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ABSTRACT

This study investigates the compaction of nanocrystalline NdFeB magnet

powder by electro-discharge sintering (EDS). On this account, process param-

eters, microstructure, and the associated magnetic properties of the EDS-den-

sified nanocrystalline NdFeB specimens were investigated by varying the

discharge energy EEDS and compression load pEDS. Although optimized process

parameters could be evaluated, three different microstructures (fully densified

zone, insufficiently densified zone, and melted zone) are present in the EDS-

compacted specimens. Thereby, volume fractions of these formed three different

microstructures determine the resulting mechanical and magnetic properties of

the specimens. For all specimens, the intrinsic coercivity Hc,J deteriorates with

increasing discharge energy, as the generated Joule heat leads to microstructural

changes (grain growth, dissolution of magnetic phases), which reduces the

magnetic properties. The compression load has less influence on the coercivity

Hc,J, as it only affects the initial resistance of the pre-compacted powder loose.

The residual induction Br deteriorates with increasing the discharge energy due

to microstructural changes. An increase in the compression load pEDS results in

an increase in the specimens’ density and thus promotes the residual induction

Br.

1 Introduction

As an enabler and driver of technology, permanent

magnets have gained increasing importance over the

last half-century and they are a critical part of many

high-tech products, such as electric vehicles, electric

generators of wind turbines, and consumer

electronics [1]. High-performance rare-earth-based

permanent magnets such as NdFeB are indispensable

in the miniaturization of electrical devices, the

development of highly efficient electric motors, and

energy conversion in general [2]. The energy product

(BH)max of NdFeB, which is the most important

quantity for permanent magnets as it describes the
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energy stored in the magnet, is the highest among all

permanent magnets in the case of NdFeB magnets. It

is theoretically above 500 kJ/m3 and thus exceeds

other permanent magnets at room temperature,

which can be attributed to the hard magnetic phase

Nd2Fe14B [3]. Due to the increasing electrification

(electromobility, energy storage) it can be assumed

that the need for NdFeB magnets will increase in the

future. On this account, the research and develop-

ment of new alloying concepts or more efficient

manufacturing processes in the field of NdFeB mag-

nets are still in the focus of researchers [4, 5]. NdFeB

permanent magnets can roughly be classified into

two categories, the metallic and the bonded magnets.

Mostly, fully metallic NdFeB permanent magnets are

densified by sintering of microcrystalline powders,

which contain an excess of rare earth elements (REE).

The REEs built a boundary phase that surrounds the

microcrystalline Nd2Fe14B grains and isolates them

from each other, which led to superior magnetic

properties [6]. Another possibility to manufacture

high-performance NdFeB magnets is to densify plate-

shaped powders with a nanocrystalline microstruc-

ture, which were produced by melt spinning [3]. The

densification of nanocrystalline NdFeB powders

cannot be done by a conventional sintering process as

the long holding time and high temperature would

lead to strong grain coarsening, which is associated

with a reduction in the magnetic properties. For the

densification of nanocrystalline NdFeB magnets, hot

pressing and subsequent hot extrusion have proven

to be the best method up to now, since the densifi-

cation can take place at a lower temperature and in a

shorter time due to the pressure support [1]. ECAS

(electric current activated/assisted sintering) tech-

niques are short-term sintering techniques and are

therefore suitable for the densification of powders,

where microstructural changes such as grain coars-

ening, precipitation, and dissolution reactions should

not occur such as nanocrystalline NdFeB powders.

