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Magnetic properties and microstructure of Nd-Fe-B sintered magnets fabricated by hot isostatic pressing
(HIP) were studied. For comparison, magnets were also fabricated by vacuum sintering. The density
reached 7.58 g/cm® for the magnets HIP-sintered at 1123 K. The density of the magnets vacuum-sintered at
1123 K was much lower, which is of about 6.92 g/cm>. While the density of magnets vacuum-sintered at
1318 K was the same as the HIP-sintered magnets, the sintering temperature was significantly decreased to
1123 K. In addition, the average grain size decreased from 9 to 6 pm, which has enhanced coercivity.
Therefore, the coercivity increased from 1067.7 to 1238.5 kA/m, which is 16% higher than the vacuum-
sintered magnets. HIP is a promising method to obtain high density and high coercivity Nd-Fe-B sintered

magnets.

Keywords coercivity, grain refinement, hot isostatic pressing, Nd-
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1. Introduction

Due to excellent magnetic properties, Nd-Fe-B sintered
magnets have attracted much attention in eco-friendly electrical
applications, such as hybrid vehicles, electric vehicles, and
wind power generators (Ref 1, 2). However, the relatively low
coercivity cannot meet the growing requirements of elevated
temperature operation (> 473 K) (Ref 3). To overcome this
problem, heavy rare earth (HRE) elements, such as Dy or Tb,
are commonly introduced into the Nd,Fe ;4B phase with a
higher magnetic anisotropy field (Ref 4-6). Due to the scarcity
and high cost, there is a strong demand to achieve high
coercivity without using HRE elements. Among efforts to
improve the coercivity of Nd-Fe-B sintered magnets without
using HRE elements, one practical approach is to refine the
grain size of the Nd,Fe 4B phase (Ref 7, 8).

Nd-Fe-B sintered magnets’ coercivity strongly depends on
the grain size (Ref 9, 10). Hydrogen—disproportion—desorption
recombination (HDDH) and jet milling (JM) applied in the
powder making process can control commercial Nd-Fe-B
powder size in the 3-5 pm range (Ref 11, 12). However, the
grain growth is the most common problem found in sintering. It
is well known that the addition of refractory metals, such as
Mo, W, Nb, V, or Ta, can significantly suppress grain growth
during sintering, due to the grain boundary pinning effect (Ref
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13-15). Generally, the relationship between the sintering
densification and grain growth is one of the mutual restrictions.
During sintering, the relative density increases and the grains
grow with the sintering temperature and time. Therefore,
lowering the sintering temperature or sintering time without
sacrificing the high density of Nd-Fe-B sintered magnets is the
key to control the grain growth during sintering.

Hot isostatic pressing (HIP) is a manufacturing process used
to produce fully dense parts through the application of high
temperature and high gas pressure simultaneously (Ref 16-18).
The advantages of the HIP include better chemical homogene-
ity, fine grain size, full densification, increased materials
utilization, and near-net-shape formability (Ref 19, 20). There-
fore, HIP is one promising approach to obtain high-density Nd-
Fe-B sintered magnets with a high magnetic performance at a
relatively low sintering temperature. Although HIP can reduce
sintering temperature and improve density, common steel
sheaths for HIP sintering are not suitable for Nd-Fe-B sintered
magnets. Without a sheath, Nd-rich phases in the magnets
would run off under the action of high air pressure during the
HIP sintering process, resulting in poor magnetic performance.
Therefore, how to achieve sheath protection of magnets is the
main key to HIP sintering.

In this paper, HIP was employed to prepare high-perfor-
mance Nd-Fe-B sintered magnets. Glass was used to form a
protective sheath on the surface of magnets. The effects of HIP
low-temperature sintering on microstructure and magnetic
properties of Nd-Fe-B sintered magnets were systematically
investigated. In addition, the mechanism of coercivity enhance-
ment and densification achievement for HIP-sintered magnets
was established. To date, only a few related reports have been
found in the literature.

2. Experimental Procedure

2.1 Alloy Preparation

The Nd-Fe-B powder (Beijing Zhongke Sanhuan Hi-tech
Co., Ltd), with a nominal composition of 32.0Re (Re-Nd, Pr)-
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0.3Dy-bal. Fe-1.0B-2.0M (wt.%, M-Cu, Al, Co, Cr), was used
as the raw material. After pressing in a magnetic field of
1352 kA/m, the green compacts were pre-sintered at 1173 K
for 3 h in vacuum. The pre-sintered samples were separated
into three parts. One part was vacuum-sintered at 1123 K for
5 h. The second part was vacuum-sintered at 1318 K for 5 h.
The third part was sealed in a glass tube after being subjected to
vacuum. The sealed sample was placed in a graphite crucible.
Then, the HIP sintering was performed at 1073, 1123, and
1173 K at 150 MPa with 30-min hold time at those temper-
atures. The HIP cycle consisted of simultaneous application of
temperature and pressure at 5 K/min and at 1 MPa/min,
respectively. The corresponding preparation process of the
HIP samples is shown in Fig. 1. Subsequently, those two parts
of as-sintered magnets were annealed at 1103 K for 2 h and
again at 768 K for 6 h.

