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The thermal expansion behavior of sintered Nd—Fe—B magnets is a crucial parameter for production and application.
However, this aspect has not been thoroughly investigated. In this study, three different sintered Nd—Fe—B magnets with
varying Co content (Co =0, 6, 12 wt%) were prepared using the conventional powder metallurgy method, and four magnets
oriented under different magnetic fields were prepared to compare. The thermal expansion behavior for the magnets was
investigated using a linear thermal dilatometry in the temperature range of 20 °C-500 °C. It was found that, the coefficient
of thermal expansion (CTE) increases with the increase of Co contents, while the anisotropy of thermal expansion decreases.
The introduction of Co leads to continuous changes from negative to positive thermal expansion in the vertically oriented
direction, which is important for the development of zero thermal expansion magnets. The thermal expansion of non-
oriented magnets was found to be isotropic. Additionally, the anisotropy of thermal expansion increases with the increase
of orientation degree. These results have important implications for the development of sintered Nd—Fe—B with controllable

CTE.
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1. Introduction

Sintered Nd-Fe—B magnets (S-NdFeB) have become the
most widely used rare-earth permanent magnets (REPMs) to-
day due to their superior magnetic properties and cost perfor-
mance, and play an important role in various fields such as
new energy vehicles, wind power generators, and electronic
devices.!'™4

The thermal expansion behavior is a crucial metric for
evaluating the ability of REPMs to maintain stability under
complex working conditions. However, compared to con-
ventional alloys, S-NdFeB exhibits unusual anisotropically
anomalous in thermal expansion. Specifically, in the temper-
ature range of 20 °C—100 °C, the linear coefficient of thermal
expansion (CTE, o) for S-NdFeB is o = —2x 1070 K~ ~
0x 107 K~ (in the direction perpendicular to orientation, L,
negative thermal expansion, NTE) and OclH =4x 107K ~
9 x 107® K~! (in the direction parallel to orientation, II, pos-
itive thermal expansion, PTE).m In contrast, for most soft
magnetic alloys, o is isotropic and falls within the in the
range of 6.81 x 1076 K=! ~ 13.3 x 1076 K~1.[6-191 The dis-
crepancy in CTE between S-NdFeB and soft magnetic al-
loys may result in detachment or compression during their as-
sembly, significantly impacting the system’s stability. Simi-
larly, this discrepancy challenges to the welding of S-NdFeB
with the latter.!'!! In addition, CTE plays a crucial role in
the production and preparation of REPM. Sun found that the
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anisotropic CTE leads to SmCos ring magnets, and calcu-
lated out the critical orientation degree of fracture.['?] Simi-
larly, Ishimoto studied the fracture mechanism of radially ori-
ented Nd-Fe-B ring magnets and attributed cracking to accu-
mulated thermal stress resulting from the anisotropic CTE of
the oriented sintered magnets during cooling.!'3] Anisotropic
anomalous thermal expansion in the lattices of RoFe4B com-
pounds has been reported in several studies,!!*'®! with the
joint action of the Fe sublattice and the R sublattice caus-
ing spontaneous magnetostriction, which is a major factor in
anomalous thermal expansion.!'* Andreev studied the lattice
thermal expansion of Y,(Fe;_,Co,)14B (x =0, 0.1, 0.2, and
0.3) compounds and found that the Invar-type anomaly de-
creases with increasing of Co substitution.!!”] Recent study
on Ery(Fe;_,Coy)14B (x =0, 0.05, and 0.1) compounds have
revealed similar phenomena. [>°!

Most research on anomalous thermal expansion and spon-
taneous magnetostriction has focused on the single-phase
RyFe 4B-type compound samples. However, the thermal ex-
pansion behavior of S-NdFeB with complex phase structure is
more valuable to research for practical application. The pri-
mary objective of this study is to investigate the thermal ex-
pansion behavior of S-NdFeB and develop a method for reg-
ulation. In this paper, three different S-NdFeB magnets with
varying Co content (Co = 0, 6, 12 wt%) were prepared using

the conventional powder metallurgy method, and four magnets
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oriented under different magnetic field were prepared to com-
pare. We analyzed the thermal expansion characteristics of the
magnets in terms of Co content and orientation, yielding im-
portant insights into the development of sintered NdFeB with

elevated thermal stability.

