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A b s t r a c t  

The microstructures and magnetic properties of alloys Pr2o.5Fe74.oB3.sCu2. 0 (A) and 
PrlT.0Fe76.sBs.0Cul.5 (B) have been investigated. In the cast condition the microstructure 
of alloy A consisted of three phases: a Pr2Fe14B matrix phase, a praseodymium-rich grain 
boundary phase and free iron inside the matrix phase. Little of the PrFe4B4 (approximate 
composition) boride phase which is frequently observed in RE-FeB-type alloys (RE, 
rare earth) was observed in alloy A. The microstructure of alloy B in the cast state 
consisted of four phases: the same three phases as those observed in alloy A together 
with the PrFe4B4 phase. A greater amount of the grain boundary phase and a smaller 
grain size were observed in alloy A compared with alloy B. In annealed (1000 °C for 
5 h) and slowly cooled alloy A an extra phase with needle-like or irregular form was 
observed in the grain boundary region. The ratio Pr:Fe in the extra phase was analysed 
to be about 1:2 and this phase was suggested to be a PrFe2-type phase (Pr(Feo.94Cu0.o6)2). 
In alloy B the microstructure was not altered radically by annealing except for the 
disappearance of the free iron. Alloy A exhibited much better permanent magnetic 
properties than alloy B and this was attributed to the smaller grain size and improved 
magnetic isolation of the individual grains. The effects of low temperature annealing on 
the magnetic properties at 500 °C have also been investigated. 

1. I n t r o d u c t i o n  

Pr a seodymium is very  similar to n e o d y m i u m  in the elemental  state and 
in RE2Fe14B-type c o m p o u n d s  (RE, rare  earth). However ,  in Nd2Fe14B a conical  
spin reor ienta t ion occu r s  at  a round  135 K [1], whereas  Pr2Fe14B exhibits 
no  spin reor ienta t ion down to 4.2 K [2] and  has  a h igher  an i so t ropy  field 
[3] than  Nd2Fe~4B. Thus  at  low t empera tu res  Pr2Fe~4B exhibits  m u c h  smaller  
variat ions in the magne t i c  p roper t i es  than Nd2FeI4B. It  has  been  sugges ted  
[4], therefore,  that  magne t s  based  on Pr2Fe14B can  be employed  for  low 
t empera tu re  applicat ions.  The hard  magnet ic  proper t ies  o f  R E - F e - B  alloys 
are  general ly  fairly p o o r  in the  cast  state. Recently,  however ,  it has  been  
found  [ 5 - 8 ]  tha t  the P r - F e - B - b a s e d  alloys can  exhibit  apprec iable  coercivi ty  
even in the bulk ingot  state by  employing  a p rope r  hea t  t r ea tment  and  the 
minor  addit ion of  e lements  such  as  copper ,  a luminium and silver. In this 
p a p e r  a detai led s tudy  of  the  mic ros t ruc tu re  and  magne t i c  p roper t i es  o f  two 
Pr -Fe- -B-based  alloys was  carr ied ou t  as a p r ecu r so r  to a s tudy  of  the effects 
o f  high t empera tu re  mechan ica l  de format ion  on these  materials.  A substantial ly 
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praseodymium-rich alloy (A) was selected in order to increase the amount 
of  praseodymium-rich material and hence facilitate the metallographic ex- 
amination of  the grain boundary regions and improve the magnetic isolation 
of  the individual grains. The other  alloy (B) had a composition which had 
been investigated previously [5-8]  and was selected for comparison. 

