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ABSTRACT 
 

In this DoE 2004 STTR Phase I research project, bulk hybrid nanograin 
Nd2Fe14B/Sm2(Co,Fe)17 magnets with MHc = 14.2 kOe and (BH)max = 27.3 MGOe were 
successfully synthesized.  In addition, bulk nanograin PrCo5 magnets with MHc over 15 kOe 
and bulk hybrid anisotropic nanocomposite Pr2(Fe,Co)14B/Pr(Co,Fe)5 and 
Pr2(Fe,Co)14B/Pr2(Co,Fe)17 magnets with (BH)max of 28 to 35 MGOe were synthesized.  
These efforts were guided by the novel model of coercivity mechanism in nanograin magnetic 
materials and through the use of the innovative rapid RF inductive hot compaction process.  
With further R&D, a new class of permanent magnets that have the same level of magnetic 
performance as the mainstream sintered Nd-Fe-B magnets with (BH)max = 35 to 45 MGOe 
and much improved thermal stability will be developed. 
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1. Introduction 

1.1 Radiation damage of permanent magnets 
A magnetic field is used for beam focusing in high-energy accelerators.  For this purpose, 

electromagnets, hard ferrite, Sm-Co, or Nd-Fe-B magnets can be utilized.  The advantages of 
using permanent magnets include zero operating costs and reduced capital costs by 
eliminating power supplies.  The main disadvantage is the loss of strength of the magnets due 
to radiation damage.  According to J.T. Volk [1], permanent magnets with high Curie 
temperature, small grains, and high intrinsic coercivity demonstrate better radiation resistance.  
Recent experiments performed by the University of Dayton Magnetics Laboratory, Electron 
Energy Corporation, and the Ohio State University have revealed that the nature of the 
radiation damage of a permanent magnet is virtually the thermal demagnetization caused by 
temperature rise inside the magnet when it is subjected to radiation [2].  Therefore, even 
though a high-energy accelerator may operate in a room temperature environment, the magnet 
itself can be actually operating at elevated temperatures under radiation.  For example, 
according to ref. [2], under the neutron flux of 1x1013 neu/cm2⋅sec, the temperature inside a 
Nd-Fe-B magnet can reach 170°C.  Consequently, permanent magnets with improved thermal 
stability must be used for beam focusing in high-energy accelerators. 

1.2 Limitations of conventional sintered Nd-Fe-B magnets and approaches to improving 
their thermal stability 
Permanent magnet materials that combine high magnetic performance and excellent 

thermal stability are required for beam focusing in high-energy accelerators.  However, no 
single existing magnet material can completely satisfy these requirements.  Table 1 lists a 
comparison of different types of permanent magnets.  It can be seen from Table 1 that hard 
ferrite magnets have the lowest magnetic performance, an intermediate Curie temperature, 
and a very low price.  On the other hand, Sm2(Co,Fe,Cu,Zr)17 magnets have the highest Curie 
temperature of around 800°C, moderately high magnetic performance, and a high price; while 
mainstream Nd-Fe-B magnets demonstrate the highest room temperature magnetic 
performance, but the lowest Curie temperature of 310°C. 

 
Table 1. A Comparison of Different Types of Permanent Magnets 

 
Magnets 

 
4πMs 
(kG) 

 
MHc 

(kOe) 

 
(BH)max 

(MGOe) 

 
TC 

(°C) 

Highest 
Operating 

Temperature (°C) 

 
Price 

Hard ferrite 3 - 4 2 - 3 3 - 4 450 180 Very 
l

Sm2(Co,Fe,Cu,Zr)17 11 - 12 20 - 30 20 - 28 800 300 - 550 High 

Mainstream  
Nd2Fe14B 12 - 15 10 - 15 35 - 45 310 80 Medium 

Elevated temperature 
(Nd,Dy,Tb)2(Fe,Co)14B 10 - 11 20 - 30 28 - 35 350 150 Higher 
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Apparently, a wide gap in the operating temperature exists between the 
Sm2(Co,Fe,Cu,Zr)17 magnets and mainstream Nd-Fe-B magnets.  Further, because of their 
low Curie temperature, Nd-Fe-B magnets have very large negative temperature coefficients of 
magnetic properties, thus, very poor thermal stability.  The operating temperature gap 
between Sm2(Co,Fe,Cu,Zr)17 and mainstream Nd-Fe-B (80 to 300°C) is a precisely very 
critical temperature range for many important applications, such as for beam focusing, 
magnetic sensors, and automobiles. 

