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Abstract
The effects of alloying additions upon the magnete propertics of PrFeB-based sintered magnets
have been studicd. The hydrogenation decrepitation process was employed to produce permanent
magnets using a mixture of two alloys. The effect of cobalt content on the magnetic propeitics of
these materials was investigated. A dramatie influence ol additions on the magnetic propertics of
these prascodymium-based magnets has been shown.

I. Introduction

In the past, prascodymium-based sintered magnets with high intrinsic coercivity have been
preparcd with substitutions of Co. Al, Dy and Tb [1-4]. Morcover, it has been shown that magncts
based on the compositions PrsFepyBssCus and PriaoFensBs prepared using the hydrogen
decrepitation (HD) process achieve high intrinsic coercivity afler a post-sintering annealing [5-7].
Recently, HD PrFeBCoZrGa-based sintered magnets produced using a combination of two atloys has
been investigated [8]. The influence of zirconium. gallium. copper and cobalt additions on their
magnetic propertics has also been studied. This paper reports the results of further work carried out
on PrysFengCoNby Bs-type HD sintered magnets (x = 0.4, 8. 10. 12, 16) prepared from a mixture of
cast attoys. Thus, this investigation was undertaken to optimizes the cobalt content with respect 1o
the magnetic propertics and corrosion resistance of the HD Pr-bascd sintered magnets. Niobium free
magnets have also been produced for a comparison. A Prigle-oBy 11D sintered magnet has been used
as a standard reference in the present work.

2. Experimental Procedure -

Sceverat commercial PrFeCoNbB alloys (14 at% Pr) in the anncaled state (1100°C. 20 h) were
used in this investigation. The chemical analyses of the as-cast alfoys are given in Table 1. All the
alloys contain about 0.1 wt% aluminium as an impurity (as per the supplier’s specification). The
study of the Co-containing alloys and the details of the preparation of the HD sintered magnets have
already been described in previous papers [8-10]. In order to produce magnets from two alloys with
distinct ‘compositions [8] a prascodymium-cnriched attoy (Prs sFenB:Cua), in the as cast condition,
was used as sintering aid additive (1% in weight), Thus. the final composition of the sintered
magnet is slightly richer in prascodymium (~13at® Pr) and conains a small amount ol copper (~0.3
a% Cu). Iydrogenation of master and additive allovs (totddizing 15 g) was carried out
simultancously in a stainless steel vessel at a pressure of | har and at 100°C. The deerepitated
material was milled for 20 h using cvelohexane as the milling medium. The dried powder was then
transferred to a small cylindrical rubber tube under a nittogen atmosphere. This powder was aligned
by pulsing three times to a 6 T magnetic licld. pressed isostatically at 1000 kg em™ and then vacuum
sintered for | h at 1030°C, followet by cooling inside the furnace. The PrigFesBy standard magnet
was preparcd with the alloy in the as-cast condition. without any sintering aid and it was sintered at
1060° C. To evaluate the effect of additions only on sintering, no post-sintering heat treatment was

ot ¥
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carricd out. Magnetic measurements of the HD sintered magnets were performed in a permeameter
alter saturation in a pulsed ficld of 6 T. Corrosion lest was carried out according to ASTM B-117

[Hi].

Table | Composition of the starting as-cast alloys.

Alloy nominal composition (at %) Alloy analysed composition (wt%)

Pr Fe Co B Nb Al/Cu
Pryp sFepuBsCuy 40.30 | 57.57 --- 0.57 . 1.56
PricFessBy 3424 | 64.33 1.31 --- 0.12
PrigFesoBg 13030 1 68.02 0.99 .09
PrisFeqooB3aNby, 30.11 68.08 097 1 0.14 | 0.10
l’l‘|4[Ty§yC()4B(,Nb(m 30.05 65.1a 3.58 0.97 0.15 0.09 ~
PrisFes; 9CosBBoNby 30.29 | 61.36 7.15 0.96 | 0.15 | 0.09
PrigFeas 9C010BNby | 3006 | 59.51 9.03 1.02 1 016 | 0.12
Prialesr 0Coi2B36Nby g 30.14 | 57.80 10.83 1 098 | 0.15 | 0.10
PryiFee 9Co16BsNby 30.35 | 54.11 1434 | 096 | 0.14 | 0.10

