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Die-upset Nd13.62Fe75.70Co4.45B5.76Ga0.47 magnets have been prepared with height reduction (h) in

the range of 60 to 88%. The energy product as high as 50.4 MGOe was obtained in the sample with

h� 70%. The magnetic domains of the samples are revealed by using magnetic force microscopy

(MFM). The average domain widths of the die-upset samples with surface normal parallel (//) and

perpendicular (\) to the loading direction are in the range of w//: 0.4-0.6 lm; w\: 0.9-3.8 lm,

respectively. These interaction domains are formed due to the strong inter-granular exchange

interaction and magnetostatic interaction between grains. It was found that the ratio of /rms
// to /rms

\

is a good indicator for the quality of the magnet, where the /rms
// and /rms

\ are defined as the

root-mean-square values of phase shift for the MFM images. The microstructures have been

investigated by scanning electron microscopy (SEM), MFM and SEM results indicate the magnetic

and crystalline microstructures are uniform for the sample with h� 70%, giving rise to the highest

magnetic performance among these samples. VC 2012 American Institute of Physics. [doi:10.1063/

1.3679423]

I. INTRODUCTION

The knowledge of magnetic domain structures is not

only of fundamental interests, but also of technological sig-

nificances. In particular, it is very important for the under-

standing of the magnetic properties of magnets and for the

development of high-performance magnets.1 Die-upsetting is

a thermomechanical process used to produce fully dense tex-

tured nano-scale magnets from magnetically isotropic melt-

spun Nd-Fe-B ribbons.2 The alignment of the magnetically

easy axes of the grains in die-upset magnets (i.e., strong

magnetic anisotropy) leads to the desired increase in rema-

nence and magnetic energy products.3–5 The size and proper-

ties of the magnetic domain structures, in relation to sample

preparation procedures, play an important role for under-

standing the magnetic reversal process in nanocrystalline

magnetic materials.

Magnetic force microscopy (MFM) with high lateral re-

solution (�10 nm), as a powerful tool to detect magnetic

domains of magnetic materials,6–8 has been used to investi-

gate the interaction domains in die-upset Nd-Fe-B mag-

nets.9,10 The magnetic domains presented in the previous

reports are not enough to illustrate the magnetic characteris-

tics in high performance die-upset Nd-Fe-B magnets, espe-

cially on the uniformity of the die-upset Nd-Fe-B magnets

that is one of important issues for the practical application of

high-performance magnets.

In this paper, we present an investigation of the mag-

netic microstructures and the structure uniformity of the

high-energy-product die-upset Nd-Fe-B magnets.

II. EXPERIMENTAL

Die-upset Nd-Fe-B magnets were prepared from Nd13.62

Fe75.70Co4.45B5.76Ga0.47 melt-spun ribbon powders. The die-

upsetting was in argon atmosphere at temperatures about

850 �C with different height-reduction (h) of 60%–88%. The

size of the die-upset magnets is approximately U24 mm�
8 mm. Cylindrical specimens approximately 6 mm in diame-

ter and 4 mm in height were cut from the center of die-upset

magnets. And their magnetic properties were measured using

hysteresis graph parallel to the loading (die-upset) direction

at room temperature. Cubic samples for MFM studies

(�4 mm3) were also cut from the center region of the die-

upset magnets to characterize the magnetic properties meas-

ured above. Magnetic domains of the samples were revealed

using a Digital Instruments D3100 magnetic force micros-

copy using high coercivity Fe-Pt tips. All the MFM images

were obtained at the same scanning height of 50 nm. We

have prepared two types of magnetic surfaces for domain

imaging studies. One is with surface normal parallel (//) to

the die-upset direction; the other is with surface normal per-

pendicular (\) to the die-upset direction. The crystalline

microstructures of the samples are studied using scanning

electron microscopy (SEM).