2. Exper imenta l  detai ls  

The alloys Pr2o.sFe74.oB3.sCu2. o (A) and Pr17.oFeTe.5Bs.0CUl.5 (B) were 
investigated in the present  study and were supplied by REP, Widnes, UK. 
The cast materials were annealed at 1000 °C in argon gas and then furnace 
cooled (250 °C h -  1) or  quenched in liquid argon. Some samples were annealed 
in two steps: a first annealing at 1000 °C for 25 h and then a second 
annealing at 500 "C for varying times. The microstrucmres of  the samples 
were examined using an optical microscope and a scanning electron microscope 
(SEM). The chemical composit ions of the phases present  in the samples 
were analysed by energy-dispersive X-ray (EDX) and/or  wavelength-dispersive 
X-ray (WDX) spectroscopy in the SEM. Differential thermal analysis (DTA) 
studies were also carried out. The magnetic propert ies of the samples were 
measured using a permeameter  (form of samples, 15 × 15 × 10 mm 8) and a 
vibrating sample magnetometer  (form of samples, 2 × 2 × 5 ramS). 

3. Resul ts  and d i scuss ion  

3.1. MetaUographic studies 
Figure 1 shows the microstructures of  the samples in the cast  condition. 

The microstructure of  alloy A consists of  a Pr2Fel4B matrix phase, praseo- 
dymium-rich grain boundary regions and free iron inside the matrix phase 
(Fig. l(a)).  In alloy B four phases -- a Pr2FeI4B matrix phase, praseodymium- 
rich grain boundary regions, a boron-rich phase (approximate composit ion 
PrFe4B4) and free iron inside the matrix phase -- were observed (Fig. 1 (b)). 
It is apparent that alloy A contains a larger amount  of  the praseodymium- 
rich grain boundary phase and exhibits a smaller grain size than alloy B. 
The smaller grain size of  alloy A can be  attributed to the higher copper  and 
lower boron content. Copper  additions to P r -Fe -B-based  alloys are known 
to reduce the grain size of  the Pr2FeI4B matrix phase [5] and the grain size 
is also reported to be  coarsened with increasing boron content [9]. It is 
interesting to note that in alloy B a well-defined and fine eutectic morphology 
in the grain boundary regions is evident even in the cast state (Fig. l(d)) .  
No clear evidence for the presence of  well-defined eutectic morphology is 
found in alloy A in the cast  condition (Fig. l(c)) .  

The annealed and quenched samples of  both alloys show microstructures 
similar to those of  the cast  material (Figs. 2(a) and 2(b)). The eutectic 
morphology in the grain boundary region is more clearly visible in annealed 
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Fig. 1. Microstructures of alloys in cast condition (A, Pr2Fe14B; B, free iron; C, boride; D, 
eutectic; E, praseodymium rich; F, primary praseodymium rich): (a) alloy A (etched); (b) alloy 
B (etched); (c), (d) close examinations of grain boundary regions in alloys A and B (unetched) 
respectively. 

and furnace-cooled samples of both alloys as shown in Figs. 2(c) and 2(d). 
The grain boundary region in the furnace-cooled samples of both alloys 
consists of the primary praseodymium-rich phase and the eutectic phases. 
Microanalysis results show that the eutectic phase region is enriched in 
copper (see Table 1). In particular, the light phase in the eutectic region 
was found to be very rich in copper. The copper contents in the light and 
dark phases in the eutectic region are found to be around 34.0 and 4.0 at.% 
respectively. In contrast, the copper content in the primary praseodymium- 
rich phase is found to be very low (around 0.3 at.%). The compositions of 
the phases common to both alloys appeared to be essentially the same. In 
both alloys the free iron observed in the matrix phase in the cast material 
was removed by annealing and it was also found that the free iron was 
removed more rapidly in alloy A (5 h) than in alloy B (20 h). The more 
rapid removal of the free iron in alloy A is probably due to the smaller grain 
size and the greater amount of praseodymium-rich grain boundary phase. 
The grain boundary eutectic becomes liquid at the high annealing temperature 
and therefore acts as an effective diffusion path. Thus the presence of a 
greater amount  of liquid phase facilitates the diffusion of the constituent 
atoms through it and this contributes to the rapid removal of the free iron 
in alloy A. 
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Fig. 2. Microstructures of alloys quenched or furnace cooled after annealing (unetched) (A, 
Pr2Fe~4B; B, boride; C, eutectic; D, praseodymium rich; E, primary praseodymium rich; F, 
PrFez type): (a) alloy A (quenched); Co) alloy B (quenched); (c) alloy A (furnace cooled); (d) 
alloy B (furnace cooled). 

