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Summary 

NdFeB powders were produced by inert gas atomisation, using He and Ar. The 
particle size distribution and chemical composition were measured. The as-atomised 
powders were annealed to improve their magnetic properties. Subsequently, they 
were consolidated by compression moulding into isotropic magnets using 20 % in 
volume of a polymeric bonding phase. The compression moulding conditions were 
adjusted to obtain a component without defects and with maximum density. After 
consolidation, the density, hardness and magnetic properties (remanence, coercivity 
and maximum energy product) of the magnets were measured. The microstructure at 
different stages of processing was studied by scanning electron microscopy (SEM). 
Major constitutive phases were identified by X-ray diffraction (XRD). 

1 Introduction 

At present, NdFeB-base sintered magnets provide the highest maximum energy 
product, (BH)max, among all permanent magnets up to about 120ºC, since they 
exhibit an optimum combination of high remanence (Br) and coercivity (Hcb). There 
are also commercially available bonded NdFeB magnets [1-3]. This kind of magnets 
is manufactured from a mix of NdFeB powder with a polymer. The mix is processed 
using conventional plastic technologies, such as calendaring, extrusion, injection and 
compression moulding. Their magnetic properties are lower than those of sintered 
magnets, since the final magnet contains a certain amount of polymeric bonding 
material. Compression moulding is the forming technology that allows manufacturing 
bonded magnets with the lowest volume fraction of polymer (~20 %), thus providing 
the highest magnetic properties [1]. Despite their lower magnetic performance, 
bonded magnets offer some attractive advantages that are driving the growth of its 
market [2]. For example, they are cheaper, allow a higher versatility to be shaped into 
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different geometries, avoid expensive machining operations (e.g. grinding), exhibit a 
lower electric conductivity and offer better toughness under impact conditions [2, 3]. 

The magnetic powders for bonded magnets can be produced by different processes, 
including melt spinning, the hydrogenation-disproportionation-desorption 
recombination (HDDR) process and gas atomisation [2-10]. In contrast with HDDR 
powders, gas atomised powders can only be used to manufacture isotropic bonded 
magnets, since the particles do not exhibit crystalline orientation. On the other hand, 
the grain size of gas atomised NdFeB powders is roughly 5 times coarser than that of 
HDDR powders and at least 10 times coarser than that of melt spinning powders. As 
a result, bonded magnets from gas atomised powders present lower magnetic 
properties. The main advantage of gas atomisation is its higher productivity and 
lower cost when compared with the other methods. This work presents some 
preliminary results about the manufacturing of new bonded NdFeB magnets by 
compression moulding from gas atomised powders. 

2 Methods 

NdFeB powders were produced by inert gas atomisation using a close-coupled, 
convergent-divergent gas nozzle. The raw material was induction melted in a high 
purity alumina crucible. In order to minimize oxidation, both the furnace and 
atomisation chambers were evacuated (<0.1 mbar) and filled back several times with 
the same high purity inert gas used for atomisation (O2<2 ppm, H2O<3 ppm, 
CnHm<0.5 ppm). Atomisation conditions are reported in Table 1. The liquidus 
temperature of the alloy, determined by differential scanning calorimetry (DSC), was 
1260ºC. The concentration of metallic elements in the raw material and as-atomised 
powders was determined by induction coupled plasma optical emission spectroscopy 
(ICP-OES). Non-metallic impurities were measured with the analysers LECO TC-400 
for oxygen/ nitrogen and LECO CS-200 for carbon/ sulphur. The reported values are 
the average and standard deviation of at least 3 measurements. Particle size 
distribution was determined by laser diffraction. The true density of the powders was 
measured by He pycnometry, since their internal porosity is negligible. 

Two epoxy resins were used for the compression moulding experiments, one liquid 
and the other in powder form (Table 2). EpoFix is an epoxy resin with two 
components, the pre-polymer (DGEBA= DiGlycidyl Ether of Bisfenol-A) and the 
hardener (TETA= Trietilentetramine). Aging stars when both components are mixed 
in the volume proportion pre-polymer:hardener= 15:2 and is completed in about 12 h 
at room temperature. AT1-1 is a one-component epoxy resin that is aged by heating 
above 120ºC. The proportion of polymer in the compression moulding feedstock was 
20 vol%. The magnetic powder was sieved before mixing to remove the particles >20 
µm, since it is known that they are deleterious for the coercivity of the material [3, 5, 
6, 8]. The powder was used as-atomised and after annealing at 650, 700 or 750ºC for 
15 min. The surface of the punches and die in contact with the feedstock was 
impregnated with a mould release agent (Frekote 770-NC, Loctite). The compression 
moulding cycle is sketched in Figure 1. 
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Exp. Atom. 
gas 

