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Abstract

The composition of NdFeB-type magnets has a great impact on their performance. To enhance the remanence of the magnet,
Zr and Co are alloyed into the starting materials. To develop an empirical equation that calculates the remanence based on
alloying elements, the multiple linear regression model is developed in this work. It elucidates the statistical relationship
between alloying elements content and magnetic remanence for Zr/Co-alloyed NdFeB magnets. The model is simple and
straightforward and has a high degree of accuracy and stability, which contributes to fast low low-cost magnetic remanence

estimations.
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NdFeB-type magnets are widely used in applications, includ-
ing consumer electronics, acoustics, magnetic resonance
images, computer peripherals, and office automation [1].
For example, automotive control systems, servo and linear
drives, and high torque motors are among the major markets
[2-6]. Besides, NdFeB magnets are used in high-temperature
superconducting (HTS) maglev systems as magnetic rail
construction [7-12]. Recently, superconducting MgB,
discs are combined in a pair-type sandwich-like arrange-
ment with a permanent NdFeB magnet to provide a trapped
field [13-15].

In order to enhance the thermal stability, alloying ele-
ments are added to the composition to increase the Curie
temperature, decrease the temperature coefficient of residual
magnetization (B,), and increase the coercivity (H,). Heavy
rare-earth (HRE) elements, such as Dy and Tb, are common
choices, which, however, decrease the saturation magneti-
zation and thus reduce the remanence and energy products
(BH),,,.- Moreover, HREs are limited natural resources,
which result in a substantial increase in cost. Thus, HRE-
free NdFeB magnets with other types of alloying elements
have been researched extensively. Most NdFeB-type mag-
nets are manufactured by starting with melt-quenching
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nanocrystalline materials. The nanocrystalline materials
are then bonded and hot deformed into components, and
undergo sintering processes to form highly dense products
[16]. The composition, microstructure, and processing of
NdFeB -type magnets are critical factors in production of
high-performance permanent magnet components [16—18].
Especially, the type and amount of additives significantly
determine magnetic performance. To achieve high (BH),,,,.
the remanence must be high, which requires a minimal frac-
tion of the minor non-ferromagnetic phases. For instance,
refractory elements, such as Zr, are found to enhance the
coercivity by suppressing the formation of a-Fe, inhibit-
ing grain coarsening and also forming borides at the grain
boundaries. However, the addition of Zr leads to the reduc-
tion in remanence due to the formation of a nonmagnetic
boride phase [19-21]. On the other hand, the addition of
Co increases the Curie temperature without decreasing the
remanence [1]. Experimental approaches have been carried
out to modify the composition of Zr/Co-alloyed NdFeB
magnets and assess the effects of additives on the magneti-
zation, thermal stability, and corrosion resistance [22]. But
these approaches are resource-intensive and time-consuming
as there may be many combinations of possible alloying ele-
ments. Furthermore, the effects of constituting elements on
the remanence are complex. Therefore, it is of great impor-
tance to develop a method to estimate the remanence of the
doped magnet through composition.

Empirical equations have been used to calculate impor-
tant physical parameters of alloys based on composition.
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Recently, data-driven methods are developed for materials
design and discoveries, in contrast to traditional synthe-
size-test-repeat approaches [23-25]. For example, many
methodologies have been applied to estimate and calculate
martensite start temperature based on steel composition
[26-28]. But there is very limited research on estimating
remanence of NdFeB-type magnets through the content of
alloying elements [29]. In this study, we develop the multi-
ple linear regression (MLR) model with interactions based
on the QR (Q stands for an orthogonal matrix and R for an
upper triangular matrix) decomposition algorithm [30-34]
to elucidate the statistical relationship between alloying ele-
ments content and magnetic remanence for NdFeB mag-
nets. The model is simple, straightforward, and accurate that
contributes to fast low-cost estimations of magnetic rema-
nence and understandings of which are based on alloying
elements content. It could serve as a guideline for design-
ing the composition of Zr/Co-alloyed NdFeB magnets with
optimal remanence.

The data in Table 1 (columns 2—7) are from [35]. Alloy-
ing elements (Nd, Co, Zr, B, and Fe) content is used as the
descriptor. Performance of the proposed MLR models is
assessed with the CC (correlation coefficient) and RMSE
(root mean square error).

The MLR model for BH(T) is: BrMR = -0.38674
Nd + 0.048379C0-0.309Zr + 5.6362B-0.0040387Fe + 0.
0048496NdxCo + 0.0010112NdxZr - 0.078295Nd x B
+ 0.007142Nd x Fe + 0.00066895Co x Zr - 0.07456Co x B
+ 0.00094539C0 x Fe - 0.097038Zr x B + 0.0074643Zr x
Fe - 0.060152B x Fe, which shows good alignment between
predictions and experimental values, as visualized in Fig-
ure 1 (legend “MLR Prediction”). The CC and RMSE for T,
are 98.34% and 0.0044, respectively, representing good
performance.