3. Results and discussion

The variation in remanence and cnergy product of HD sintercd magnets, produced from a
mixture of Pr-based alloys, as a function of cobalt content, is shown in Figure I. Good remanence
values were achieved in all permanent magnets. The best remanence was observed in the
PrigFes oCosBgNDbyy HD sintered magnet (1240425 mT). The PriFesol3q sintered magnet also
showed a good remanence value. The highest encrgy product (2866 kJ/m’) was observed for the
magnet containing 4 al.% cobalt and also for the PriyFegBBs magnet. The variation in cocrcivity of
1D sintered mapnets as o function of cobalt content is shown in Figure 2. High intrinsic cocrcivity
ROV LA/ waes achieved i the sompde prepared deing the alfoy with ot cobadt At hiphie
Coocontents this mapnetic propetty decteased substantadlys Beviows Investipation on
Prislicay «Copa3s sAly sintered magnets veported o rentanence of 1270wl (12,7 kGY and an intrinsic
cocrcivity of 764 kA/m (9.0 kOc) |2, 3} For the present Pr-based HD sintered magnet with 16 at%
Co aremanence of (1250+25) mT and a coercivity of (637413) kA/m were obscrved.

1250 +

v

8 (mT)
a

o f LR
1150 |- -

1100k

ey
e

200 1 | 1 i I A ! 1L

| 1
001 2 3 4 5 6 7 8 9 1011 1213 14 15 16
x ( at%)

Fig. 1. Remanence and maximum energy produet versus cobalt content for PryyFe, CoNby  Be-type HD sintered
permanent magnets.
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Fig. 2. Intrinsic and inductive coercivity versus cobalt content for PrisFepuCoNby  Be-type HD sintered permanent
magnets.

Figure 3 shows the demagnetisation curves of the PrsFes yCosBgNbgy HD sintered magnet
prepared from a mixture of cast alloys. The addition of 4 at% Co in the alloy improved substantially
the intrinsic coercivity and somewhat the remanence of the HD sintered magnet but also yiclded a
pronounced kink on the second quadrant curve. The Pri4Feso9BNby; HD sintered magnet also
showed such a kink, but much less pronounced. This kink was not observed in the Pri,FessBg and
PrysFexyBy HD magnets. For magnets prepared with higher cobalt contents (8, 10, 12 and 16 at%) the
kink disappcared and a progressive decrcase in coercivity was observed with increasing
concentration of cobalt in the sintered magnets. This behaviour has been attributed to the presence of
Pra(FcCo) and Pr(FeCo), phases in the Co-containing magnets. All these Co-containing phases have
been reported previously for Nd-based magnets [12-15]. Table 2 gives the composition determined
by EDX in the hard magnetic matrix phase. the Pr-rich phase and cobalt-containing phascs found on
the HD sintered magnets. The Pr(FeCo)s and Pry(FeCo) phases were also obscrved in these
PriaFengCoNby Bs alloys and have been reported in details clsewhere [10]. Figures 4-11 show
backscattercd electron images of all Pr-based 11D sintered magnets anatyzed by EDX.

T Y1200

4 1000

Magnetization [ mT ]

(L t il t [ 1
-1400 -1200 -1000 -800 -600 -400 -2 0

Applied field [kA/m]

Fig. 3. Demagnetization curve aof the PrisFesy o0 3,Nbyy T sintered magnet.
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A summary of the magnetic properties and the increase in mass due to corrosion of these
magnets is shown in Table 3. It is worth noting that niobium addition in the alloy increased the
intrinsic coercivity in the HD sintered magnets from (1050£21) to (1249+25) kAm''. In contrast. the
remanence and squareness factor decreased with the addition of this element. It is also worth noting
that the best squareness factor (SF=0.90+£0.02) was achieved in the magnet containing 10 at% Co. It
is appropriate to mention that the combined addition of Co and Cu to NdFeB-type magnets
(produced by powder blending) allowed the addition of higher Co contents to sintered magncts
without a dramatic loss of coercivity. Measurements of Curie temperature on the magnetic alloys
showed an increase of 11°C per at% Co. Similar increase in Curie temperature has been obtained
with Nd-based magnets [12]. Niobium and cobalt additions improved the corrosion resistance of
these copper-containing Pr-based HD-sintcred magnets. The Pri¢Fe;Bs HD sintercd permancnt
magnet processed under the same conditions and using the cast alloy in the as-received condition
showed the highest mass variation (increasc) due to corrosion (310415 mg). This was expected since

the rare earth content of this alloy, with the “neomax” composition, is the highest among the tested
alloys.