Gas 
pressure 

(MPa) 

Melt chamber 
pressurization 

(kPa) 

 Melt 
superheat 

(ºC) 

Melt stream 
diameter 

(mm) 

Gas/metal 
mass flow 
rate ratio 

AG13-09 Ar 5.0 25 390 2.5 18.5 
AG13-11 Ar 5.0 25 290 2.5 10.5 
AG13-53 He 6.0 45 445 2.5 0.839 
AG14-42 He ∼6.8 45 437 2.5 ∼2.3 
AG15-53 He 6 45 440 2.5 0.879 

Tab. 1: Atomisation conditions for NdFeB powders production 

Ref. Supplier Physical form Tg (ºC) ρ (g/cm3) 
Epoxy EpoFix Struers Liquid ~60-80 1.1 

Epoxy Araldite AT1-1 Huntsman Powder 100-130 1.2-1.3 

Tab. 2: Epoxy resins characteristics (Tg= Glass transition temperature, ρ= Density) 

The fine powders produced in this work 
gave some problems during compression 
moulding. Since many particles have a 
size close to the gap between die and 
punches (~0.01 mm), some of them can 
enter between both tools at high pressure 
and temperature (lower viscosity of the 
pre-polymer). This caused seizure and 
scratching of die and punches surfaces in 
several occasions. To minimize this risk, 
AG15-53 powder was granulated with 
AT1-1 epoxy resin before compression 
moulding. Granulation creates large 
agglomerates where the fine particles are 

stuck together. Since there are not loose particles, the danger of jamming is strongly 
reduced. The epoxy resin was dissolved in acetone (10 ml of solvent per gram of 
polymer) at room temperature. After dissolution, the AG15-53 powder was added and 
homogeneously mixed. Next, acetone excess was evaporated to obtain a damp 
paste. The paste was passed through a sieve of 500 µm opening under vibration to 
obtain the granulated powder. Finally, the granules were dried at room temperature. 

The compression moulding samples were small cylinders of ~20 mm in diameter and 
~5 mm in height. The density of the compacts was calculated from their weight and 
dimensions. Hardness Vickers was measured with an indentation load of 5 kg (HV5); 
the reported results are the average and standard deviation of at least 5 indentations. 
The samples were magnetized in an impulse magnetizer M-Pulse 2k4s (maximum 
voltage: 2000 V, maximum magnetic field strength: 4000 kA/m). Subsequently, the 
magnetic properties at room temperature were obtained from the second quadrant of 
the demagnetization curve using a hysteresisgraph Permagraph®L of Magnet-
Physik. Samples were prepared for metallographic analysis following a conventional 
mechanical polishing route whose last step was performed with a colloidal 
suspension of silica with a particle size of 0.04 µm (OP-S of Struers). The 
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microstructure was studied in a scanning electron microscope (SEM), equipped with 
detectors for secondary and backscattered electrons, and with an energy-dispersive 
X-ray spectroscopy (EDS) analyser. The major phases in the material were identified 
by X-ray diffraction (XRD) using the wavelength of the Kα line belonging to the 
characteristic radiation of Cu. 

3 Results and discussion 

3.1 Atomisation 

The chemical composition of the raw material (Lots 1, 2 and 3) and of the resulting 
as-atomised powder (AG13-09 and AG13-11 from Lot 1, AG14-42 from Lot 2 and 
AG15-53 from Lot 3) is presented in Table 3. A loss of rare earths (Nd, Pr, Dy and 
Tb) occurred. The main reason is likely the reaction of the melt with the alumina 
crucible. As a result, the powder also shows a significant enrichment in Al, compared 
with the raw material. This loss was reduced in atomisation AG15-53 up to only 0.4 
wt% by external additions of Nd and Dy during melting. Regarding the oxygen 
content, it is similar in the powder and the raw material, confirming the low oxygen 
partial pressure in the atomisation atmosphere. 