III. RESULTS AND DISCUSSIONS

The magnetic parameters, such as remanence Br, intrinsic

coercivity Hcj, and maximum energy product (BH)max, are

listed in Table I. The optimal magnetic properties [(BH)max

�50.4 MGOe] are obtained when the h is 70%. The energy

products of these samples are comparable to those previously

reported in Nd-Fe-B magnets prepared using spark plasma

a)Author to whom correspondence should be addressed. Electronic mail:

ykfang@126.com.
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sintering technique11 and produced from amorphous Nd-Fe-

Co-Ga-B materials.12

The obtained MFM images (10 lm� 10 lm) are shown

in Fig. 1. As shown in the left column [Figs. 1(a), 1(c), and

1(e)], the magnetic domain structures of the parallel samples

have maze-like pattern. One can conclude that many grains

participate in the formation of an interaction domain in

which the grains exhibit the similar orientation of magnetiza-

tion.13 Average domain width (w) of MFM images was

measured by using the stereological method proposed by

Bodenberger and Hubert14 for these complex domains.

Detailed explanation on this method can also be found in

Ref. 1. The w// values of these samples are about 0.40 lm,

0.53 lm, and 0.40 lm for the domain patterns at Figs. 1(a),

1(c), and 1(e), respectively. The w// of the samples with

h� 70% is the largest, indicating there exists the strongest

interaction between the grains. The formation of these mag-

netic domain patterns can be interpreted by considering the

energies that are associated with the surface free magnetic

poles and the domain walls.15 Its total energy is minimized

when the reduction in magnetostatic energy due to having

smaller domains that matches the energy spent in creating

new domain walls. In these complex domain structures, the

domain walls are likely laying along grain boundaries that is

similar to that reported by Griffiths et al.16 Moreover, there

is no elongation in the shape of the interaction domains for

these samples so that the two-dimensional Fourier transform

(TDFT) of the corresponding MFM image, as shown in the

insets in Figs. 1(a), 1(c), and 1(e), exhibits no directionality.

For a better understanding of magnetic domain struc-

tures, we have also studied the sample with surface normal

perpendicular to the loading direction. The corresponding

MFM images are shown in Figs. 1(b), 1(d), and 1(e) (right

column) for h of 60–88%, respectively. A large scan size

(40 lm� 40 lm) is needed to present the domain configura-

tions fully. On the whole, their magnetic domain show plate-

like patterns that are different from those maze-like patterns

presented in the left column of Fig. 1. The average domain

width w\ is in the range of 0.9 lm–3.8 lm. From the corre-

sponding TDFT patterns of the sample with h¼ 60% [inset

of Fig. 1(b)], the Fourier transform pattern shows a slightly

directionality that have a narrow plate-like pattern configura-

tions with domain width (�0.9 lm). When increasing h, the

directionality is more pronounced as shown in the TDFT pat-

terns (see the insets of Figs. 1(d) and 1(f)). In general, the

w\ values are much larger than w//. It is due to the surface

demagnetization field for perpendicular samples are much

smaller than that of parallel samples.

From the MFM images (Figs. 1(a)–1(f)), the root-mean-

square values of phase shift of the MFM images, /rms, were

calculated using Roughness Analysis assembled with MFM.

The /rms
//, /rms

\, and /rms
////rms

\ of the parallel and per-

pendicular samples are listed in Table I. In general, the

/rms
\ is less than the /rms

// because stray field in the perpen-

dicular sample surface is smaller than that of the parallel

sample. The magnetic domains are revealed by MFM

through detecting the interaction between magnetic tips and

magnetic stray fields emerged from sample surface. The

value of /rms is the standard deviation of the phase shift /
within the given scan area, and it can be calculated by

/rms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i ð/i � /aveÞ2

N

s
;

TABLE I. Magnetic properties (remanence Br, coercivity Hcj, and maximum energy product (BH)m) and parameters of MFM images (average domain width

w, root-mean-square values of phase shift of the images /rms) of the die-upset Nd-Fe-B magnets with high reduction h (60, 70, and 88%).

Samples h (%) Br (kGs) Hcj (kOe) (BH)m (MGOe) w// (lm) w\ (lm) /rms
// (�) /rms

\ (�) (/rms
//)/(/rms

\)

A 60 13.54 14.27 43.3 0.40 0.90 4.2 3.5 1.2

B 70 14.16 12.85 50.4 0.53 1–3.5 8.2 1.7 4.8

C 88 13.93 11.32 46.8 0.40 1–3.8 3.4 1.2 2.8

FIG. 1. (Color online) MFM images of the die-upset Nd-Fe-B parallel (left

column) and perpendicular (right column) samples with different height

reduction (60%–88%). (a) and (b): 60%, (c) and (d): 70%, (e) and (f): 88%.

