
1. Introduction
Many types of rare-earth permanent magnets which

possess high magnetic properties are based on SmCo５,
Nd２Fe14B or Sm２Fe17Nx alloys. These magnetic materials
are fabricated by techniques such as powder metallurgical
sintering process１）‐３）, melt-spinning route４）‐７）, mechanically
alloying process８）‐11) and hot working technique12)‐13) to
obtain high remanence, coercivity and energy product.
Generally, the multi-component composition of magnets

leads to the formation of nonmagnetic and soft magnetic
phases, and the composition can change the intrinsic
properties such as Curie temperature, magneto-crystalline
anisotropy and even corrosion resistance14). The usage of
Nd-Fe-B sintered magnets has dramatically increased over
the years since their development15) because of their high
magnetic properties. Permanent magnets based on Nd-Fe-
B have contributed to new applications such as electric
appliances, automobiles and industrial motors16). Nd-Fe-B

based permanent magnets exhibit complex multi-phase
microstructures such as a hard magnetic Nd２Fe14B phase,
boride NdFe４B４ phase, and low melting Nd-rich phase
located in the intergranular region. Also, because Nd-Fe-B
based permanent magnets are very sensitive to
oxidization, considerable research has been directed at
improving corrosion resistance17)‐19). Recently, polymer
bonded magnets based on Nd-Fe-B alloys have seized
sizable market share in the rapidly growing magnet
industry. However, Plusa et al 20) reported that Nd-Fe-B
bonded magnets exhibit lower remanence (MR) and
maximum energy product (BH)max because of their lower
volume fraction. These bonded magnets are manufactured
by means of compression or injection molding process.
The underwater shock compaction technique21)‐25) is a

promising method for magnetic powder consolidation.
This technique avoids prolonged heat treatment and
fabricates a denser bulk without the use of a binder due to
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its very fast consolidation process and high shock
pressure. In this study, we have employed the underwater
shock compaction technique to fabricate Nd-Fe-B bulk
magnets with cobalt (Co) additions with the aim of
investigating magnetic, mechanical and corrosion
resistance properties of shock-consolidated Nd-Fe-B-Co
magnets.

2. Experimental procedure
The powder consolidation device, shown in Figure 1,

consists of an explosive container, water container,
powder container and powder capsule. A high
performance explosive, water and powder were charged
and filled to each container. The main powders used in this
study were Nd２Fe14B powder (�350µm particle size) and
Co powder (�45µm particle size). Co powder ratios of 5%,
10% and 15% were respectively added to the Nd２Fe14B
powder. The mixed Nd-Fe-B-Co powders were press-
inserted to the powder capsule using a uniaxial press
machine (at 20kgf/cm２) under argon atmosphere. To
eliminate the influence of a reflected force, a cushion
powder (SUS304,�45µm particle size) was used.
To investigate the corrosion resistance of the shock-

consolidated Nd-Fe-B-Co magnets, thermogravimetric
analysis (TGA) tests were performed on samples
weighing approximately 0.3 g using a TGA-60
measurement device under atmosphere test conditions.
The samples were heated from ambient temperature to
the set point of 700οC at a heating rate of 10οC/min.
Weight changes were recorded automatically.
Magnetic property measurements of shock-consolidated

Nd-Fe-B-Co magnets with a weight of 1.7mg were
performed using a commercial super conducting quantum
interference device (SQUID) magnetometer.

3. Results and discussion
Figure 2 shows photographs of shock-consolidated Nd-

Fe-B and Nd-Fe-B-Co magnets. The compacts were
mechanically processed using machine tools, and their