Table 2 Composition determined by EDX in the hard magnetic matrix phasc (¢) and the various phases found in the
Pr-based HD sintered magnets (All results are average of three measurements. individual readings showed scatter of up
to £ 5 %. The boron concentration cannot be detected by EDX and hence it is the concentration ratio of the metallic
components regarded as significant).

Magnet Phase PJ Fe Co
(at%) (at%)| (at%)

PryFcCo)uB | 134 | 720 | 146 |
PrisFenCoisBaNba i | Pr-rich 85.3 14.7 -
Pr(FeCo) 57.0 37.0 6.0
_Pra(FeCo)iB 13.5 76.6 9.9
Pr-rich 878 1 122 -

PriaFeniCoaBeNbo i | PrifeCo) 748 + 214 3.8 |
PrleCoy 594 1 354 5.2

| Ip ,,| L( U)n”l 272 ! ()().3 llj__
|“”L(MHH 142 1 764 1 94

Prich __R_ﬁ}_' |"4 7 -
Pl'l-lf"(—‘lml(’()m“r.th | Prut el :)) o \J 8_ I_._. li\_ ___2'.__7__
_J_’_lﬂ_t(_()): 663 1 120 21.7
PriteCo) SIS 423 5.9
Pra(FeCo) b3 14.4 77.9 7.7
PrisFenaCosBaNba s | Pr-rich 82.8 15.0 2.2
Pr(I'cCo) 52.8 332 14.0
Pra(FeCo) BB 13.5 82.6 3.9
PI’uFCh;nCOJB(,me Pr-rich 84.1 15.9 -
| PruteCo) 69.9 289 1.2

Pr(leCo) 55.1 j 43.0 1.9

b

Prafe, .3 138 J 8(» -

Prial enaBBaNbay Pr-rich Kl (v i |‘< 4 -
- Prie 503 1 497 -

l)l’;ﬂ:ch;,|B(. Pl‘_‘}f'%uB 13.6 8G.4 -
Prike 69.2 | 308 -

Pr-FeBB 3.6 864 -

Pr|(,[?C7(,Bx Prife 75.2 248 -
Pry..Feab3, 214 78.6 -
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Table 3 Magnetic properties and mass gain duc to corrosion of Pr-based HD sintered magnets  (error: £2%).

Alloy used in the B, H, wHe (BH)max SF increase in
magnet’s production | (mT) |(kA/m)| (kA/m) (kJ/m3) (ratio) | mass (g)
PricFessBsg 1140 | 1289 867 249 0.87 0.31
PrisFesoBe 1230 | 1050 851 286 0.78 0.13

1 PrisFeqg.9BeNby 1170 | 1249 836 255 0.68 0.10
PrisFes1.9Co4BsNby o 1240 | 1393 955 286 0.68 0.08
PrisFess ¢CoxBeNby ) 1160 1 1114 851 259 0.81 0.05
PrysFeqs 9Co19BeNbg, g 1200 | 1170 915 277 0.90 0.07
Prl;FCm.l)CO[zB(,Nbuj | ]90 97] 928 263 0.87 0.04
PrizFess oCoisBNby 4 1250 637 549 276 0.75 0.04

"'Det WD

. BSE 9.8 Coi
B 28 R
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Fig. 8 Backsemtered clectron mage of PrygFen,CoB.Nh,, nagncet.
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4. Conclusions

These results show that the addition of 4 at% Co to Pr-based magnets although convenient to
improve the intrinsic coercivity, corrosion resistance and Curie temperature causes the appcarance of
a kink on the demagnetization loop. Cobalt additions superior to 4 at% on the Pr-based permanent
magnets causes a diminution of the intrinsic coercivity. This behaviour has been attributed to the
presence of Co-containing soft ferromagnetic phases with Curie points above room temperature in
HD sintered magnets. Niobium addition in the alloy increased the intrinsic coercivity in the HD
sintered magnets but at the expenses of the remanence, energy product and squareness factor.
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