The short process time (a few milliseconds up to a

few minutes) and fast heating and cooling rates of

ECAS techniques should be emphasized. From an

economic point of view, the ECAS techniques and

especially the EDS process is promising, because the

total energy consumption of the EDS process in

comparison to conventional sintering techniques is

very low. On the one hand, the current heats the

metal powder directly (Joule heat) and on the other

hand, the compaction process is very fast (5 ms)

[7, 8]. Today more than 50 different principles of

ECAS techniques are described in patents and liter-

ature [9]. The most popular technique is Spark

Plasma Sintering (SPS) [10, 11], but there are several

less popular techniques such as electro-discharge

sintering (EDS) [12, 13], Resistance Sintering (RS)

[14, 15] or Flash Sintering (FS) [16, 17]. Based on a

preliminary investigation [18, 19], dense NdFeB

magnets could be produced using EDS. Thereby,

differently, microstructures could be registered

locally in the EDS-densified sample, which in total

influence the bulk properties of the EDS-compressed

NdFeB magnet. In order to further optimize the

properties of EDS-compressed NdFeB magnets, pre-

cise knowledge of the locally formed microstructure,

and the properties associated with it is essential. This

knowledge gap needs to be closed in this work to

derive further optimization measures concerning

process technology and process parameters.

2 Experimental

2.1 Materials

In this study, commercial melt-spun NdFeB powder

from Magnequench was used. The powder has the

typical ribbon morphology and a nanocrystalline

microstructure, as depicted in Fig. 1a and b. The

powder has an average thickness of about 30 lm and

an average length and width of a few up to a few

mm.

The chemical composition of the initial powder is

shown in Table 1. According to the manufacturer’s

specifications, the initial powder has a remanence of

0.78 T and a coercivity of C 1650 kAm-1. The main

alloy elements Nd, Fe, and B led to the formation of

the hard magnetic phase Nd2Fe14B, whereas Cobalt

substitutes Iron and was alloyed to increase the Curie

temperature without decrease the remanence or

coercivity significantly. As the powder is usually

used to process hot-deformed NdFeB magnets, it

contains Gallium to improve the workability during

hot deforming and simultaneously it increases the

coercivity by changing the properties of the inter-

granular phase.
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2.2 EDS process

A schematic figure of the EDS process as well as a

picture of the EDS machine is shown in Fehler! Ver-

weisquelle konnte nicht gefunden werden.. For all EDS

densifications, 10 g of nanocrystalline NdFeB powder

(MQU-F) was filled into a cylindrical Si3N4 ceramic

die with a diameter of 19 mm. The powder loose was

then uniaxially pre-compacted with two CuCoBe

punches. In this work, the discharge energy EEDS was

varied between 40, 48, 56, 64, and 72 kJ. The com-

pression load pEDS was varied among 50, 70, 90, and

110 kN and results in contact pressures of 176 MPa,

247 MPa, 317 MPa, and 388 MPa for a punch diam-

eter of 19 mm. Depending on the degree of densifi-

cation, the cylindrical specimens have a height

between 5.5 and 6.0 mm (Fig. 2).

The measured EDS parameters (compression path,

compression load, and the voltage), as well as the

calculated resistance (Ohm’s law) of an EDS-densi-

fied NdFeB magnet using EDS of 72 kJ and pEDS of

110 kN, are shown in Fig. 3. The shape of the current

and voltage curve as a function of time is typical for

capacitor discharge. For the used EDS machine cur-

rent and voltage drops by reaching a time 2 ms after

discharge with a maximum of about 170 kA and

12 V. The calculated electrical resistance of the pow-

der loose was taken for a fixed time value. The curve

of the compression load decreases during the capac-

itor discharge, as the generated melt is pressed into

the cavities. The curve of the compaction path shows

a sinusoidal behavior because the copper plate on

which the distance measuring device is placed oscil-

lates after the capacitor discharge. As the period of

the sinus is constant, the compression path was taken

for a fixed time value.

2.3 Material characterization

Microstructural examinations were performed on the

one hand with a scanning electron microscope (SEM)

of the type TESCAN Mira 3 in the secondary electron

Fig. 1 a Overview of the

morphology of the powder

particles an b Nanocrystalline

microstructure of the NdFeB

powder

Table 1 Chemical composition in wt% of the nanocrystalline

NdFeB powder (manufacturer’s specification)

Element Nd Co B Ga Pr C Dy Fe

30.22 6.02 0.88 0.53 0.20 0.02 0.02 Bal.