2.2 Testing and Characterization

The magnets were cut into cylinders (8 mm diameter and
5 mm height) and mechanically polished. Five samples for each
processing condition were tested to confirm reproducibility.
The density of the sintered magnets was determined by the
Archimedes’ type measurements. The room-temperature mag-
netic properties of the processed magnets were characterized by
a magnetic measurement device (NIM-200C, 0-2.6 T demag-
netizing field range). Thermal analysis was performed using
differential scanning calorimetry (DSC, NETZSCHSTA449)
under Ar protective gas. Phases in the magnets were analyzed
by x-ray diffraction (XRD) using the Shimadzu XRD-6000
diffractometer with CuKo radiation operating at 40 kV and
40 mA. Oxygen content in magnets was measured by the
infrared absorption method (TCH600). Microstructure studies
were conducted by backscattered electron scanning microscopy
(FESEM, SupraS5). Average grain sizes and grain size
distribution were evaluated by the image analysis (UTHSCSA
Image Tool).
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Fig. 1 Process flow diagram of the HIP Nd-Fe-B sintered magnets
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3. Results and Discussion

The density of the pre-sintered magnets is about 6.5 g/cm’,
nearly 85% dense compared to the theoretical density of 7.65 g/
cm’. The gas absorbed on the surface of powder grains and
produced by chemical reactions has been removed during pre-
sintering. The softening temperature of the glass is about
773 K. The pre-sintered magnets are covered by the glass
fragments, as shown in Fig. 1. During HIP sintering, the molten
glass covered the surface of the Nd-Fe-B sintered magnets,
forming a glass sheath to prevent the loss of liquid Nd-rich
phases. Under the action of the high gas pressure in all
directions, the HIP-sintered magnets can achieve high density
at the low sintering temperature. Without a protective sheath,
the loss of Nd-rich phases will be present due to gas pressure,
resulting in the deterioration of sintered density and magnetic
performance.

The DSC curve of the Nd-Fe-B sintered magnets is shown
in Fig. 2. The DSC analysis was carried out from room
temperature to 1323 K, at a constant heating rate of 0.67 K/s.
Two exothermic peaks are observed. The first peak, Ty, at
600 K corresponds to the Curie temperature of the Nd,Fe 4B
phase. The second peak, Ty,, at about 1031 K corresponds to
the liquidus temperature of the Nd-Fe-B sintered magnets. The
sintering of Nd-Fe-B magnets belongs to liquid phase sintering.
During sintering, the liquid Nd-rich phases play a key role in
improving the sinterability. The HIP temperature was chosen
around the liquidus temperature. Figure 3 presents the magnetic
properties of the Nd-Fe-B sintered magnets fabricated by
different methods at different sintering temperatures.

The density of all sintered magnets is above 7.55 g/cm’,
except the magnets vacuum-sintered at 1123 K (6.92 g/cm?), as
listed in Table 1. In general, the density of commercial magnets
needs to be above 7.5 g/em®. When sintered at the same
temperature (1123 K), the density of the HIP magnets reached
7.58 g/em?, which is the same as the magnets vacuum-sintered

HIP sintered magnets
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at 1318 K, and the relative density is 99%. Therefore, HIP is an
effective way to achieve nearly full densification at the low
sintering temperature. The measured coercivity H,; and rema-
nence B, values of the magnets vacuum-sintered at 1318 K are
1067.7 kA/m and 1.292 T, respectively. In the magnets HIP-
sintered at 1073 K, the H; value increased to 1142.5 kA/m.
When increasing the HIP sintering temperature to 1123 K, the
coercivity reached its maximum value. The coercivity increased
to 1238.5 kA/m, and the peak value was 16% higher than the
magnets vacuum-sintered at 1318 K. The corresponding B,
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Fig. 2 DSC pattern of Nd-Fe-B sintered magnets
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Fig. 3 Demagnetization curves of Nd-Fe-B sintered magnets
fabricated by different methods

decreased to 1.269 T. Upon further increasing the HIP sintering
temperature, the coercivity significantly decreased. In conclu-
sion, with the increase in the HIP sintering temperature, the
coercivity increased and then decreased, while the remanence
decreased, as shown in Fig. 3.

The indices of the crystallographic planes of the Nd,Fe;4,B
phase in the magnets are labeled in Fig. 4. For the Nd-Fe-B
sintered magnets, the main crystallographic planes are (105)
and (006). The 1(006)/I(105) intensity ratio can represent the
orientation degree of the magnets (Ref 21). Compared to the
vacuum-sintered magnets, the XRD pattern of the HIP-sintered
magnets shows a slight shift. Moreover, the diffraction intensity
of the (006) peak significantly reduces, and the intensity of the
(105) peak increases accordingly. This means that as the 1(006)/
I(105) ratio decreases, and so does the orientation degree of the
magnets.

