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Abstract  
The effects of alloying additions upon the magnetic properties of Prhel3-based sintered magnets 
have been studied. The hydrogenation decrepitation process was employed to produce permanent 
magnets using a mixture of two alloys. 'lhe effect of cobalt content on the magnetic properties of 
these materials was investigated. A dramatic influence of additions on the magnetic properties of 
these praseodymium-based magnets lias been shown. 

1. Introduction 

In the past, praseodymium-based sintered magnets with high intrinsic coercivity have been  

prepared with substitutions of Co. Al, Dy and Tb [I-4]. Moreover, it has been shown that magnets  

based on the compositions Pr_ 0 . 5 Feh,d13 3. 7Cu, and Pr 1(0 Fe i ,,, d i l prepared using the hydrogen  
decrepitation (I-ID) process achieve high intrinsic coercivity after a post-sintering annealing [5-7].  

Recently, I-ID PrFeBCoZrGa-based sintered magnets produced using a combination of two alloys has  
been investigated [8]. The influence of zirconium, gallium, copper and cobalt additions on their  

magnetic properties has also been studied. This paper reports the results of further work carried out  

on Pr 1a Feh; , t Co,Nb,,,,135-type HD sintered magnets (x = 0, 4. 8. 10. 12, 16) prepared from a mixture of  

cast alloys. Thus, this investigation was undertaken to optimizes the cobalt content with respect to  

the magnetic properties and corrosion resistance of the HD Pr-based sintered magnets. Niobium free  
magnets have also been produced for a comparison. A Pr i ,,fe-,,135 Ill) sintered magnet has been used  

as a standard reference in the present work.  

2. Experimental Procedure • 

Several commercial PrFeCoNbl3 alloys (14 at% Pr) in the annealed state (1100"C. 20 It) were  
used in this investigation. The chemical analyses of the as-cast alloys 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 praseodymium enriched alloy (Pr 20 . 5 Fei,, 0 B 5 Cu 2 ), in the as cast condition.  
was used as sintering aid additive (I Ç% in weight). Thus. the final composition of the sintered  

magnet is slightly richer in praseodymium (-15at% Pr) and contains a small amount of copper (-0.3  

at% Cu). Hydrogenation of master and additive alloys (totalizing 15 g) was carried out  

simultaneously in a stainless steel vessel at a pressure of I bar and at I 00"C. The decrepitated  
material was milled for 20 h using cvclohexane as the milling medium. The dried powder was then  

transferred to a small cylindrical rubber tube under a nitrogen atmosphere. This powder was aligned  

by pulsing three times to a 6 T magnetic field, pressed isostatically at 1000 kg cm` and then vacuum  

sintered for I h at 11)30 °C, followed by cooling inside the furnace. The Prrr,Fe7 6 B 5  standard magnet 

was prepared 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  
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carried out. Magnetic measurements of the IID sintered magnets were performed in a permeanicter 
after saturation in a pulsed field of 6 T. Corrosion test was carried out according to ASTM 13-117 
[II]. 

Table I Composition of the starting as -cast alloys. 

Alloy nominal composition (at `%O) Alloy analysed composition (rrt%) 
Pr 	Fe 	Co 	R 	Nb 	Al/Cu 

[' r20.5 17 en:11 13 5Cu2 40.30 57.57 0.57 1.56 
I'rl6Fe7H13k 34.24 64.33 1.31 0.12 
Pr1aFe8 0l36 30.30 68.62 0.99 0.09 
I'tl ahc72.913r,Nb0.1 30.11 68.68 0.97 0.14 0.10 
['r141'e75.9Co4136Nbn.1 30.05 65.16 3.58 0.97 0.15 0.09 
Pr1.tFe7I.oCo8B,-,Nbo.1 30.29 61.36 7.15 0.96 0.15 0.09 
I'r 141' ero.oCo 1 nBoN ba.1 30.16 59.51 9.03 1.02 0.16 0.12 
Pr1.11' e(,7.9Co 1213rN ba. t 30.14 57.80 10.83 0.98 0.15 0.10 
I't'1.Ihe63.9CoI1,Br>Nbo. l 30.35 54.11 14.34 0.96 0.14 0.10 

