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Single-phase Nd2Fe14B by co-reduction 
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Abstrac t  

Single-phase Nd2Fe14B offers the possibility of improving the corrosion behaviour and 
the magnetic properties of sintered NdFeB magnets in combination with an appropriate 
sintering additive by forming a two-phase magnet. Furthermore, the single-phase Nd2Fe14B 
is suitable for the manufacturing of resin-bonded magnets produced by, for instance, the 
hydrogenation, disproportionation, desorption and recombination process. In view of this 
background the coreduction process has been improved for the production of single- 
phase Nd2Fe14B. Single-phase Nd2Fe~4B is obtained by choosing appropriate raw materials 
and performing the co-reduction process in a controlled way. X-ray diffraction analysis 
showed the hard magnetic phase Nd2Fe~4B and only traces of NdFe4B4, but no o~-Fe and 
Nd-rich phase. Some a-Fe precipitates were identified by metallographic examination and 
scanning electron microscopy with energy-dispersive X-ray analysis. 

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

The ra re  ear th  meta ls  fo rm numerous  intermetal l ic  c o m p o u n d s  with 
near ly  all e lements  of  the per iodic  table excep t  the noble  gases  and the 
e lements  of  the  4 B, 5 B and 6 B group.  Most of  these  are  incongruent ly  
mel t ing  al loys with a ve ry  nar row composi t ional  range  at  r o o m  and also at 
e leva ted  t empera tu re .  These  combined  facts  requi re  special  care  and the  
appl ica t ion o f  special  metal lurgical  me thods  wheneve r  the  p roduc t ion  of  such 
intermetal l ics  in s ingle-phase form is wanted.  For  scientific investigations,  
the anneal ing of  the as-cast  spec imens  over  several  hundred  to  several  
t housand  hours  is s t andard  in such  cases. 

The hard  magnet ic  rare  ear th  t ransi t ion metal  intermetal l ics ,  especially,  
have  a t ta ined  cons iderable  technical  impor tance .  Examples  are  the  alloys 
based  on the intermetal l ics  Nd2FeI4B [1], SmCo5 [2], Sm2COl~ [3], or  the 
recen t ly  deve loped  alloy Sm2Fel~Nx [4]. In the case of  the  hard  magnet ic  
c o m p o u n d  Sm2Fe1~Nx, a s ingle-phase Sm2Felv is the p r ecu r so r  for  nitrification. 
NdFeB alloys for  the  p o w d e r  metal lurgical  route  of  making  magne t s  always 
conta in  a neodymium-r i ch  phase  and the intermetal l ic  NdFeaB4. Of these,  
only  the  Nd-rich phase  is necessa ry  in the final p e r m a n e n t  magnets .  It 
separa tes  the  Nd2Fe14B crystal l i tes magnet ical ly  and assists,  by  vir tue of  its 
low mel t ing point ,  the  consol idat ion and densif icat ion of  the  pressed ,  g reen  
m a g n e t  bodies.  In addit ion,  unwanted  a-Fe or  Nd2Fel~ m ay  also be  p resen t  
in the  as-cast  al loys and should  be avoided by  all m e a n s  [5, 6]. The  main 
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disadvantages of the NdFeB magnets are their susceptibility to corrosion 
[7-9] and their low Curie temperature [10]. Accordingly a two-phase magnet 
based on the single-phase Nd2Fe14B and an appropriate sintering additive 
should be aimed at. Then the temperature stability will be improved by an 
advanced microstructural morphology [11 ]. 

The attainment of a nearly single-phase microstructure with only small 
amounts of the Nd-rich phase and other compounds can be facilitated when 
the molten alloy is rapidly solidified, which results in a microcrystalline or 
even amorphous solidification product [12, 13]. But the practical application 
of such a material is limited to resin-bonded magnets, and the melt spinning 
technique is a costly process. A recently developed simple method for the 
production of microcrystalline NdFeB alloys to be used in isotropic and 
anisotropic resin-bonded magnets is the hydrogenation, disproportionation, 
desorption and recombination process based on the single-phase Nd2Fe14B 
intermetallic compound [ 14 ]. 

Consequently the target of the present investigation was the optimization 
of the co-reduction process for the production of single-phase Nd2Fel4B. 

2. Experimental  details 

The materials were prepared in laboratory batches of 2.5-5.0 kg each 
by the co-reduction process. During the coreduction process there is a 
simultaneous reduction of rare earth and transition metal oxides in the 
presence of a transition metal powder. The reducing agent is calcium metal. 
The principle of the co-reduction process will be described below by means 
of the production of single-phase NdeFe14B. 

