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Radiation damage in Nd-Fe-B magnets: temperature and 
shape effects 

0 - P  Kihkonent, S M a b e n t ,  M Blvitief: and M Manninent 
t Department of Physics, UnivetsiLy of J@skylP, SF-40351 Jy&!qIi, Finland 
4 Outokumpu Magnets Oy, SF-28101 Pori, Finland 

h e i v e d  24 June 1991, in Bnal form 3 September 1991 

Absiraet NdzFelSB permanent magnets with different Ioad lines were irradiated with 
20 MeV protons at lemperalures between 300 and 15 K, and the flux lm was measured 
as a funclion of the irradiation temperalure. The results show that the magnetic flux loss 
depends drastically on temperature and on the shape of the sample. A new theoretical 
model which explains the obsewed temperature dependence of imdialion effects is 
introduced. 

1. Introduction 

The discovery of Nd-Fe-B high performance permanent magnets has increased the 
interest in the basic research on magnetism and magnetic materials [l]. The lattice 
structure [Z], electronic structure [3] and basic magnetic propeties [4] of these neo- 
magnetic materials are known. Nd-Fe-B magnets have been shown to be extremely 
sensitive to irradiation when compared with conventional permanent magnets [5-71. 
Rchnologically this is a drawback since it can prevent the application of these mag- 
nets in particle accelerators. In basic research the sensitivity to irradiation opens a 
new possibility for increasing our understanding of the domain nucleation and demag- 
netization processes. In earlier papers [S, 91 we showed that the irradiation-induced 
flux loss is strongly temperature-dependent and suggested that the sensitivity to irra- 
diation is related to the low Curie temperature of the Nd,Fe,,B compound: in the 
collision cascade the local temperature rises above the Curie temperature, giving the 
possibility for nucleation of a new magnetic domain in the opposite direction. The 
new domain can grow to the size of the grain thus slightly decreasing the magnetic 
flux of the material. 

In this paper we study the temperature dependence of the flux loss in the 
Nd,Fe,,B magnets in more detail. We have observed that the irradiation-induced 
flux loss is connected to the demagnetizing field created by the magnet itself. This 
demagnetizing field depends drastically on the shape of the magnet and, therefore, 
the magnetic damage caused by irradiation has a strong shape dependence. A new 
theoretical model is introduced for the temperature dependence of the irradiation- 
induced flux loss. 
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2. Experiment 

2.1. Samples 

The samples were sintered NdFeB permanent magnets with the main phase a 
Nd,Fe,,B compound [9]. The grain size of the m a h  phase was 15-30 pm and 
the maximum energy product of the samples was 290 kJ ~ n - ~ .  The remanence and 
the intrinsic coercive force of the samples were 1.2 T and 900 kA m-l, respectively. 
nYo kinds of sample sizes were used in order to investigate the geometrical effects: 
7.1 mm x 7.1 mm x 1.0 mm platelets and 1.0 mm x 1.0 mm x 1.0 mm cubic samples. 

In preparing the samples, Nd-Fe-B-ingots were crushed and attritor milled under 
an argon atmosphere to a particle size of approximately 3 pm.  The powder was 
aligned in a magnetic field of about 0.8 T and compacted at a pressure of 200 MPa. 
The direction of the magnetic field was perpendicular to the pressing direction. The 
compacts were sintered in vacuum at 1340 K for 1 h and heat treated at 870 K. 
Finally, the samples were cut to appropriate dimensions using a diamond saw. 

Three types of samples were studied with completely different permeance coelfi- 
cient slopes of the load line ( B / p , H )  depending on the shape and direction of the 
magnetization [lo]. For the sample platelets the value of the B / p , h  ratio was about 
-0.35 when the magnetization was parallel to the shortest dimension, and about 
-10 whenperpendicular to this; both measured in open air. In the case of the cubic 
samples the B / p o H  ratio was about -2.0. It should be noted that the magnetic 
field inside the samples was not homogeneous, not even in the cubic samples. 