3. Results and discussion 

The variation in remanence and energy product of I-ID sintered 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. Tlie best remanence was observed in the 
Pr, 4 Fe71.yCo4 13,Nba .1 Ill) sintered magnet (1240+25 mT). The prlaEc80136 sintered magnet also 
showed a good remanence value. The highest energy product (286+6 kJ/m 3 ) was observed for the 
magnet containing 4 at.')/0 cobalt and also for the Pr,. I Fe s „13 r, magnet. The variation in coercivity of 
Ill) sintered magnets Is  I function of cobalt content is shown in Figure 2. I ligh intrinsic cocrcivitv 
t I t't t l ?ti (Ahn) 1va.: achirvtol iu l br .tim ili l.M T eIusrd ll':iIt( air am. wills .1 ttt' cobalt ;\I lap.Ilil 

cianrlllti tllt'i notrui.'1ie 1l11111('IIy lit'l'll'll.`le'll !í111F{IlIIIIIIIIl'. IOIL'1'lllll,'i lit\'1ill1'.illlull UII 

I'r151 c, s( 'o l ,,135 -,All sintered magnets reported a renn.lneIucc of 1271) n ( 1' ( 12.7 k(i) and an int rinsic 
coercivity of 764 kA/m (9.6 kOc) [2, 3]. For the present Pr-based IID sintered magnet with 16 at% 
Co a remanence of (1250±25) mT and a coercivity of (637±13) kAhn were observed. 
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Fig. I Remanence and maximum energy product versus cobalt content lilr I'r lo fe i„„ 4 Co t Nbu.i B,,-type I II) sintered 

permanent magnets. 
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Fig. 2. Intrinsic and inductive coercivity versus cobalt content for Pr i4 Feb;,,Co,Nb,,,,i3 1,-type tID sintered permanent  
magnets.  

Figure 3 shows the demagnetisation curves of the Pri4Fe71. 9Co4 B 6Nbo. r  I-ID 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 11D sintered magnet but also yielded a  

pronounced kink on the second quadrant curve. The Prt4Fe79.9B,Nb0,t HD sintered magnet also  
showed such a kink, but much less pronounced. This kink was not observed in the Pr 11,Fe 75 B 9  and  
Pr14Fe50B(, I-ID magnets. For magnets prepared with higher cobalt contents (8, 10, 12 and 16 at%,) the  

kink disappeared and a progressive decrease in coercivity was observed with increasing  

concentration of cobalt in the sintered magnets. This behaviour has been attributed to the presence of  

Pr3(FeCo) and Pr(FeCo)2 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 phases found on  

the HD sintered magnets. The Pr(FeCo) 2  and Pr1(FeCo) phases were also observed in these  
Pr l .1 Fe h„ i Co,Nb„  1 13 s  alloys and have been reported in details elsewhere [1(11. Figures 4-11 show  

backscattered electron images of all Pr-based I ID sintered magnets analyzed by I : DX.  
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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 ( I050±21) to (1249±25) kAni -t . 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 magnets 
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-sintered magnets. The Pr i6Fe 76 B8  HD sintered permanent 
magnet processed under the same conditions and using the cast alloy in the as-received condition 
showed the highest mass variation (increase) due to corrosion (310±15 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 phase (0 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 

Pri.tFcn,,iCoir,Br,Nbo.t 

Phase Pr 	Fe 
(at %) ! 	(at % ) 

Co 
(at%) 

Pr2(FeCo)t4B 13.4 72.0 14.6 
Pr-rich 85.3 14.7 - 
Pr(FeCo) 57.0 37.0 6.0 

Pri,,Fch ; ,iCot213 6Nho.1 

Pr2( FeCo ) i 4 1.3 13.5 	76.6 9.9 
Pr-rich 87.8 	12.2 - 
Prt(FeCO) 74.8 	21.4 3.8 
Pr( Fc(fo 1 
1'ri.,, Fe('o),13., 