Though Nd-Fe-B magnets have excellent magnetic performance at room temperature, 
their magnetic properties, especially intrinsic coercivity, drop sharply with increasing 
temperature.  To deal with this problem, small amounts of heavy rare earths Dy and Tb have 
been used to substitute for Nd, leading to Nd-Dy-Tb-Fe-B magnets with high coercivity.   
 Partially substituting Co for Fe in Nd-Fe-B magnets can effectively increase their Curie 
temperature, but deteriorate coercivity and, thus, increase the irreversible loss of magnetic 
strength at elevated temperature.  Combining these two approaches, magnets based on 
(Nd,Dy,Tb)2(Fe,Co)14B demonstrate improved thermal stability and can be used at 
temperatures up to 150°C.  However, because the magnetic coupling between heavy rare 
earths (Dy and Tb) and 3d-transition metals (Fe and Co) are anti-parallel, adding Dy and Tb 
significantly decreases magnetization and magnetic performance.  As shown in Table 1, 
magnets based on (Nd,Dy,Tb)2(Fe,Co)14B for elevated temperature applications have a 
(BH)max of only 28 to 35 MGOe.  On the other hand, both Dy and Tb are very expensive, 
which significantly increases the magnet cost. 
 The third approach is to make hybrid Nd2Fe14B/Sm2(Co,Fe,Cu,Zr)17 magnets that may 
combine the high magnetic performance of Nd2Fe14B and excellent high temperature stability 
of Sm2(Co,Fe,Cu,Zr)17.  Unfortunately, there are at least two technical difficulties in making 
this good idea a reality. 

(a) Incompatible processes 
 The process of making sintered Nd-Fe-B magnets is not compatible with the process of 
making sintered Sm2(Co,Fe,Cu,Zr)17 magnets.   

• The process of making sintered Nd2Fe14B-based magnets is relatively simple.  It 
includes melting, crushing, milling, powder alignment and compaction, sintering at 
around 1080°C for 1 to 2 hours followed by an anneal at around 600°C for 1 hour. 

• Sintered Sm2(Co,Fe,Cu,Zr)17 magnets are prepared with a very complex process.  
After compaction, the green bodies must be sintered at a high temperature of 1200°C 
to reach full density.  This sintering temperature is higher than the melting point of 
Nd2Fe14B.  After the sintering, a complex and long-term heat treatment procedure 
must be performed and the entire process lasts for about 3 days. 

(b) Interdiffusion between two different types of materials at elevated temperatures  
 The interdiffusion between Nd2Fe14B and Sm2(Co,Fe,Cu,Zr)17 will take place during 
sintering and heat treatment at elevated temperatures.  The possible products from the 
interdiffusion include Sm2Fe14B, Nd2Co17, Nd2Co14B, and Sm2Fe17.  Unfortunately, most of 
these products (Sm2Fe14B, Nd2Co17, and Sm2Fe17) have unfavorable easy basal plane 
anisotropy and, hence, a very low anisotropy field, which leads to very low coercivity. 
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2. Technical Approach in This STTR Phase I Research Project 
In order to resolve problems associated with the conventional sintered Nd-Fe-B magnets 

and conventional Nd-Fe-B/Sm2(Co,Fe,Cu,Zr)17 magnets, the FutureTek/University of Dayton 
research team’s technical approach was to make a new class of novel hybrid nanograin 
Nd2Fe14B/Sm2(Co,Fe)17 and Nd2Fe14B/PrCo5 permanent magnets for beam focusing in high-
energy accelerators and for many other applications where better thermal stability and/or 
higher operating temperatures are needed as compared with the current Nd-Fe-B magnets.  
These hybrid nanograin permanent magnets will incorporate the high Curie temperature and 
excellent thermal stability of the Sm-Co or Pr-Co based magnets and high magnetization of 
the Nd-Fe-B magnets and will fill the gap between these two types of conventional magnet 
materials.   
 This new class of magnets was studied under the guidance of the innovative concept of 
coercivity in magnetic materials possessing nanograin structure proposed by Prof. Sam Liu of 
the University of Dayton [3, 4].  The hybrid nanograin magnets were synthesized using melt 
spinning followed by the innovative technologies of rapid hot compaction and hot 
deformation developed recently by the University of Dayton Magnetics Lab[5, 6].  Applying 
these innovative technologies, all technical difficulties in making conventional hybrid 
magnets with micron grains were readily overcome. 
 

3. Scientific Basis of the Technical Approach 

A fundamental change takes place in the coercivity mechanism of magnetic materials 
when their grain size is reduced from a conventional micrometer to a nanometer range.  A 
convincing example is the Sm2Co17 compound.  Though the Sm2Co17 compound has a high 
anisotropy field  of 65 kOe, useful intrinsic coercivity (> 8 kOe) could not be developed in it.  
Actually, it took more than 10 years (1970 - 1983) for researchers to modify the compositions 
(by adding Cu, Zr, and extra Sm) and to develop a complex sintering and heat-treatment 
procedure for achieving useful coercivity (> 8 kOe).  The procedure consists of high-
temperature sintering at ≥ 1200°C for 1 to 2 hours, a solid solution heat treatment at around 
1080°C for 3 to 5 hours, and a very long aging period at ∼800°C for 30 to 50 hours, followed 
by a very slow cooling period from 800°C to 400°C at 1 to 2°C/minute.  The whole procedure 
takes three days to complete. These compositional modifications and heat treatments are 
required to form a fine-scale cellular microstructure, in which the cell boundary phase has low 
anisotropy and serves as pinning sites for domain wall motion, leading to high coercivity [7-9]. 

