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A B S T R A C T   

Gas atomized Nd-Fe-B powders of several compositions were separated in different size fractions by sieving. 
These fractions were annealed between 1100 ◦C and 1150 ◦C for 24 and 96 h. The oxygen content of the powders 
was measured before and after annealing for the different size fractions. The oxygen concentration of the 
powders depends strongly on the particle size and increases significantly during annealing, particularly in the 
case of small particle sizes. The effect of particle size on the microstructural changes was analyzed in detail, 
particularly on grain growth, using high resolution scanning electron microscopy and transmission electron 
microscopy. Electron back scattering diffraction was used to measure grain size. When the particle size rises, the 
degree of sintering decreases and the higher solid/vapor surface area reduces the mobility of grain boundaries. 
Oxidation also reduces grain growth rate and its effect is more evident for particles sizes below 45–63 μm and 
high Nd concentrations. Nb addition leads to the formation of intra- and intergranular precipitates. The size of 
these Nb-Fe-containing precipitates increases with the particle size for equivalent annealing conditions. At 
1150 ◦C, Nb loses its effect as an inhibitor of grain growth in the particle size fractions larger than 45–63 μm.   

1. Introduction 

After almost four decades of development, neodymium‑iron‑boron 
(Nd-Fe-B) alloys account for more than 50% by value of the market of 
permanent magnets [1]. It is expected that the market share for Nd-Fe-B 
magnets will grow in the coming years boosted by new applications in 
electromobility, the sensor industry, robotics, and energy conversion. 
The new demands enforced by these applications will guide research in 
the near future. For example, the use of Nd-Fe-B magnets in electric 
motors for vehicles requires the development of magnets with a long 
term operating temperature of up to 200 ◦C [1–3]. As a result, there is 
great interest nowadays in enhancing coercivity at the same time as total 
content of heavy rare earths is reduced [4–8]. The coercivity of Nd-Fe-B 
magnets depends on the grain size [9–11], grain shape [12,13], grain 
alignment [14–16], degree of oxidation [9,10,17], and the intergranular 
phase composition and distribution [9,18–21]. On the other hand, these 
microstructural features are function of the initial particle size and shape 

of the powders, as well as of the processing conditions [9–11]. Conse-
quently, there is an ongoing interest in the development of new methods 
to produce Nd-Fe-B powders, which is also linked to the need to recycle 
waste magnets [22]. 

Inert gas atomization is an industrial process with many interesting 
advantages, as a high output (i.e. low cost powder), high solidification 
rates (i.e. fine microstructures and low segregation), low oxygen con-
tent, and spherical particle shape [23]. The spherical shape reduces the 
viscosity of the feedstock used to manufacture bonded magnets by in-
jection molding, which allows making intricate geometrical details that 
are not feasible with irregular powders [24]. By adjusting the process 
variables (e.g. atomizing gas, gas pressure, melt superheating, gas-to- 
metal mass flow rate ratio, etc.), and geometrical parameters (e.g. tip 
geometry, type of gas nozzle, melt delivery tube, impingement angle, 
etc.), the median particle size can be varied between ~5 μm to ~70 μm 
[25,26]. Additionally, the characteristic particle size distribution is very 
broad. Typically, it can be fitted by a log-normal distribution with a 
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geometric standard deviation (σLN) between 1.8 and 2.2 [23]. As the 
cooling rate is inversely proportional to the square of the particle 
diameter, it expands over several orders of magnitude (from ~1E-2 to 
~1E-5 ◦C/s) [23,27]. Thus, the powders can exhibit very diverse mi-
crostructures, ranging from amorphous or nanometric to dendritic ones 
[25,26,28–30]. 

