N,

:

ELSEVIER

Journal of Magnetism and Magnetic Materials 238 (2002) 38—46

/WA Joumnal of

magnetism
and

M iierais

www.elsevier.com/locate/jmmm

Relation between grain alignment and magnetic properties
of Pr—Fe—B sintered magnets

R.N. Faria*, A.R.M. Castro, N.B. Lima

Instituto de Pesquisas Energéticas e Nucleares IPEN-CNEN, CEP 05422-970, Sao Paulo, Brazil

Received 10 May 2001; received in revised form 6 September 2001

Abstract

This paper presents the results of investigations carried out to correlate magnetic properties and grain alignment in
some as-sintered and heat treated Pr-Fe-B magnets. Sintered magnets based on the composition Pr;cFe;sBg were
prepared using the hydrogen decrepitation process. Magnetic behaviour (B, and ;H.) was studied as a function of
degree of grain alignment ({cos 6)). The volume fraction (f') of the matrix phase @ (Pr,Fe 4B grains) in the permanent
magnets was also estimated and correlated with intrinsic coercivity. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that to be able to achieve full
performance for any hard magnetic material, it is
essential to produce the material in a magnetically
anisotropic form. Even though isotropic magnets
are capable of large coercivities, their remanence is
restricted to only half of the saturation magnetiza-
tion at high fields. The process of introducing
magnetic anisotropy consists of orienting the
granular material with the easy magnetic axis of
the particles oriented parallel to one another. In
standard powder metallurgy, this is carried out
magnetically with a pulsed or static field, prior to
the pressing and sintering stages. Each powder
particle must be a single crystal, for it to orient.
Hence, milling of the starting material is carried
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out to produce a narrow size distribution of single
crystal particles [1]. Ultimately, this stage controls
the degree of grain alignment of a permanent
sintered magnet (provided the particle orientation
field is strong enough).

The preparation of sintered magnets from rare
earth (RE) based powders becomes difficult when
powders with fine particle sizes are to be sintered.
A dramatic decrease in remanence and intrinsic
coercivity of sintered magnets has been reported
when the particle size decreases below a critical
value [2]. The remanence behaviour was similar to
the intrinsic coercivity. This was attributed to
oxidation of the fine powders. It has also been
reported that overmilling reduces the intrinsic
coercivity by damaging the particle surface [1].

Studies on sintered RE iron boron magnets have
shown that improvements in grain alignment lead
to reduction of coercivity, due to increase in
internal demagnetizing fields [3]. On the other
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hand, it has also been reported [4] that the
commonly observed decrease of coercivity with
improved grain alignment is not an inevitable
correlation in RE-Fe-B permanent magnets. In
materials with high coercivity, improved grain
alignment should also lead to increase in the
coercive field. In Pr-Fe-B permanent magnets, the
remanence increases with increase in milling time,
and is accompanied by a decrease in coercivity [5].
Furthermore, this increase in remanence was
attributed to increase in the degree of grain
alignment in these magnets [6].

In this investigation, attempts have been made
to correlate magnetic behaviour and the degree of
crystal alignment of various Prj¢Fe;sBg sintered
magnets. Although it is possible to vary the degree
of alignment in sintered magnets, by changing the
intensity of the orientation field, in this investiga-
tion the milling stage was used to change the
degree of grain alignment in Pr-Fe-B sintered
magnets. Attempts have also been made to
correlate the magnetic behaviour of these Pr—Fe—
B hydrogen decrepitation (HD) sintered magnets
with the corresponding volume fraction of the
Pr,Fe 4B grains.