Fig. 2 a Schematic diagram of the principle of the EDS process and b the EDS machine of the Ruhr-University Bochum and c EDS-

densified NdFeB magnet (diameter d = 19 mm)
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(SE) and backscattered electron (BSE) modes, a

working distance of 8—15 mm, and an acceleration

voltage of 15 to 20 kV. Before the microstructural

examinations, the specimens were mechanically cut,

ground on 18 lm abrasive paper, and polished

stepwise with water-free, 3 lm, and 1 lm diamond

suspensions. On the other hand, micrographs were

made with a transmission electron microscope (TEM)

of the type FEI Tecnai F20 G2. The acceleration volt-

age was 200 kV. The images were taken in bright

field and STEM dark field mode. High-resolution

micrographs were performed in bright field mode.

The production of electron transparent lamellas was

carried out with a FIB of the type FEI Quanta 200 3D.

Phase analysis was performed with a Bruker D8

Discovery X-ray diffractometer using copper Ka

radiation and a VȦNTEC-500 area detector with a

detector position of 150 mm and a 500 mm collima-

tor. A scanning angle of 2h = 25�–85�with increments

of 10� and a dwell time of 1000 s were used.

Diffractograms were evaluated with the program

Diffrac.eva using the crystallographic open database

(COD). The specimen’s density was measured by the

Archimedes’ principle. The magnetic properties of

small specimens were measured using a Physical

Property Measurement System (PPMS, Quantum

Design) complemented with a vibrating sample

magnetometer (VSM). The image analysis was per-

formed with ImageJ. For this purpose, SEM panora-

mic images from 120 single pictures of the different

specimens were taken, the areas of the different

microstructures (fully densified, insufficiently densi-

fied, and melted) were marked and finally, the dif-

ferent areas were calculated. The magnetic properties

of the whole specimens were evaluated with a per-

magraph system (C-300 from Dr. Steingroever

GmbH) after the previous magnetization in a pulsed

field.

3 Results and discussion

3.1 EDS process

The influence of the EDS parameters, namely the

discharge energy EEDS and the pressing force pEDS, on

the discharge current, the calculated resistance, the

compression path, and the discharge voltage is

depicted in Fig. 4. No temperature measurement is

possible during the EDS process because of the fast

compaction process, the restricted accessibility for

measuring systems, and the inertia of non-optical

measuring devices. The discharge current increases

for both increasing discharge energies and pressing

forces. Using higher discharge energies increases the

amount of energy, which is discharged through the

sample cross at the same time and thus higher cur-

rents are discharged. Higher compression loads lead

to an increase of the contact point density and

breaking up of oxide layers, thus resulting in lower

resistances and according to Ohm’s law in higher

currents. The compression path decreases if higher

compression loads are used as the degree of pre-

densification before the discharge is higher.

Using higher discharge energies and higher com-

pression loads leads to decreasing resistances as it’s

inversely proportional to the current. As mentioned

above, higher compression loads lead to an increase

of the contact point density and breaking up of oxide

layers, thus resulting in lower resistances of the

powder loose. Table 2 shows the calculated electrical

energy according to formula E ¼
R t2
t1U � I � dt in the

secondary circuit (after the transformers) and the

percentage of energy relative to the energy of the

charged capacitors according to formula

E ¼ 1
2 � C �U2. The measured electric energy in the

secondary circuit strongly depends on the applied

current and ranges from 20.84 kJ (50 kN / 40 kJ) to

Fig. 3 The EDS parameters as

a function of time of an EDS-

densified NdFeB magnet

EEDS = 72 kJ and pEDS = 110

kN
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57.30 kJ (110 kN / 72 kJ). As the resistance of the pre-

compacted powder loose is higher for specimens that

were densified with lower compression loads, the

measured energy is lower. Also, the proportion of

generated Joule heat of the total energy (capacitor

charge) is higher for the specimens that were densi-

fied with lower compression loads, and thus, the

measured energy is lower. The microstructural

examinations in the next chapter will confirm this

assumption.