2. Experimental details

Alloys with the compositions of

(Pr,Nd,Dy)31.2Co FepaB1.0Mo ¢
(M =Cu,Al,Zr) (x=0,6,12 wt%)

were prepared in the form of flakes about 0.3-mm thick us-
ing strip casting technique. After hydrogen decrepitation
(HD), the alloys were subjected to jet milling (JM) in nitro-
gen to obtain powders with the average particle size about
2.7 um-2.9 um (surface mean diameter). The obtained pow-
ders were compacted and aligned under a magnetic field of
2 T and followed by isostatic pressing under a pressure of
200 MPa. Green compacts were sintered in a vacuum at
1050 °C-1070 °C for 3 h and additionally annealed at 880 °C—
900 °C for 2 h subsequently at 480 °C-500 °C for 3 h.
According to the Co content x, the corresponding magnets
were defined as Co0, Co6, and Col2. Another alloy of
(Pr,Nd,Dy)3,.2Cos gFepB1.0Mp e (M = Cu, Al, Zr) were used
to prepare the magnets with different easy-axis orientations.
The powders were compacted and aligned under a magnetic
field producing by the current of 0 A, 30 A, 60 A, and 90 A,
respectively (the measured magnetic fields correspond to 0 T,
0.63 T, 1.64 T, and 1.94 T). The rest of processes was same
as above. According to the current, the magnets with different
orientation degrees are defined as 0 A, 30 A, 60 A, 90 A.

The magnetic properties measurement at different tem-
peratures were carried out using a permanent magnetic mea-
surement system (NIM-6500C, China). To represent the phase
composition and orientation degree, x-ray diffraction (XRD,
Rigaku Smartlab, Japan) was used. Electron backscatter
diffraction (EBSD, JSM7200F with EDAX assembly, Japan)
was used to further characterize the degree of orientation. The
linear thermal expansion measurement in the range of 20 °C-
500 °C were carried out using a thermal dilatometer (DIL,
Netzsch DIL 402 Expedis Supreme, Germany). In order to
distinguish different orientation directions, two kinds of cylin-
drical samples were machined to ®6 x 20 mm (unmagnetized
state), one with axial direction parallel to orientating direction
(parallel direction, ||) and the other with axial direction per-
pendicular to orientating direction (vertical direction, ). The
linear CTE (), the difference of d/ /I between two directions
A(dl/lp) and the slope of A(dl/ly) segment k was obtained by

the thermal strain (d!/lp) curve as follows:

=0 >(<”dT’ M
A(dl/ly) = (dl/lp) — (dl/lo) 2
k=A(dl/l)(@T.)/(I. — Tv), 3

where [ is the length of the specimen at temperature 7', and [y
is the length at starting temperature (7 = 20 °C). The Curie
temperature (7;) of sintered magnets was determined corre-
sponding to the minimum of CTE curves. [>!]

3. Results and discussion
3.1. Effects of Co content

The demagnetization curves of Co0, Co6, and Col2 mag-
nets are shown in Fig. 1(a). By comparing the magnetic prop-
erties of the magnets with different Co contents, the coercivity
of Col2 magnet (H;; = 13.74 kOe, 1 Oe = 79.5775 Am™)
is lower than Co0 (H.; = 21.08 kOe) and the remanence B; al-
most constant. One of the main reasons is that the anisotropy
field (Ha) of RyCo14B compound is about 30% lower than
the RoFe 4B compound.??! Figure 1(b) shows the remanence
temperature coefficient otg, (25 °C—-100 °C) and the Curie tem-
perature T; for three. By comparing o, and 7; of S-NdFeB
with different Co contents, o, and T;. are improved gradually
with the increase of Co content. As the Co content x increases
from 0 wt% to 12 wt%, T; increases almost linearly by more
than 137 °C, and the remanence temperature coefficient im-
proves from —0.112%/°C to —0.075%/°C. Overall, with the
increase of Co content, the temperature stability of S-NdFeB
has been significantly improved and H.; decreases.