Ref. 
Composition (wt%) 

Nd Pr Dy Tb Fe Co B Al Cu 

Lot 1 23.3 
±0.2 

5.72 
±0.02 

0.5340 
±0.0001 

1.303 
±0.009 Bal. 0.973 

±0.003 
1.054 

±0.009 
0.4043 

±0.0004 
0.133 

±0.001 
AG13-

09 
20.1 
±0.1 

5.30 
±0.01 

0.471 
±0.007 

1.10 
±0.03 Bal. 0.99 

±0.01 
1.08 

±0.01 
0.847 

±0.007 
0.20 

±0.03 
AG13-

11 
21.99 
±0.01 

5.634 
±0.004 

0.544 
±0.001 

1.178 
±0.009 Bal. 0.98 

±0.01 
1.05 

±0.01 
0.559 

±0.001 
0.147 

±0.009 

Lot 2 25.1 
±0.1 

3.88 
±0.01 

0.425 
±0.004 

0.265 
±0.001 

66.2 
±0.6 

0.951 
±0.016 

1.0141 
±0.0004 

0.365 
±0.001 

0.122 
±0.000 

AG14-
42 

24.10 
±0.01 

3.61 
±0.01 

0.474 
±0.001 

0.242 
±0.001 

66.27 
±0.01 

0.986 
±0.002 

0.99 
±0.01 

0.642 
±0.004 

0.1402 
±0.0000 

Lot 3 23.33 
±0.04 

7.17 
±0.02 

0.768 
±0.001 0 64.5 

±0.3 
0.785 

±0.006 
0.913 

±0.005 
0.4764 

±0.0024 
0.217 

±0.001 
AG15-

53 
23.27 
±0.08 

6.79 
±0.03 

0.809 
±0.003 0 66.16 

±0.01 
0.816 

±0.001 
0.94 

±0.02 
0.557 

±0.002 
0.239 

±0.007 

Ref. Composition (wt%) 
O N C S 

Lot 1 0.2015 ±0.0007 0.0235 ±0.0006 0.0730 ±0.0009 0.0021 ±0.0001 
AG13-09 0.100 ±0.005 0.0071 ±0.0001 0.0818 ±0.0003 0.00052 ±0.00006 
AG13-11 0.102 ±0.001 0.0049 ±0.0001 0.0929 ±0.0007 0.00121 ±0.00005 

Lot 2 0.15 0.0303 ±0.0302 0.1045 ±0.0002 0.0029 ±0.0003 
Ag 14-42 0.244 ±0.001 0.0122 ±0.0004 0.0920 ±0.0007 0.0029 ±0.0004 

Lot 3 0.085 ±0.004 0.037 ±0.001 0.0910 ±0.0006 0.005 ±0.001 
AG15-53 0.144 ±0.008 0.0081 ±0.0001 0.0996 ±0.0005 0.005 ±0.001 

Tab. 3: Chemical composition of the raw material (Lots 1, 2 and 3) and as-
atomised powders 
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The 10th percentile (D10), median particle size (D50) and 90th percentile (D90) of 
the particle size distributions for the as-atomised powders are shown in Table 4. Gas 
atomised NdFeB powders can be very fine, confirming similar data found in the 
literature [3, 5, 6, 10]. Moreover, atomisation with He produces a powder that is 
significantly finer than the powder produced with Ar. The reason is that He is lighter 
than Ar, reaching during the atomisation a velocity that is around 3 times higher than 
that of Ar for the same gas inlet pressure. 

The microstructure of the as-atomised powders is presented in Figure 2 at different 
magnifications. While the particle size decreases, the cooling rate increases and the 
solidification structure evolves toward more refined forms [5-10]. Thus, it changes 
from cellular to equiaxial, with a grain size decreasing from the micron to the 
submicron range. In the case of the finest particles, the grain structure cannot be 
resolved. It is though that these particles exhibit a nanometric/ amorphous structure, 
according to the observations of other authors [8-10]. The XRD traces in Figure 3 
demonstrate that the main phase is Nd2Fe14B, since only its peaks are detected. This 
phase appears in grey in the micrographs of Figure 2. However, these micrographs 
also show the presence of some other phases, identified with the assistance of EDS 
spot microanalysis and phase diagrams information [11]. The phase in white contrast 
is the Nd-rich phase [3]. In some particles, it is observed another phase in black 
contrast at the first solid nucleation sites; this phase is α-Fe. Other minor 
constituents, as for example NdFe4B4 [7] and Nd2Fe17 [3, 9], may also be present, but 
are not detected. 