For the production of Nd2FeI4B the raw materials Nd~Oa, Fe2Os, B2Oa, 
iron metal powder and calcium metal are used. In the case of standard 
NdFeB alloys, a raw material mixture without Fe203 is usually applied. The 
ingredients are intensively blended, pressed into tablets and put into a 
crucible. The crucible, made of a heat-resistant Fe-Cr-Ni  steel, is sealed by 
welding a lid on top and is inserted into a reaction furnace. The reduction 
and diffusion process is performed as follows. 

First the reaction mixture is degassed by evacuating the crucible and 
the furnace at room temperature. Then the furnace is heated under vacuum 
to about 800 °C. Again a degassing of the reaction mixture can be observed. 
At a temperature above 400 °C the exothermic reaction occurs between the 
calcium and the added oxides. When the exothermic reaction is finished the 
furnace is heated to a temperature of 1200 °C. After completion of the 
reduction and diffusion process the crucible is cooled to room temperature. 
The lid is removed from the crucible. The reaction material consisting of 
CaO, a certain excess of calcium and the desired alloy is taken out of the 
crucible and crushed. The excess of  calcium metal, which is necessary for 
the co-reduction process, and the CaO formed are chemically transformed 
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into Ca(OH)2 by reacting with water. The leached alloy powder is filtered, 
washed and finally dried in a vacuum drier. 

The co-reduction reaction was investigated by temperature  measurements 
during the reduction and diffusion process. The progress of the formation 
of the NdFeB alloys was analysed by interrupting the co-reduction process 
at different stages. For characterizing the reaction products  and for obtaining 
evidence of the formation of the single-phase intermetallic compound we 
used X-ray diffraction analysis, metallographic and scanning electron mi- 
croscopy (SEM) investigations. 

3.  R e s u l t s  a n d  d i s c u s s i o n  

The co-reduction process was investigated with regard to its ability to 
produce single-phase Nd2Fe14B. First the progress of the co-reduction reaction 
was analysed for the composition Nd 16.7 / Fe 77.0 / B 6.3 (at.%) using a 
reaction mixture without Fe203. The reaction products  were characterized 
by metallographic observation, X-ray diffraction analysis and SEM investi- 
gation. 

Figure 1 illustrates a temperature  profile of the reaction with a raw 
material mixture of the composition Nd 16.7 / Fe 77.0 / B 6.3 (at.%) without 
Fe203, as measured in the crucible during the reduction and diffusion process.  
The resulting different phase composit ions of the reaction mixture as a 
function of time are given in Table 1. 

After a first degassing of the raw material mixture at room temperature,  
a further desorption of adsorbed air and moisture is observed during heating 
to about  800 °C. According to the X-ray diffraction analysis, a first reaction 
between the calcium metal and the oxides was deteiTained at 560 °C by 
identifying CaO. Later on the spontaneous ignition of the mixture takes place 
at 640 °C. 
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Fig. 1. Temperature profile of the co-reduction reaction with a raw material mixture of Nd 
16.7 / Fe 77 / B 6.3 (at.%) without Fe203 as a function of time. 
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TABLE 1 

Phase compositions of the raw material and of the reaction mixture as a function of time 
analysed by X-ray diffraction and SEM with EDX analysis. The numbers 1-6 refer to the 
various stages indicated in Fig. 1. 

1 2 3 4 5 6 

Nd20a Nd203 Nd2Fe14B + + + Nd2Fe14B + + + Nd2Fe14B + + + Nd2Fe14B + + + + 
a-Fe a-Fe NdFe4B * + NdFe4B, + NdFe4B 4 + NdF%B4 (+)  
B203 B2O 3 Nd-rich + + Nd-rich + + Nd-rich + Nd-rich (+)  

phase phase phase phase 
Ca Ca a-Fe + + a-Fe + + a-Fe + a-Fe (+)  

CaO Ca Ca Ca Ca 
CaO CaO CaO CaO 

+ + + - +  + + + = matrix phase 
+ - +  + =secondary phases 
( + ) = impurities 

Nd203 is t h e r m o d y n a m i c a l l y  m u c h  m o r e  s table  t han  B2Oa, and  ca lc ium 
meta l  mel ts  at  839  °C. F r o m  these  fac t s  we can  a s s u m e  tha t  the  e x o t h e r m i c  
reac t ion  s tar ts  in the  solid s ta te ,  p r o b a b l y  as an in te r face  r eac t ion  b e t w e e n  
the  B203 and the  ca lc ium metal .  This  r eac t ion  also cause s  the  s h a r p  inc rease  
of  the t e m p e r a t u r e  to 960  °C af te r  the  ignit ion of  the  r aw  mate r i a l  mix ture .  