TABLE 1 

Chemical compositions of phases in atomic per cent (error ± 1.0) 

Phase Pr Fe B Cu Method 

Primary Pr rich 96.3 1.1 2.3 0.3 WDX+ EDX 

f darl¢ 93.1 2.9 4.0 EDX 
Eutectic light ~ 63.1 2.9 34,0 EDX 

Needle like 32.3 62.5 1.1 4.1 WDX+ EDX 

aBased on assumption of zero boron content. 

E x a m i n a t i o n  of  the  m i c r o s t r u c t u r e  of  al loy A in the  fu rnace -coo led  
condi t ion  ind ica tes  the  p r e s e n c e  of  a g r ey  p h a s e  in the  gra in  b o u n d a r y  r eg ions  
(see  Fig. 2(a) ) .  The  p r e s e n c e  of  th is  p h a s e  is m o r e  ev ident  in the  s a m p l e  
wh ich  w a s  sub jec t ed  to  a pos t - annea l ing  t r e a t m e n t  a t  the  lower  t e m p e r a t u r e  
o f  500  °C (Fig. 3 (a) ) ,  wh ich  is j u s t  a b o v e  the  me l t ing  po in t  o f  the  eu tec t ic  
( see  Fig. 4). A v e r y  fine eu tec t i c  w a s  o b s e r v e d  in the  da rk  r eg ions  s h o w n  
in Fig. 3(a) ,  b u t  th is  is n o t  vis ible  in t he  p h o t o g r a p h  owing to  the  a i r -e tch ing  
p r o c e d u r e .  No ev idence  fo r  the  p r e s e n c e  o f  the  g rey  p h a s e  w a s  found  in 
a l loy B (Fig. 3(b)) .  The  chem i ca l  c o m p o s i t i o n  o f  this  p h a s e  is g iven in Table  
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Fig. 3. Microstructures of alloys post-annealing treated at low temperature (first annealing at 
1000 °C for 20 h and then quenching; second annealing at 500 °C for 7 h and then quenching) 
(A, PreFej,B; B, boride; C, eutectic; D, praseodymium rich; E, primary praseodymium rich; 
F, PrFe2 type): (a) alloy A (air etched); (b) alloy B (unetched). 

TABLE 2 

Grain boundary characteristics of alloys 

Condition Alloy Boride Euteetic PrFe2 Primary 
type Pr rich 

A No Not evident No Yes As-cast 
B Yes Well defined No Yes 

Annealing + A No Not evident No Yes 
quenching B Yes Well defined No Yes 

Annealing + A No Evident A little Yes 
furnace cooling B Yes Well defined No Yes 

Two-step A No Fine Considerable Yes 
annealing B Yes Well defined No Yes 

1 and  it is found  tha t  the  ra t io  P r : ( F e + C u )  is a b o u t  1:2. This  p h a s e  m a y  
pos s ib ly  be  r e l a t ed  to  a PrFe2- type  Laves  phase ,  bu t  such  a p h a s e  does  no t  
exis t  u n d e r  equi l ib r ium cond i t ions  and  it ha s  been  r e p o r t e d  [10] tha t  the  
PrFe2 p h a s e  can  be  f o r m e d  only  a t  h igh  t e m p e r a t u r e  and  u n d e r  high p re s su re  
in the  P r - F e  b ina ry  sys t em.  The  e x t r a  p h a s e  m a y  the re fo re  be  s tabi l ized by  
the  p r e s e n c e  of  Cu a n d / o r  B a t om s .  The  gra in  b o u n d a r y  charac te r i s t i c s  o f  
the  al loys in va r ious  cond i t ions  a re  s u m m a r i z e d  in Tab le  2. 

F igure  4 shows  the  r e su l t s  o f  the  DTA studies .  The  Curie  t e m p e r a t u r e  
of  the  ma t r i x  p h a s e  in b o t h  a l loys  and  the  me l t ing  po in t  o f  the  gra in  b o u n d a r y  
eu tec t ic  we re  found  to  be  a r o u n d  2 8 0 - 2 9 0  and  450  °C respect ive ly .  