Performance of our final MLR model is compared with
that based on the SVR (support vector regression) [36],
which has the CC and RMSE of 91.59% and 0.0101, respec-
tively. Therefore, the MLR leads to improved performance.

Table 1 Data and different

predictions Index Nd Co Zr B Fe Br(T)
Experimental SVR MLR

1 10.5 4 0.0 6.2 79.3 0.690 0.690 0.687
2 9.0 1 2.0 6.0 82.0 0.631 0.633 0.637
3 11.0 3 3.0 6.0 77.0 0.612 0.613 0.615

4 9.5 4 3.0 5.8 77.7 0.655 0.650 0.655

5 10.0 0 2.5 6.0 81.5 0.652 0.649 0.647
6 9.5 0 1.5 6.2 82.8 0.640 0.640 0.638
7 11.5 4 1.5 6.6 76.4 0.632 0.634 0.634
8 11.0 0 1.0 6.4 81.6 0.662 0.662 0.663

9 10.5 2 1.5 5.8 80.2 0.656 0.656 0.664
10 11.0 5 2.0 5.6 76.4 0.693 0.651 0.690
11 10.0 3 2.0 6.4 78.6 0.660 0.654 0.650
12 9.0 5 2.5 6.4 77.1 0.627 0.626 0.627
13 9.0 3 1.0 5.6 81.4 0.644 0.644 0.640
14 9.5 2 0.0 6.6 81.9 0.685 0.685 0.687
15 10.5 1 3.0 6.6 78.9 0.617 0.615 0.621

16 10.0 5 1.0 6.0 78.0 0.671 0.671 0.677
17 11.5 1 0.0 5.8 81.7 0.646 0.646 0.646
18 11.5 2 2.5 6.2 77.8 0.617 0.617 0.614
Minimum 9.0 0 0.0 5.6 76.4 0.612 0.613 0.614
Mean 10.3 2.5 1.7 6.1 79.5 0.649 0.646 0.649
Median 10.3 2.5 1.8 6.1 79.1 0.649 0.648 0.646
Std 0.9 1.8 1.0 0.3 2.2 0.025 0.022 0.024
Maximum 11.5 5.0 3.0 6.6 82.8 0.693 0.690 0.690
CC w. Experi- —6.36% 26.52% -59.60% —18.43% 11.70% - 91.59% 98.34%

mental
Br(T)

Columns 2-6 contain alloying elements (Nd, Co, Zr, B, and Fe) content. Column 7 contains the target vari-
able, experimental magnetic remanence Br(T). Column 8 contains the predicted Br(T) based on the SVR
(support vector regression) from [36]. Column 9 contains the predicted Br(T) based on the MLR (multiple
linear regression) from the current study
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Fig.1 The experimental vs. predicted Br(7). The final MLR model,
corresponding to the figure legend “MLR Prediction,” is from the
current study. The figure legend “SVR Prediction” is obtained from
[36] that is based on the support vector regression, whose numerical
predictions are listed in Table 1

In addition, the MLR is simpler and more straightforward
from the perspective of computations and implementations
than the SVR.

Each term in the MLR model reflects the individual
and combined effects of concentrations of alloying ele-
ments. Previous experimental results suggest that increas-
ing amounts of Nd, Zr, and Fe generally lead to a decrease
in Br, while increasing amounts of Co and B may lead to
an increase in Br [36]. These effects of individual elements
on Br have been captured by the MLR model, which are
reflected by the positive and negative signs of relative terms
qualitatively. The contribution of each term to Br is quanti-
fied by the corresponding coefficient. Furthermore, multi-
element effects on changes in Br are also quantified by the
MLR model. This revelation is more important in analyzing
the synergistic effect of dopants on Br values than conven-
tional single-element analysis since, practically, any change
in the concentration of one element results in changes of

other elements. Therefore, the sign and absolute value of
the coefficient of each dual-element term in the MLR model
show the complex correlations within variations in concen-
trations of multiple elements. As presented by the model, the
numerical relationship between Br and elemental composi-
tions is no longer intuitive, which cannot be quantified by
traditional assumptions through experimental approaches.
For example, there are terms associated with the Fe concen-
tration that show both positive and negative impacts on Br,
which is seemingly contrary to the superficial assumption
that an increase in the Fe concentration should result in a
decrease in Br. However, by adjusting the Fe concentration,
concentrations of other elements vary as well, which may
have either positive or negative impacts on Br to varying
degrees. Thus, a comprehensive MLR model that captures
the multi-element effects on Br with robust model per-
formance is significantly useful to the alloying design of
NdFeB permanent magnets.