In contrast, a study at the University of Dayton revealed that annealing an amorphous 
stoichiometric Sm2Co17 at 700°C for only 1 minute resulted in similar or even higher 
coercivity (> 15 kOe) [10]!  Based on many novel phenomena observed in magnetic 
materials having nanograin structure, Prof. Sam Liu of the University of Dayton proposed an 
innovative coercivity model [3, 4].  The principal points of this new model are listed below. 

• In magnetic materials with nanograins, the formation of multiple magnetic 
domains in a grain is no longer energetically favorable. 

• The magnetization reversal in nanograin magnetic materials is not carried out by 
nucleation of reversed magnetic domains or domain wall motion. 
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• The magnetization reversal in nanograin magnetic materials is carried out by 
rotation of magnetization.  The interface exchange coupling makes it an 
incoherent rotation. 

• In magnetic materials with nanograin structure, there is no longer a need to create 
a specific microstructure to prevent the formation of reversed magnetic domains 
or to restrict domain wall motion.  

• High uniaxial magnetocrystalline anisotropy is not only a necessary condition for 
high coercivity, as it is in magnetic materials with micrograins, it is also the 
sufficient condition for high coercivity in magnetic materials with nanograins.   

• A direct connection between coercivity and magnetocrystalline anisotropy is 
established in magnetic materials with nanograin structure. 

• Consequently, high coercivity should be readily obtained for any magnetic 
materials that have high uniaxial anisotropy, provided that the materials possess 
nanograin structure.   

The basic idea of this new coercivity model is illustrated in Figure 1.   
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Figure 1. Coercivity mechanisms in rare earth permanent magnets  

with micron grains (a) and nanograins (b). 
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The new coercivity model has been verified and supported by many experimental results.  
For example, a high coercivity of 12 kOe was easily obtained in a nanograin YCo5 compound 
after annealing an amorphous YCo5 at 750°C for 2 minutes.  It is well known that YCo5 was 
the first rare earth-transition metal compound that was discovered to have very high 
anisotropy field of 130 kOe [11]; however, useful coercivity could not be obtained in a 
conventional YCo5 with micrometer grains.  More recently, Ms. Shen of FutureTek, PI of the 
proposed project, successfully obtained high coercivity of 16 kOe in a bulk nanograin PrCo5 
magnet in this STTR Phase I project (refer to Figure 10).  Again, high coercivity is difficult 
to achieve in PrCo5 with micrometer grain structure.  Successfully obtaining high coercivity 
in nanograin PrCo5 makes it possible to synthesize hybrid nanocrystalline 
Pr2(Co,Fe)14B/Pr(Co,Fe)5 magnets. 

 

4. Experimental Results and Discussions 
The technical objective of the STTR Phase I research effort was to demonstrate the 

feasibility of an innovative idea of synthesizing a new class of hybrid nanocrystalline 
permanent magnets, such as Nd2(Fe,Co)14B/Sm2(Co,Fe)17, for beam focusing in high-energy 
accelerators and for many other applications where better thermal stability and/or higher 
operating temperature is needed. 

This Phase I objective has been completely and successfully accomplished.  In addition to 
the originally-planned hybrid nanocrystalline Nd2(Fe,Co)14B/Sm2(Co,Fe)17 permanent 
magnets, FutureTek/University of Dayton researchers have successfully synthesized hybrid 
magnets based on a new Pr2(Fe,Co)14B/Pr(Co,Fe)5 composite alloy system, which 
demonstrates superior magnetic performance, a significantly wide processing window, and 
lower material cost as compared to the Nd2(Fe,Co)14B/Sm2(Co,Fe)17 system. 

The Phase I research project has successfully established that synthesizing a hybrid 
nanocrystalline two-phase permanent magnet that combine the high magnetic performance of 
one phase and superior thermal stability of another phase by using the innovative inductive 
rapid hot press and hot deformation technologies is highly feasible. 

The Phase I project has clearly established that with further R&D, a new class of hybrid 
nanocrystalline magnets with significant commercial potential can be developed.  These new 
permanent magnets will be ideal for beam focusing in high-energy accelerators and in many 
other critical DoE applications such as magnetic sensors and automobiles, especially for 
hybrid and fuel-cell powered automobiles and other vehicles.  In addition, an abnormal 
coercivity enhancement was observed during the Phase I research, which may provide clues 
for new materials development.   