2. Experimental

The chemical analysis of the cast PricFe;sBg
alloy, details about the preparation of the HD-
sintered magnets, the post-sintering heat treatment
and the magnetic measurements have been de-
scribed in a previous paper [5]. The HD material
was milled in a roller ball-mill. The oriented
powder (in a pulsed field of 6 T) was pressed in
an isostatic press. This method allowed fewer
pressure-activated processes to take place, com-
pared to uniaxial pressing in a die [7]. The degree
of easy-axis alignment of the Pr,Fe4B matrix
grains in these magnets was determined by X-ray
pole figure analysis using the (004) reflection,
which has also been described in detail elsewhere
[6]. The saturation polarization of a Pr—Fe—B alloy
was taken as the product of the volume fraction
(f) of the matrix phase and the spontaneous
polarization (f5) of the Pr,Fe 4B matrix phase ( f1;)
[8]. The volume fraction (0<f'<1) of the Pr,Fe 4B

matrix phase was estimated from the expression [9]:
B, = {cos 0PI, (1)

where B, is the remanence of the Pr-Fe-B HD-
sintered magnets. {cos ) is the (average) degree
of easy axis alignment of the Pr,Fe;4sB matrix
phase grains; this is 0.5 for an isotropic magnet
and increases to 1 for a perfectly aligned magnet.
The value of I for the Pr,Fe4B matrix phase
is 1.575T at 293K [10]. The packing factor
(P=magnet density/theoretical density) for
PrigFe;sBg HD-sintered permanent magnets is
~0.98 [11] (calculated density: 7.513 gem > [12]).

3. Results and discussion

The milling time, degree of alignment, density,
volume fraction of the matrix phase and magnetic
properties (before and after heat treatment at
1273 K for 86.4 ks) for the PrisFe;sBg HD-sintered
permanent magnets, are given in Table 1. The
volume fraction of the matrix phase decreased
with increase in milling time. The volume fraction
of the matrix phase in Nd;sFes4Bg alloy is reported
to be 82% [13]. This is consistent with the range of
values observed in the present investigation for
PrigFe;sBg HD-sintered magnets. It can be noted
in Table 1 that the values of the degree of easy axis
alignment increase with increase in the squareness
factor (SF = Hy/;H.). Previous attempts [14] to
correlate these two parameters for Sm—Co perma-
nent magnets showed a wide scatter and no
meaningful conclusions were drawn. The density
(p) of the HD magnets was close to the calculated
value and the packing factor, around 0.97-0.98.

The effects of milling time and heat treatment on
the degree of alignment of the PrigFe,sBg magnets
are shown in Fig. 1. There is an increase in the
degree of alignment with milling time and this is
due to increase in the proportion of single crystal
particles (grains) obtained by milling. The final
degree of alignment of a magnet prepared with
very small single crystal particles should be higher
than that for a magnet produced with (relatively)
large single crystal particles, due to the easier
rotation of the former in the applied orientation
field (smaller moment of inertia). The increase in
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Table 1
Magnetic properties of PrigFe;sBg HD sintered magnets
Milling time  Processing {cosf@) SF (ratio) B; (T) toiHe (T)  popHe (T)  (BH)max (kJ/m3) o (gcm’3) f
X (10%) (s) condition (+£0.01) (£0.02) (£0.02) (£0.02) (£0.02) (£95) (£0.02) (£0.02)
64.8 As-sintered  0.80 0.77 1.09 1.49 1.02 234 7.37 0.88
Heat treated 0.88 0.81 1.09 1.75 1.05 232 7.38 0.80
97.2 As-sintered  0.88 0.79 1.10 1.32 1.00 228 7.38 0.81
Heat treated 0.92 0.89 1.12 1.67 1.09 245 7.39 0.79
129.6 As-sintered  0.92 0.75 1.11 1.43 1.01 229 7.35 0.78
Heat treated 0.95 0.81 1.12 1.53 1.07 245 7.37 0.76
162.0 As-sintered  0.96 0.84 1.14 1.39 1.06 248 7.32 0.77
Heat treated 0.97 0.93 1.15 1.49 1.11 255 7.30 0.77
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Fig. 1. Variation of degree of alignment of matrix phase grains of PrisFe;sBg HD magnets with milling time.