Ref. D10 (µm) D50 (µm) D90 (µm) 
AG13-09 8 29 45 
AG13-11 14 32 56 
AG13-53 1.55 8.7 51 
AG14-42 1.49 5.88 14.3 
AG15-53 1.73 7.72 29.1 

Tab. 4: Particle size distributions of the as-atomised powders 

3.2 Annealing 

The microstructural changes caused by the annealing treatment are illustrated by the 
micrographs in Figure 4. In the case of the large particles, initially with a cellular 
structure, the fragmentation and spheroidization of the Nd-rich phase is observed 
(see micrographs “a”, “b” and “c” at low magnification). For the small particles, with 
an initial nanocrystalline/ amorphous structure, the crystallization of the amorphous 
phase is apparently taking place (see micrographs “d”, “e” and “f” at high 
magnification). At 650ºC, there are still many particles whose internal structure 
cannot be resolved, although a few large crystallites were remarked in some of them 
(arrowed in Figure 4d). Crystallization is more evident in the powders annealed at 
700 and 750ºC, except for the particles <2 µm, whose structure cannot be resolved 
by SEM, either. Some authors have reported the presence of an exothermic peak in 
DSC/ DTA traces between 547 and 650ºC, depending on composition, that they 
attribute to the crystallization of the amorphous phase [3, 5-8]. At 700 and 750ºC, the 
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micrographs also show what looks like an abnormal grain growth, probably enhanced 
by the presence of some liquid phase, since in the ternary phase diagram B-Fe-Nd, 
melting of the Nd-rich phase takes place at 685ºC [11]. 

   

Fig. 2: Representative micrographs of gas atomised NdFeB powders at different 
magnifications (atomisation AG14-42) 

 
a) AG13-11 (atomisation with Ar) 

 
b) AG14-42 (atomisation with He) 

Fig. 3: XRD plots corresponding to the as-atomised powders 

3.3 Compression moulding 

Compression moulding experiments were carried out with the powder AG14-42 (He 
pycnometer density: 7.46 g/cm3). The theoretical density of each mixture is 6.19 
g/cm3 when the polymer is EpoFix and 6.22 g/cm3 when it is AT1-1. Density (ρ); 
volumetric fraction of NdFeB powder (Xv-NdFeB), polymer (Xv-polymer) and porosity (Xv-

porosity); hardness HV5; remanence (Br); extrinsic coercivity (Hcb); intrinsic coercivity 
(Hcj), and maximum energy product ((BH)max) of the bonded magnets are presented 
from Table 5 to Table 7. Table 5 demonstrates that annealing the powder increases 
the values of Br, Hcb and, hence, of (BH)max. This improvement is attributed to the 
crystallization of amorphous phases and the transformation of metastable phases 
into Nd2Fe14B [3, 5, 7, 8, 10]. Hci decreases with the annealing temperature due to 
the fragmentation and spheroidization of the Nd-rich phase. 

Subsequent compression moulding tests were carried out with AG14-42 powder 
annealed at 700ºC for 15 min. The objective was to optimize moulding conditions for 
each polymer with the aim of minimizing porosity. As Table 6 and Table 7 reveal, it 
was possible for each polymer to produce compacts with <3 vol% of porosity. 
Generally speaking, it is observed that the increment in density causes an increase in 
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Br and HV5. In contrast, Hcj decreases continuously and Hcb remains at the same 
level or decreases, since increasing the density implies rising either the temperature 
or the pressure for moulding. High temperatures can be deleterious for Hcj and Hcb 
because of the oxidation of the particles and high pressures because of their fracture. 
As a result, (BH)max values are quite similar for all the processing conditions. HV5 
raised with the moulding temperature due to the reduction of the porosity and, 
probably, because of a higher degree of cross-linking inside the epoxy resin. 

 
a) 650ºC, low magn. 

 
b) 700ºC, low magn. 

 
c) 750ºC, low magn. 

 
d) 650ºC, high magn. 

 
e) 700ºC, high magn. 

 
f) 750ºC, high magn. 

Fig. 4: Effect of the annealing on the microstructure (AG14-42 powder) 

Condition ρ Xv-NdFeB (%) Xv-polymer (%) Xv-porosity (%) g/cm3 %TD 
As-atomised 5.94 96 77 19 4 

Annealed 650ºC 5.84 94 75 19 6 
Annealed 700ºC 5.88 95 76 19 5 
Annealed 750ºC 5.85 95 76 19 5 

Condition HV5 (kg/mm2) Br (T) Hcb (kA/m) Hcj (kA/m) (BH)max (kJ/m3) 
As-atomised - 0.41 210 595 22 

Annealed 650ºC - 0.501 258 562 35 
Annealed 700ºC - 0.501 260 530 36 
Annealed 750ºC - 0.484 234 420 32 

