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Abstrac t  

Arc-melted samples of Nd-(20-x)at.%Fe-xat.%A1 (x= 1-10) were studied by optical 
metallography, magnetic measurements and M6ssbauer spectroscopy. The coercivity He 
and the Curie temperature Tc were determined for the as-cast samples as well as for 
materials annealed at 600 °C. In order to understand the annealed materials, samples 
with compositions Nd-58at.%Fe-5at.%A1 (600 °C for 20 days) (/z phase) and 
Nd-47.5at.%Fe-20at.9/0A1 (850 °C for 30 days) (tt phase) were produced and studied. It 
is found that annealing of arc-melted samples with x = 1-3 produces ~ and other phases 
while, for x>5,  non-magnetic t} is obtained. The implications for permanent magnet 
production are discussed. 

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

Since the development  of permanent  magnets based upon the compound 
Nd2FeI4B, many at tempts have been made to improve the magnetic properties 
by the addition of  other  elements. It has been found that small amounts of 
aluminium result in a dramatic increase in the coercivity of Nd-Fe -B  magnets. 
Since aluminium reduces  Tc and Ms slightly while leaving HA unaltered [1 ], 
the favourable effect of the addition of aluminium to N d - F e - B  magnets has 
been explained in terms of a modified microstructure [2]. Knoch e t  al .  [3] 
found an improved wettability for aluminium-containing alloys and offered 
this as the explanation for  the improved microstructure.  The improved wetting 
of the grains by the neodymium-rich intergranular material results in their 
magnetic decoupling, thereby increasing the coercivity of the magnet. 

The role of  other  phases found in neodymium-rich intergranular regions 
has also been discussed in relation to the coercivity of N d - F e - B  magnets 
by Schneider e t  al .  [4]. These workers found that a metastable phase with 
T c = 2 4 5  °C, referred to as At, is formed in as-cast neodymium-rich binary 
and ternary alloys. The phase AI appears in the form of a fine eutectic 
microstructure which is no doubt  responsible for the coercivity Hc = 4.9 kOe 
encountered in these materials. When the as-cast ternary alloys axe annealed 
for short times at 600 °C, the coercivity increases to over 14 kOe because 
of  the formation of  small particles of NdeFe14B [4, 5]. It was suggested that 
the dissolution of  A1 and the formation of  Nd2FeI4B might explain the 
beneficial effects of the 600 °C heat t reatment  in commercial magnets. 
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The present work was undertaken to investigate the effect of small 
additions of aluminium on the magnetic properties of as-cast neodymium- 
rich alloys Nd- (20-x)a t .%Fe-xa t .%A1 (x = 1-10) ,  where the magnetic prop- 
erties are due mainly to A1. It is found that Tc decreases with increasing 
x, and that the microstructure gradually changes from that of A~ to a much 
coarser eutectic. In the annealed alloys, ferromagnetic phases are present 
for x - - 1 - 3  but  are absent  for x > 5. Mbssbauer spectroscopy was used to 
show that the /z phase (ferromagnetic) is present  at low aluminium con- 
centrations, while paramagnetic 6 [6, 7] appears for the higher aluminium 
levels. This result suggests that the beneficial effect of aluminium in N d - F e - B  
permanent  magnets may also be related to the elimination of  ferromagnetic 
phases in the intergranular regions of  annealed magnets, thereby eliminating 
exchange coupling between the grains. 

2. Experimental  detai ls  

The alloys were prepared in the form of 3 - 4  g buttons by arc melting 
under an argon atmosphere.  The purities of the starting materials were 99.98% 
for iron, 99.9% for neodymium, and 99.999% for aluminium. Bulk samples 
with compositions Nd- (20-x)a t .%Fe-xa t .%A1 ( x = l ,  2, 3, 5 or 10) were 
cut into several pieces, one of  which was analysed as cast. Another was 
wrapped in tantalum foil and sealed in an argon-filled quartz capsule 
for annealing at 600 °C for 2 h. Samples with compositions Nd-  
47.5at.%Fe-20at.%A1 and Nd-58at.%Fe-5at.%A1 were also prepared by an- 
nealing for 30 days at 850 °C and for 20 days at 600 °C respectively to 
obtain the 6 and /~ phases. Energy-dispersive X-ray analysis (EDXA), as 
described below, showed the principal phases of  these samples to have the 
compositions Nd-50at.%Fe-18at.% A1 and Nd-62at.% Fe-6at.% A1. 

