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Abstract

The equation of state and the shear modulus data of sintered Nd,Fe4B were investigated up to
140 GPa by the Gruneisen’s model, the volume superposition principle and the Hugoniot’s rela-
tions. Then, the results were compared to the prior experiments with a standard deviation of
0.125% from 18 GPa to 78 GP; and then, the loading pressure was extended to higher. Meanwhile,
the softening feature has not been observed both in adiabat and shear modulus throughout the
interested range.
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1. Introduction

Creating a simple, usable and reliable computing model of a complex mixture, such as NdFeB, is quite stubborn
theoretically under high pressure and high temperature, but is really significant in aerospace engineering and de-
fense industry [1]. In recent years, some of shock and FEM experimental data of NdFeB had been already pub-
lished in lower pressure range [2]-[5]; we have reached at the top of pressure, 78 GPa, experimentally so far, and
the satisfactory result will allow us confidently to predict the characteristics of NdFeB in a higher pressure region.

For the sake of simplifying our calculation, the anisotropic Nd,Fe;,B was chosen, because of its principle ap-
plication in modern society with its high magnetic energy product, remanence ratios and coercive force, and we
ignored the existence of B in the model.

2. Methods
2.1. Gruneisen’s Model

Based on the shock experimental inertia of Nd,Fe 4B within 18 GPa - 78 GPa [3], as a linear mixed substance, it
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is suitable for calculating [6] by
7/
-p,=—(E-E 1
p px V ( x) ( )

where P, V, E, y, P, and E, are, respectively, total pressure, volume, energy, Gruneisen’s coefficient, cold pres-
sure and energy. Among of them, P, and E, can be specifically represented by the Born-Meyer’s potential [6],

P, :Q52/3-{exp[q(l—&‘m)—ém}} 2

-2 wnfus (1)

0K

where Q, g, pp and «, are, respectively, the parameters of cold energy, the initial density and the volume dilata-
tion, 5= plpox and po = po (1 + 300 a,).

2.2. Volume Superposition Principle

Instead of computing this intermetallic compound, each component, Nd, Fe and B will be allowed to be treated
separately, according to their proportion by weight, 26.68%, 72.32% and 0.99% due to the chemical stability of
the compound under high pressure and high temperature, as mentioned above. The average formulae are listed
below,

V(p)= 2V (p) @
E(p) =Y aiE (p) ®

where ¢; denotes weight percentage of each component.

2.3. Hugoniot’s Relation

The interaction of particles in Nd,Fe;4B will be ignored if the compound is actually treated as an ideal mixture.
The compressibility of Nd,Fe4B, therefore, can be evaluated by the Hugoniot of each component itself [6], as
follows,

2.2
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where ¢ and A, are, respectively, the wave velocity and the characteristic parameter of Nd,Fe 4B. At the initial
state, they are,
Z m;Cy;
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where m; stands for the mass of each independent component in mixture. Sequentially, we take ¢, = 3.686 and /
= 1.059, at the same pressures in literature [6]. Then we can get Q ~ 55.7 and g ~ 6.85 by the following formulae

6],
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It must be emphasized that ¢y and 4, in Equations (8)-(11) should be demarcated to the absolute zero from the
room temperature in calculation by the linear mixed rule [3].

Ao = (11)
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where # is the initial Grunasen’s coefficient of Nd,Fe4B, which is taken as 1.492, and py as 7.451 g/cm3 [3].
While the boron has to be erased from processing queue due to lack of its Hugoniot and trivial weight, which is
also reasonable in common senses.

2.4. Shear Modulus

The effective shear modulus, G, can be deduced from the SCG model [7], based on the quasi-elasticity as un-
loading along with the shock adiabat [6], as follows,

G :%po(cf -c) (14)

where ¢, and c, are, respectively, the Euler’s longitudinal and bulk wave velocity, and given by,
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where v, the Poisson’s ratio, is taken as 0.24, and y is supposed to depend on volume V only. Then we have,

Y= (&] (18)
el

where p is density at final state, and a = 0.822 nm is the lattice constant of Nd,Fe4B.

For convenience reasons in the following calculation and discussion, part of initial parameters of Nd and Fe
are listed in Table 1.

Compare with prior experiments, the calculated results have been listed in Table 2.

3. Results and Discussion

By using Equations (1)-(16), a new D-u relation, D = 3.476 + 1.203 u, of Nd,Fe 4B can be obtained, as shown in
Figure 1 together with a series of experiments and literature data of Nd and Fe. It is apparently, these points are
well fitted between species with a deviation of £0.125% throughout the given pressures range, and the result, the
D-u line located between lines of Nd and Fe, and more closed to the latter, is just because of the volume super-
position principle. That is, the pressure properties of linear mixtures will strongly depend on their components’
volume or weight, if only their inertia being kept during loading process. Therefore, the same distribution can be
seen on a corresponding group of adiabats P vs. V of Figure 2, which are fitted by polynomial with standard
deviation of £2.30% as loading Nd,Fe;4B up to 140 GPa.