The impact of the main process parameters,

namely compression load pEDS and discharge energy

EEDS, on the density of the sample q is listed in

Table 3. The sample density increases with increasing

compression loads and discharge energies. An

increase of the compression load leads to an

enhancement of the degree of pre-compaction of the

loose powder and therefore the specimens possess

higher densities after the discharge. Higher discharge

energies led to the formation of a more liquid phase,

which also improves the degree of densification.

Higher discharge energies cause more Joule heat to

be generated, thus increasing the amount of liquid

phase and leads to higher densities. Besides, higher

compression loads are supporting the movement of

the formed liquid phase into the cavities, thus addi-

tionally improves the densification during EDS

processing.

3.2 Microstructure

Figure 5 shows the microstructure of the EDS-densi-

fied NdFeB specimens. Independent of the used EDS

process parameters (discharge energy and compres-

sion load), three different microstructural zones can

be identified in the cylindrically shaped specimens,

which in the following are designated as a) fully

densified, b) insufficiently densified, and c) melted

zones. The local formation of the three different

microstructures is schematically illustrated in Fig. 5.

These three different zones occur due to the inho-

mogeneous current distribution inside the specimen,

which leads to a temperature gradient during

Fig. 4 Measured current,

compression path, resistance,

and voltage of the EDS-

densified NdFeB specimens as

a function of the two main

process parameters (discharge

energy and compression load)

Table 2 Measured electric energy in kJ in the secondary circuit

and the efficiency in % with varying discharge energy EEDS and

compression load pEDS using 10 g of powder MQU-F

40 kJ 48 kJ 56 kJ 64 kJ 72 kJ

50 kN 20.84 25.21 29.62 33.23 38.27 Measured

51.10 52.52 52.89 51.92 53.15 Efficiency

70 kN 26.74 32.15 37.46 43.66 47.58 Measured

66.85 66.98 66.89 68.22 66.08 Efficiency

90 kN 30.93 36.53 42.50 48.19 54.19 Measured

77.33 76.10 75.89 75.30 75.26 Efficiency

110 kN 33.19 40.25 47.46 52.26 57.30 Measured

83.30 83.85 84.75 81.65 79.58 Efficiency

Table 3 Density q in g/cm3 with varying discharge energy EEDS

and compression load pEDS using 10 g of powder MQU-F

40 kJ 48 kJ 56 kJ 64 kJ 72 kJ

50 kN 6.99 7.02 7.15 7.29 7.42

70 kN 7.25 7.36 7.44 7.55 7.53

90 kN 7.45 7.52 7.55 7.58 7.57

110 kN 7.46 7.51 7.55 7.55 7.56
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discharging. The inhomogeneous temperature dis-

tribution is caused by different initial transition

resistances inside the pre-compacted loose powder

due to uniaxial pressing, which causes local differ-

ences in Joule heating.

Additionally, the specimens show cracks. There are

various possible reasons for crack formation. Crack

formation and propagation may occur during sample

preparation (cutting, grinding, polishing) of the brit-

tle material or high-temperature gradients are acting

during EDS compaction which can cause the forma-

tion of thermal stresses. Also, cracks can occur during

the removal of the EDS-compacted samples by the

movement of the punch and the die and the conse-

quent introduction of mechanical stresses.

Figure 5b shows the fully densified area, which is

the predominant microstructure. The fully densified

zone is characterized by powder particles sur-

rounded by a bright phase. This bright phase is

formed at the respective particle contact points (high

transition resistance) during EDS densification due to

Joule heating and dissociation of the phase Nd2Fe14B.

The high temperature, which is generated at the

respective particle points, promotes the welding of

the particles with each other by the formation of a

liquid phase in between. Due to the applied com-

pressive load, the liquid and after solidification

bright phase can penetrate gaps and therefore pro-

motes the formation of a dense microstructure.

Otherwise, this bright phase is the oxide rich surface

of the former powder particles, as NdFeB powder is

affine to oxygen, thus forming mainly Nd-rich oxides

if the powder is exposed to air.