More detailed descriptions of the Phase I accomplishments are given in the following 
subsections. 

4.1 Hybrid nanocrystalline Nd2(Fe,Co)14B/Sm2(Co,Fe)17 magnets 
 Hybrid nanocrystalline Nd2(Fe,Co)14B/Sm2(Co,Fe)17 magnets have been successfully 
synthesized and characterized during the STTR Phase I project.  Figure 2 shows a 
demagnetization curve of a hybrid nanocrystalline Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17  
[80 wt%/20 wt%] magnet.  This magnet was made using a process including melting, melt 
spinning, crushing and powder blending, inductive rapid hot press, and hot deformation.   
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As a comparison, a demagnetization curve of a conventional hybrid Nd15Fe79B6/ 
Sm(Co0.745Fe0.15Cu0.08Zr0.025)7.4 [80 wt%/20 wt%] magnet is also given.  This magnet was 
prepared using a process including melting, crushing, ball milling, fine powder blending, 
inductive hot press, and hot deformation.  It can be seen from Figure 2 that the hybrid 
nanocrystalline magnet demonstrates a high Br of 10.99 kG, a high MHc of 14.26 kOe, and a 
high (BH)max of 27.36 MGOe, while the conventional hybrid magnet shows very poor 
magnetic performance of Br = 2.54 kG, MHc = 0.39 kOe, and (BH)max = 0.24 MGOe.  
Apparently, incompatible processing of two materials and interdiffusion between two 
materials are responsible for the poor magnetic performance of the conventional hybrid 
magnet. 
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Fig. 2. Demagnetization curves of a hot deformed hybrid nanocrystalline 

Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 magnet and a hot deformed  
conventional hybrid Nd15Fe79B6/Sm(Co0.745Fe0.15Cu0.08Zr0.025)7.4 magnet.   

Both magnets contain 80 wt% Nd-Fe-B and 20 wt% Sm-Co. 

 Even though a moderately high (BH)max of over 27 MGOe was obtained in the hybrid 
Nd2(Fe,Co)14B/Sm2(Co,Fe)17 magnet, achieving MHc over 10 kOe is not always easy.  If the 
hot press and hot deformation are not made fast enough, the obtained coercivity will be lower 
than 10 kOe.  Apparently, this is the outcome of interdiffusion. 
 Figure 3 illustrates the temperature coefficient of magnetic flux versus temperature  
for a Nd2(Fe0.94Co0.06)14B, a Sm2(Co0.7Fe0.3)17 and two hybrid Nd2(Fe0.94Co0.06)14B/ 
Sm2(Co0.7Fe0.3)17 magnets.  Assuming that a temperature coefficient of not worse than -
0.10%/°C is required for a particular application, to satisfy this requirement, the highest 
operating temperature for Nd2(Fe0.94Co0.06)14B is only 25°C.  The operating temperatures  
can be increased to 150 and 200°C, respectively, if the hybrid Nd2(Fe0.94Co0.06)14B/ 
Sm2(Co0.7Fe0.3)17 [80 wt%/20 wt%] and Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17  
[60 wt%/40 wt%] are used. 
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Fig. 3. Temperature coefficient of magnetic flux vs. temperature for (1) Nd2(Fe0.94Co0.06)14B;  
(2) hybrid Nd2(Fe,Co)14B/Sm2(Co,Fe)17 [80 wt%/20 wt%]; (3) hybrid 

Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 [60 wt%/40 wt%]; and (4) Sm2(Co0.7Fe0.3)17).   
All magnets have L/D = 1. 

 Figure 4 demonstrates the temperature dependence of intrinsic coercivity, MHc, of a hybrid 
nanocrystalline Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 [60 wt%/40 wt%] magnet.  Since it is a 
two-phase material with one component having a low Curie temperature of 310°C and another 
component with a high Curie temperature of 840°C, one may expected a kinked MHc-T curve.  
However, as shown in Figure 4, a very smooth MHc-T curve was obtained.  Obviously, this is 
the outcome of the interface exchange coupling interaction between the two phases. 
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Fig. 4. Temperature dependence of intrinsic coercivity of a hybrid nanocrystalline 

Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 [60 wt%-40 wt%] magnet. 
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 A micrograph showing the fracture surface of a hot deformed anisotropic hybrid 
nanocrystalline Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 [80 wt%-20 wt%] magnet is given in 
Figure 5.  This micrograph demonstrates the grain alignment after hot deformation.  Figure 6 
shows microstructures of a hybrid Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 [80 wt%-20 wt%] 
magnet observed using scanning electron microscopy (SEM).  The micro-compositions were 
determined using energy dispersed spectrum (EDS) and the results are given in Figure 7.   
It can be clearly observed from Figure 6(a) that the microstructure of the hybrid 
Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 magnet consists of three distinguished zones.   
Among them, Zone 1 (matrix) is Nd2(Fe,Co)14B as revealed by EDS (Figure 7); Zone 2 is 
Sm2(Co,Fe)17; while Zone 3 is the interdiffusion area between Nd2(Fe,Co)14B and 
Sm2(Co,Fe)17.   