Besides, the experimental data in the current study focus
on doped-NdFeB samples that were processed through argon
arc-melt and quenched as thin ribbon samples [35]. The sin-
tering temperature for all the samples was between 670 °C
and 720 °C, which minimizes the effects of the sintering
temperature on the diffusion behavior at grain boundaries. It
has been pointed out by previous research that the sintering
behavior of NdFeB, particularly Nd,(Fe,.Bg, changes sig-
nificantly between 800 °C and 900 °C due to the densifica-
tion [37]. Beyond 900 °C, the densification and connectivity
between grains largely increase. For future work on predic-
tions of Br or other magnetic properties through numerical
methods, the inclusion of the sintering temperature might
be needed if the samples are processed differently and/or
influenced greatly by the temperature.

To give an example of an extended model of adding an
additional descriptor, we build the model, BMIR2 hased on
the old one, BAMLR with the additional descriptor of the vol-
ume content of excess a-Fe, denoted as eaFe. The model,
BrMLR-2 s expressed asBrMIR-2 = BrMER 4+ 0.010045
eaFe x Nd - 0.0014618¢aFe x Fe - 4.1945 x 10%eaFe® x
Nd x Fe - 6.9725 x 107eaFe* x Co x Fe + 1.2243 x 107

TabILeR22 Data used to build Nd Co Zr B Fe eaFe Br(T) Reference

B -“and performance

of BrMIR2 Experimental MLR_2
12.6 11.6 0.5 6.0 69.3 40.0 1.130 1.139 [38]
12.6 11.6 0.5 6.0 69.3 50.0 1.110 1.107 [38]
12.6 0.0 0.0 6.0 81.4 37.5 0.630 0.630 [39]
12.6 11.6 0.0 6.0 69.8 37.5 0.550 0.550 [39]
12.6 11.6 0.5 6.0 69.3 10.0 0.860 0.855 [40]
12.6 11.6 0.5 6.0 69.3 37.5 1.140 1.137 [40]
16.0 11.6 0.5 6.0 65.9 10.0 0.920 0.920 [40]
16.0 11.6 0.5 6.0 65.9 37.5 1.070 1.070 [40]
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eaFe® x Zr x Fe + 8.3754 x 10eaFe” x B x Fe.. The data
used to build B2 are listed in Table 2. It can be seen that
BrMER-2 1eads to rather accurate predictions. The model,
BAMER2 still works for magnets without excess a-Fe, includ-
ing the data in Table 1 and one out-of-sample data point with
Nd=12.6, Co=11.6, Zr=0.5, B=6.0, and Fe=69.3 [38]. It
shows that the statistical relationship among initial composi-
tion is still valid and generalized. The additional terms in the
formula are expressed involving only the added descriptor,
the volume content of excess a-Fe. From the equation of
BrMER-2 | dominated terms are correlations among excess
a-Fe, Nd, and Fe, which follow the same qualitative impact
on Br. Previous research on NdFeB/a-Fe nanocomposite
magnets indicate that the excess a-Fe plays a role in tailoring
the microstructure, such as the grain size, crystallographic
perfection, phase assemblage, and grain alignments [38—40],
and thus affects the magnetic performance. For future work,
other descriptors can be included for model development.
Processing parameters, including temperature, sintering
time, and hot-press pressure, can be added if a series of
experiments are conducted. We develop the multiple linear
regression (MLR) model to predict magnetic remanence
based on alloying elements content for NdFeB magnets. The
initial model uses elemental contents of Nd, Co, Zr, B, and
Fe as descriptors, and the extended model adds one more
descriptor, the volume content of excess a-Fe. The models
are simple, straightforward, and highly accurate, suggesting
their usefulness to quantify the relationship between alloying
elements content and magnetic remanence. Nonetheless,
microstructural textures have significant effects on rema-
nence values and are affected not only by the composition
but processing parameters, such as temperature, sintering
time, and hot-press pressure. However, parameters to
describe microstructural textures are difficult to define and
obtain. For example, the grain size, grain alignment, com-
position of secondary phases, interfaces at the triple junc-
tion, and density are typical characteristics used to correlate
with magnetic properties. Unless a systematic definition
method is adopted, microstructural comparisons between
samples are highly subjective and incomplete. These factors
limit the capability to incorporate microstructural param-
eters into our models. In most studies, qualitative or semi-
quantitative correlations were found, but a mathematical
description was barely achieved. Should a systematic and
quantitative set of microstructural parameters be established,
further model development may help reveal a quantitative
relationship between microstructural parameters and mag-
netic remanence.

Data Availability Statement The data that support the findings of this
study are available within the article.
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