2.2 Irradiation 

The irradiation was performed with 20 MeV protons by using the MC-20 cyclotron 
of the University of JyvZskylZ. The proton energy was chosen so that practically all 
the protons went through the sample. The penetration depth of the protons was 
approximated by using the average penetration depth of each component 1111 and by 
using the mass concentration of each component in the alloy. The ion current was 
kept below 10 nA to make the thermal heating of the sample as low as possible. After 
the irradiations the relative magnetic changes were measured using a Helmholtz coil 
and an induction coil. 

During the irradiation the sample was kept in a two-stage closed-cycle helium 
refrigerator [12]. The plate-shaped samples were irradiated at temperatures between 
15 and 300 K with a 100 Mrad dose. The cubic samples were irradiated at room 
temperature with doses of 5-1000 Mrad. The irradiation time was about 31 min for 
the 100 Mrad dose. The ion current was measured with a Faraday cup between a beam 
collimator and the sample. The stability of the beam was checked by mcasuring the 
proton current after every two minutes. The irradiation temperature was measured 
by a copper-constantan thermocouple and controlled by a microcomputer. 

The direction of the proton beam was always parallel to the shortest dimension 
of the plate-shaped samples. The cubic samples were irradiated with the beam either 
parallel or perpendicular to the direction of the magnetization. 

The relative flux loss of the  irradiated samples was measured with open-circuit 
methods. The total magnetic flux was measured before and after the proton irradia- 
tions and the relative flux losses were determined from these values. 
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2.3. Results 

The results for the plate-shaped samples have already been reported 191. It was found 
that the samples with their magnetization perpendicular to the surface were most 
sensitive to irradiation. At low temperatures (25-50 K) the samples were insensitive to 
the radiation whereas at room temperature the 100 Mrad dose was enough to reduce 
the magnetization by about 40%. However, the samples which were magnetized 
parallel to the big surface (perpendicular to the direction of the ion beam, B / p , H  = 
-10) did not show any decrease in the magnetization at the irradiation temperatures 
of 25-300 K. 

The cubic samples were only studied at room temperature. The flux loss caused 
by a loo0 Mrad dose was about 70% when the direction of magnetization wasparallel 
to the ion beam and about 30% when this direction was perpendicular to the ion 
beam. 

The plate-shaped samples with the magnetization parallel to the surface 
( B / p o H  = -10) showed no sensitivity to the proton irradiation. The qualitative 
explanation is as follows: in these magnets the demagnetizing field is so weak that 
the net magnetic field inside the sample is in the same direction as the magnetic 
polarization. In the collision cascade the magnetic spins are free to rotate and the 
magnetic field orientates them back to their original state during the time when the 
temperature in the collision cascade is cooled below the Curie temperature. The 
sample plateles with magnetization perpendicular to the surface ( B / p , h  = -0.35) 
had such a strong demagnetizing field inside the magnet that the total magnetic field 
was in the opposite direction to that of the magnetic polarization. In this case the 
spins are rotated in the direction of the total magnetic field and a nucleation centre 
is born. If the size of the nucleation centre is sufficiently large a new domain in the 
opposite direction might result This would then be able to grow to the sue  of the 
grain and, thus, part of the total magnetization would be lost. 

Plgure 1. The strength of the magnetic field at the centre plane of lhe cubic sample. 
The magnelization is oriented tn the zdirectton. 

In the cubic samples the magnetic field inside the magnet is not homogeneous, 
as can be seen in figure 1. This is important from the point of view of the mag- 
netic damage, because this occurs more easily in regions where the magnetic field is 
negative. In the irradiated cubic samples with the magnetic orientation in the same 

_ _ ~  
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direction as the ion beam the protons first pass through regions with a negative to- 
tal magnetic field, which makes magnetic damage very possible. On the other hand 
when the magnetic orientation was perpendicular to the direction of the ion beam 
the incoming protons first pass through regions with a positive total magnetic field 
and damage cannot occur. The energy of the incoming proton decreases when it goes 
through the sample and therefore it is expected that most of the magnetic damage 
occurs in the regions which are nearest to the ion source. However, even in this case 
some protons pass through regions where the total magnetic field is negative (see 
figure l), causing a small flux loss in the sample. 

