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Abstract In this paper, the effects of P doping on magnetic
properties and microstructure were studied in Nd-Fe-B
sintered magnets. With P doping, the grain size gets refined
and the distribution of the main phase is optimized due to the
reduction of the liquidus temperature. The liquidus temper-
ature for the 0.05 wt% P-doped magnets is 1022 K, while
that for the P-free magnets is 1038 K. As P content increases,
the liquidus temperature significantly decreases. Clear and
continuous grain boundary phases are formed in the P-con-
taining magnets with smaller grain size. The optimized
microstructure with average grain size of 8.43 um is
obtained in the 0.05 wt% P-doped magnets, which is
approximately 0.69 um smaller than that of P-free sintered
magnets (9.12 um). Though P is usually thought to be an
impurity element, it might be beneficial in Nd—Fe-B sintered
magnets with proper addition. The coercivity of the
0.05 wt% P-doped magnets could be increased to
1283 kA-m™", with slight changes of the remanence and the
maximum magnetic energy product. NdPO, phases in the
grain boundary are of hexagonal structure, while those at the
triple junctions have monoclinic structure. Activated sin-
tering is achieved by doping proper P element in the Nd-Fe—
B sintered magnets.
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1 Introduction

In the last two decades, there has been a rapid growth in the
permanent magnet electric motors and generators of (hy-
brid) vehicles industries [1, 2]. Nd—Fe—B sintered magnets
have gained considerable attention due to their excellent
magnetic properties of high maximum energy product and
coercivity [3-5]. Typical Dy-free sintered Nd-Fe—B mag-
nets with a coercive field (uoH.) of ~ 1.5 MA-m~" are
sufficient for most room temperature applications [6, 7].
However, low Curie temperature and thermal stability limit
their applications at high temperature above 473 K. At
elevated temperatures, the effects of thermal activation on
the reversal process increase, resulting in a significant
reduction in coercivity [8—10]. Heavy rare earth elements
such as Dy are commonly added to increase the coercivity
in Nd—Fe-B sintered magnets. Partial substitution of Dy for
Nd in the 2:14:1 phase is known to form a (Nd, Dy),Fe 4B
shell with higher magnetic anisotropy field at the outer
region of the main phase grains [5, 11-14]. However, there
is a strong demand to achieve high coercivity without using
Dy due to its scarcity and high cost.

It is well known that the magnetic properties can be
improved by controlling the microstructure, especially
addition of non-rare earth elements [15-17]. Numerous
efforts have revealed that inhibiting grain growth, retaining
grain boundaries and lowering melting point of Nd-rich
phases are effective to increase the coercivity. Some
researchers have reported that the addition of small
amounts of Mo, W and Nb to Nd—Fe-B sintered magnets is
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effective in inhibiting grain growth [18-21]. The grain
boundaries of Nd—Fe-B sintered magnets were improved
with addition of small amounts of Al, Ga or Cu [22-24].
On the other hand, it was reported that the fine-grained Nd-
Fe-B sintered magnets exhibit large coercivity (H.) of
1.85 T by the addition of low-C concentrations [25]. As we
know, P is thought to be a harmful element in most aspects
of materials. Recently, Zhang et al. [26] found that a
coercivity enhancement was obtained after the addition of
P to Fe—Pt-B alloys. With P addition, the liquidus tem-
perature of the alloy was lowered [27, 28]. However, little
is known about the effect of P addition on the
microstructure and magnetic properties of Nd—Fe-B sin-
tered magnets. The research about P introduction in the
magnets was rarely reported.

In this study, the effect of small amount of P on
microstructure and magnetic properties of Nd-Fe—B mag-
nets was investigated. In addition, the mechanism of grain
refinement with P introduction in the magnets was estab-
lished. The magnetic and microstructural properties of
P-doped magnets were compared with those of P-free
magnets.