W h e n  the  e x o t h e r m i c  r eac t ion  is finished, Nd2Fe14B, NdFe4B4, n e o d y m i u m  
meta l  a l loyed wi th  3 - 1 0  wt.% Fe, and  una l loyed  a -Fe  were  found  in the  
reac t ion  mix tu re  by  X-ray  diffract ion and  energy-d i spers ive  X-ray  (EDX) 
analysis .  Co r r e spond i ng  to  the  b inary  N d - F e  p h a s e  d iagram,  the  n e o d y m i u m  
when  al loyed with  a b o u t  10 wt.% Fe mel t s  a t  685 °C, the  eu tec t ic  t e m p e r a t u r e .  
Binary  N d - F e  al loys wi th  3 - 1 0  wt .% Fe  have  l iquidus t e m p e r a t u r e s  b e t w e e n  
685 °C and  900 °C. Hence ,  a liquid Nd-r ich p h a s e  is f o r m e d  dur ing the  
e x o t h e r m i c  reduc t ion  reac t ion ,  which  p r o m o t e s  the  f o r m a t i o n  of  the  inter-  
meta l l ics  Nd2FeI4B and  NdFe4B4. Subsequen t ly  a dec rea se  of  the concen t r a t i on  
of  the  una l loyed  a -Fe  p rec ip i t a t e s  is obs e r ved  dur ing  the  i so the rma l  s tage  
at  800  °C, this  m e a n s  tha t  the  a -Fe  is par t ia l ly  d isso lved  in the  liquid Nd- 
r ich phase .  The  NdFe4B4 concen t r a t i on  does  no t  change  cons iderab ly ,  which  
m e a n s  tha t  the  diffusion is t oo  s low for  an  ad ju s tmen t  o f  the  concen t ra t ion .  
So at  the  end  of  this r eac t ion  s tage,  the  reac t ion  mix tu r e  is c o m p o s e d  of  
Nd~Fe14B and  subs tan t ia l  a m o u n t s  of  NdFe4B4, the  Nd-r ich  p h a s e  and  a lso  
a -Fe  prec ip i ta tes .  T h e r e f o r e  a fu r the r  homogen iza t i on  t r e a t m e n t  is required.  
Fo r  this  p u r p o s e  the  r eac t ion  mix tu re  is he a t ed  up  to  1200 °C. Dur ing the  
hea t ing  t r e a t m e n t  a t  1200 °C, the  concen t r a t ion  of  NdFe4B4, Nd-r ich  p h a s e  
and  a -Fe  is d imin ished  but  wi thou t  f o r m a t i o n  of  fu r the r  phases .  This  sugges t s  
tha t  the  homoge n i za t i on  is ach ieved  no t  only  by  inc reas ing  the  t e m p e r a t u r e  
but,  m o r e  impor tan t ly ,  by  the  p r e s e n c e  o f  the  low mel t ing  Nd-r ich  phase .  
The  h igher  t e m p e r a t u r e  i m p r o v e s  the  we t t ing  of  the  gra ins  by  the  Nd-r ich 
phase  and  hence  its d is t r ibut ion in the  reac t ion  mix ture .  This, in turn ,  leads  
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to enhanced dissolution of the a-Fe and NdFe4B4 intermetallic and the 
formation of the hard magnetic Nd2FeI4B compound by an accelerated diffusion 
process. 

In view of the progress of the alloy formation during the coreduction 
process the task was to optimize the coreduction for the production of single- 
phase Nd2FeI4B in pure form. In this case the peritectic melting point, the 
very narrow compositional range, and the lack of the Nd-rich phase have 
to be considered. 

The single-phase Nd2Fe14B requires theoretically 26.7 wt.°/0 Nd. Figure 
2 shows the relationship between the neodymium content applied in the raw 
material mixture and the neodymium concentration analysed in the final 
NdFeB product. A very narrow compositional range demands accurate analysis 
of the losses during the whole co-reduction process including the chemical 
leaching. The most important losses observed for the rare earth component 
are due to the formation of hydroxides or oxihydrates. These are partially 
dissolved during the chemical leaching or remain in the alloy and cause an 
increasing oxygen content. In view of these losses, an excess of 1.5 wt.% 
Nd has to be used to obtain the stoichiometric Nd2FeI4B composition. 

The maximum reaction temperature can be adjusted to a certain value 
by adding, for instance, Fe203 to the raw material mixture. Figure 3 illustrates 
the linear increase of the reaction temperature with increasing Fe2Oa content. 
The importance of the grain size of the raw materials was also investigated. 
Figure 4 demonstrates a metallographic cross-section of a coreduced Nd2Fe~4B 
sample produced with an Fe powder of a grain size larger than 75 /zm. A 
homogeneous distribution of unalloyed a-Fe grains was observed in this case. 