'Ib conclude, the magnetic damage was found to depend strongly on the shape 
of the magnet. This dependence is connected to the demagnetizing field created by 
the magnet itself. In the next section we introduce a new model for explaining the 
observed magnetic damage. 

3. Theoretical model 

The theoretical model is based on the assumption that part of the energy of the 
incoming particle is transferred to the primary knock-on atom. The energy is then 
diffused into the lattice raising the temperature of a spherical region. If the tcm- 
perature rises above the Curie temperature and if this sphere is large enough the 
demagnetizing field can turn the spins and nucleation of a new domain occurs. This 
phenomenon is possible if the magnetic field in the sample is in the opposite direction 
to the direction of magnetization. 

The critical sue of the nucleation centre is described by a critical radius R which 
depends on the demagnetizing field, a weaker demagnetizing field requires a larger 
R. The critical size of the nucleation centre is connected to the magnetic energy of 
the domain and to the energy of the domain wall. 

At first we calculate the minimum energy required to heat the sphere with the 
radius R to a temperature over the critical temperature T,. We assume that the 
primary knock-on atom causes a thermal spike and use the differential equation of 
heat transfer to describe the energy diffusion to the lattice, 

BT - = a2V2T. at 

where a is a constant. Assuming the initial temperature distribution to be a &function 
(1) can be immediately solved (using the Green function) to give 

where TI is the initial temperature of the primary knock-on atom, d3 is the volume 
of one atom, and To is the initial temperature of the sample. The maximum radius of 
the region which is heated above the Curie temperature T, is determined by finding 
the maximum r which satisfies equation T( r, t) = T,. This gives 
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The relationship of Tl to the kinetic energy of the primary knock-on atom is 

Ekin = :kB(Tl - TO). (4) 

Equations (3) and (4) determine the minimum kinetic energy needed for a sphere of 
radius R to be heated above the Curie temperature. Next we have to determine the 
probability of the collision which can transfer this energy to the primary knock-on 
atom. 

The minimum scattering angle can be determined from the energy transfer of a 
two-body elastic collision, 

where Ei is the energy of the incoming particle, 0 the scattering angle, ml is the 
mass of the incoming particle and m2 is the mass of the target atom. Equation (5) 
determines the minimum angle, El,,,, which results in an energy transfer of more than 
Ekin. The scattering in the energy region of interest is basically Coulomb scattering. 
The cross section, U, for events resulting in an energy larger than a certain Eki, 
can now be obtained by integrating the Coulomb scattering cross section over angles 
larger than Omin: 

1 - A) ( 1 -c0somi, 2 
U = 2 r q =  

where 

zZe2 
= 2 x 4rrco (+mu3 .  

The total cross section is C = nu, where n is the ion density of the sample and the 
probability of one collision is 

P =  L C = n u L  (7) 

where L is the sample thickness. 
We assume that each such collision causes domain nucleation in the opposite 

direction and that the domain immediately grows to the size of the grain. The 
relative loss of magnetization can thus be calculated as 

where N p  is the number of incoming particles and Vgrain and Kmple are the grain 
and sample volumes, respectively. 

In calculating the relative flux loss of magnetization we have two parameters: the 
critical radius of the nucleation centre ( E )  and the average volume of the grains, 
described by the grain diameter D,: The retardation of the incoming protons inside 
the sample was calculated by assuming that the sample was pure iron [13]. The flux 
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F l p m  2. Thc measured and calculaled temperature dependence of the magnelic flux 
Ims. The broken and full curves are the result of models where the primary knock-on 
atom h assumed to be boron and iron, respectively. 

loss was calculated as a function of temperature for the plate samples, inside which 
the magnetic field could be approximated as constant. 