 
 

Fig. 5. SEM micrograph of the fracture surface of a hot deformed hybrid nanocrystalline 
Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 [80 wt%-20 wt%] magnet. 

 
The SEM analysis also revealed that the Nd2(Fe,Co)14B area (Zone 1) has elongated and 

aligned grains as shown in Figure 6(b), while both the Sm2(Co,Fe)17 area (Zone 2) and the 
interdiffusion area (Zone 3) are characterized as very fine equiaxial grains without grain 
alignment.  These results indicate that in a hybrid nanocrystalline Nd2(Fe,Co)14B/ 
Sm2(Co,Fe)17 magnet, only the Nd2(Fe,Co)14B component can be made anisotropic by 
creating grain alignment during the hot deformation, while the Sm2(Co,Fe)17 component 
remains basically isotropic.  This observation is in good agreement with results of other recent 
studies in which it was shown that grain alignment is difficult to obtain by hot deformation in 
nanostructure Sm2(Co,Fe)17 magnet [12,13].  Because of this limitation, achieving (BH)max 
greater than 30 MGOe in the Nd2(Fe,Co)14B/Sm2(Co,Fe)17 system would be difficult. 
 To investigate the long-term thermal stability of the hybrid magnet, a 
Nd2(Fe0.94Co0.06)14B/ Sm2(Co0.7Fe0.3)17 [80 wt%-20 wt%] magnet with L/D = 1 was aged at 
100°C in air and the result is given in Figure 8.  It can be seen from Figure 8 that the 
normalized magnetic flux remains the same at 100°C over 5000 hours, indicating no 
interdiffusion between the two components of the hybrid magnet at 100°C. 
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Fig. 6. SEM micrographs of a nanocomposite Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 [80 wt%-20 wt%] 

magnet showing three zones: Zone 1 – Nd2(Fe,Co)14B matrix (a and b); Zone 2 – Sm2(Co,Fe)17 (c);  
Zone 3 – diffusion zone between two phases (d).  
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Fig. 7. Results of EDS analysis for hybrid nanocrystalline Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17  
[80 wt%-20 wt%] magnet. 
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Fig. 8. Result of a long-term aging experiment of a nanocrystalline 

Nd2(Fe0.94Co0.06)14B/Sm2(Co0.7Fe0.3)17 [80 wt%-20 wt%] magnet with L/D = 1 aged at 100°C in air. 

4.2 Hybrid nanocrystalline Pr2(Fe,Co)14B/Pr(Co,Fe)5 magnets 
 Realizing the limitation of the Nd2(Fe,Co)14B/Sm2(Co,Fe)17 hybrid system, a new hybrid 
system of Pr2(Fe,Co)14B/Pr(Co,Fe)5 has been studied during the second half of the STTR 
Phase I project.  Because both 2:14:1 and 1:5 phases have the same rare earth and similar 
transition metals in this system, even as interdiffusion takes place at elevated temperatures, 
the magnetic performance of the hybrid magnet will not be affected. 
 In the Phase I project, single Pr2(Fe,Co)14B and Pr(Co,Fe)5 magnets were first studied 
separately, and efforts were then made to synthesize hybrid nanocrystalline Pr2(Fe,Co)14B/ 
Pr(Co,Fe)5 magnets.  Figure 9 shows demagnetization curves of the first hot pressed 
Pr2(Fe0.94Co0.06)14B specimen and magnetization curves of the same magnet after 70% hot 
deformation at 900°C.  It can be seen that the hot deformed anisotropic Pr2(Fe0.94Co0.06)14B 
magnet demonstrates very high intrinsic coercivity over 17 kOe, very good squareness of the 
demagnetization curve, and high (BH)max over 33 MGOe. 
 Figure 10 shows demagnetization curves of the first hot pressed PrCo5 specimen and 
magnetization curves of the same magnet after 70% hot deformation at 900°C.  After the hot 
deformation, Br increased from 7.09 to 8.39 kG, MHc decreased from 15.33 to 9.18 kOe, and 
(BH)max increased from 11.52 to 16.77 MGOe.  Apparently, at least partial grain alignment 
was created during hot deformation.  This is the result of our very first specimen.  With 
further improvements in alloy composition and processing parameters, much better results can 
be obtained.  Because the magneto-crystalline anisotropy field of PrCo5 is 170 kOe, much 
higher than that of Pr2Fe14B (75 kOe), much higher coercivity can be developed in PrCo5-
based nanograin magnets. 
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Fig. 9. Demagnetization curves of hot pressed isotropic Pr2(Fe0.94Co0.06)14B and  

hot deformed anisotropic Pr2(Fe0.94Co0.06)14B. 
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Fig. 10. Demagnetization curves of hot pressed isotropic PrCo5 and  

hot deformed anisotropic PrCo5. 