Figure 2(a) presents x-ray diffraction patterns of pow-
der samples prepared from Co0, Co6, and Col2 magnets, re-
vealing that the main phase remains as tetragonal Nd,Fe4B-
type phase as the Co content increases, consistent with prior
literature.[>>-2% Notably, the peaks shift to higher angles with
increasing Co content, indicating the incorporation of Co
atoms into the main phase and a reduction in the lattice pa-
rameters. Figure 2(b) shows the crystal lattice structure of
the NdyFe4B compound. Figure 2(c) reveals a monotonic
decrease in both the a and ¢ parameters with increasing Co
content (the parameters were determined by Rietveld method
using the GSAS-2). Cause of that Co atoms tend to selectively
substitute for Fe at the 8, crystallographic site, while the ex-
change interaction between the 8j; & 8, sites is negative. As
Co has a smaller magnetic moment (6.4 ug) than Fe (6.7 up),
the substitution of Co for Fe reduces the negative exchange
interaction and enhances the exchange interaction between 3d
atoms, leading to a decrease in lattice parameters.!*°! Conse-
quently, the Curie temperature of the magnet increases while

the spontaneous magnetostriction phenomenon weakens.[!°]
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Fig. 1. Demagnetization curves (at 25 °C) and (b) remanence temperature coefficient (25 °C—100 °C) and Curie temperature for Co0, Co6, and
Co12 magnets. The unit 1 Gs = 107* T.

— (b) o/:booo O
(a) o f l/ S8 ol |
—~ ’ a
! S 40 + ONd
<t ! (-] Q by c
@ 1 4 | an o 9 OFO
g /'JL 0 & . 1 ® Fe(Co)(851)
g 0 %98 S0 ® Fe(85)
€ VQ'&O—— q /oa oB
[
= (c)
= Cob6 ~ 880F ©
z < g8l \"\o
bt S 8.76}
| Co0
Q.
Nd,Fe,,B = g-fg: \
N Ty T R R TR T e | —
20 80 Co0 Cob Col2

20 ()
Fig. 2. XRD diffraction patterns of Co0, Co6, and Co12 magnets, (b) crystal lattice structure of Nd,(Fe,Co)14B compound, (c) lattice parameters
of Co0, Co6, and Col2 magnets.

(a) (b) T. T. T,
4t A A Co0 0012” ---. . N Ic c c
0 et e “““.t‘“nllu!l'
L m o Col2 b A . .
3 06| _o0® ,at A ° "
- .‘L- A‘A o A .u L]
fe a2l --Il.....'lllll " A ‘ R .. .-.
5 l"a- oot Co0y ,aa* ] 2+ Pl "
\ AAAAAAAAAA HA‘ C012L a0 ~ - .----
~ 1k !! Aznuuuﬂ““"uu Doooooooooo® q = AA .l..-
~ oooo® o°° N At o "
= on!!ﬁxﬁiii‘;"°°°°°°°°°°°°oo°° 06, 000 A1 03 RN k A(QU/1)(@T,)
< A AAA 60° AAA ~ 1k AA':-- (1076 K1) (1073
Aapn a < Agom
=1 I C 0. a8 agaft oo 9.43 2.87
O an® N Co 759 2.82
—at ‘.i‘ Col2| 642 2.81
20 100 200 300 400 500 20 100 200 300 400 500
T(°C)
10F T e AT 1 it i e
— 0; o S O ks ol Kt isteinieie
| | 375.0 °C
A 441.5 °C R4
© ©
L —10 374.6 °C 5
= = 304.6 °C
— = =
3 —20 3 —20f
e . s2e Pl . . .
20 100 200 300 400 500 20 100 200 300 400 500
T (°C) T (°C)

Fig. 3. Temperature dependence of (a) d1/ly, (b) A(dl/l), (c) o, (d) Ocl” for Co0, Co6, and Col2 magnets.
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Figure 3(a) compares the temperature dependence of rel-
ative elongation for three (thermal strain curves, in two direc-
tions). To further analyze the thermal expansion behavior, the
curves of aﬁ and (le are shown in Figs. 3(c) and 3(d), re-
spectively (o is the first derivate of dl/ly). It is found that
the oy curves are divided into two segments by 7.. Below T¢,
there is a clear trend that both Ocll and (le increase with Co
content. For Co0, the value of OCIJ‘ is less than zero through-
out, showing a great NTE. While for Co6, the curve of Ot]J-
crosses the zero line, showing a variation from PTE to NTE.
And for Co12, the value of Ocll is larger than former two, show-
ing PTE in the almost entire range. These findings may help
us to development S-NdFeB with zero linear thermal expan-
sion (with Co content of 6 wt%—12 wt%). However, contrary
to the great difference of CTE below T;, the curves of both
OtlL and aIH with different Co contents approach to the dotted
line (04 &~ 11.5 x 10~ K~!) with the increase of temperature
far above T,. Although due to the narrow temperature range
in this study, compare to the data in high temperature regions

18191 it can be inferred that thermal ex-

from other studies,!
pansion behavior of S-NdFeB tends to be isotropic with the
increase of temperature in a certain range above 7.