There is only a report describing quantitatively the microstructure of 
gas atomized powders [29]. Apart from our previous work [31], there 
are not publications on grain growth. We analyzed the influence of the 
composition for different annealing temperatures and times. In order to 
restrict the number of experimental variables, only the size fraction from 
45 to 63 μm was studied. Grain growth was negligible below 1000 ◦C, 
but it became significant between 1100 and 1150 ◦C. Grain growth and 
densification occurred in parallel by a dissolution-reprecipitation 
mechanism characteristic of liquid phase sintering (LPS). Nd enhanced 
sintering because the amount of liquid phase rises with the concentra-
tion of this element. In contrast, Nb formed precipitates that delayed 
densification. These precipitates are nanometric at 1000 ◦C, so they 
delayed grain growth as well. Nb did almost not affect grain growth at 
1150 ◦C because of a fast precipitation coarsening. In contrast, the 
slower coarsening of the precipitates from the nanometric to the 
micrometric range at 1100 ◦C resulted in local heterogeneities in their 
distribution that caused abnormal grain growth. 

In this work, we complete the previous quantitative analysis by 
reporting the influence of the initial particle size. Note that the initial 
microstructure is sensitive to this variable. Firstly, we have measured 
the initial grain size in gas atomized powders as a function of the particle 
size. Next, we have studied grain growth as a function of temperature 
and time for compositions with different Nd concentrations. 

2. Experimental procedure 

The compositions of the Nd-Fe-B alloys studied in this work are: (1) 
27.3Nd-bal.Fe-1.01B wt.% (AG17–22), (2) 28.5Nd-bal.Fe-1.034B wt.% 
(AG17–24), (3) 28.3Nd-bal.Fe-1.159B-0.337Nb wt.% (AG17–62), and 
(4) 31.06Nd-bal.Fe-1.126B wt.% (AG18–07). Nd-Fe-B powders were 
produced by gas atomization in a laboratory unit PSI model Hermiga 
75/3VI. The atomization conditions have been reported in our previous 
work [31]. After atomization, the powders were separated by sieving in 
the following particle size fractions: 0–20 μm, 20–45 μm, 45–63 μm, 
63–75 μm, 75–106 μm, and 106–150 μm. The largest particles (> 150 
μm) were removed to minimize the presence of splats (large flat particles 
resulting from the impact of melt droplets with the walls of the atomi-
zation chamber). To study the effect of particle size on grain growth, the 
thermal treatments were carried out at different temperatures (between 
1100 and 1150 ◦C) and times (24 and 96 h) under argon. 

The oxygen content of samples with different particle size were 
measured before and after annealing via an analyzer LECO TC-400. The 
weight fraction of equilibrium phases as a function of temperature for 
several Nd-Fe-B compositions has been calculated using the software 
Thermo-Calc version 2020b using the database SGTE Solutions Database 
(SSOL) version 4.9. The particle shape and microstructure were studied 
using conventional scanning electron microscopy (SEM, Philips XL30) 
and field emission gun scanning electron microscopy (FEG-SEM, JEOL 
JSM-7100F). Both instruments are fitted with detectors for secondary 
electrons, backscattered electrons, and energy-dispersive X-ray spec-
troscopy (EDS). For microstructural observation, the sample was 
mounted in an epoxy resin. Next, the sample was ground with SiC 
abrasive papers and polished with several diamond suspensions, whose 
abrasive particle size was progressively reduced. The last polishing step 
was carried out with a suspension of SiO2 (abrasive particle size of 0.04 
μm). 

Since we could not ascertain in our previous work the presence of 
Nb-Fe-containing precipitates inside the Nd2Fe14B phase of as-atomized 
powder with composition 28.3Nd-bal.Fe-1.159B-0.337Nb wt.% 
(AG17–62), thin foils were prepared using a FEI Quanta 3D FEG focused 

ion beam (FIB) milling instrument by the lift-out technique from the 
sample. First, a Pt line is deposited, and two stair-step FIB trenches are 
cut at both sides of the area of interest. Next, the specimen is further 
thinned to less than 1 μm in thickness, and a slice of the sample is cut 
free. The obtained lamella is removed using a micromanipulator and 
welded to a Cu grid suitable for transmission electron microscopy (TEM) 
analysis. Final milling down to less than 100 nm is carried out by 
employing successively lower voltages up to 2 kV. The obtained spec-
imen was examined by conventional bright-field imaging in a JEOL 
JEM-2100F (S)TEM microscope operated at 200 kV with a LaB6 
filament. 