Demagnetization curves of the first hybrid Pr2(Fe0.94Co0.06)14B/PrCo5 [80 wt%/20 wt%] 
magnet is shown in Figure 11.  Its magnetic performance is beyond our expectation.  This 
specimen has a high MHc over 16 kOe and (BH)max near 33 MGOe.  Figure 12 demonstrates 
magnetic properties as a function of the fraction of the PrCo5 component in the hybrid 
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Pr2(Fe0.94Co0.06)14B/PrCo5 magnet.  Figure 12 also indicates that when the fraction of PrCo5 is 
increased to 40 wt% in the hybrid magnet, (BH)max dropped to around 24 MGOe, basically as 
a result of the drop of MHc.  As mentioned previously, since intrinsic coercivity higher than 
that of Pr2(Fe,Co)14B should be developed in PrCo5, much better magnetic properties can be 
achieved in hybrid magnets with a high fraction of PrCo5. 
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Fig. 11. Demagnetization curves of the 1st bulk hot deformed  
nanocrystalline Pr2(Fe0.94Co0.06)14B/PrCo5 [80 wt%/20 wt%]. 
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Fig. 12. Magnetic properties as a function of the fraction of PrCo5 in  
hybrid Pr2(Fe0.94Co0.06)14B/PrCo5 magnet. 
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 Partial substitution of Fe for Co in PrCo5 was made to increase its magnetization and, 
hence, energy product.  Figure 13 shows demagnetization curves of a hybrid nanocrystalline 
Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5 [80 wt%/20 wt%] magnet.  The Br of this hybrid magnet 
was increased to 12 kG and (BH)max was increased to 34.5 MGOe.  At the same time, its 
intrinsic coercivity increased to near 17 kOe, which also beyond our anticipation.  
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Fig. 13. Demagnetization curves of the 1st bulk hot deformed nanocomposite  
Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5 [80 wt%/20 wt%]. 

 

Figure 14 shows the temperature coefficient of magnetic flux versus temperature for  
(1) Pr2(Fe0.94Co0.06)14B; (2) Pr(Co0.8Fe0.2)5; (3) hybrid nanocrystalline Pr2(Fe0.94Co0.06)14B/ 
Pr(Co0.8Fe0.2)5 [80 wt%/20 wt%]; and (4) Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5 [60 wt%/40 wt%].  
Assuming that a temperature coefficient of not worse than -0.10%/°C is required for a 
particular application, to satisfy this requirement, the highest operating temperature for 
Pr2(Fe0.94Co0.06)14B is only 40°C.  The operating temperatures can be increased to 90°C and 
175°C, respectively, if the hybrid Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5 [80 wt%/20 wt%] and 
Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5 [60 wt%/40 wt%] are used. 
 Figure 15 shows SEM micrographs of an anisotropic hybrid Pr2(Fe0.94Co0.06)14B/ 
Pr(Co0.8Fe0.2)5 [60 wt%/40 wt%] magnet.  It can be seen from Figure 15(a) that the grain size 
in this magnet is not uniform.  In addition to small grains, there are some large grains in 
micron range.  Figure 15(b) is a high resolution SEM image showing elongated and aligned 
grains.  However, the long axes of some grains are over 500 nm.  With further reductions in 
the grain size, better magnetic performance is anticipated. 
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Fig. 14. Temperature coefficient of magnetic flux versus temperature for (1) Pr2(Fe0.94Co0.06)14B;  

(2) hybrid Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5 [80 wt%/20 wt%]; (3) hybrid 
Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5 [60 wt%/40 wt%]; and (4) Pr(Co0.8Fe0.2)5. 
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Fig. 15. SEM micrographs of anisotropic hybrid Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5  
[60 wt%/40 wt%]. 