59.4 	35.4 5.2 

27.2 	60.3 
14.2 	 76.4 

12.5 
9.4 

Pri.,Fci, : ,iCOt„ 13(,Nho i 

Pr-(1 : c(..011.113 
Pr-rich 
Pr 	Fe_( *o ) 
Pr( Fc( o ), 

85.3 	± 	14.7 - 
81.8 	15.5 2.7 
66.3 	12.0 21.7 

1'r(FcCo) 51.8 42.3 5.9 

Pri.1Fci, ; ,iCotiB6Nbo., 
Pr2(FcCo) 1 413 14.4 77.9 7.7 
Pr-rich 82.8 15.0 2.2 

Pr( 1'cCo ) 52.8  3 3. 2 14.0 

Pri a Fc,, ; ,iCoaB6Nb,,,i 
Pr-(FcCo)1a13 13.5 82.6 3.9 
Pr-rich Ì 	84.1 15.9 - 
Pr,( FcCo I 69.9 28.9 1 .2 
Pr(FCCoI 55.1 43.0 1.9 

Pr i .,1:ei, ; ,113,,Nb, rl 
Pr 2 1:c1i13 13.8 86.2 - 

Pr-rich 	I 	81.6 18.4 - 

PrFc 	Í 	50.3 49.7 - 

Pr,.4Feh:,iBe Pr,hei,B 13.6 86.4 - 

Pr,Fc 	 69.2 30.8 - 

Pr i(,Fc-,,BK 
Pr , Fci.,B 13.6 86.4 - 

PIr31:c 75.2 24.8 - 

Pr, .„1 :e..113.1 21.4 78.6 - 
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Fig. 4 l3ackscattered electron image of Pr,.,Fc,,,,( o,,,13,,Nb,,., magnet. 
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Table 3 Magnetic properties and mass gain due to corrosion of Pr-based HD sintered magnets (error: ±2%).  

Alloy used in the 
magnet's production 

Br 
 (mT) 

1140 

;H r 
 (kA/m) 

1289 

bHc 
 (kA/m) 

867 

(BH),,, ax 
 (kJ/m3) 

249 

SF 
(ratio) 

0.87 

Increase in 
mass 	(g)  

0.31  Pr 16Fe 78 B 8  
Pr 14 Fe 50 B 6  1230 1050 851 286 0.78 0.13  
Pr14Fe79.9B61\lb 0.1 1170 1249 836 255 0.68 0.10 
Prt4Fe,1.9Co4B6Nb 0, 1240 1393 955 286 0.68 0.08 
Pr1 4 Fe75, 9Co 5 B6Nbo.1  1160 1114 851 259 0.81 0.05  
Pr 14Fer,9,9Cot o B6Nbo,t 1200 1170 915 277 0.90 0.07  
Pr t .Fe67. 9Co t 213r,Nbo.1  1190 971 928 263 0.87 0.04  
Pr i _Fer,a 9 Co u,13 6,Nb0.i  I250 637 549 276 0.75 0.04  

Fi .. i3ackscattercd electron image of Pr i • l lEe l , :a ( 0,,13,,Nbn , magnet. 
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Pi g . 7 Backscattercd electron ima ge of Pri.iPq.,iCo,B,,Nb,, magnet.  

Fig. 6 Backscattercd electron image of PrIafel,„ICo u,B,,Nb,,  t  magnet.  
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Fig. 9 Backscattered electron image of Pr„Fe h;, 1 B r,Nbo  i magnet.  

Fig. 1(1 13acksefmered electron image of Pr, I chi l3,, magnet.  

Fig. I I BaeksenticretI electron image or I'r i ,Fe h; , 1 l3, magnet.  
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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 appearance 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 I-ID 
sintered magnets but at the expenses of the remanence, energy product and squareness factor. 
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