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Abstract The hot-deformed magnets processed from

nanocrystalline/amorphous Nd–Fe–B powders were pre-

pared under different hot-pressing temperatures

(600–750 �C, at intervals of 25 �C) by the self-made hot-

pressing equipment. The microstructure and magnetic

properties of hot-deformed magnets prepared at different

temperatures were also investigated. When the temperature

is above 650 �C, the density of magnet reaches 7.5 g�cm-3.

The optimum magnetic properties of magnetic induction

intensity of Br = 1.3 T, optimum energy product of

(BH)max = 282.5 kJ�m-3, intrinsic coercivity of

Hcj = 1130.0 kA�m-1 of hot-deformed magnets are

obtained at hot-pressing temperature of 650 �C. X-ray

diffractometer pattern shows that the (00L) texture has

been obtained. For the microstructural characteristic, on the

one hand, the good magnetic performance is attributed to

the fine platelet-like grains with an average length of

410–440 nm at the hot-pressing temperature range from

625 to 675 �C. On the other hand, the unaligned coarse

grains are observed in all the samples. And the areal

fraction of those is gradually increasing with the rise of the

hot-pressing temperature, which tends to deteriorate the

magnetic properties. The composition map shows the

accumulation of Nd/Pr-rich phase in the coarse grains’

region.
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1 Introduction

Excellent magnetic properties of permanent magnets

depend on the high coercivity and the high remanence,

with a good squareness (Q) of the demagnetization curves

[1–8]. Thus, hot-deformed technique draws much attention

in recent years, since it can generate a good grain align-

ment (good texture) and nanocrystalline microstructure [9].

Generally, the hot-deformed process can be applied to

melt-spun [10–13] or hydrogenation disproportionation

desorption recombination (HDDR) [14, 15] Nd–Fe–B

materials. The hot-deformed magnets are obtained by hot-

pressing (HP) process and hot-deforming (HD) process.

The initial powders can be fully compacted by hot-pressing

process, and then, the hot-pressed magnets are further

deformed to obtain the hot-deformed magnets [16–20].

Compared with the sintered Nd–Fe–B magnets, the hot-

deformed Nd–Fe–B magnets have low content of rare-

earth, good thermal stability and corrosion resistance. Hot-

deformed Nd–Fe–B magnets have been prepared by Lee

et al. [21] in 2003 and exhibit good magnetic properties.

A great number of researches are devoted to improving

the properties of hot-deformed magnets. Recently, a new

method of coercivity enhancement has been discovered by

Hono et al. [22]. The result demonstrates that hot-deformed

magnets processed from amorphous powders show higher

coercivity than that processed from nanocrystalline pow-

der. And that is different from the method of grain

boundary modification [23, 24]. Because of the high
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temperature, the grains will grow and the magnetic prop-

erties are very sensitive to the grain size [25]. The

dependence of magnetic properties on hot-deformed tem-

perature has been concerned.

For nanocrystalline magnetic powers, numerous resear-

ches about hot-pressing temperature and hot-deformed

temperature have been conducted. The density and the

grain size of hot-pressed magnets are affected by the hot-

pressing temperature, which further affects the

microstructure and the properties of hot-deformed magnets.

The effect of hot-pressing temperature ranges from 550 to

780 �C on density and magnetic properties of hot-de-

formed magnets has been discussed by Lipiec and Davies

[16]. The hot-deformed temperature is another important

temperature parameter, and it greatly affects the ability of

deformation [26], microstructure [27], density [28], mag-

netic and mechanical [29] properties.

All the above studies focus on the hot-deformed mag-

nets with nanocrystalline precursor. Nevertheless, few

reports have systematically studied the effect of tempera-

ture on the microstructures and magnetic performance of

the hot-deformed magnets processed from nanocrystalline/

amorphous melt-spun Nd–Fe–B powders. This work aims

to prepare the hot-deformed magnets processed from

nanocrystalline/amorphous melt-spun Nd–Fe–B powders

and investigate the effect of hot-pressing temperature on

phase structure, microstructure and magnetic properties for

the hot-pressed and hot-deformed magnets, respectively.

Finally, the optimum hot-pressing temperature range is

obtained, at which hot-deformed magnet with good mag-

netic performance is prepared.

2 Experimental

The alloy ingots with a nominal composition of

(Pr,Nd)28.87Febal.Co3.35Ga0.49B0.91 (wt%) were prepared by

induction melting. And then, the melt-spun ribbons were

obtained by single-roller melt-quenching at a wheel speed

of 40 m�s-1 under Ar atmosphere, pulverized to initial

magnetic powders with particle size of 120–180 lm.

Subsequently, with the self-made hot-pressing equipment,

the dense cylindrical magnets were prepared by hot-

pressing at 600–750 �C under 100 MPa in vacuum, and

then, these cylindrical magnets were further hot-deformed

to obtain wafer magnets at 725 �C at an average of

0.03 mm�s-1 until 70% reduction in height was achieved.