 

As mentioned previously, partial substitution of Fe for Co in PrCo5 was made to increase its 
magnetization and, hence, energy product.  This substitution leads to a sharp drop of MHc and 
(BH)max of PrCo5 as shown in Figure 16.  Surprisingly, it was observed that for the hybrid 
nanocrystalline Pr2(Fe0.94Co0.06)14B/Pr(Co1-xFex)5 [80 wt%/20 wt%], the Fe substitution results in 
increased MHc and (BH)max.  As shown in Figure 17, the MHc of the hybrid magnet reaches  
17.3 KOe when x = 0.3.  At the same time, the magnet remains a high (BH)max of 34.2 MGOe. 
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Fig. 16. Effect of Fe content, x, in Pr(Co1-xFex)5 on magnetic properties of Pr(Co1-xFex)5. 
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In addition, an abnormal increase of MHc after hot deformation in the hybrid 
nanocrystalline Pr2(Fe,Co)14B/Pr(Co,Fe)5 system was observed.  In a normal case, after a 
hot pressed isotropic magnet is further hot deformed to an anisotropic magnet, its MHc 
will be decreased 20 to 40% as a result of grain growth, as shown in Figures 9 and 10.  
However, an increase of MHc in the hybrid nanocrystalline Pr2(Fe,Co)14B/Pr(Co,Fe)5 
system was observed after hot deformation as shown in Figures 18 and 19.  It can be seen 
from Figure 19 that the hot pressed isotropic Pr2(Fe0.94Co0.06)14B/Pr(Co0.7Fe0.3)5  
[60 wt%/40 wt%] has a low MHc value of 8.5 kOe.  However, after hot deformation, its 
MHc was increased to 17 KOe!  This abnormal enhancement of MHc may have the same 
origin as the MHc increase shown in Figure 17.  It certainly related to the interaction 
between Pr2(Fe,Co)14B and Pr(Co,Fe)5 phases.  
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Fig. 18. Demagnetization curves of hot pressed and hot deformed  

Pr2(Fe0.94Co0.06)14B/Pr(Co0.8Fe0.2)5 [60 wt%/40 wt%]. 
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Fig. 19. Demagnetization curves of hot pressed and hot deformed  

Pr2(Fe0.94Co0.06)14B/Pr(Co0.7Fe0.3)5 [60 wt%/40 wt%]. 
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 One possible reason may be that because the inductive hot press was performed at a 
relatively low temperature of 600°C for only 2 minutes, the amorphous Pr2(Fe,Co)14B/ 
Pr(Co,Fe)5 powder may be only partially crystallized after the hot press, leading to low 
coercivity.  After subsequent hot deformation, the magnet alloy is fully crystallized and 
thus demonstrates increased coercivity.  However, the x-ray diffraction (XRD) analyses 
did not give strong support to this assumption.  Figure 20 shows the XRD pattern of the 
as-mechanically alloyed powder of Pr2(Fe0.94Co0.06)14B/Pr(Co0.7Fe0.3)5 [60 wt%/40 wt%].  
It is in an amorphous condition except for an α-Fe peak.  The XRD pattern of the same 
alloy powder after the hot press is given in Figure 21.  Basically, the amorphous powder 
is crystallized after the hot press, though it has very fine grain structure as indicated by 
the wide half-peak width as shown in Figure 21. 
 Therefore, the abnormal enhancement of coercivity, as indicated in Figures 17 
through 19 remains unknown and it will be an interesting subject to be studied in the 
STTR Phase II project. 
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Fig. 20. XRD pattern of a powder mixture of Pr2(Fe0.94Co0.06)14B/Pr(Co0.7Fe0.3)5 [60 wt%/40 wt%]  

after mechanical alloying. 
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Fig. 21. XRD pattern of hot compacted Pr2(Fe0.94Co0.06)14B/Pr(Co0.7Fe0.3)5 [60 wt%/40 wt%]. 
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5. Anticipated Public Benefits 
Based on accomplishments made by the FutureTek/University of Dayton research 

team in the successful STTR Phase I project, it is highly anticipated that after further 
research a commercial product of a new class of hybrid nanograin Pr2(Fe,Co)14B 
/Pr(Co,Fe)5 permanent magnets will be developed.  In the Phase I project, high intrinsic 
coercivity of 16.4 kOe and high energy product of 32.9 MGOe were obtained in the very 
first hybrid nanograin magnet of Pr2(Fe0.94Co0.06)14B/PrCo5 [80 wt%/20 wt%].  Shortly 
afterwards, MHc = 17 kOe and (BH)max = 35 MGOe were achieved in a hybrid nanograin 
Pr2(Fe0.94Co0.06)14B/ Pr(Co0.8Fe0.2)5 [80 wt%/20 wt%] magnet.  The FutureTek/University 
of Dayton researchers are confident that through further research and development, 
innovative technologies and cost-effective manufacturing processes for synthesizing 
hybrid nanocrystalline Pr2(Fe,Co)14B/Pr(Co,Fe)5 magnets with (BH)max = 35 - 45 MGOe 
will be developed.  Compared with the current commercial Nd-Fe-B magnets, new hybrid 
magnets will have: 

• The same level of magnetic performance as compared with the mainstream 
sintered Nd2Fe14B magnets that have (BH)max in the range of 35 to 45 MGOe.  
At the same time, new magnets have significantly improved thermal stability. 