The grain size was measured following well-established quantitative 
metallography procedures that were explained in detail in our previous 
work [31]. The mean grain size is reported along with a 95% confidence 
interval given by: 

DW ± t0.95,N− 1
SW
̅̅̅̅
N

√ (1)  

where Dw is area-weighted arithmetic mean of the statistical distribution 
of equivalent diameters, Sw is area-weighted standard deviation, N is the 
total number of grains, and t0.95,N-1 is the value of Student’s t distribution 
of N-1 degrees of freedom encompassing 0.95 of the probability in the 
interval [− t0.95,N-1,+t0.95,N-1]. 

3. Results and discussion 

3.1. Influence of the oxygen content on the microstructure 

Typically, the oxygen content of a powder increases when the par-
ticle size is reduced, since oxidation is a surface effect [32]. In Nd-Fe-B 
alloys, oxygen combines mainly with the rare earth elements to form 
oxides [33]. For the ternary compositions studied in this work, the alloy 
that is most susceptible to oxidation is AG18–07, since it has the highest 
Nd content. Fig. 1 displays the oxygen content of the different fractions 
of powder AG18–07 as a function of the particle size before and after the 
annealing at 1150 ◦C for 24 h. 

Fig. 2 displays the weight fraction of equilibrium phases as a function 
of temperature for several Nd-Fe-B compositions. Firstly, if Fig. 2c, d, 
and f are compared, it is observed that the weight fraction of liquid in-
creases with the Nd concentration at both annealing temperatures (1100 
and 1150 ◦C). If Fig. 2d and e are compared, it is observed that the 
weight fraction of liquid increases significantly with Nb addition for the 
same Nd concentration at both annealing temperatures. All the figures 
demonstrate that the amount of liquid increases with the temperature. 
Table 1 displays the values of the weight fraction of liquid and its 
composition. 

There are not data about the solubility of oxygen in the liquid during 

Fig. 1. Oxygen content as a function of particle size for AG18–07 alloy 
(31.06Nd-bal.Fe-1.126B wt.%) before and after annealing at 1150 ◦C for 24 h. 
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sintering of Nd-Fe-B alloys. Oshino et al. [34] have measured the solu-
bility of oxygen in Nd-Fe liquids at 1200 and 1400 ◦C, but without 
considering the influence of B or other alloying elements. Their work 
shows that oxygen solubility decreases when the Fe content is increased 
and when the temperature is decreased. For example, oxygen solubility 
at 1200 ◦C decreased from 0.325 wt.% in pure Nd to 0.112 wt.% in the 
alloy with 60.4 at.% of Nd. Additionally, the solubility at 1400 ◦C 
decreased from 0.997 wt.% in pure Nd to 0.0288 wt.% in the alloy with 
23.2 at.% of Nd. According to their microstructural characterization, the 
Nd oxide that is stable in this temperature range is Nd2O3. Table 1 shows 
that the expected Nd content in the ternary liquids of this work ranges 
from 22 to 29 at.% at 1100–1150 ◦C. Based on the available data [34], it 
can be guessed that oxygen solubility in these liquids will be <0.03 wt. 
%. As the liquid weight fraction is <24 wt.%, it can be estimated that the 
liquid phase will be saturated when the total oxygen concentration of 

Fig. 2. Calculated equilibrium continuous cooling diagrams: (a) 26.0Nd-bal.Fe-1.01B wt.%, (b) 26.7Nd-bal.Fe-1.0B wt.% (Nd2Fe14B), (c) 27.3Nd-bal.Fe-1.01B wt.% 
(AG17–22), (d) 28.5Nd-bal.Fe-1.034B wt.% (AG17–24), (e) 28.3Nd-bal.Fe-1.159B-0.337Nb wt.% (AG17–62) and (f) 31.06Nd-bal.Fe-1.126B wt.% (AG18–07). 

