked (see Fig. 7). The pra-
seodymium-rich grain boundary phase, which will be
liquid at the upset forging temperature, can then pen-
etrate into the matrix grain through the cracks to make
direct contact with the free iron. A peritectic reaction
between the free iron and the praseodymium-rich liquid
phase can, therefore, easily take place at the high
temperatures, thus forming Pr,Fe,,B at the expense of
the free iron and the praseodymium-rich phase.

The upset forged magnets were subjected to a post-
upset annealing at 1000 °C, and the variations in intrinsic
coercivity and remanence of the magnets upset forged
at 900 °C as a function of annealing time for the 7
mm thick and 30 mm thick ingots are shown in Fig.
8. The magnetic properties of the magnets appeared
to be improved slightly by annealing for 1-2 h, and

Fig. 7. Micrograph showing the transgranular cracks inside the
matrix grains caused by upset forging (75% thickness reduction,
30 mm thick ingot).
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Fig. 8. Variations in intrinsic coercivity and remanence as a
function of post-upset annealing time for the magnets upset
forged at 900 °C.

prolonged annealing (over 6 h) appeared to deteriorate
the properties. The overall values of the properties
appeared to be similar between the upset forged magnets
produced from the different ingots except for the slightly
higher intrinsic coercivity for the 7 mm thick ingot.
These results indicate that the magnetic properties of
the upset forged magnets are not influenced appreciably
by the casting condition of the ingot materials. It is
also found that the post-upset annealing may not rad-
ically enhance the properties of the magnets upset
forged at high temperatures. In Fig. 9, demagnetization
curves of the upset forged and post-upset annealed
magnets are shown.

For the magnets upset forged at the lower temper-
atures, however, the post-upset annealing was found
to improve radically the intrinsic coercivity. In Fig. 10,
the intrinsic coercivity and the remanence of the upset
forged magnets produced from a 7 mm thick ingot
after post-upset annealing at 1000 °C for 2 h are plotted
against the upset forging temperature. The intrinsic
coercivities of the magnets upset forged at the lower
temperatures were improved radically by the post-upset
annealing (compare with Fig. 4). The magnets upset
forged at the lower temperatures will have a larger
amount of grain boundary phase together with free
iron. During post-upset annealing, the free iron will
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Fig. 9. Demagnetization curves of the magnets upset forged at
900 °C (post-upset annealing at 1000 °C for 3 h).
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Fig. 10. Variations in intrinsic coercivity ;H, and remanence B,
as a function of upset forging temperature for the post-upset
annealed (1000 °C for 2 h) magnets (7 mm thick ingot).
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be removed and the praseodymium-rich grain boundary
phase redistributed uniformly throughout the grain
boundaries. The presence of more grain boundary phase
would then result in better magnetic isolation between
the Pr,Fe,,B magnetic matrix grains, thus enhancing
the intrinsic coercivity of the magnets. In addition to
the better magnetic isolation, the low internal demag-
netizing field due to the poorer magnetic alignment
[9, 10] may also contribute to the enhanced intrinsic
coercivity of the magnets upset forged at the lower
temperatures.

The intrinsic coercivities of the post-upset annealed
magnets were improved further by a subsequent low
temperature annealing. Figure 11 shows the variations
in intrinsic coercivity and remanence of the post-upset
annealed magnets (upset forged at 900 °C using a 7
mm thick ingot, post-upset annealed at 1000 °C for 2
h) as a function of annealing time at 500 °C. The
intrinsic coercivity of the magnets was improved by
around 3 kOe (9 kOe to 12 kQOe) after the low tem-
perature annealing. This improvement is probably re-
lated to the grain boundary modification caused by the
low temperature annealing at 500 °C, which is just
above the eutectic point of the grain boundary phase
[4]. The previous study [3, 4] on the cast material
showed that such a low temperature annealing treatment
caused a significant improvement in the intrinsic coer-
civity, and this was found to be related closely to the
formation of the Pr(Fe,Cu),-type phase at the grain
boundary. No improvement in the remanence was
achieved by the low temperature annealing treatment.