The small cylinders with 2.5 mm in diameter were cut

from the middle of the wafer magnets by an electric spark

linear cutting. The overall structure of the samples was

identified by X-ray diffractometer (XRD, Rigaku, Smart-

lab) with Co Ka radiation. The magnetic properties were

measured by vibrating sample magnetometer (VSM,

Quantum Design, Versalab). The microstructure of the

samples was obtained by scanning electron microscope

(SEM, ZEISS). Energy-dispersive spectrometry (EDS) was

used to investigate the mapping of composition.

3 Results and discussion

3.1 Initial magnetic powder

Figure 1 shows the hysteresis loop and diffraction pattern

of initial powder. In Fig. 1a, a kink can be observed in the

second quadrant of the hysteresis loop, meaning the exis-

tence of amorphous phase or other phases. In Fig. 1b, XRD

result demonstrates that the sample consists of Nd2Fe14B

phase, and no other phases were detected compared with

the standard PDF-card. It has been reported that the

amorphous phase is obtained easily because of the rapid

quench at higher wheel speed [30]. So, the nanocrystalline/

amorphous Nd–Fe–B powders have been already prepared.

3.2 Hot-pressed magnets

The density and magnetic properties of hot-pressed mag-

nets under different hot-pressing temperatures are shown in

Fig. 2. It can be seen that the density of hot-pressed

magnets increases as the hot-pressing temperature goes up.

The density rises from 7.0 to 7.3 g cm-3 when the hot-

pressing temperature goes from 600 to 625 �C. When the

hot-pressing temperature is above 650 �C, the density

reaches 7.5 g�cm-3. The remanence gradually rises with

the hot-pressing temperature increasing from 600 to

650 �C and then enters in a plateau with the temperature

further rising, which is consistent with the relationship

between temperature and the density. Meanwhile, the

coercivity is gradually decreasing as the temperature is

above 675 �C. On the one hand, the high hot-pressing

temperature leads to the higher density and the lower

content of the non-magnetic phase, which is beneficial to

the properties of the magnets [16]. On the other hand, the

high hot-pressing temperature will result in the increase in

grain size in the magnets, which is bad for the performance.

Therefore, strictly controlling the hot-pressing temperature

is significant to obtain the hot-pressed magnets with high

performance.

Figure 3 shows the fracture morphology of hot-pressed

magnets. As shown in Fig. 3, the grains of hot-pressed

magnet under 650 �C are finer than those under 750 �C.

The lower coercivity of magnets at 750 �C is attributed to

the abnormal grain growth [28]. Thus, the hot-pressed

magnets with optimum magnetic properties and fine grains

can be obtained at 650–675 �C.
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3.3 Hot-deformed magnets

Figure 4 shows the dependence of magnetic performance

of hot-deformed magnets on hot-pressing temperature. The

magnetic properties of hot-deformed magnets firstly

improve and then deteriorate with the increase in the hot-

pressing temperature. The optimum coercivity is obtained

when the temperature reaches 625 �C, and then, the coer-

civity slowly declines between 625 and 675 �C. Dramatical

reduction in coercivity happens when the temperature is

higher. The optimum energy product ((BH)max) and the

remanence are obtained at 650 �C. The optimum Q value is

obtained at 675 �C. The optimum comprehensive magnetic

properties of magnetic induction intensity of Br = 1.3 T,

intrinsic coercivity of Hcj = 1130.0 kA�m-1,

(BH)max = 282.5 kJ�m-3, Q = 0.57 are obtained.

Figure 5a shows the initial magnetization curves and

demagnetization curves of hot-deformed magnets prepared

at different hot-pressing temperatures. The shape of the

initial magnetization curve shows a two-step behavior and

changes as the hot-pressing temperature increases. As

shown in Fig. 5a, b, a kink can be found in the second

quadrant of the demagnetization curve and changes grad-

ually with the increase in the hot-pressing temperature.

Fig. 1 a Hysteresis loop and b XRD pattern of initial powder

Fig. 2 Magnetic properties and density of hot-pressed magnets

dependence of hot-pressing temperature

Fig. 3 Fracture SEM images of hot-pressed magnets at a 650 �C and b 750 �C
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When the hot-pressing temperature is in the range of

650–700 �C, the demagnetization curves become smooth.

According to Refs. [25, 31–33], all the demagnetization

curves are smooth. And XRD results in Fig. 6 demonstrate

that there are no other phases. One possible reason for the

appearance of the kink in the demagnetization curves is the

existence of the amorphous phase in the samples.

In order to explore the difference of magnetic properties,

magnetization behaviors and demagnetization behaviors,

the phase structure and microstructure characteristics of

hot-deformed magnets were investigated. XRD patterns

and ratio of (105) peaks to (006) peaks of hot-deformed

magnets at different hot-pressing temperatures are shown

in Fig. 6. XRD patterns show that the samples consist of

Nd2Fe14B phase, and no other phases are detected. The

major peaks of XRD are Peak (105) and Peak (00L),

showing better crystallographic alignment [34–36]. As

shown in Fig. 6a, the (00l) peaks of hot-deformed Nd–Fe–

B magnets with better alignment gradually change with the

hot-pressing temperature increasing. In order to understand

the c-axis alignment, Fig. 6b shows that the ratio of (006)

peaks to (105) peaks firstly increases and then drops with

the hot-pressing temperature increasing. The variance of

ratio keeps pace with that of the remanence in Fig. 4. When

the temperature is higher than 650 �C, the ability of grain

orientation is weakened due to the excessive hot-pressing

Fig. 4 Dependence of magnetic performance of hot-deformed magnets on different hot-pressing temperatures

Fig. 5 a Initial magnetization curves and demagnetization curves of hot-deformed magnets at different hot-pressing temperatures; b magnified

image of red circle (HP600-HP750 referred to the magnet hot-pressed at 600-750 �C)
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temperature. When the hot-pressing temperature is con-

ducted at 750 �C, the deteriorating orientation in Fig. 6 can

be ascribed to the abnormal grain growth shown in Fig. 3.