{cosf) with heat treatment was more pro-
nounced for the magnets prepared using particles
milled for a shorter time. Also, the magnet with
the highest increase in degree of alignment with
heat treatment (from 0.80 to 0.88; milling time:
64.8ks) revealed the best intrinsic coercivity
(1.75T). This increase with heat treatment could
be attributed to compositional homogenization
taking place during this treatment, inducing the
formation of some matrix phase in the alignment
direction. No significant change in the degree of
alignment with heat treatment was observed in the
magnet prepared using powders milled for the

longest time (also with the highest degree of
orientation, 0.97). It is well known that the powder
metallurgy route tends to homogenize the material
during the milling and sintering stages. Thus, the
magnet-processing steps could cause progressive
attenuation of the influence of ingot structure on
the properties of the sintered magnet. Any homo-
genizing effects take place mostly during the
milling stage and the influence of the initial as-
cast structure of the alloy would be smaller after
extended milling times.

Fig. 2 shows the variation of remanence with the
degree of c-axis alignment for the PrigFe;sBg HD
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Fig. 2. Variation of remanence with degree of alignment of the matrix phase grains of Pr;sFe;sBg HD magnets. Pr;sFe;;Bg magnet [10]

data have been superimposed.

magnets, also in the as-sintered and heat treated
conditions. Data from Ref. [10] for Pr;sFe;;Bg
sintered permanent magnets (calculated using
Iy =1.58T and f = 0.85) have also been plotted
in Fig. 2, for comparison. The reported volume
fraction of the matrix phase for a Nd;s;Fe;;Bg
sintered magnet is 85% [15]. As expected, in both
cases the remanence increases with increasing
degree of alignment of the easy axis of the matrix
Pr,Fe 4B grains. The origin of the graph shows the
theoretical value for an isotropic Prj¢FesBg
magnet with a Br of ~0.65T (0.5/I; =
0.5 x 0.82 x 1.58) and a {cos @) of only 0.5. The
dashed line joins this point to the present
Br values and indicates that the maximum
remanence of the HD-sintered Pr¢sFe;¢Bg magnets
would be around 1.2T. A very similar value
(1.19T) was reported for sintered PrigFe;Bsg
permanent magnets prepared by powder metal-
lurgy [16]. According to Eq. (1), the theoretical
remanence ({cos0> =P=1, f=0.82 and
I;=1.58T) for a magnet produced with this
particular  alloy is  approximately 13T
(2x0.65T). Using this value as the saturation

magnetization for this alloy, the ratio B;/I; was
also plotted in Fig. 2 for comparison (this ratio is
often used as the degree of alignment in magnets).
In the case of the PrjsFe,;Bg sintered magnets
the isotropic value of remanence is 0.67T
(0.5fI;, = 0.5 x 0.85 x 1.58). A fully aligned sin-
tered magnet would thus have a maximum
remanence of 1.34T (2 x 0.67). In this case there
is an excellent fit between these two reference
points and the data from Ref. [10] plotted in
Fig. 2.

Fig. 3 shows the intrinsic coercivity and volume
fraction of the matrix phase as a function of
milling time, before and after annealing. Both
parameters decrease with milling time. The de-
crease in intrinsic coercivity could be due to
decrease in the volume fraction of the matrix
phase with milling time. A similar decrease in ;H.
has been observed in Nd;cFe;Bs HD-sintered
magnets [17] and the low values of intrinsic
coercivity attributed to increased oxygen pickup
during prolonged milling and to increased suscept-
ibility to oxidation of the fine powders, as a result
of the prolonged milling. The results obtained in
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Fig. 3. Variation of coercivity of PrisFe;sBg HD-sintered magnets and volume fraction of the matrix phase with milling time.
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Fig. 4. Variation of microstructural parameters with degree of alignment of HD-sintered magnets.