Considering the accordance between calculations and experiments below 78 GPa in Figure 1 and Figure 2,
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Table 1. Part of initial parameters of Nd and Fe.

Elements Colkm/S Ao % a,J1075/K al% polglem? C, lkm/S A
Nd 2.2 1.015 0.57 2.994 26.68 7.003 2.219 1.010
Fe 3.955 1.30 1.78 351 72.32 7.856 3.989 1.291

Table 2. Comparison of calculations vs. experiments.
“p/GPa p/GPa “D/km/s D/km/s “u/km/s u/km/s “plglcm? plglem?
77.84 78 5.695 5.64 1.861 1.80 11.034 10.944
50.99 53.32 5.040 5.18 1.377 1.40 10.222 10.211
41.10 39.58 4.929 4.68 1.135 1.00 9.653 9.476
27.75 26.4 4.609 4.44 0.820 0.80 9.036 9.089
19.23 18.23 4.302 4.20 0.608 0.60 8.653 8.693
“Cited from literature [3].
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Figure 1. Theoretical D-u vs. experimental one of Nd,Fe 4B.
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Figure 2. Theoretical adiabat vs. experimental one of Nd,Fe;4B.
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Figure 3. Euler’s bulk and longitudinal wave velocity and the Shear
modulus vs. axial stress of Nd,Fe;4B.

the segments are also reasonable from 78 GPa to 140 GPa based on the prior assumption of the stability chemi-
cally as loading pressure on Nd,Fey4B.

On the basis of above discussion, the longitudinal, bulk wave velocities and the shear modulus of Nd,Fe4,B
can be estimated by Equations (14)-(18) as shown together in Figure 3. A pair of quasi-parallel curves and a
monotonous line very distinctly proved that the organization inside Nd,Fe;4B were unchanged with such rising
pressure, which meant no shock softening meanwhile, or no melting occurred from the lowest to the highest
pressure region once again.

4. Conclusions

A simple and effective algorithm for evaluating Nd,Fe;,B has been developed via comparing experiments below
78 GPa and predicted towards 140 GPa together with the shear modulus, even no corresponded experimental
data accompanied. We believe the deviation in calculation can be further reduced by carefully adjusting para-
meters in the equations listed above; and the processing method can be consequentially extended to other inert
mixtures under high pressure and high temperature. But two rules should be followed:

1) Each component of solid mixture should be inert during shock compression, and

2) Each initial parameter of components should be known in advance.

References
[1] Yang, H.F. (2005) The Present Situation of and Existing Problems in the Development of Chinese Permanent-Magnet
Material Nd-Fe-B. Science and Technology Information of Development and Economy, 15, 126-129.

[2] Shkuratov, S.l1., Talantsev, E.F., Dickens, J.C. and Kristiansen, M. (2003) Currents Produced by Explosive Driven
Transverse Shock Wave Ferromagnetic Source of Primary Power in Coaxial Single Turn Seeding Coil of a Magneto-
cumulative Generator. Journal of Applied Physics, 93, 4529-4535. http://dx.doi.org/10.1063/1.1558968

[3] Li, Q.Y., Shi, S.C., Yang, JW. and Sun, Y. (2007) Shock Compression Behavior of Nd,Fe 4B. Chinese Journal of
High Pressure Physics, 21, 210-214.

[4] Zzh, D.H., Kim, HJ., Li, W. and Koh, C.S. (2013) Analysis of Magnetizing Process of a New Anisotropic Bonded
NdFeB Permanent Magnet Using FEM Combined with Jiles-Atherton Hysteresis Model. IEEE Transactions on Mag-
netics, 49, 2221-2224. http://dx.doi.org/10.1109/TMAG.2013.2245499

[5] Rabchuk, J. (2003) The Gauss Rifle and Magnetic Energy. The Physics Teacher, 41,158-161.
http://dx.doi.org/10.1119/1.1557504

[6] Jing, F.Q. (1999) Introduction to Experimental Equation of State. Science Press, Beijing, 25-29.

[71 Li, AH., Dong, S.G. and Li, W. (2003) Anisotropy of Mechanical Properties and Fracture Behaviour in Sintered
NdFeB Permanent Magnetic Materials. Rare Metal Materials and Engineering, 32, 631-634.

O,



http://dx.doi.org/10.1063/1.1558968
http://dx.doi.org/10.1109/TMAG.2013.2245499
http://dx.doi.org/10.1119/1.1557504

	Predicting Characteristics of NdFeB towards 140 GPa
	Abstract
	Keywords
	1. Introduction
	2. Methods
	2.1. Gruneisen’s Model
	2.2. Volume Superposition Principle
	2.3. Hugoniot’s Relation 
	2.4. Shear Modulus

	3. Results and Discussion
	4. Conclusions
	References