All samples were examined by optical metallography using a Neophot 
microscope with polarized light. The Curie temperatures Tc were determined 
using the kink point method with a vibrating-sample magnetometer  coupled 
to a resistive furnace. Powder  diffraction patterns were obtained using Cu 
Ka radiation. Quantitative analyses of sample compositions using EDXA were 
made using a Cambridge Stereoscan 240 scanning electron microscope. 

Samples for MSssbauer measurements  were finely ground under dry 
acetone to prevent oxidation. 

3. Resul ts  and discuss ion  

3.1. As-cast  samples  
In Fig. 1 the Curie temperatures of the as=cast samples 

Nd-(20-x)at .%Fe-xat .gfiA1 are shown as a function of x for x =  1-10.  We 
see that Tc decreases from 245 °C, a value appropriate for the A1 phase in 
the binary system [4], to 162 °C for x =  10. The coercive field Hc for these 
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Fig. 1. Curie temperature Tc vs. aluminium content for as-cast samples of 
Nd--(20 - x)at.%Fe-xat.%A1. 

Fig. 2. Coercive field He vs. aluminium content for as-cast samples of Nd-(20 - x)at.%Fe-xat.%A1. 

(a) (b) 

Fig. 3. Microstructures of (a) as-cast Nd-18at.%Fe-2at.%A1 sharing fine fibrous A1 + Nd eutectic 
a and neodymium dendrites b and (b) as-cast Nd-15at.%Fe--5at.%A1. 

samples  is shown in Fig. 2. We  see  tha t  the coerc iv i ty  is quite  constant ,  
remain ing  in the  range  4 - 5  kOe for  all samples .  These  resul ts  can  be  c o m p a r e d  
with those  of  Sanchez  et  al .  [8] who s tudied as-cast  alloys with compos i t ions  
R-15a t .%( (1  - x ) F e - x A 1 )  ( R - N d ,  Pr; x = 0 - 0 . 7 ) .  Sanchez  e t  a l .  [8] obse rved  
a behav io r  for  Tc vs .  x which is a lmost  identical  with tha t  shown in Fig. 1. 
However ,  the  coerc ive  fields measu red  in ref. 8 dec rease  with increas ing x 
to  va lues  slightly above  2 kOe for  x = 0 . 7 .  

In Fig. 3(a)  we p resen t  a mic rog raph  of  an  as-cas t  sample  of  
Nd-18a t .%Fe-2a t .% A1. The fine f ibrous eutect ic  A I + N d  is v e ry  similar to  
tha t  obse rved  in b inary  N d - 2 0 a t . % F e  [9]. F igure  3(b)  is a mic rog raph  for  
as-cast  Nd-15at .%Fe-5at .%A1.  We see that  the  eu tec t ic  has  c o a r s e n e d  con-  
s iderably.  

3.2. A n n e a l e d  s a m p l e s  
It was  found  previous ly  [4, 9] tha t  anneal ing neodymium-r i ch  binary 

N d - F e  al loys at  600  °C resul ted  in the  format ion  o f  the  intermetal l ic  c o m p o u n d  
NdsFe17, while anneal ing  neodymium-r ich  t e rna ry  al loys at  the  same tem- 
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perature resulted in the formation of N d 2 F e I 4 B  and another phase with 
Tc- -287  °C. Thus our Nd-Fe-AI  al loys were sealed in quartz tubes  for 
annealing at 600 °C in order to eliminate the metastable phases and to reveal 
those corresponding to equilibrium. Table 1 shows the values of Tc and Hc 
obtained for the various alloys. For  the samples containing 5 and 10 at.% 
AI, we did not  observe any Curie temperature (above room temperature) 
which could be associated with a ferromagnetic phase. This result is to be  
expected since, for these composit ions Grieb et al. [6] found the stable 
phases to be NdaAI, neodymium and the ternary phase 3, none of which is 
ferromagnetic at room temperature.  