2 Experimental
2.1 Materials preparation

The commercial Nd—Fe-B and P powders were used as the
raw materials. The purity of the raw materials was over
99%. Nd—Fe-B powders (~ 5 pm) with a nominal com-
position of 31.0Re(Re—Nd, Pr)-0.5Dy-bal.Fe-1.0B—4.0 M
(wt%, M—Cu, Al, Co, Cr, Ga) were mixed with various
amounts of commercially available P (0 wt%, 0.05 wt%,
0.10 wt%, 0.20 wt%) powders. This was performed by ball
milling for 2 h using SPEX-8000 mixer/mill with a steel
ball-to-powder weight ratio of 5:1. The average particle
size of P powder was about 5 pm. After being pressed in a
magnetic field of 1352 kA-m™', the green compacts were
vacuum-sintered at 1323 K for 3 h. Subsequently, the
magnets were annealed at 1203 K for 3 h following sub-
sequent annealing at 758 K for 6 h.

2.2 Microstructural and properties characterization

The magnets were cut into cylinder shape with a dimen-
sional size of ® 8 mm x 5 mm by wire electrode cutting.
Four samples of each P content were conducted to confirm
reproducibility. Densities of the sintered magnets were
determined by Archimedes’ principle measurement. The
room temperature magnetic properties of the processed
magnets by mechanical polishing were measured by a
magnetic measurement device NIM-200C (National
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Institute of Metrology, PR China). The characterization of
the samples by differential scanning calorimetry (DSC,
NETZSCHSTA449) was performed using 200-mg crushed
sintered magnets in an alumina box under protective Ar
gas. Microstructural studies were conducted by backscat-
tered scanning electron microscope (SEM, Supra55)
equipped with an energy-dispersive spectroscopy detector
(EDS), using monochromatic Cu Ko radiation with the
wavelength of X-ray 0.154 nm and operated at 40 kV as
well as 150 mA. Elemental distribution was performed
using electron probe microanalysis (EPMA, JEOL, JXA-
8230) operated at 0.2-30.0 kV as well as 1 x 107'%-
1 x 107> A. Phase composition and identification were
operated by transmission electron microscope (TEM,
JEM2010) combined with energy-dispersive spectroscopy
detector (EDS) and selected area electron diffraction
(SAED). Thin foil specimens for TEM analysis were pre-
pared using an ion milling system.

3 Results and discussion
3.1 Magnetic properties

All sintered Nd-Fe-B magnets were crack-free. The den-
sities of the magnets are above 7.5 g-cm >, as shown in
Table 1. With the increase in P content, the density of the
Nd-Fe-B sintered magnets decreases. The density for the
0.20 wt% P-doped magnets decreases from 7.59 to
7.52 g-cm™.

Table 1 also shows the magnetic properties of the
P-containing magnets as a function of P content. The
measured coercivity (H.), remanence (B;) and maximum
magnetic energy product ((BH)m.x) of the undoped mag-
nets are 1236 kAm ', 1.230T and 2922 kJm
respectively. Compared with the undoped magnets, the
coercivity for the 0.05 wt% P-doped magnet increases
from 1236 to 1283 kA-m~" and the peak value is 3.8%
higher than that of P-free magnets. In addition, there is no
noticeable changes in B, and (BH),.x- Proper P addition is
beneficial to improve the coercivity in Nd-Fe-B sintered
magnets. Upon further increasing P content, the magnetic

