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Generalization of hysteresis modeling to anisotropic and textured materials1 Y.M. Shi, D.C. Jiles*, A. Ramesh Ames Laboratory, Iowa State University, Ames, Iowa 50011, USA Received 15 August 1997; received in revised form 13 January 1998



Abstract A generalized model has recently been developed to incorporate the effects of anisotropy and texture into the description of hysteresis. It is shown that these two effects can be incorporated into the model simply through changes in the anhysteretic magnetization. In this paper, the new model is used to fit several sets of experimental hysteresis loops. The generalized model has been used to describe the magnetization curves of soft and especially hard magnetic materials. The latter normally exhibit high anisotropy and are often highly textured, which previously had made them difficult to model accurately within the confines of the restricted isotropic model. The results show significant improvement of the generalized model over the previous isotropic model. ( 1998 Elsevier Science B.V. All rights reserved. PACS: 75.60; 75.30; 75.50 Keywords: Hysteresis; Anisotropy; Texture; Models



1. Introduction The hysteresis model developed previously for soft magnetic materials [1] was isotropic in nature, which makes it ultimately unsuitable for a wide range of magnetic materials. When applied to anisotropic and/or textured magnetic materials, the isotropic model may generate considerable errors [2]. Recent work [3,4] has shown that the predictive capability of this model can be greatly * Corresponding author. E-mail: [email protected]. 1 Part of this work was presented at ICM’97 in Cairns, Australia.



improved by incorporating the anisotropy and texture into the anhysteretic magnetization curve without making any other changes in the model. This means that a wide range of materials can be described by a very economical extension of the model. The anhysteretic magnetization of a material is a function of the energy of the moments in a domain. To introduce anisotropy into the model, the anisotropic energy must be included in the total energy of the moments. In this case, the total free energy of a moment has the form shown in Eq. (1) E"k SmT(H#aM)#E , 0 !/*40
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(1)
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where E is the anisotropy energy. The generali!/*40 zed anisotropic anhysteretic function is given by + e~E@kBT cos h !-- .0.%/54 , (2) + e~E@kBT !-- .0.%/54 where h is the angle between the direction of the applied field and the direction of the magnetic moment. Texture can be incorporated into the model as the distribution of domains with easy axes along particular directions. To simplify the problem, we only consider ‘fiber texture’ which means that one fraction of the material has its magnetic easy axes oriented at a specific angle to the field axis, and the remaining fraction has its easy axes oriented in a completely random fashion. A texture coefficient t is introduced to represent the texture of the material, which is a statistical representation of the volume fraction of textured material. The final anhysteretic magnetization is given as



M "M !/*40 4



M "t ) M #(1!t) ) M (3) !/ !/*40 *40 where M is the anisotropic anhysteretic given !/*40 above and M is the isotropic anhysteretic mag*40 netization which can be directly obtained from the original isotropic model. With the above generalizations, the same differential equation of hysteresis described previously [5] can now be solved to obtain the magnetization



Fig. 2. Modeled magnetization curves of Nd—Fe—B material for different texture coefficients.



curves along particular directions, and these model calculations can then be compared with experimental results. Fig. 1 shows the hysteresis curves of a uniaxially anisotropic magnetic material for magnetic field directions aligned along different crystalline axes. Fig. 2 shows the hysteresis curves of a uniaxially anisotropic magnetic material for different texture coefficients when the magnetic field was applied along its easy axis. For t"0, the material is isotropic; while for t"1, all the material is aligned with easy axes in one direction. These two figures show that the anisotropy and texture have a great influence on the calculated magnetization curves according to the model.



2. Results and discussions



Fig. 1. Modeled magnetization curves of Nd—Fe—B material under different field directions.



The generalized model is especially suitable for hard magnetic materials because these materials normally exhibit a highly anisotropic and textured structure which make it almost impossible to approximate them using the isotropic model. To show the improvement of the generalized model on hard magnetic materials, we made measurements on specimens of melt-quenched amorphous Nd Fe B 2 14 which were previously modeled with the isotropic equations [2]. It was shown that the original model could give a fit in the region near the coercive field.
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Fig. 3. Measured and modeled curves for sample 2.
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Fig. 5. Measured and modeled curves for sample 6.



Table 1 Model parameters used to generate the modeled hysteresis curves



Fig. 4. Measured and modeled curves for sample 5.



However at the ‘knee’ of the hysteresis curve, where d2M/dH2 is large and negative, the modeled data showed deviations of up to 20% from the experimental data. The change of magnetization at this point of the curve is due to the reversible rotation of the magnetic moments with respect to the crystallographic easy axis. This deviation can thus be expected because there are systematic differences between the measured and the modeled curves in this region. In this paper, we remodeled these measured data with the generalized equations. The experimental



Sample



¹ (°C)



a (kA/m)



k (kA/m)



c



a



Texture t



1 2 3 4 5 6 7



700 750 800 825 850 900 950



300 315 330 338 340 360 365



545 505 439 410 248 191 81



0.18 0.18 0.18 0.18 0.18 0.18 0.18



1.2 1.25 1.3 1.3 1.25 1.2 1.15



0.4 0.45 0.5 0.4 0.4 0.35 0.3



curves are shown in Figs. 3—5 for annealing temperatures of 750, 850 and 900°C, respectively. The modeled curves show much better agreement with the measured data, especially in the ‘knee’ region, compared with the previous work. The linear change of the dissipation or loss coefficient k with annealing temperature presented in the previous work is still preserved as shown in Table 1 and Fig. 6. Furthermore, the effective domain density a increases linearly with annealing temperature as shown in Table 1 and Fig. 7. It can be seen that there are still small deviations at the ‘knee’ part of the hysteresis curve in Figs. 3—5. This probably results from the simplified approximation of the texture structure of materials
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part should be calculated separately and the net anisotropic portion of the anhysteretic magnetization will then be the weighted sum of the components of magnetization of these orientations along the direction of the applied field. 3. Conclusions



Fig. 6. Dependence of the dissipation parameter k on the annealing temperature ¹.



It was shown that the effects of anisotropy and texture can be incorporated into the original isotropic model in a very simple and economical way by modifying the equation of the anhysteretic magnetization. The anisotropic and textured generalized hysteresis model was used to model several sets of experimental curves of soft and hard magnetic materials. The latter, Nd Fe B materials, had 2 14 been studied using the isotropic model in previous work. The results here show significant improvement of the anisotropic and textured model over the original isotropic model. For neodymium— iron—boron, it is also shown that the dissipation or loss coefficient k and the effective domain density a change linearly with annealing temperature, in agreement with previous findings. Acknowledgements This work was supported by the US Department of Energy, Office of Basic Energy Science through the Center for Excellence in Synthesis and Processing, Program on Tailored Microstructure in Hard Magnets.



Fig. 7. Dependence of the effective domain density parameter a on the annealing temperature ¹.



References in the generalized model. Most of the hard magnetic materials normally exhibit more complicated texture structure than the fiber texture assumed in the model. There may be several different texture orientations such that each particular direction has a proportion of the grains oriented along it. Thus, more precisely, the anisotropic contribution of each
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