Figure 12 shows the second quadrant magnetization
curve of the magnet upset forged at 900 °C. The magnet
was produced from a 7 mm thick ingot and subjected
to post-upset annealing at 1000 °C for 2 h and subsequent
low temperature annealing at 500 °C for 4 h. The
second quadrant magnetization curve for a sintered
Nd-Fe-B-type commercial magnet (Philips, RES-270)
measured under the same conditions as the upset forged
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Fig. 11. Effect of low temperature (500 °C) annealing on the
intrinsic coercivity ;H. and remanence B, of the upset forged
and then post-upset annealed magnets.
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Fig. 12. Demagnetization curves of the upset forged magnet and
the commercial sintered magnet measured by (a) VSM and (b)
permeameter.

magnet is included for comparison. The demagnetization
character of the upset forged magnet appeared to be
comparable with that of the commercial magnet except
for the slightly lower remanence of the upset forged
magnet. It should be noted that these magnetic mea-
surements using a VSM for samples with the shape
3X3X1.5 mm? used in the present study will introduce
a demagnetizing effect due to specimen geometry, and
this would reduce the remanence value and result in
a deterioration in the squareness of the loop. Figure
12(b) shows the demagnetization curve of the cylindrical
commercial magnet (¢25X10 mm) measured using a
permeameter, where the demagnetizing effect can be
virtually eliminated. This curve shows a reasonably good
squareness. It can be concluded, therefore, that the
upset forged magnet exhibits demagnetization char-
acteristics comparable with those of the Nd-Fe-B-type
commercial sintered magnets.

As discussed above, the microstructural and the
magnetic measurement studies indicate that the upset
forging process is able to achieve a significant easy axis
magnetic alignment along the upset forging direction.
This magnetic alignment can be explained by the grain
boundary gliding of the plate-like matrix grains. As
shown in Fig. 3, most of the grains in the cast ingot
have a plate-like shape and the EMD is roughly per-
pendicular to the flat surface of these grains. If such
plate-like grains are squeezed at high temperature
during upset forging, they should reorientate so that
the wide flat surfaces become perpendicular to the
upset forging direction. This alignment may take place
through the grain boundary gliding process, and the
praseodymium-rich phase, which is liquid at the upset
forging temperature, would facilitate this process, es-
pecially in an open die configuration. Figure 13 shows
the microstructure and the magnetic domain structure
of the upset forged sample (65% thickness reduction,
30 mm thick ingot) at 900 °C and then annealed for
2 h at 1000 °C. Figure 13(a) and (b) represent the
images observed on the planes parallel and perpen-
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Fig. 13. Optical micrographs showing the microstructure and the
magnetic domain structure of the upset forged magnet (65%
thickness reduction) observed on the planes (a) parallel and (b)
perpendicular to the upset forging direction (30 mm thick ingot).

dicular to the upset forging direction respectively, show-
ing that the EMD of the plate-like grains has been
aligned along the upset forging direction. A further
squeezing of the sample should produce further align-
ment and the grain boundary phase may be discharged.
At the same time, the grains will be heavily deformed,
and cracking of the matrix grain would take place (see
Fig. 8). It seems, therefore, that the grain refinement
occurs during the upset forging process by means of
this cracking and then filling of the cracks by the liquid
praseodymium-rich material. Figure 14 represents sche-
matically the model for the achievement of magnetic
alignment and the grain refinement discussed above.

It should be interesting to compare the magnetic
alignment and grain refinement obtained in the upset
forging process with those in the hot pressing process
where the material is deformed with a fairly low strain
rate (107°-10~° s~ ). It has been reported [11] that
dynamic recrystallization may play a vital role in the
magnetic alignment and the grain refinement in the

' Upset Forging
a0 R Direction
(c-axis) ™ ’

(Transgranular Cracking)

Fig. 14. Schematic diagram showing the model for magnetic
alignment and grain refinement of the upset forged magnets.

hot pressing process. Other workers [12] have argued
that the magnetic alignment in the hot pressing process
may take place by slip of the matrix grain preferentially
along basal planes. In the present upset forging process,
however, the dynamic recrystallization may not allow
reorientation since the upset forging is completed within
a few minutes (about 5 min). The microstructural
observation in the present study also showed clear
evidence for the reorientation of the matrix grains. The
magnetic alignment may, therefore, be achieved through
this grain reorientation and there is no evidence of
slip formation. The rapid achievement of preferred
orientation obtained in the present work might have
important implications with regard to the production
of magnets directly from cast material.

4. Conclusion

It was found that the upset forging process at tem-
peratures above 800 °C can be used successfully to
produce Pr-Fe-B-Cu-type permanent magnets from
the cast ingot materials with acceptable properties. It
was found that the casting conditions of the ingot did
not influence significantly the magnetic properties of
the upset forged magnets. Most of the free iron which
existed in the cast ingots was removed by the upset
forging at high temperature, and this removal of the
free iron was attributed to a solid~liquid peritectic
reaction between the free iron and the praseodymium-
rich grain boundary phase through the cracks in the
matrix grains caused by the upset forging process. The
magnetic alignment during the upset forging was at-
tributed to grain boundary gliding of the plate-like
grains, and the geometry of the ingot grain and the
presence of a large amount of the praseodymium-rich
grain boundary phase were thought to play an important
role in the achievement of magnetic alignment.
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