Tab. 5: Properties of AG14-42 magnets bonded with EpoFix resin in different 
states. Pmol= 800 MPa and Tmol= 100ºC 

Figure 5 shows the granulated AG15-53 powder at different magnifications. The He 
pycnometer density of this powder is 7.40 g/cm3, so the theoretical density of the mix 
with AT1-1 resin is 6.17 g/cm3. It can be observed that there are not loose particles 
(Figure 5a). AT1-1 resin is homogeneously distributed sticking the powder particles 
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together inside each agglomerate by capillary bridges (Figure 5c). Table 8 compares 
the properties of the magnets shaped from non-granulated and granulated powders. 
Densities are similar, but magnetic properties are slightly lower for the granulated 
powder. On the other side, compaction tools were not damage when the granulated 
powder was used as feedstock, which was the main purpose of granulation. 

Pmol (MPa) Tmol (ºC) ρ Xv-NdFeB (%) Xv-polymer (%) Xv-porosity (%) g/cm3 %TD 
800 100 6.01 97 78 19 3 
800 200 6.00 97 78 19 3 
800 300 6.09 98 79 19 2 

Pmol (MPa) Tmol (ºC) HV5 (kg/mm2) Br (T) Hcb (kA/m) Hcj (kA/m) (BH)max (kJ/m3) 
800 100 98 ±8 0.497 234 469 32 
800 200 102 ±12 0.477 216 438 28 
800 300 127 ±18 0.499 214 410 29 

Tab. 6: Properties of the magnets bonded with EpoFix resin. AG14-42 powder 
annealed at 700ºC for 15 min 

Pmol (MPa) Tmol (ºC) ρ Xv-NdFeB (%) Xv-polymer (%) Xv-porosity (%) g/cm3 %TD 

800 100 
5.86 95 76 19 5 
5.85 95 76 19 5 

800 200 
6.09 98 79 20 1 
6.11 99 79 20 1 

800 300 6.17 100 80 20 0 
Pmol (MPa) Tmol (ºC) HV5 (kg/mm2) Br (T) Hcb (kA/m) Hcj (kA/m) (BH)max (kJ/m3) 

800 100 
102 ±24 0.489 234 471 31 
111 ±12 0.479 230 472 30 

800 200 
121 ±24 0.496 220 430 30 
135 ±13 0.500 219 427 30 

800 300 148 ±20 0.505 214 403 30 

Tab. 7: Properties of the magnets bonded with AT1-1 resin. AG14-42 powder 
annealed at 700ºC for 15 min 

4 Conclusions 

• Fine NdFeB powders have has been manufactured by atomisation with Ar 
(D50≈ 30 µm) and He (D50≈ 6-9 µm). The oxygen content of the raw material 
and the powder is similar. 

• When the particle size decreases, the solidification rate increases and the 
microstructure of the as-atomised powders varies from a cellular micrometric 
structure to an equiaxial nanometric/ amorphous structure. The main phase is 
Nd2Fe14B. 

• Annealing the powder between 650 and 750ºC for 15 min improves the 
magnetic properties of the bonded magnets. This improvement is attributed to 



FORMForum 2016 9 

the crystallization of amorphous phases and the transformation of metastable 
phases into Nd2Fe14B. 

• Using epoxy resin as bonding polymer, the compression moulding conditions 
have been optimizes to produce bonded magnets with <3 vol% of porosity and 
~80 vol% of NdFeB powder. 

• A granulation process of the powder with an epoxy resin has been developed 
and successfully tested to avoid tooling jamming during compression 
moulding. 

 
a) Low magn. 

 
b) Intermediate magn. 

 
c) High magn. 

Fig. 5: AG15-53 powder after granulation 

Condition ρ Xv-NdFeB (%) Xv-polymer (%) Xv-porosity (%) g/cm3 %TD 
Non-granulated 5.75 93 74 19 7 

Granulated 5.79 94 75 19 6 
Pmol (MPa) HV5 (kg/mm2) Br (T) Hcb (kA/m) Hcj (kA/m) (BH)max (kJ/m3) 

Non-granulated - 0.495 274 586 37 
Granulated - 0.485 255 536 34 

Tab. 8: Properties of AG15-53- 20 vol% AT1-1 magnets made from granulated 
and non-granulated powder. Powder was annealed at 700ºC for 15 min. 
Pmol= 800 MPa and Tmol= 100ºC 
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