3.2. Magnetic  measurements  
3.2.1. Effect o f  anneal ing  on magnet ic  propert ies 
Varia t ions  in the  intr insic  coe rc iv i ty  o f  bo th  al loys as  a func t ion  o f  the  

annea l ing  t ime  a t  1000  °C for  the  q u e n c h e d  or  fu rnace -coo led  s a m p l e s  a re  
s h o w n  in Fig. 5. The  intr insic  coerc iv i t ies  o f  a l loy A are  cons i s t en t ly  h igher  
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Fig. 4. DTA results for fully annealed alloys. 
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Fig. 5. Variations in intrinsic coercivity as a function of annealing time at 1000 °C (F.C., 
furnace cooled; Q, quenched). 

than those of  alloy B. The higher intrinsic coercivity of alloy A can be 
attributed to its smaller grain size and greater amount  of grain boundary 
phase. Thus the matrix phase grains are well isolated from one another, 
which reduces the magnetic coupling between them and therefore enhances 
the intrinsic coercivity. 

Figure 5 shows that for both the quenched and the furnace-cooled 
samples there is a more rapid improvement  in the intrinsic coercivity in 
alloy A compared with that  in alloy B. As discussed earlier, the presence of 
the greater amount of  grain boundary phase in alloy A, which is liquid at 
the annealing temperature,  probably facilitates the diffusion of the constituent 
atoms and thus the free iron inside the matrix (see Fig. 1 (a)) can be removed 
more easily. The improvement in the intrinsic coercivity in the annealed and 
quenched samples compared with the cast samples (particularly alloy A) can 
also be attributed to the removal of  free iron during the annealing treatment. 
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No significant improvement in the intrinsic coercivity was achieved in the 
alloy B samples after annealing and quenching. 

Although the free iron was removed completely in alloy B by prolonged 
annealing (20 h at 1000 °C), the magnetic separation between the matrix 
grains may not be sufficient owing to the lack of grain boundary phase, thus 
resulting in the poor intrinsic coercivity. 

It can be seen that the furnace cooled samples show substantially higher 
intrinsic coercivities than the quenched samples. This may be attributed to 
the smoothing of the grain boundary surface of the matrix phase during the 
furnace cooling. Thus solid-liquid reaction between the matrix grains and 
the grain boundary liquid phase during furnace cooling may result in the 
smoothing of the grain boundary surface, thus significantly reducing the 
number of possible sites for reverse domain nucleation and hence enhancing 
the intrinsic coercivity. Quenching, on the other hand, could produce irreg- 
ularities at the boundary [ 11 ]. 

Another possibility, not mutually exclusive, is that the quenching treatment 
results in constitutional changes (probably in the praseodymium-rich phase) 
at the grain boundaries which degrade the coercivity. 

Figure 6 shows typical demagnetization curves of the cast alloys and 
the annealed alloys in the state showing optimum magnetic properties. In 
Table 3 the peak magnetic properties of the alloys obtained by furnace 
cooling following high temperature annealing are shown. Alloy A shows much 
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Fig. 6. Demagnetizat ion curves of as-cast  and  fully annealed  samples.  

Fig. 7. Typical minor  hysteresis  loop and initial magnet izat ion curve of fully annealed 
alloy A. 



240 

TABLE 3 

Peak magnetic  properties of  alloys 

iH¢ (kOe) Br (kG) (BH)m~ (MG Oe) 

Alloy A 10.7 6.1 7.6 
Alloy B 3.9 5.8 4.8 

8 
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Fig. 8. Demagnetization curves o f  fully annealed alloys measured along different directions: 
(a) schematic  diagram showing measuring directions; Co) demagnetization curves along different 
directions. 

better permanent magnetic properties compared with those of alloy B when 
subject to the same treatments. 