Table 1 
Weight fraction of liquid and composition of the liquid phase calculated with the 
software Thermo-Calc.  

Ann. temp. 
(◦C) 

Powder Weight fraction of 
liquid (wt.%) 

Liquid phase composition 
(at.%) 

Fe Nd B Nb 

1100 

AG17–22 2.27 61.2 28.6 10.2  
AG17–24 6.81 61.4 28.1 10.5  
AG18–07 17.85 62.2 26.2 11.6  
AG17–62 13.41 67.0 17.8 13.4 1.8 

1150 

AG17–22 3.06 67.4 23.6 8.9  
AG17–24 9.20 67.6 23.3 9.2  
AG18–07 24.22 68.1 22.0 10.0  
AG17–62 19.57 72.0 15.8 11.0 1.2  
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the powder is >0.007 wt.%. This number is one order of magnitude 
lower than the actual oxygen content measured in the coarsest fraction 
of the powder (see Fig. 1). Consequently, it is anticipated that there will 
be Nd2O3 particles in the system during annealing, along with the liquid 
and the Nd2Fe14B phase. Section 3.4 will show experimental evidence of 
the presence of these oxides in the final microstructure. 

It is well known that, for the stoichiometric concentration, Nd2Fe14B 
phase is formed upon a peritectic-like reaction between the liquid and 
γ-Fe. This peritectic solidification is illustrated in Fig. 2b. When the Nd 
concentration is above the stoichiometric value for Nd2Fe14B phase, the 
equilibrium phases at the annealing temperatures are Nd2Fe14B and the 
liquid. The expected phases upon solidification are Nd2Fe14B, NdFe4B4, 
and dhcp-Nd. This situation is displayed in Fig. 2c, d, and f. If the final 
microstructure contains α-Fe after annealing, the only possible reason is 
that the amount of metallic Nd in the alloy is below the stoichiometric 
concentration (26.7 wt.%). If so, the solidification of the liquid will 
occur according to the eutectic reaction Liquid ⇄ γ-Fe + Nd2Fe14B +
NdFe4B4 at 1099 ◦C [35] and α-Fe will form from γ-Fe at ~911 ◦C. This 
situation is represented in Fig. 2a. As shown in Section 3.4, several 
samples exhibit after annealing this kind of intergranular eutectic-like 
structure with free iron and matrix phase. The formation of these 
structures can only occur due to the loss of metallic Nd by oxidation 
during the annealing. The amount of oxygen required to oxidize the Nd 
excess is calculated in Table 2. 

3.2. Contact and dihedral angles 

In systems involving a solid phase (i.e. Nd2Fe14B), a liquid phase, and 
vapor phase (i.e. porosity), the microstructure achieved at high tem-
perature depends on both the contact angle (θ) and the dihedral angle 
(ϕ). The contact angle (θ) is given by the following Eq. [36]: 

cosθ =
γSV − γSL

γLV
(2) 

where γSV is the solid/vapor surface energy, γSL is the solid/liquid 
surface energy, and γLV is the liquid/vapor surface energy. The dihedral 
angle (ϕ) is given by the following expression: 

cos
ϕ
2
=

γGB

2γSL
(3)  

where γGB is the grain boundary energy. If the dihedral angle is zero and 
the amount of liquid is high enough, a continuous layer of liquid pre-
vents the formation of interparticle bonds [37–39]. 

Both equations can be combined to obtain: 

cos
ϕ
2
=

γGB

2(γSV − γLV cosθ)
(4) 

In many systems, it is fulfilled that γSV ≈ 1.2 γLV and γGB ≈ 1
3γSV [40]. 