The insufficient densified zone occurs predomi-

nantly in the bottom part of the specimen, as shown

in Fig. 5a, dependent on the used process parameters.

The insufficient densified zone has a porous struc-

ture, and the still visible plate-shaped powder parti-

cles are only fused locally together. Increasing the

compaction load pEDS and the discharge energy EEDS

reduces the volume fraction of the insufficiently

densified zone, as shown in Table 4. The lowest

compression load and discharge energy lead to an

area fraction of 50.45%. If only the compression load

is increased, the insufficient densified area can be

decreased to 21.56%, while increasing the discharge

energy the insufficient densified area can be reduced

to 3.75%. If both process parameters are increased to

the maximum value, the area fraction can be lowered

to a value of 1.65%. High discharge energies promote

the formation of the liquid phase in the whole sample

and thus increase the degree of densification. High

compression loads also reduce the amount of the

insufficiently densified zone, which can be attributed

to a higher degree of pre-compaction. The used EDS

machine is equipped with a uniaxial press, which led

to a more inhomogeneous degree of compaction

compared to biaxial compressing techniques, which

Fig. 5 Above: EDS-densified NdFeB specimen. Below: Three different microstructures in EDS-compacted NdFeB specimens:

a insufficiently densified zones, b fully densified zones and c melted zones
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influences the current distribution. Why the reduc-

tion of the insufficient densified area by increasing

the compression load is better in contrast to the dis-

charge energy, will be discussed in the following

chapter.

The third formed microstructure, namely the mel-

ted zone, in the EDS-compacted specimens is char-

acterized by strong segregation, as shown in Fig. 5c.

This microstructure is formed du to melting followed

by a fast solidification. The amount of melted zone is

mainly affected by the discharge energy, whereby

higher discharge energies in general increase the

amount of the melted zone due to the formation of a

high volume fraction of liquid phase during EDS

processing. For example, at a constant compression

load of 110 kN, the area fraction of the melted zone is

increased from 0.12% (40 kJ of discharge energy) to

9.26% (72 kJ of discharge energy). However, the

pressing force influences the quantity of the melted

zone as well since the pressing force influences the

initial resistance and therefore affects the generated

Joule heat during energy discharge. At constant dis-

charge energy of 72 kJ, the fraction of the melted

microstructure area is decreased with an increasing

compression load, as shown in Table 4. Due to the

applied load by uniaxial compression, the lower

peripheral areas possess lower densities [20]. This

lower degree of compaction influences the current

flow as the density of the loose powder is associated

with a higher transition resistance between two

adjacent particles. This leads to higher heat insertion

because of Joule heating, thus promoting the forma-

tion of a liquid phase, which is pressed into this

lower pre-densified zone. during discharge because

of the applied stamp press force. The measured

parameters (resistance, energy, current) from the

previous section confirm that the specimens densified

with lower compression loads have a higher electrical

resistances in the pre-compacted powder loose, lower

current flows and the measured energies are lower

and therefore the proportion of Joule heat was higher.

Three different phases are formed, see Fig. 5c, which

are black, gray, and brightly colored. As the micro-

graphs were taken using the backscattered electron

detector, the black-colored phase is poor in heavy

elements, e.g., Nd, and therefore rich in Fe. The

brighter phases (gray and bright) are rich in heavy

elements such as Nd. As the temperature gradient

inside a specimen is inhomogeneous due to the nat-

ure of the EDS process, different solidification mor-

phologies occur within the melted zone, as shown in

Fig. 6. Related to the work of Gao et al., who descri-

bed phase formation in undercooled NdFeB alloy

droplets [21–23], these three phases are a-Fe (dark),

Nd2Fe14B (gray) and Nd-rich phases.