this investigation indicate that oxidation by over- The increase in intrinsic coercivity (from 1.49 to
milling not only decreased the rare-earth-rich 1.75T) upon heat treatment was attributed pre-
phase at the grain boundaries, but also some of viously [18] to improved isolation of the matrix
the matrix phase (/" decreased with milling time, as phase by a nonmagnetic RE rich phase and

given in Table 1). smoothing of the grain boundaries in Pr-based
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Fig. 5. Variation of coercivity of PrjsFe;Bs HD-sintered magnets with degree of alignment ({cos 0 )). Superimposed coercivities of
sintered PrsFe;;Bg magnets were calculated using Eq. (2) (degree of alignment = B, /I;) and data from Ref. [10].

sintered magnets. The decrease in volume fraction
of the matrix phase with heat treatment is
consistent with either continued oxidation or loss
of RE at high vacuum during heat treat-
ment. Previous studies on PrisFe;;Bg magnets
[10] have shown that intrinsic coercivity (y,;H.) in
sintered magnets based on Pr,Fe;4B can be
described by

toiHe = cugHa — NI, (2)

N = 1.865¢ + 0.38, 3)

where the magnetocrystalline anisotropy field
(ugHpa) for the ProFe;4B matrix phase is 9.15T
(7.28 MA/m) and ¢ and N are microstructural
factors for the sintered magnet [10]. Assuming the
absence of very large grains [10], these parameters
were determined for the magnets using Egs. (2)
and (3) (¢ =0.16py;H: + 0.097). The values of
intrinsic coercivity are given in Table 1. Fig. 4
shows the variation of ¢ and N with the degree of
alignment for the Pr¢Fe;sBg HD magnets. Both
these parameters increase with heat treatment as
also does the coercivity. According to Hirosawa

and Tsubokawa [10] the post-sintering heat treat-
ment makes N smaller than for the as-sintered
state and ¢ remains unaltered. The post-sintering
heat treatment of the HD magnets was carried out
at a considerably higher temperature (for longer
times). This treatment could affect these para-
meters differently, but not the coercivity beha-
viour. Fig. 5 shows the variation of intrinsic
coercivity of the Pri¢Fe;sBg sintered and heat-
treated magnets with degree of easy axis align-
ment, obtained using X-ray diffraction. The
intrinsic coercivities of PrisFe;;Bg sintered mag-
nets [10] calculated using Eq. (2) were also plotted
as a function of the degree of alignment (B, /I;), for
comparison. In both cases, coercivity decreased as
the degree of alignment improved. The degree of
alignment of the c-axis affected both ¢ and N
parameters [10]. Improved alignment yielded a
smaller intrinsic coercivity, through the decrease in
¢, which overrode the effect of the reduction in N.
Microstructural investigations and energy disper-
sive X-ray analysis are underway in an attempt to
correlate the magnetic behaviour outlined in this
paper, with microstructure.
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Table 2

Degree of alignment and magnetic properties of PrjsFes¢Bg sintered magnets produced from hydride powders and from partially as

well as totally desorbed hydride powders (milling time: 64.8 ks)

Powder condition Processing {cos ) SF (ratio) B: (T) Ho;He (T) topHe (T) (BH)nax (KJ/m®)
before milling condition (£0.01) (£0.02) (£0.02) (£0.02) (£0.02) (£95)
Fully hydrogenated As-sintered 0.80 0.77 1.09 1.49 1.02 234
Heat treated 0.88 0.81 1.09 1.75 1.05 232
Partially desorbed As-sintered 0.96 0.66 1.13 1.45 1.00 247
Heat treated 0.97 0.93 1.18 1.52 1.16 280
Totally desorbed As-sintered 0.96 0.73 1.20 0.99 0.84 253
Heat treated 0.97 0.79 1.22 1.06 0.89 286