The composition of the O element in the Nd-Fe-B magnets
was measured. There exists a significant difference between O
contents in different magnets. In the magnets vacuum-sintered
at 1318 K, the O content is about 4000 ppm. When the
magnets were fabricated by HIP, the O content was nearly
4700 ppm. Compared to the magnets vacuum-sintered at
1318 K, the HIP magnets should be slightly oxidized. In
addition, the O content in the magnets vacuum-sintered at
1123 K is up to 8800 ppm, which is related to the magnets
density (6.92 g/cm®). The number of pores is relatively high,
resulting in the magnets being easily oxidized. For the same
reason, due to the low density of the pre-sintered magnets, they
are easily oxidized during the sealing process, regardless of
their careful protection. Therefore, the O content of the HIP
magnets would be relatively higher.

(105)

(006)

HIP sintering

—
o
—
-
o

Intensity (arb.units)

20 30 40 50 60 70
2Theta (degrees)

Fig. 4 XRD patterns of Nd-Fe-B sintered magnets fabricated by
different methods

Table 1 Density and oxygen content of the Nd-Fe-B magnets fabricated by different methods at different sintering

temperatures

Vacuum HIP
Sintering condition 1123 K 1318 K 1073 K 1123 1173
Density, g/cm’ 6.92 7.58 7.55 7.58 7.60
Relative density, % 90.5 99.1 98.7 99.1 99.3
O content, ppm 8746.4 3986.1 4658.2 4730.7 4701.5
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Fig. 5 SEM images and grain size distribution of Nd-Fe-B sintered magnets fabricated by: (a) vacuum sintering at 1318 K, (b) HIP sintering at

1123 K, and (c) HIP sintering at 1173 K

The microstructure changes and grain size distribution of the
magnets fabricated by different methods are shown in Fig. 5.
The dark regions are the Nd,Fe 4B main phases, and the white
regions correspond to the Nd-rich phases. In the vacuum-
sintered magnets, the average grain size is 9 um, as shown in
Fig. 5(d). In contrast, the grain size is relatively small and the
grain size distribution is more uniform in the HIP-sintered
magnets, as shown in Fig. 5(e) and (f). The average grain size
of the magnets HIP-sintered at 1123 K is 6 pm, approximately
3 um smaller than the magnets vacuum-sintered at 1318 K.
Therefore, grain refinement is achieved by the HIP low-
temperature sintering. As a result, coercivity enhancement of
16% was obtained in the magnets HIP-sintered at 1123 K.
Upon further increasing the HIP sintering temperature to
1173 K, the grain growth initiates. The average grain size is
7.2 um, as shown in Fig. 5(f). HIP sintering at much higher
temperature causes grains to grow quickly, which can decrease
the coercivity of the magnets.

The above results indicate that the HIP is a promising
method to obtain fine grain size in the Nd-Fe-B sintered
magnets. Under the action of high gas pressure, the magnets
can achieve rapid densification at a relatively low sintering
temperature without causing abnormal grain growth. Normally,
the vacuum-sintering temperature of the commercial Nd-Fe-B
sintered magnets is about 1323 K, and the corresponding
sintered density can reach above 7.55 g/cm®. It is no surprise
that the average grain size is relatively large, as shown in
Fig. 5(a). Interestingly, when the magnets were fabricated by
HIP, the sintering temperature significantly decreased to
1123 K, which is approximately 200 K lower than the vac-
uum-sintered magnets. The average grain size decreased from 9
to 6 um. Not only that, but the sintered density also reached
7.58 g/em’. Consequently, the coercivity of the HIP-sintered
magnets increased from 1067.7 to 1238.5 kA/m, as shown in
Fig. 3. It is worth noting that the HIP-sintered magnets have a
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relatively higher O content of 4700 ppm. This was the main
cause for lower remanence seen in Fig. 3; however, the
decrease is relatively small. As already mentioned, the relative
density of the pre-sintered magnets is only 85%, and they can
easily suffer from oxidation when exposed to oxygen. During
the sealing process, the pre-sintered magnets may have been
lightly oxidized, although the experimental process was strictly
controlled. Compared to the magnets vacuum-sintered at
1318 K, the remanence of the magnets HIP-sintered at
1123 K decreased from 1.292 to 1.269 T. As to the low
orientation degree of HIP magnets, it may be caused by the
high air pressure on the magnets. Therefore, the next step is to
focus on studying the effects of pre-sintering and air pressure
on magnetic properties and the orientation degree of the HIP
magnets.

4. Conclusions

In summary, microstructure and magnetic properties of the
Nd-Fe-B sintered magnets fabricated by HIP were explored.
Grain refinement was achieved by HIP low-temperature
sintering, resulting in the coercivity enhancement. The sintering
temperature was significantly decreased by about 200 K. The
optimal HIP sintering temperature was about 1123 K. On the
one hand, the sintered density reached 7.58 g/cm’, which is
same as the magnets vacuum-sintered at 1318 K. On the other
hand, the average grain size was 6 pum, which was approxi-
mately 3 pm smaller compared to vacuum-sintered magnets.
Coercivity enhancement of 16% was obtained in the magnets
HIP-sintered at 1123 K because of the smaller grain size. Upon
further increasing the HIP sintering temperature, the deteriora-
tion of magnetic properties was correlated with the grain
growth.
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