Below T¢, the increase of Co content not only makes CTE
larger, but also makes the anisotropy of the thermal expan-
sion weaker. As shown in Fig. 2(b), A(dl/ly) between two
directions increases approximately linearly below T, while re-
maining almost at the same level above T;.. After linear fitting,
the slopes of the segments for three magnets below T, k are
k(Co0) =9.43 x 1076 K~!, k(Co6) = 7.59 x 10-® K~!, and
k(Col2) = 6.42 x 10~® K~!, respectively. In the same range
of temperature, larger kK means greater anisotropy of thermal
expansion. For example, from 20 °C to 200 °C, A(dl/ly)
between two directions of Col2 is 31.9% smaller than Co0.
Furthermore, A(dl/l) at T; is used to approximate the maxi-
mum of A(dl/ly). With a negligible difference, the values of
A(dl/1y)(@T,) are 2.87 x 1073,2.82 x 1073, and 2.81 x 1073
for Co0, Co6, and Co12, respectively.

As shown in Table 1, the average linear CTE (20 °C-
100 °C) of Col2 (S-NdFeB with 12-wt% Co) is close to the
soft magnetic alloys, which is more favorable for assembling
and welding than ordinary S-NdFeB (Co0). Meanwhile, the
reduced anisotropy of thermal expansion also represents less
likely to crack when preparing rings. The magnetic prop-
erties of Col2 magnet are the remanence B, = 13.11 kGs
(1 Gs = 107* T), the coercivity H; = 13.74 kOe, the maxi-
mum magnetic energy product (BH )max = 41.68 MGOe, and
a high Curie temperature 7, = 441.8 °C.

Accordingly, below T, with the increase of Co content,
both (le and alll increase and the anisotropy of thermal expan-
sion decreases, and A(dl/ly)(@T;) is almost constant; com-
pared to the large variation below 7, Co content has little ef-
fect on the thermal expansion behavior far above T;. The sub-
stitution of Co for Fe will enhance the 3d atomic exchange in-

teraction, leading to a reduction in spontaneous magnetostric-
tion, which directly affects the thermal expansion of the R, (Fe,
Co)14B lattice.
lower H.; due to the substitution of Co for Fe, heavy rare earth
(HRE) as Dy and Tb can be added. However, HRE is bad for
(BH )max and the effect to CTE needs further study.

Practically, in order to compensate for the

Table 1. Average linear CTE (20 °C-100 °C) for normal S-NdFeB, soft
magnetic alloys, and magnet samples in this study.

Materials al” all Aoa(= a‘H B aﬁ)
(107°K~1H (106K (1076 K1
Normal S-NdFeB 4~9 -2~0 6 ~9b!

Carbon steel 10.6 ~ 12.2161 -
Nickeliron alloys 6.81 ~13.07 -
Iron—cobalt alloys 9.2~10.78 -
Iron—chromium alloys 9.911 -
Iron—aluminum alloys 12.0 ~ 13.30101 -