A typical minor hysteresis loop and initial magnetization curve measured 
by the vibrating sample magnetometer for the annealed and the furnace- 
cooled alloy A sample are shown in Fig. 7 (uncorrected for the demagnetizing 
factor of  the sample). The initial magnetization curve is consistent with a 
typical nucleation-type coercivity mechanism. The furnace-cooled alloy B 
sample also showed a similar initial magnetization behaviour. Figure 8 shows 
typical demagnetization curves of  the alloys in the condition showing optimum 
magnetic properties; the demagnetization curves were measured along different 
directions in the ingot. Remanence is significantly higher in the X and Z 
directions (particularly in alloy A), which indicates some preferred orientation 
with preferred radial c-axis alignment within the XZ plane. 

3.2.2. Effect of stop annealing on magnetic properties 
In order to investigate more thoroughly the changes in the intrinsic 

coercivity on annealing, samples were also subjected to a two-step annealing 
procedure. Samples were first annealed at 1000 °C for 25 h and quenched. 
The quenched samples were then re-annealed at the lower temperature of  
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Fig. 9. Variat ions in intrinsic coercivity as  a funct ion  of  anneal ing t ime at 500 °C; samples  
were  initially aged  at 1000 °C for  25 h and then  quenched  (F.C., furnace  cooled; Q, quenched) .  

500 °C. The annealed samples were then quenched or furnace cooled from 
500 °C and the variations in the intrinsic coercivity as a function of annealing 
time at the lower temperature are shown in Fig. 9. The inset in Fig. 9 shows 
the heat t reatment profile used in the two-step annealing treatment. These 
results indicate that the lower temperature annealing treatment improves the 
coercivity values of both alloys when compared with the samples annealed 
at 1000 °C and quenched (Fig. 5). This could be due to the improvement 
in the surface character of matrix grains during annealing at the lower 
temperature. It is worth noting that the presence and form of the Pr(Fe, 
Cu)2 phase observed in the two-step aged alloy A (see Fig. 3(a)) may influence 
the coercivity behaviour of the material. The precise effect of this phase on 
the intrinsic coercivity is not well understood at the present time and more 
detailed study is required. It should be noted that recent work [12-14] in 
this laboratory on sintered magnets based on the alloy Nd-Fe--B-Cu has 
shown that a phase with composition around NdaoFe65Cu5 appears to play 
a vital role in improving the coercivity of these magnets on annealing at 
600 °C. 

4. C o n c l u s i o n s  

Alloy A (Pr20.sFe74.0Ba.sCu2.0) was found to contain greater amounts of 
the grain boundary phase and to have a smaller grain size than alloy B 
(Pr17.0Fe76.sBs.0Cul.5). The microstructure of alloy A consisted of a Pr2FeI4B 
matrix phase, a praseodyminm-rich grain boundary phase and free iron inside 
the matrix phase in the cast condition. In alloy B, in addition to the above 
three phases, the PrFe4B4 phase (approximate composition) was also observed. 
On annealing at I000 °C followed by furnace cooling, a binary eutectic was 
observed clearly in the grain boundary regions in alloy A. Alloy B exhibited 
a clear eutectic even in the cast state. The eutectic phase region was found 
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to be copper-rich. In particular, the light phase in the eutectic region was 
significantly enriched in copper.  An extra phase was observed in alloy A in 
the fully annealed condition and X-ray microanalysis results indicated that 
it is a Pr(Fe, Cu)2-type phase. Much better  permanent  magnetic properties 
were achieved in alloy A. This has been attributed to a smaller grain size 
and bet ter  magnetic isolation be tween the magnetic phase grains due to the 
presence of  a greater amount  of  grain boundary phase. Furnace cooling 
following annealing at high temperature leads to higher intrinsic coercivity 
than on quenching, which could be  due to the improvement in the surface 
character (smoothness)  of the magnetic phase grain boundary during the 
furnace cooling and/or  to constitutional changes in the grain boundary material. 
The magnetic propert ies  indicated some preferred orientation in both alloys 
in the cast  state, particularly in the case of alloy A. 
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