relative densities for the theoretical density were about 96
~97%. Figure 3 shows optical microscope images of the
NdFeBCo compacts versus those with Co additions. It was
confirmed that the mixed Nd-Fe-B-Co powders are
completely melted, and cracks, voids and pores are
formed. Cracking and voiding problems often occur in
shock compaction since high velocity impact and tensile
waves easily induce cracks in the compacts26). The
compacts showed increased cracking and voiding with
increasing Co additions, possibly caused by the difference
in hardness and thermal expansion properties between
the Co element and Nd-rich phase distributed on the grain
boundary area. The X-ray diffraction (XRD) analysis
shown in Figure 4 reveals that the Nd-rich phase very
quickly oxidizes and changes to Nd２O３ phases in all
compacts. Figure 5 shows the magnetization curves
versus the magnetic field at 1 T (Tesla) measured by
SQUID magnetometer for the shock-consolidated Nd-Fe-B
and Nd-Fe-B-Co magnets, revealing that the
magnetization saturation point decreased with increasing
Co additions. This is caused by cracks, voids and some
lattice defects which were generated by high velocity
impact. Therefore, shock compaction can be expected to
lead to a decrease in magnetization, and Co powder can
become an impurity suppressing magnetization if there is
no perfect chemical combination between the Co powder
and Nd-Fe-B powder. Coercivity showed an unusual
increase with increasing Co additions, as shown in Figure
6, increasing up to the ratio of Co 10% addition and then
decreased at the ratio of Co 15% addition. This is related to
the generation of a new magnetic phase in the
nonmagnetic Nd-rich phase where excessive Co additions
are made and is consistent with previously reports27). In
addition, coercivity is affected by domain wall trap
structures28) ; micro-cracks, voids, pores and impurities
can lead to an increase in domain wall trap energy, which
can influence the increase of coercivity. Specifically, shock
compaction effects an increase in coercivity since voids
and pores are easily generated. Figure 7 shows the results

Figure１ Schematic illustration of powder consolidation device
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of thermogravimetric analysis (TGA) tests for the shock-
consolidated Nd-Fe-B and Nd-Fe-B-Co (Co 5%, 10% and
15% additions). The weight change versus the
temperature change was investigated. The Nd-Fe-B
compact exhibited a rapid weight change, and its
oxidation velocity was faster than the Nd-Fe-B-Co
compacts, which have a gentle weight change with
increasing Co additions. This is evidence that the corrosion
resistance of Nd-Fe-B has improved by the Co additions.
For the hardness values of Nd-Fe-B-Co compacts as shown
in Figure 8, all samples exhibited higher hardness values
than that of powder metallurgical sintered Nd-Fe-B
magnets (Hv 527~568)29) . In the case of Co 5% additions, the
hardness sharply increased due to strengthened
intergranular phases29). However, hardness of the

NdFeBCo with Co 10% and 15% addition decreased.

4. Conclusions
Shock-consolidated Nd-Fe-B-Co magnets were

fabricated using the underwater shock compaction
technique. Shock-consolidated samples showed that crack
formation increased with increasing Co additions due to
differences in hardness and thermal expansion coefficients
between the Co element and Nd-rich phases, which is
distributed on the grain boundary area and can lead to
difficulties in powder compaction. Regarding magnetic
properties, the saturated magnetization point and
magnetic permeability also decreased with increasing Co
additions. However, coercivity increased up to the ratio of
Co 10% addition before decreasing at the ratio of Co 15%.

Figure２ Photographs of (a) shock-consolidated Nd-Fe-B ; (b) Nd-Fe-B- (Co
5%) ; (c) Nd-Fe-B- (Co 10%) ; (d) Nd-Fe-B- (Co 15%) magnets.

Figure３ Optical microscope images of (a) shock-consolidated Nd-Fe-B ; (b) Nd-Fe-B-
(Co 5%) ; (c) Nd-Fe-B- (Co 10%) ; (d) Nd-Fe-B- (Co 15%) magnets.
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This increase in coercivity is affected by the domain wall
trap energy, which is generated by impurities, voids and
cracks. In the case of Co addition of 15%, coercivity
decreased due to the generation of a new magnetic phase
in the nonmagnetic Nd-rich phase, where excessive Co
additions are made.
Regarding corrosion resistance, the shock-consolidated

Nd-Fe-B magnet without Co addition showed an increase
in weight compared to that of the shock-consolidated Nd-
Fe-B-Co magnets with the Co additions because
nonmagnetic Nd-rich phase is very sensitive to oxidization.
The corrosion resistance of shock-consolidated Nd-Fe-B-Co
was shown to improve with increasing the Co additions.
Hardness sharply increased in the case of Co 5% addition
because the intergranular phase was strengthened.
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