Insets are the corresponding two-dimensional Fourier transform patterns.

07A734-2 Fang et al. J. Appl. Phys. 111, 07A734 (2012)



where /ave is the average of the / values within the given

area, /i is the ith / value, and N is the number of the pixels

within the given area (�512� 512). Generally, the evolution

of /rms
// of the MFM images can be used to indicate the vari-

ation of the magnetic properties of the samples. However,

we think that the ratio of (/rms
//) to (/rms

\) may be a better

indicator for the quality of the die-upset Nd-Fe-B magnets.

The higher the /rms
////rms

\ values, the better the magnetic

performance of the samples. The highest /rms
////rms

\ value

of �4.8 for the sample with h of 70% is in good agreement

with the best magnetic properties [(BH)max of �50 MGOe].

In order to have a better understanding of the structure

uniformity of the die-upset magnets, we have carried on

SEM on perpendicular sample. As shown in Fig. 2, the size

and shape of the grains of the samples could be recognized

in the SEM images. The loading directions are marked in

these images. It was found that the grain size distribution of

the sample with h¼ 60% is non-uniform. The existence of

some big grains at the left-bottom region of Fig. 2(a) is clear.

However, for the sample with h¼ 70%, the microstructure

was composed of elongated nanocrystalline grains with their

length perpendicular to the loading direction. The grains

have even size distribution with their width of about

50–65 nm and their length of 300–500 nm. The uniform

microstructure was expected to be responsible for the excel-

lent magnetic properties of the magnets. With increasing h
by 88%, it is clear that the grain distribution becomes non-

uniform as compared with Fig. 2(b) even if the grain size in

these two images is similar.

IV. CONCLUSIONS

The energy product of the die-upset Nd-Fe-B magnet

with height reduction of 70% is as high as �50.4 MGOe.

The ratio of root-mean-square values of phase shift of MFM

images, /rms
// to /rms

\, is found to be a good indicator for

the quality of the die-upset Nd-Fe-B magnets. The higher the

/rms
////rms

\ values, the better the magnetic performance of

the samples. Uniformity on microstructure plays an impor-

tant role on the achievement of high magnetic properties.
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A. Hubert and R. Schäfer, Magnetic Domains–The Analysis of Magnetic
Microstructures (Springer, Berlin, 1998) p. 313.

15J. B. Goodenough, Phys. Rev. 102, 356 (1956).
16M. K. Griffiths, J. E. L. Bishop, J. W. Tucker, and H. A. Davies, J. Magn.

Magn. Mater. 183, 49 (1998).

FIG. 2. SEM images of the die-upset Nd-Fe-B perpendicular samples with

h¼ 60–88%. The arrows show the die-upset direction.

07A734-3 Fang et al. J. Appl. Phys. 111, 07A734 (2012)

http://dx.doi.org/10.1016/j.actamat.2010.09.056
http://dx.doi.org/10.1063/1.95884
http://dx.doi.org/10.1063/1.353563
http://dx.doi.org/10.1016/S0925-8388(97)00026-1
http://dx.doi.org/10.1063/1.3126444
http://dx.doi.org/10.1016/j.jallcom.2007.08.069
http://dx.doi.org/10.1016/j.jmmm.2010.07.036
http://dx.doi.org/10.1016/j.jmmm.2010.07.036
http://dx.doi.org/10.1016/S0304-8853(00)01273-7
http://dx.doi.org/10.1063/1.2751092
http://dx.doi.org/10.1063/1.3339067
http://dx.doi.org/10.1063/1.367522
http://dx.doi.org/10.1088/0370-1328/76/1/419
http://dx.doi.org/10.1002/pssa.v44:1
http://dx.doi.org/10.1103/PhysRev.102.356
http://dx.doi.org/10.1016/S0304-8853(97)01083-4
http://dx.doi.org/10.1016/S0304-8853(97)01083-4

	Magnetic micro-structural uniformity of die-upset Nd-Fe-B magnets
	
	Authors

	tmp.1350666377.pdf.3iFOU