Co 6.31 1.02 7.33

Cob 8.27 1.22 7.05

Col2 9.90 4.17 5.73

0A 3.79 3.67 0.12

30A 8.12 1.92 6.2

60 A 8.33 1.52 6.81

90 A 8.40 1.43 6.97

3.2. Effects of orientation

As figure 4(a) shows, remanence B; and squareness
Hy/H,; are greatly affected by orientation. By comparing the
oriented 90-A magnet with non-oriented 0-A magnet, rema-
nence B; increases from 6.55 kGs to 12.77 kGs and square-
ness Hy /H, ; increases from 27% to 96%. Figure 4(b) shows
the XRD pattern of the magnets with different orientations.
The ratio of the relative intensities between (006) and (105),
(Z(006)/1(105))» is often used to represent the orientation de-
gree for S-NdFeB. In general, with the increase of current, the
magnetic field increases, so the magnetic powders get better
aligned, as confirmed by the increase of I(og)/1(10s)- To enable
a direct comparison of the grain alignment, EBSD was used to
observe the surface perpendicular to orientation direction of
the 0-A and 90-A samples. Figures 4(c) and 4(d) show the
inverse pole figure (IPF) mapping of 0 A and 90 A, in which
the black part is the grain boundary phase and the other part
is RyFe4B-type phase (grains whose c-axis is parallel to the
orientating direction will be shown in red). For the oriented
90-A magnet, the value of Iggs)//(105) is 1.43 in XRD pattern
and the majority of the grains is red in IPF mapping, showing
a good orientation. However, for the non-oriented 0-A mag-
net, it shows a lack of strong diffraction peaks on the (006) and
(105) crystal planes in XRD pattern, and grains do not tend to
be a certain color in IPF mapping, indicating that the c axis of
the grains in 0 A is randomly distributed. Combined with the
above analysis, the degree of orientation for oriented magnet
increases gradually with the increase of the current producing
the magnetic field, and there is a large difference with non-
oriented magnet.
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Figure 5 shows the thermal expansion characteristics of 0-
A, 30-A, 60-A, and 90-A magnets, and the difference is mainly
reflected in the anisotropy. As shown in Fig. 5(a), the curves
on parallel and vertical direction of 0 A almost coincide to-
gether, while the value of A(dl/ly) in Fig. 5(b) is also almost
0. That means the thermal expansion of 0 A can be considered
to be isotropic. The curves of A(d!/ly) are shown in Fig. 5(b),
each of which increases approximately linearly below 7; and
almost remains at the same level above T¢, but A(dl/lp)(@T)

have significant inconsistency:

A(dl/1h)(@T.)(30 A) =2.83 x 107,
A(d1/1H)(@T) (60 A) =3.07 x 1072,
A(dl/1h)(@T.)(90 A) =3.13 x 107,

Since T, is the same but A(d//ly)(@T) is different, the slopes
of the segments below T; representing anisotropy also differ:

k(30 A)=7.73x 107 K™!, k(60 A)=831x10 K,
k(90 A) =8.50 x 107 K~ !.

It is worth noticing that, as listed in Eq. (3), the k-
value change is caused by different ways, with the Co con-
tent mainly changing T;, while the orientation mainly chang-
ing A(dl/lp)(@T). It can be speculated that, due to the
anisotropy of the thermal expansion between incompletely
aligned grains will cancel each other out, the thermal expan-
sion behavior of completely oriented magnet will be close to
single-phase 2:14:1 compound. Spontaneous magnetostriction
produced by the exchange coupling between magnetic atoms
is the root cause of anomalous thermal expansion for RoFe 4B
compounds. However, for S-NdFeB with complex microstruc-
ture, there are many factors affecting the thermal expansion
behavior. In this study, Co content and orientation were found
to significantly change the thermal expansion behavior of S-
NdFeB. These results have important implications for devel-
oping S-NdFeB with controllable CTE.

4. Conclusion

In this study, we observed that the thermal expansion
behavior of S-NdFeB magnets can be regulated through Co
content and orientation. As the Co content increased from
0 wt% to 12 wt%, the linear average OCIJ‘ (20 °C-100 °C)
changes from —1.02 x 107® K~! to 4.17 x 107% K~!. This
indicates that regulating the Co content can develop S-NdFeB
with linear ZTE (a-axis). As illustrated in Fig. 6, Co12, with
ot]” =9.90 x 1076 K1, is better suited for assembly with soft
magnetic alloys when compared to the original S-NdFeB. In
addition, it is worth noting that both Co content and orientation

influence the anisotropy of the thermal expansion, although the

expression and underlying mechanisms are different. The sub-
stitution of Co for Fe affects the lattice of main phase, while
the orientation affects arrangement of grains. However, the
limitation lies in the fact is that the inevitable reduce of mag-
netic properties by above two ways. Therefore, further investi-
gation into the joint influence of HRE & Co to CTE and mag-

netic properties is strongly recommended.
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Fig. 6. Average linear CTE (20 °C-100 °C) for normal S-NdFeB, soft
magnetic alloys and magnet samples in this study.
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