Table 1 Magnetic properties of P-doped Nd-Fe-B magnets as
functions of P content

P content/  Density/ H./ B/T  (BH)pmax/ Hy/
wt% (g-em™) (kA-m™1) (kJ-em ™) H
0 7.59 £ 0.01 1236 1.230 2922 0.97
0.05 7.57 £ 0.01 1283 1.227 290.9 0.96
0.10 7.56 £ 0.01 1254 1.222 288.3 0.96
0.20 7.52 £ 0.01 1206 1.219 287.5 0.95
@ Springer
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Fig. 1 Demagnetization curves for P-doped Nd-Fe-B sintered
magnets

properties significantly decrease. With 0.10 wt% P addi-
tion, the coercivity decreases from 1283 to 1254 kA-m~!.
The introduction of 0.20 wt% P results in obvious decrease
in coercivity and remanence. The coercivity decreases to
1206 kA-m~, and the peak value is 6.0% lower than that
of 0.05 wt% P-doped magnet, as shown in Table 1. And
the corresponding B, decreases from 1.227 to 1.219 T.
Also, (BH)p,. decreases from 290.9 to 287.5 kJ-m .
Figure 1 compares corresponding demagnetization curves
of P-free and P-doped magnets. It is obvious that the
coercivity gets enhanced when P content is not more than
0.10 wt%. Excessive P introduction leads to a deterioration
in density and magnetic performance.

The introduction of P in P-doped magnets may cause the
changes of grain size distribution or change the structure of
grain boundaries. To understand the effects of P doping on
microstructure and magnetic performance in magnets,
DSC, FESEM, EPMA and TEM investigations were
conducted.

3.2 DSC curves

Figure 2 shows DSC curves of Nd—Fe—B sintered magnets
as a function of P content. DSC analysis was performed
from room temperature to 1323 K at a constant heating rate
of 0.67 K-s~'. Two endothermic peaks are observed on all
DSC curves. The first temperature, Ty;, corresponds to
Curie temperature of Nd,Fe 4B phase, while the second
endothermic peak, Ty,, corresponds to the melting point of
Nd-rich eutectic phases. Compared with P-free magnets,
Ty, remains about the same in P-containing magnets. And
the first temperature Ty, is close to 600 K. In the undoped
magnets, the second temperature, T,, is 1038 K. When P
content is 0.05 wt%, temperature decreases to 1022 K. The
second temperature decreases to 1013 K with 0.20 wt% P,
as shown in Fig. 2. The second temperature decreases with
P content increasing. During sintering, Nd-rich eutectic
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Fig. 2 DSC curves of Nd-Fe-B sintered magnets with P addition
(x = 0 wt%—0.20 wt%)

phases precipitate in a liquid form at Ty,. It suggests that
the liquidus temperature is lowered with P addition. P
doping reduces the melting point and increases the fluidity
of the liquid Nd-rich phase during sintering.

3.3 Microstructures

Figure 3 shows the microstructure changes and grain size
distribution in the magnets with different P contents. Fig-
ure 3a shows typical microstructure of the sintered mag-
nets, in which the dark gray corresponds to Nd,Fe 4B
matrix phase and the bright regions are various Nd-rich
intergranular phases. The Nd-rich grain boundary phases
(GBPs) are unclear and discontinuous between two ferro-
magnetic Nd,Fe,4B phase grains. Besides, the 2:14:1 phase
grains are not uniform and the grain size is relatively large.
With P doping, distributions of GBPs and the main phase
grain size are optimized, as shown in Fig. 3b. Compared
with P-free magnets, clear and continuous GBPs are
formed in P-doped magnets, which is beneficial to diminish
the magnetic exchange interactions between neighboring
grains and enhance the magnetic isolations.

In P-free magnets, the average grain size is 9.12 um.
The grain size is relatively small, and the grain size dis-
tribution is more uniform in P-doped magnets, as shown in
Fig. 3e, f. The average grain size of 0.05 wt% P-doped
magnets decreases to 8.43 um, which is approximately
0.69 um less than that of P-free magnets. When P content
increases to 0.20 wt%, the average grain size reduces to
7.88 um. But there exist obvious defects, as shown in
Fig. 3¢, which may work against the magnetic perfor-
mance. It can be indicated that the grain growth gets
inhibited with P addition. Additionally, Nd,Fe 4B phase
grains become rounder and more uniform, indicating that
the wettability between the main phase and the intergran-
ular phase gets improved. As a result, in the 0.05 wt%
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Fig. 3 SEM images and grain size distribution of magnets with different P contents: a, d 0 wt%; b, e 0.05 wt%; c, f 0.20 wt%

P-doped magnets, the coercivity gets enhanced with the
remanence slightly changing. Excessive P introduction
leads to the deterioration of the magnetic properties.
Probably, the reduction of the magnetic properties occurs
due to the decrease in the density and the content of the
main phase. It can be inferred that proper P introduction
promotes the uniformity and continuity of GBPs because
the melting point decreases during sintering [29].