XRD patterns of the fully densified zones, using

both high and low discharge energies, and the melted

zone using a diffractometer setting using a collimator

to analyze local areas are shown in Fig. 7. These

diffractograms confirm the presence of the phases a-
Fe and Nd2Fe14B in the melted zone. At 2h angles of

28� and 40�, some unidentified diffraction reflections

in the diffractogram of the melted zone can be seen

and are probably Nd-rich phases. The intensity of the

reflections inside the pattern of the fully densified

zone decrease with increasing discharge energy,

which can be an indication of grain coarsening or a

reduction of the number of grains due to a dissocia-

tion of the nanocrystalline Nd2Fe14B phase into a-Fe
and Nd-rich phases below the melting temperature,

which will be discussed later.

Besides the segregated microstructure, another

solidification morphology occurs, see Fig. 6a. It is

reasonable to assume that this solidification mor-

phology consists of primary solidified Nd2Fe17By

dendrites because of their unique morphology,

Table 4 Area fraction of the melted, the insufficient densified,

and the fully densified zone in dependence of the used

compression load pEDS in kN and the discharge energy EEDS in kJ

40 kJ 56 kJ 72 kJ

50 kN

Melted 0.49% 4.85% 16.78%

Insufficient densified 50.45% 13.93% 3.75%

Fully densified 49.06% 81.29% 79.47%

70 kN

Melted 1.38% 4.14% 19.74%

Insufficient densified 37.41% 11.51% 4.20%

Fully densified 61.21% 84.36% 76.06%

90 kN

Melted 0.11% 4.36% 11.50%

Insufficient densified 28.87% 5.04% 1.63%

Fully densified 71.02% 90.60% 86.88%

Melted 0.12% 5.03% 9.26%

110 kN

Insufficient densified 21.56% 5.37% 1.65%

Fully densified 78.32% 89.60% 89.09%

The area fraction was determined using image analysis using the

software ImageJ
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namely a helical appearance with underdeveloped

secondary arms [21]. Schneider et al. detected the

metastable Nd2Fe17By phase (y&1) at high tempera-

tures [24]. During the EDS process, this

metastable phase could solidify as the temperature

distribution covers a wide temperature range, and

due to the fast cooling rates. Between the fully den-

sified zone and the melted zone, a transition zone

occurs, see Fig. 8. The transition from the fully com-

pacted zone to the melted zone is characterized by a

transition zone, shown in Fig. 8a. The right side of

Fig. 8a shows fine equiaxed a-Fe dendrites (dark)

surrounded by Nd2Fe14B (gray) and Nd-rich phases

(bright), which is comparable with the microstructure

in Fig. 6c. The high temperature above the melting

point and a subsequent fast solidification rate of the

melted material is the reason for the equiaxed mor-

phology of these microstructural constituents. On the

opposite side in Fig. 8a, the plate-like morphology of

the prior powder particles can be registered. At the

contacts between the respective powder particles, the

liquid phase is formed due to Joule heating, which

joined the particles. This microstructure between the

joined ribbons is comparable with the melted

microstructure described before and consists of dark

a-Fe dendrites, gray Nd2Fe14B, and bright Nd-rich

phases.

The prior ribbons themselves consist of the gray

Nd2Fe14B phase in which bright Nd-rich phases are

finely distributed. Using high discharge energies led

to a dissociation of the metastable Nd2Fe14B phase

within the prior ribbon and therefore below the

melting point, see Fig. 8b and c. The phase Nd2Fe14B

dissociated into finely dispersed bright precipitations

due to an oxidation-driven dissociation reaction, as

the Nd-oxides are thermodynamically stable. The

Fig. 6 Different solidification morphologies inside the melted

zone of the EDS-densified NdFeB specimen: a small area of

dendritic Nd2Fe17By and Nd-rich phases; b mixed microstructure

with fine and coarse dendritic a-Fe; c dendritic a-Fe, interdendritic
Nd2Fe14B, and Nd-rich phases

Fig. 7 Diffractograms of the

fully densified zones and

melted zone
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oxygen content before and after the EDS process was

measured and shows only a slight increase. There-

fore, the oxygen for internal oxidation must have

been already present inside the specimen or on the

surfaces of the melt-spun powder in the initial state.