Nd2Fe~4B melts peritectically at 1180 °C. At the melting point the following 
equilibrium exists: 
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Fig. 2. Neodymium content  of the raw material  mixture  as a function of the analysed neodymium 
concentrat ion in the final product.  
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Fig. 4. Metallographic cross-section of co-reduced, single-phase NdaF%4B produced with a 
raw material mixture with an iron powder larger than 75 /zm, 100:1. 

Nd2FeI4B ~ Ima-~ch + a-Fe (1) 

However, the precipitation of a-Fe has to be avoided, because it affects the 
hard magnetic properties. The desired formation of  single-phase Nd2Fe14B 
can be obtained from a thermodynamic standpoint only by a solid-state 
reaction• But then the formation of the stoichiometric Nd2FeI4B composition 
has to occur  only by solid-state diffusion without the support  of the low 
melting Nd-rich phase. In view of this complication, the diffusion has to be 
enhanced by raising the temperature during the reduction and diffusion 
process  as high as possible, but  without heating to the peritectic melting 
point of the intermetallic compound, and by minimizing the diffusion length. 

The reaction temperature was therefore adapted to the peritectic melting 
point of the Nd2Fe14B phase of 1180 °C by adding 6 wt.% of the total iron 
content in form of Fe2Os. The measured reaction temperature is then close 
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to 1110 °C. The grain size of the iron metal powder should be less than 75 
Izm, otherwise a homogeneous distribution of unalloyed a-Fe grains is found 
in the final alloy. 

Figure 5 represents the temperature profile of  an adjusted composition 
of the raw material mixture with respect to the grain size of  the raw materials, 
the rare earth content, and the Fe203 content. It is obvious that during the 
whole co-reduction process the temperature in the crucible stays below the 
peritectic melting point of the Nd2Fe14B intermetallic. 

According to the X-ray diffraction analysis, no a-Fe was present and 
there was only a very weak diffraction line of NdFe4B4. The metallographic 
cross-section of this material given in Figs. 6(a) and 6(b) shows in most 
parts of the sample single-phase Nd2FeI4B without any NdFe4B4, a-Fe and 
Nd-rich phase (Fig. 6(a)). Only a few precipitates of a-Fe (Fig. 6(b)) or 
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Fig. 6. Metallographic cross-sect ion of  co-reduced single-phase NdeFe~4 B produced by an 
adjusted raw material mixture: (a) 100:1; (b) 200:1.  
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TABLE 2 

Typical chemical composition of the co-reduced single-phase Nd2FeI4B 

Nd SE Fe B Ca O C H 

Wt.% 27.3 27.5 Bal. 1.0 <0.1 <0.3 <0.05 <0.1 
± 0.3 ± 0.3 ± 0.05 

NdFe4B4 grains could be identified by SEM with EDX analysis and metal- 
lographic observation. A typical chemical composition of the co-reduced 
single phase Nd2Fe~4B is shown in Table 2. 

We thus find that single-phase Nd2Fe~4B can be obtained by the co- 
reduction process, by selecting the appropriate raw materials, adding a certain 
amount of Fe2Oa and using a certain excess of Nd. 

4. Summary 

The progress of the co-reduction process was investigated step by step. 
Subsequently the co-reduction process was adjusted to produce a single- 
phase Nd2Fe14B. The co-reduction process was characterized by temperature 
measurements during the reduction and diffusion steps. For determining the 
phase composition of the co-reduced reaction products and for obtaining 
evidence of the formation of a single-phase intermetallic compound we 
employed X-ray diffraction and SEM with EDX analysis. 

In NdFeB alloys of high neodymium concentration the presence of the 
Nd-rich phase has an important role not only in the manufacturing of NdFeB 
magnets but also for the production of the alloy itself by coreduction. The 
Nd-rich phase, by virtue of its low melting point, assists the formation of 
the Nd2Fe14B phase and accelerates the homogenization of the NdFeB alloys. 

In manufacturing single-phase Nd2Fe14B, the absence of the Nd-rich 
phase has to be compensated for by minimizing the diffusion length and 
raising the reaction temperature to close to the peritectic melting point of 
the intermetallic phase Nd2Fe14B. This is achieved by selecting appropriate 
raw materials, by adding a certain amount of FeeO3 and by applying a certain 
excess of neodymium. The results obtained in the course of the present 
investigation prove that single-phase NdeFe~4B with only traces of a-Fe and 
NdFe4B4 can be manufactured by the co-reduction process. 
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