3.4 Phase distribution and composition
Figure 4 shows the distribution of Nd, O and P in the

undoped and 0.05 wt% P-doped magnets. It can be
observed that Nd is dominant in the intergranular phases

and O is also enriched in the phases. Both Nd and O are the
essential components of Nd-rich phase at the triple junc-
tions. NdO, oxides are the main form of Nd-rich phases.
The distribution of P in the P-containing magnets is not
uniform. P is enriched in Nd-rich phases, just like the white
mark shown in Fig. 4b. It can be inferred that P-containing
precipitates may be phosphorus oxide phases.

To further characterize elemental distribution, the spa-
tial distribution of Fe, P, Nd and O across the main phase
and intergranular phase was measured by EDS line-scan.
Figure 5Sb—e shows the composition variation across the
region. P is clearly enriched in Nd-rich phases. The dis-
tribution of P is not uniform, and obvious clustering is
observed. There are no P-precipitates in the main phases. In

Fig. 4 SEM images and EPMA mapping images of Nd, O and P elements of magnets with different P contents: a 0 wt% and b 0.05 wt%
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Fig. 5 High-magnification backscattered SEM images and EDS patterns in 0.05 wt% P-doped magnets: a SEM images and line-scan profiles for
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Fig. 6 TEM images and SAED patterns of a NdPO, phase in GBPs, b NdPO, phase at triple junctions, and ¢ EDS results of areas A-C in

0.05 wt% P-doped magnets

P-rich phases, there exist Nd, O and P. It can be inferred
that the potential form of P-rich phase might be NdO,P,
phase.

Figure 6 presents TEM images and EDS results of the
phosphorus oxide phases in 0.05 wt% P-doped magnets.
Particularly interesting is the observation that P-rich phase
is found to simultaneously exist in the grain boundary and
in the triple junctions. Corresponding SAED patterns show
that P-precipitates are NdPO, phases. NdPO, phase in the
grain boundary is identified as hexagonal structure with
lattice parameters of a = 0.698 nm, b = 0.698 nm and
¢ = 0.634 nm, as shown in Fig. 6a. But, the grain size of

@ Springer

NdPO, phase is large. In addition, SAED patterns of
NdPO, phase at the triple junctions are matching to the
monoclinic  structure, with lattice parameters of
a=0674nm, b=0696nm and c =0.641 nm. EDS
results also confirm that NdPO, phase tends to precipitate
in different regions.

4 Conclusion
In summary, the effects of P doing on magnetic properties

and microstructure in Nd-Fe-B sintered magnets were
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investigated. The melting point of Nd-rich eutectic phase is
lowered with P content increasing, leading to the wetta-
bility improvement and grain growth inhibition. In
0.05 wt% P-doped magnets, the melting point decreases
from 1038 to 1022 K. And, the average grain size and grain
size distribution are optimized, with forming clear and

continuous GBPs. As a result, the magnets with 0.05 wt%

P addition show a larger coercivity of 1283 kA-m™',

without notable changes in remanence and the maximum
magnetic energy product, as compared to that of the
undoped magnets. In the P-containing magnets, NdPO,
phases mainly are precipitated in the grain boundary and
triple junctions. Though P acts as a harmful element in
most aspects of materials, it is beneficial for activating
sintering with proper addition in Nd-Fe-B sintered
magnets.
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