The degree of alignment and magnetic proper-
ties of the standard HD-sintered Pr¢Fe;¢Bs
magnets and sintered magnets in which hydrogen
had been desorbed (partially or totally) from the
powder [5] prior to the milling step are given in
Table 2. Complete desorption of the HD material
prior to magnet processing increased the rema-
nence and decreased the intrinsic coercivity of the
sintered magnets, compared to the corresponding
properties of the standard HD magnets subjected
to the same milling and heat treatments. The effect
of partial desorption of the HD alloy prior to
magnet processing also increased the remanence
and decreased the intrinsic coercivity, but to a
lesser extent than in the previous case. In both
cases, the degree of alignment also improved
substantially as a result of the desorption proce-
dure. The magnetic behaviour of these magnets
can be attributed to the effects of hydrogen on the
magnetic properties of the powder. The differences
in the degree of alignment of the milled powders
can be partially attributed to reduced anisotropy
of the Pr,Fe 4B phase in the HD powder. Further
misalignment of the c-axis in HD-sintered magnets
can occur with reduction in remanence, due to
hydrogen induced partial spin reorientation [19].
Shape anisotropy and the presence of multi-grain
particles can also reduce the degree of alignment
[20]. Although the degree of alignment in the
magnet produced from fully degassed powder
(0.97) is not higher than that found in the
Pri¢Fe;sBg HD-sintered magnet prepared using
powders milled for longer times (162ks), the
remanence is slightly higher. The milling step

could also be affected by the degassing procedure
and the higher remanence (1.22T) of the magnet
made from fully degassed powder, due in part to
higher volume fraction of well-aligned single
crystal ¢ phase grains in the magnet. The very
low intrinsic coercivity of the magnet made from
fully degassed powder can a;so be due to increase
in oxygen content in the magnet, caused by the
absence of hydrogen during the sintering of this
material [21]. It has been reported [22] that the
fraction of the ideal [00 1] texture component in
Nd-Fe-B and NdDy-FeCo-B magnets was en-
hanced by doping with oxygen, resulting in a
measurable increase in remanence and loop
squareness associated with a small decrease in
coercivity in the Nd—Fe-B magnets and a sub-
stantial increase in the ;H. of the Dy, Co-contain-
ing magnets.

Fig. 6 shows the energy product versus rema-
nence for the Pr;¢Fe;¢Bg HD-sintered magnet. The
theoretical upper limit for the energy product
(B?/4p,) for the PrisFe;,sBg HD-sintered magnets
and for PrisFe;;Bg sintered magnets [10] are also
included in the graph for comparison (valid for
magnets with ,H.>0.5B;). The (BH),.x obtained
for the magnets studied here are slightly below the
theoretical values and indicate that the processing
of the HD magnets was close to optimum. Fig. 7
shows the energy product versus intrinsic coercivity
of totally desorbed (TD), partially desorbed (PD)
and HD-sintered PrigFe;sBg magnets. Magnetic
properties of various Pr-Fe—B-type magnets taken
from the literature [23-26] were superimposed for
comparison. A feature of these Pr-based magnets
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Problems have been encountered in the produc-
tion of large sintered blocks using the HD-process
and these have been associated with the difficulty
in removing hydrogen from within the block, prior

is the inverse correlation of energy product (or
remanence) and intrinsic coercivity. PrigFe;sBg
HD magnets in the as-sintered condition were not
included, as coercivity had not fully developed.
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to the onset of sintering, and this results in the
formation of cracks in the final product [21].
Avoidance of these cracks requires a carefully
controlled degassing procedure and/or the use of
partially degassed powder when pressing the green
compacts [21]. As given in Table 2, magnets
prepared with partially degassed material exhibit
good overall magnetic properties.

4. Conclusions

The increase in remanence, with longer milling
time, of the HD starting material is due to an
increase in the degree of alignment of the sintered
Pri¢Fe;sBg magnets. High degrees of orientation
can be obtained with longer milling times, but
better processing conditions or techniques need to
be used to avoid degradation of intrinsic coerciv-
ity. The deterioration in coercivity with longer
milling time has been attributed to decrease in
volume fraction of the matrix phase. Post-sintering
heat treatment is more effective with magnets that
were prepared using shorter milling times.
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