As shown in Table 1, the samples with 1 and 2 at.% A1 presented 
ferromagnetic transitions with Tc = 250 °C and 230 °C respectively. Annealing 
samples of Nd-20at .%Fe at 600 °C leads to the formation of  Nd2Fel~ with 
Tc--54 °C and NdsFel~ with T c = 2 3 0  °C [9]. Thus it would be reasonable 
to expect  the annealed samples containing small amounts of  aluminium to 
present Tc values close to those of the binary phases. Furthermore, the 
stable ternary phase with the lowest  aluminium content, namely ~, has 
presented ferromagnetic transitions in the range T - - 2 3 7 - 2 6 0  °C [10]. Since 
we did not  observe any transition at around 54 °C, it seemed improbable 
that Nd2Fel~ had been formed. However, the Curie temperature values 
suggested the presence of  either NdsFe~ or/z. In Fig. 4 we show a micrograph 

TABLE 1 

Tc and He for Nd-(20-x)at .%Fe-xat .ghA1 samples after annealing for 2 h at 600 °C 

X Tc Ho 
(°C) (kOe) 

1 250 1.7 
2 230 2.2 
5 - -  - -  

10 - - 

Fig. 4. Microstructure of annealed Nd-19at.%Fe-lat .%A1 (600 °C for 2 h). 
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of the sample Nd-19at.%Fe-lat.°/aAl which had been annealed for 2 h at 
600 °C. The fibrous eutectic of Fig. 3(a) has completely disappeared, giving 
rise to a microstructure similar to that encountered in annealed samples of 
binary Nd-Fe  [9]. 

In order to identify the phases which had been formed in the annealed 
material, samples with compositions Nd-58at.%Fe-5at.%A1 and 
Nd-47.5at.% Fe-20at .%M were produced, as described above, to have access 
to the ~ and ti phases respectively [6, 7]. The sample of Nd-58at.%Fe-5at.% Al 
was examined by X-ray diffraction and its powder pattern was found to be 
similar to that obtained from the ~ phase [10]. The X-ray diffraction patterns 
are rather complex because the ~ structure exhibits polytypism [ 11 ]. According 
to Delamare et  al. [11], the structure consists of  a long-period stacking of 
identical atomic layers, where each layer is shifted by a translation lattice 
vector  with respect  to the previous layer. Our sample presented a magnetization 
curve similar to that shown for ~ in Fig. 6 of  ref. 6. The Curie temperature 
was 240 °C and the sample presented no coercivity. 

The room temperature M6ssbauer spectrum of our ~ sample is shown 
in Fig. 5. In Fig. 6 we present a M6ssbauer spectrum from the sample of 
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Fig. 5. Room temperature MSssbauer spectrum for Nd-58at.%Fe-5at.%A1 sample annealed at 
600 °C for 20 days (/.L phase). 
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Fig. 6. Room temperature M6ssbauer spectrum for Nd--18at.%Fe--gat.%A1 sample annealed at 
600 °C for 2 h. 
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Nd-18at.%Fe-2at.% A1 which had been annealed at 600 °C for 2 h. Both 
spectra  were tentatively fitted with four magnetic sextets including quadrupole 
interaction. In addition, it was found necessary to include a non-magnetic 
doublet  and a gaussian hyperfine field distribution in order to account  properly 
for the excess  absorption in the central part  of both spectra. The lines in 
each sextet  were constrained to intensity ratios of  3:a: 1:1 :a:3, with a--  2 .2-2 .4  
to allow for some magnetic texture. Linewidths were left free to vary 
independently for the five discrete subspectra.  The best-fit parameters are 
listed in Table 2. The addition of a further sextet did not improve the fit 
significantly. 

The hyperfine parameters  of subspectra  I-IV are quite similar for both 
samples, implying that they should correspond to the same phase (i.e. the 

phase).  The gaussian P(B~) and the non-magnetic doublet,  on the contrary, 
probably do not correspond to any definite phase, but  rather to small groups 
of iron atoms dispersed in neodymium [12]. It must  be stressed that we are 
not  assuming the ~ phase to contain just  four inequivalent iron sites. Preliminary 
structural data [ 111 indeed suggest a rather complex structure for this phase. 
Our fitting model is intended only to provide a minimum set of parameters 
for a reasonable description of  the MSssbauer spectrum. We note, finally, 
that the hyperfine parameters  of subspectra  I-IV are also very similar to 
those presented in ref. 12 for as-cast neodymium-rich binary Nd-Fe  alloys. 
This suggests that the ~ phase may be identical with one of the metastable 
magnetic phases referred to as AI and At' [9, 13, 14]. 

It is clear from the above discussion that annealing the sample with 2 
at.% Al has resulted in the production of /~  and that the Curie temperature 
measured in this sample is due to the presence of the /~ phase. 