Wuest et al. described a similar dissociation behavior

of the Nd2Fe14B phase into fine precipitations of Nd-

rich and Fe-rich phases during spark plasma sinter-

ing [25].

High-resolution TEM micrographs of the initial

powder and the fusion zone of two prior powder

particles are shown in Fig. 9. The fusion zone of two

prior powder particles is very narrow, see Fig. 9b.

Despite the very short process time of the EDS

method, grain coarsening has occurred comparing

the grain size of Fig. 9a and c. As grain coarsening is

caused not only by time but also by temperature, it

can be assumed that very high temperatures close to

the liquidus temperature occurred and grain coars-

ening in a short time is possible. Furthermore, the

nanocrystalline microstructure of the initial powder

is far away from equilibrium condition, which pro-

motes a coarsening and thus minimization of the

interfacial energy.

3.3 Magnetic properties

The influence of the process parameters (compression

load and discharge energy) on the material density

and the microstructure was discussed in the previous

section. The degree of densification increases in the

direction of higher discharge energies and compres-

sion loads. But in the microstructural section, it was

discussed that an increase in discharge energy is

accompanied by an increase of the area fraction of the

melted zone as well as by an increase of dissociation

reactions and grain coarsening of the nanocrystalline

Nd2Fe14B phase. These microstructural changes

counteract the magnetic properties of the initial

nanocrystalline NdFeB powder. Therefore, we want

to discuss the magnetic properties regarding the

microstructure formation during EDS processing and

afterward, suitable process parameters for EDS den-

sification of nanocrystalline NdFeB powder can be

derived. The magnetic properties of the whole EDS-

densified specimen for varying discharge energies

EEDS and compression loads pEDS are shown in

Fig. 10.

The volume fraction of the hard magnetic phase

Nd2Fe14B as well as the bulk density must be

Fig. 8 EDS-densified specimen (50 kN/72 kJ): a transition zone of the fully densified and the melted zones oft he EDS-densified NdFeB

specimen; b and c overheated microstructure of the fully densified zone

Fig. 9 TEM micrographs of a the initial powder MQU-F and b the fusion zone of two prior particles using high discharge energies 72 kJ
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maximized in the EDS-densified specimen to achieve

a high remanence. Both the compression load pEDS

and the discharge energy EEDS increase the bulk

density, as discussed in the previous sections. An

increase of the compression load pEDS leads to higher

densities without changing the microstructure sig-

nificantly. An increase of the discharge energy EEDS

promotes the specimen’s bulk density q as well, but

the amount of liquid phase formed during EDS

densification due to Joule heat is increased at the

same time. The melting of the NdFeB powder during

the EDS process leads to a dissociation of the

nanocrystalline Nd2Fe14B phase, which was set by the

melt-spinning process. This liquid phase solidifies

into a coarser microstructure that consists of a-Fe,
Nd2Fe14B, Nd2Fe17By, and Nd-rich phases. Therefore,

the local melting is accompanied by a reduction in

the volume fraction of the nanocrystalline hard

magnetic phase Nd2Fe14B which is accompanied by a

lowering of the remanence. Additionally, using high

discharge energies leads to an overheating of the

former powder particles, as shown in Fig. 8b and c.

Both the melting and the overheating increase the

amount of a-Fe and Nd-rich phases (e.g., oxides) and

lower, therefore, the magnetic properties [26, 27].

Increasing the discharge energy leads to lower coer-

civity values, as the amount of generated heat after

Joule is higher. The generated heat in turn leads to

melting, overheating, and grain coarsening of the

nanocrystalline Nd2Fe14B phase as discussed before

and is associated with a decomposition of nanocrys-

talline hard magnetic phase. The compression load

pEDS only increases the density of the specimen and

has less influence on the microstructure, so the

compression load has no influence on the coercivity

Hc,J.

In Fig. 11b, magnetic hysteresis of the whole

specimen measured by a permagraph system is

shown. It can be seen that the remanence and the

coercivity decrease with increasing discharge energy

and a constant compression load of 110 kN. This

behavior was discussed in the previous section and is

related to the microstructure that is formed during

EDS.

