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1. Introduction 
 

Since Nd-Fe-B was invented at 1983[1,2], magnetic 
properties for Nd-Fe-B were improved, and Nd-Fe-B type 
permanent magnets replaced Sm-Co magnets and are widely 
used for actuators, motor, MRI, sensors and so on.  Larger 
maximum energy product is still required for permanent 
magnets to meet demand of the advanced modern technology.  
In order to increase maximum energy product, rare earth 
dopants are utilized for increase in coercivity although 
remanent magnetization decreases[3,4,5].  Thus 59.5 MGOe 
of maximum energy product was already achieved for sintered 
compacts[6] so far. 

Spark plasma sintering (SPS) method which is able to 
sinter compact at relatively low temperature in a short 
sintering time, has been employed to fabricate compacts.  
Saito et al. showed that composite magnets with Nd-Fe-B of 
main phase were obtained[7,8] using SPS and melt-spun 
ribbon. 

In this study, thin Nd-Fe-B type sintered compacts were 
fabricated by SPS with Nd-Fe-Co-B powder, and its 
crystallographic and magnetic properties were evaluated. 

 
2.  Experimental and Results 

 
Coercivity and saturation magnetization of Nd-Fe-Co-B 

particle are 8700 Oe and 115 emu/g, respectively. Mean 
particle diameter is nominally 250 µm. The powder was 
sintered at the temperature of 600, 700, 800 ºC with 60 MPa of 
pressure for 5 minutes in carbon paper using SPS. Sintered 
compact was cut and polished to be 5×2×1.5 mm3 in x, y, 
and z direction. Magnetic property was measured in y direction 

using vibrating sample magnetometer. Demagnetizing fields 
were not compensated for the estimation of magnetic 
properties. 

Figure 1 shows XRD patterns for the sintered compacts 
and Nd-Fe-Co-B powder.  XRD pattern for the compact 
sintered at 600 ºC shows that main phase of Nd-Fe-B exists 
without the other markable phases. Soft magnetic α-Fe 
phase, however, appears for the compact sintered at the 
temperature of 700 ºC and above. This means that fabricated 
compact with the sintering temperature at 700ºC is 
composite magnet. 

Maximum energy products for the sintered compact are 
shown as a function of sintering temperature in Fig. 2.  
Obtained maximum energy products are comparable to that 
fabricated by SPS with amorphous melt-spun ribbon[9]. As 
shown in Fig. 2, maximum energy product is maximal at 
around 700ºC. The reason is considered that increase in 
saturation magnetization due to the formation of α-Fe 
results in large remanent magnetic flux density, although 
coercivity slightly decreased comparing to the compact 
sintered at 600 ºC. This may imply an obtained compact is 
composite magnet with strong exchange coupling between 
Nd-Fe-B phase and α-Fe phase, called spring magnet.  

Compacts sintered at 700 ºC were ground to be thin, and 
maximum energy products were estimated as a function of 
the thickness as shown in Fig. 3. In the figure, maximum 
energy product is normalized by 12 MGOe which is 
maximum energy product for the 1-mm-thick sintered 
compact. Normalized maximum energy product decreases 
with decreasing the compacts thickness as shown in the 
figure. Mori et al. reported similar tendency in terms of 
sintering methods[10], in which grain size much smaller 
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than the surface roughness for the compact is considered to 
be preferable to retain large maximum energy product for 
the compact ground to be sub-millimeter in thickness.  
Particle size of starting powder used in this study is 
nominally 250 µm, which is much larger than surface 
roughness and compact thickness. Such large particle size 
might cause reduction in maximum energy products for thin 
compact. This implies that the reduction in normalized 
maximum product is possible to be suppressed using SPS 
method and Nd-Fe-Co-B particles smaller than that used in 
this research. 

 
 

 
Fig. 1. XRD patterns for compacts sintered at 600, 700, 
800 ºC, and starting powder. 

 
 
 

 
Fig. 2. Maximum energy product as a function of 
sintering temperature. 

 

 
Fig. 3 Thickness dependence of normalized maximum 
energy product for compact sintered at 700 ºC. 

 
 

3.  Summary 
 

Nd-Fe-B type sintered compacts were fabricated and its 
magnetic properties were estimated. Composite magnet with 
Nd-Fe-Co-B and α-Fe was obtained for sintering at 700 ºC 
using spark plasma sintering method. Fabrication of 
deep-submillimeter-thick sintered compacts with large 
maximum energy product is considered to be possible in the 
case that starting particle with small size and spark plasma 
sintering method are employed. 
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