In order to figure out the influence of the microstructure

on the magnetic properties, the fracture morphology of the

hot-deformed magnets at hot-pressing temperature of

600–750 �C is characterized. Figure 7 shows the

microstructure (9 20,000) of hot-deformed magnets with

different hot-pressing temperatures. As shown in Fig. 7,

the platelet-like grains can be found in all samples, and the

existence of such platelet-like grains indicates that the c-

axis orientation can be obtained by the hot-deformed pro-

cess, but oriented degree of each sample is different.

Figure 8 shows the statistical grain size of hot-deformed

magnets prepared at different hot-pressing temperatures.

The length of the platelet-like grains of hot-deformed

magnets varies with the elevated hot-pressing temperature.

When the hot-pressing temperature is about 600 �C, the

average length of the platelet-like grains is 250 nm, and then

410–440 nm at 625–675 �C, corresponding to the samples

with good magnetic properties. As the hot-pressing

temperature is higher than 700 �C, the average length of the

platelet-like grains is above 500 nm. The abnormal grain

growth leads to the decrease in coercivity of magnets

[25, 28]. But for all samples, the width of the platelet-like

grains is about (100 ± 10) nm, and the change of width is

not obvious with enhanced hot-pressing temperature.

Fig. 6 a XRD patterns and b ratio of (105) peaks to (006) peaks of hot-deformed magnets at different hot-pressing temperatures

Fig. 7 Fracture SEM images of hot-deformed magnets prepared at different hot-pressing temperatures: a 600 �C, b 625 �C, c 650 �C, d 675 �C,

e 700 �C, f 725 �C and g 750 �C

Fig. 8 Statistical grain size of hot-deformed magnets prepared at

different hot-pressing temperatures
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As shown in Fig. 9, the layers in the microstructure

(9 5000) were characterized, and the zone of unaligned large

grains gradually enlarges with the increase in the hot-press-

ing temperature. At 600 �C, three states of grains platelet-

like grains, unaligned fine equiaxed grains and unaligned

coarse equiaxed grains exist in the magnets, as shown by the

arrows in Fig. 9. The unaligned fine equiaxed grains disap-

pear at 675 �C, and the platelet-like grains and unaligned

coarse equiaxed grains account for the main part. Abnormal

grain growth happens at 750 �C; meanwhile, the unaligned

coarse grains occupy most of the volume in the magnets. The

large grains are unaligned, so the existence of large grains

accounts for the worsening magnetic properties.

The microstructure and mapping of hot-deformed magnets

hot-pressed at 675 �C are shown in Fig. 10. In the coarse

grains’ region, there is obvious accumulation of rare-earth

elements such as Nd and Pr, and the rare-earth elements

content in the coarse grains’ region is obviously higher than

that in the fine grains’ region. The liquid grain boundary

phase will be extruded into the interspaces in ribbon inter-

faces with great stress at high temperature, which is the main

reason of grain growth. There are many defects between

layers, and disappearance of the interface will release energy,

which will promote the nucleation of grain [26].

4 Conclusion

In this study, the influence of hot-pressing temperature on

microstructural evolution and the magnetic performance

of hot-deformed magnets processed from nanocrystalline/

amorphous melt-spun Nd–Fe–B alloys were systemati-

cally investigated. It is found that the density of hot-

pressed magnets reaches 7.5 g�cm-3 as the temperature is

above 650 �C. The optimum magnetic performance

of Br = 1.3 T, (BH)max = 282.5 kJ�m-3, Hcj =

1130.0 kA�m-1 of hot-deformed magnets is obtained at

hot-pressing temperature of 650 �C. When the hot-

pressing temperature is at 625–675 �C, the platelet-like

grains are fine with the average length of 410–440 nm,

benefitting to obtain good magnetic properties. The una-

ligned coarse grains are observed at all the samples, and the

zone of those is gradually increasing with the increase in the

hot-pressing temperature. The layers tend to lower the

magnetic properties. The EDS shows the accumulation of

Nd/Pr-rich phase in the coarse grain’s region.
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Fig. 9 Fracture SEM images of hot-deformed magnets prepared at different hot-pressing temperatures: a 600 �C, b 675 �C and c 750 �C

Fig. 10 a SEM image of hot-deformed magnets prepared at hot-pressing temperature of 675 �C; EDS mapping of same region for b Nd, c Pr,

d Fe and e Co
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