VSM measurements on small samples cut from a

bulk sample (EDS-densified with a compression load

of 110 kN and discharge energy of 72 kJ) were per-

formed to confirm that the magnetic properties of

EDS-densified NdFeB magnets are locally different

and strongly depends on the formed microstructure,

see Fig. 11a. Compared to samples P1 and P2, sam-

ples P3 and P4 have low magnetic properties. SEM

investigations, see Micrographs of Fig. 11, show that

for sample P4, the amount of melted microstructure

is higher than for sample P1, which is an explanation

for the low magnetic properties. Sample P1 has a

remanence Br of nearly 0.8 T, but the coercivity Hc,J is

only in the range of 1200 kA/m, as a result of a high

heat insertion due to Joule heating which is accom-

panied by the formation of a thin liquid seam and a

grain coarsening of the nanocrystalline phase

Nd2Fe14B.

For choosing the best possible EDS parameters for

compaction of nanocrystalline NdFeB powder, the

relationships listed below must be considered. The

generated Joule heat and thus the discharge energy

should be high enough to produce magnets with a

high density. But too much heat will lead to a

Fig. 10 Bulk magnetic properties with varying discharge energy

EEDS in kJ and compression load pEDS in kN using 10 g of powder

MQU-F [18]
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dissociation of the hard magnetic phase Nd2Fe14B

and therefore a trade-off must be chosen. The applied

load for the compaction of the powder loose can be as

high as possible because the sample density will be

increased without changing the microstructure of the

initial powder, which would be associated with a

decrease in the magnetic properties.

4 Conclusion

We have shown that it is possible to densify

nanocrystalline NdFeB powder to achieve fully dense

isotropic magnets with good magnetic properties

using the electro-discharge sintering process. The key

results are as follows:

1. The compression load determines the density of

the pre-compacted powder loose and therefore

influences the initial transition resistance before

the capacitor discharge. The subsequent current

flow and generated Joule heat are influenced by

the initial transition resistance.

2. The discharge energy determines the current flow

and thus the generated Joule heat. The generated

Joule heat promotes the formation of a liquid

phase and thus the decomposition of the

nanocrystalline hard magnetic phase Nd2Fe14B.

3. Reducing the volume fraction of the magnetic

phase by applying to too high discharge energies

will lead to a drop in the magnetic properties.

Furthermore, using high discharge energies of

72 kJ and more leads to an overheating of the

microstructure, resulting in dissolution reactions

of the phase Nd2Fe14B and grain coarsening and

thus to a deterioration of the magnetic properties

as well.

4. EDS-densified specimens have a microstructure

that is characterized by three different zones –

insufficiently densified, fully densified, and

melted zones. The volume fraction of these three

different zones that are formed during EDS

Fig. 11 Magnetic hystereses ot EDS-densified NdFeB specimens: a local magnetic properties measured by VSM; b bulk magnetic

properties measured by a permagraph system
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densification is affected by the used process

parameters (compression load and discharge

energy) and each zone has different magnetic

properties.

5. High compression loads of about 110 kN and

moderate discharge energies of about 40 – 48 kJ

lead to the highest magnetic properties and the

optimal microstructure.

There are several reasons that this process can be

transferred into applications in the future. The total

energy consumption of the EDS process is low

because the current is used directly (Joule Heat) for

sintering and the process cycle (5 ms) is very short.

Besides, it could be shown in another publication that

magnetic scrap can be shredded at low cost and

directly densified using EDS without process

between. Furthermore, it is possible to integrate the

EDS process into the hot pressing and hot flow pro-

cess for the production of anisotropic NdFeB mag-

nets. The integration is achieved by substituting the

process steps of cold and hot pressing so that the

EDS-compacted magnet only needs to be hot-ex-

truded and anisotropic magnets could be produced.

This would make an existing process for densifying

anisotropic NdFeB more efficient.
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