The calculated temperature dependence of irradiation-induced demagnetization 
is shown in figure 2 The calculations were made using either boron or iron atoms 
as target atoms. In both cases we were able to explain the temperature dependence 
of the experimental data. When the target atom was assumed to be boron the best 
fit was obtained with R = 425 8, and D, = 16 pm. When the target atom was 
iron the values of R and D, was 263 8, and 2.5 pm, respectively. This gives us two 
possible ways to explain the temperature dependence of the irradiation-induced flux 
loss: either the new domain with a radius above 425 8, grows to the size of the grains 
in the irradiated samples (about 15-30 pm) or the domain growth is interrupted at 
the size of 2.5 pm by, for example, defects or impurities. In this latter case the 
required critical size of the new domain (nucleation centre) is smaller. 

The obtained critical radius (425 or 263 8,) is much larger than those of the nu- 
cleation volumes obtained from the magnetic viscosity measurements [14]. However, 
in our case the demagnetization field is much smaller and requires a larger nucleation 
centre. 

It should be noted that in our model only the collision between the incoming 
proton and the primary knock-on atom is important. If it is a collision with a boron 
atom, the critical radius R is so large that collisions with iron atoms cannot provide 
enough energy to the lattice to heat such a large volume. If we assume that the 
iron atoms dominate (R smaller) then the cross section with lighter boron atoms is 
vanishingly small compared with that of the iron atoms. 

The size of the critical radius of a nucleation centre cannot be determined exactly 
due to the thermal fluctuations and because the magnetic field inside the magnet is 
changing during the irradiation due  to the magnetic flux loss. The magnetic energy 
connected to the domain and the domain walls change during the irradiation which 
will also change the critical radius. These effects have not been taken into account 
in our model. Macroscopically the critical sue of the nucleation centre could be 
determined by equallizing the magnetic energy of the domain with the domain wall 
energy. 
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Figure 3. The calculated energy loss of the incoming proton and the relative magnetic 
flux loss as a funclion of the sample depth. The broken curve denotes for the B target 
atom and lhe full cure for rhe Fe large1 atom. 

In figure 3 we show the calculated energy loss of the incoming proton and the 
magnetic flux loss as a function of the depth Most of the magnetic flux loss occurs in 
the regions where the proton energy is over 10 MeV, whereas, in the regions where 
the proton energy is below 8 MeV no flux loss is obtained. This calls for flux loss 
measurements as a function of the proton energy. 

In the cubic samples the internal magnetic field is very inhomogeneous as shown 
in figure 1. In this case we did not perform computations in detail with our model 
since it would have required spatial integration over the whole cube. Furthermore, 
in the case of a cube we cannot neglect the fact that the actual critical nucleation 
radius is dependent on the internal magnetic field. HoNever, quafitalively our model 
explains the dependence of the flux loss on the direction of the magnetization. When 
the magnetization is parallel to the beam, the high-energy protons hit the face with 
the largest demagnetizing field. It is then expected that the domain nucleation is 
more probable in that direction than when the magnetization is perpendicular to the 
ion beam. This was also the experimental result. 

4. Conclusions 

The irradiation-induced flux loss was found to depend on the irradiation temperature 
as well as on the direction of the magnetization and on the shape of the sample. The 
temperature dependence of the magnetic flux loss can be explained with a simple 
model based on local heating by the primary knock-on atom. The model fits the 
experimental results and it also gives an explanation for the shape effects of the 
magnetic flux loss. By assuming that the collisions with boron atoms dominate, the 
estimated grain size equals the experimentally observed value. This suggests that the 
high sensitivity of the Nd-Fe-B magnets on radiation could be due to the existence 
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of light atoms in the material. This suggestion is still premature but it can be further 
studied by measuring the flux loss with different proton energies and also by studying 
the temperature dependence of the irradiation-induced flux loss in other permanent 
magnet materials. 
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