X-ray diffraction of the sample of Nd-47.5at.% Fe-20at.%A1 showed it 
to be  predominantly the 5 phase. EDXA measurements  revealed the presence 
of  5 and a small percentage of non-magnetic Nd~M, which is to be expected 
from the phase diagrams in refs. 6 and 7. Magnetic measurements,  however, 

TABLE 2 

Fit ted parameters  f rom MSssbauer spect ra  for Nd-58at .%Fe-5at .%A1 (Fig. 5) and 
Nd-18at.%Fe--2at.9{~l (Fig. 6), where B ~  is hyperfine field (for the  gaussian distribution, the  
mos t  probable  field and s tandard deviation (in parentheses)  respectively), QS is the  quadrupole 
splitting, and IS is the  i somer  shift  with respect  to a-Fe 

Spect rum B ~  (T) QS (mm s - l )  IS (nun s -1) Fraction (%) 

Fig. 5 Fig. 6 Fig. 5 Fig. 6 Fig. 5 Fig. 6 Fig. 5 Fig. 6 

I 32.0 32.5 0.50 0.42 0.05 0.10 13.4 5.9 
II 27.0 27.5 0.25 0.01 - 0 . 1 1  0.04 18.2 21.6 
III 25.1 25.6 0.25 0.25 - 0 . 1 0  - 0 . 1 1  16.5 22.7 
IV 23.1 22.8 0.26 0.11 - 0 . 0 9  - 0 . 1 2  33.9 29.4 
Gaussian 6.3 (2.0) 5.9 (1.4) - - - 0 . 1 8  - 0 . 1 6  14.2 7.4 
Non-magnetic  - - 0.64 0.56 0.10 0.15 3.8 13.0 
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revealed a Curie temperature of 180 °C associated with a residual phase, 
probably /z. In Fig. 7 we  show the room temperature MSssbauer spectrum 
obtained from our sample. It is clearly non-magnetic at this temperature and 
any ferromagnetic phase which is present must be of the order of a few per 
cent. Returning now to the magnetization curve a(H) from this sample, we 
suppose that it is due to two phases: one ferromagnetic and the other 
paramagnetic. If we suppose the sample to contain 4% of the /z phase and 
subtract this contribution from the measured a(H) curve, then we obtain 
the result shown in Fig. 8. Using the measured density for this sample (d = 6.4 
g cm-a),  we obtain a paramagnetic susceptibility of 2 . 3 ×  10 -4 emu g-1. 
Returning fmally to Fig. 7, we show also the MSssbauer spectrum from our 
annealed sample of Nd-15at.%Fe-5at.%A1. We encounter the same spectrum 
as that produced by our sample of 3, showing that the annealing of 
Nd-15at.%Fe-5at.%A1 at 600 °C gave rise to & 

The ~ phase has been referred to as being ant•ferromagnetic [6]. Our 
MSssbauer measurements, however, reveal that it is not magnetically ordered 
at room temperature. Spectra taken at lower temperatures do exhibit magnetic 
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Fig. 7. MSssbauer spectra for Nd-15at.%Fe-5at.%A1 at 295 K (spectrum A) and for 
Nd-47.5at.%Fe-20at.%A1 at 295 K (spectrum B) and at 77 K (spectrum C). 

Fig. 8. Specific magnetization ~ v s .  magnetic field H for Nd--47.5at.%Fe-20at.%A1 (annealed 
at 850 °C for 30 days) after subtxacting a small ferromagnetic contribution. 
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hyperfine splitting. In Fig. 7 we show a spectrum obtained at 77 K. It is 
seen to be rather complex and will be discussed in another work. We have 
determined the ordering temperature to be 255±  5 K, by measuring the 
M6ssbauer radiation count rate at zero velocity as a function of temperature. 
Whether this ordering is of antiferromagnetic character is still an open 
question. 

4. Conclusions 

We have seen that 600 °C anneals of samples with low alumim'um content 
favour the formation of  ferromagnetic ~t, while the presence of 5 -10  at.% 
A1 leads to the formation of the paramagnetic 8 phase, in accord with the 
phase diagram of Grieb and coworkers [6, 7]. v~rlthout the addition of 
aluminium, we might expect to encounter NdeFel~ and NdsFel~ in the annealed 
samples. Knoch et  al .  [3] have suggested that  the aluminium content in the 
intergranular regions of commercial Nd-Fe-B  magnets may reach 7.5-9 at.%. 
If this is the case and if the effect of aluminium is similar to that which we 
observed in the Nd-Fe-A1 alloys, then the beneficial effect of alumim'um in 
commercial Nd-Fe-B  magnets may be due in part to its role in eliminating 
ferromagnetic intergranular phases. 

A detailed magnetic and MSssbauer characterization of the ~ and 8 
phases is in progress. 
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