• Magnetic performance about 27% higher than that of the commercial 
(Nd,Dy,Tb)2(Fe,Co)14B magnets currently used for elevated temperature 
applications as a result of eliminating heavy rare earths Dy and Tb.  

• Higher Curie temperature of around 500°C and improved temperature 
coefficients of Br, MHc, and (BH)max as a result of utilizing the thermally 
stable Pr(Co,Fe)5 phase. 

• Higher operating temperature up to 250°C or higher.  This temperature is 
170°C higher than mainstream Nd2Fe14B magnets and 100°C higher than 
(Nd,Dy,Tb)2(Fe,Co)14B magnets. 

• Potentially lower cost than commercial (Nd,Dy,Tb)2(Fe,Co)14B because of 
eliminating expensive Dy and Tb and simple processing. 

• Capability to be used for very low temperature applications.  In comparison, 
Nd2Fe14B-based magnets cannot be used at temperatures lower than -130°C 
because of spin reorientation.  Pr2(Fe,Co)14B/Pr(Co,Fe)5 does not have spin 
reorientation. 

 A comparison of proposed hybrid nanograin magnets with conventional Nd-Fe-B 
magnets is given in Table 2.  



 19

Table 2. Comparison of Conventional Nd-Fe-B Magnets and  
Proposed Pr2(Fe,Co)14B/Pr(Co,Fe)5 Magnets 

 
Magnet 

 
(BH)max 
(MGOe) 

 
Curie Point 

(°C) 

Absolute Value of 
Temperature 

Coefficients of Br, 
MHc and (BH)max 

Upper 
Operating 

Temperature 
(°C) 

Mainstream Nd2Fe14B- 
based Magnets 

35 - 45 310 Large 80 

Commercial  
(Nd,Dy,Tb)2(Fe,Co)14B  

28 - 35 350 Large 150°C 

Proposed 
Pr2(Fe,Co)14B/Pr(Co,Fe)5 

35 - 45 500 Small 250°C or 
higher 

 

 Combining high magnetic performance and excellent thermal stability, this new class 
of hybrid nanograin magnets possesses tremendous technical, economic, and social 
significance.  When used for beam focusing in high-energy accelerators, the magnet’s 
resistance to the radiation damage will be significantly improved, since the nature of the 
radiation damage is virtually a radiation-induced thermal effect as previously. 
 The market of permanent magnet is of multi-billion US dollars per year.  Figure 22 
gives information on the world-wide market for permanent magnets, estimated to be $7 
billion in 2002.  Among all permanent magnets, hard ferrites account for about $4 billion, 
and rare earth magnets for $2.5 billion, of which Nd-Fe-B and Sm-Co are $1.8 and $0.7 
billion, respectively.  Nd-Fe-B magnets are now widely used in the electronics, 
communications, transportation, and medical instrument industries.  It is estimated that 
the world output of Nd-Fe-B magnets is increasing at more than 12% per year. 
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Fig. 22. Permanent magnet market.   
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 A trend toward electrical propulsion has developed in recent years.  Associated with 
this trend, more electrical automobiles and other vehicles, more electrical aircraft, and 
more electrical ships will gradually emerge into our life.  The advantages of applying 
more electrical propulsion include (1) enhanced energy efficiency and productivity;  
(2) reduced dependence on fossil fuels and foreign energy resources; (3) reduced air 
pollution; (4) reduced hydraulic control system; and (5) improved system reliability and 
maintainability.  More electrical propulsion (and all electrical propulsion in the future) 
imposes an urgent need for advanced permanent magnet materials with good thermal 
stability beyond current Nd-Fe-B magnets. 
 The new class of hybrid nanocrystalline magnets has emerged as the times demand.  
They have the same level of magnetic performance as the mainstream Nd-Fe-B, but much 
improved thermal stability, which fills the operating temperature gap and addresses the 
thermal stability issues between Sm-Co and Nd-Fe-B magnets.  The new magnets can 
fulfill Federal Government and commercial sector requirements in many applications, 
such as: 

• DoE high energy accelerator program for beam focusing in electron linear 
accelerators, and solenoids for use in electron-beam or ion-beam sources or for 
klystron or other radio frequency amplifier tubes operating at wavelengths 
from 0.7 to 10 cm.  Promote novel device and instrumentation development. 

• DoE FreedomCAR and Vehicle Technologies program for hybrid and fuel-
cell-powered vehicle applications. 

• DoE and DoD magnetic sensor applications where a very small temperature 
coefficient of magnetic properties is required. 

• DoD navigation system of aircraft and smart bombs.  
• NASA spacecraft propulsion and navigation. 
• Advanced motors, generators, and actuators. 
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