Substituting these expressions in equation (4): 

cos
ϕ
2
≈

1.2
6(1.2 − cosθ)

=
1

6 − 5cosθ
(5) 

The amount of experimental information about wetting in Nd-Fe-B 
alloys is very limited. Knoch et al. [41,42] have measured contact 

angles of 7–8◦ using a ternary liquid on a polycrystalline Nd2Fe14B phase 
substrate at a temperature of 1050 ◦C (i.e. in the range of sintering 
temperatures). Doping the liquid alloy with Al or Ga reduced the contact 
angle up to a minimum of 5◦ or 4◦, respectively. Goto et al. [43] have 
measured contact angles using a ternary and a Cu-added liquid phase on 
stoichiometric Nd-Fe-B ingots by the sessile drop method. Their exper-
iments were carried out in the temperature range from 560 to 720 ◦C (i. 
e. in the range of many post sintering annealing temperatures). The 
contact angle decreased when the temperature was raised, being the 
minimum values about 6.5◦ for the ternary liquid and 4.5◦ for the Cu- 
added liquid. These values are very low, but definitively they are 
higher than zero. 

There are not direct values of the dihedral angle reported in the 
literature. If we accept the approximation of equation (5), the dihedral 
angle is higher than the contact angle, implying that it is more difficult 
to wet a grain boundary than a free solid surface, since the surface en-
ergy of the grain boundary is much lower. Accepting that the contact 
angle in the ternary system Nd-Fe-B ranges from 6 to 8◦, the corre-
sponding dihedral angle estimated with equation (5) should be between 
25 and 35◦. This relatively high dihedral angle agrees with the experi-
mental measurements of Straumal et al. [44], who noticed that the 
fraction of Nd2Fe14B grain boundaries completely wetted by the liquid 
phase increased with temperature from about 10% at 700 ◦C to 90% at 
1100 ◦C. Additionally, other authors have shown that the fraction of 
fully wetted grain boundaries rises with temperature not only because of 
the reduction of the dihedral angle, but also due to the increment of the 
fraction of liquid [37–39]. 

From the point of view of grain growth in solid/liquid systems, the 
most relevant factor is that the solid/vapor and the grain boundary in-
terfaces are not completely wetted by the liquid when the contact and 
dihedral angles are larger than zero. If so, the area of the solid/liquid 
interface rises with the amount of liquid. This is schematically shown in 
Fig. 3: the area of the solid-liquid (SL) interface increases at the expense 
of the area of grain boundaries (GB) and solid-vapor (SV) interface when 
the contact and dihedral angles decrease or the volume fraction of liquid 
is raised. As atom exchange takes place across this interface by 
dissolution-reprecipitation, densification and coarsening are accelerated 
when the fraction of liquid increases. 

3.3. Microstructure of as-atomized powders 

The spherical morphology is a typical characteristic of inert gas- 
atomized powders [45]. This was confirmed by the SEM micrographs 
shown in Fig. 4, which are representative for all the powders. Besides, it 
is observed that the fine particles are more spherical than the coarse 
ones, since the later have generally satellites attached on the surface. 
Satellites are a direct consequence of collisions between solidified small 
particles and large semisolid droplets during the atomization process. 
The presence of satellites causes an irregular morphology that is dele-
terious for packing and flow [45]. Irregular particles are commonly 
observed in Nd-Fe-B powders atomized at high pressures [29]. 

Figs. 5, 6, and 7 illustrate the effect of composition on the micro-
structure of as-atomized powders for different size fractions. It is 
observed that the content of metastable α-Fe phase increases when the 
concentration of Nd is reduced or the particle size is increased. For a Nd 
concentration of 28.5 wt.% (Fig. 5) or lower, the amount of α-Fe is 
important above 45 μm, which agrees with our previous results [26]. On 
the other hand, powder AG18–07, with Nd = 31.06 wt.%, exhibits a 
negligible amount of α-Fe in all size fractions (Fig. 6). Rising the con-
centration of Nd over the stoichiometric one is a well-known practice to 
minimize the formation of α-Fe in casting methods [46]. Powder 
AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%), with low Nd and with 
Nb, also exhibits a negligible amount of α-Fe in all size fractions (Fig. 7). 
The reason is that Nb combines preferentially with free Fe to form Nb- 
Fe-containing compounds and makes available more Nd to form Nd- 
rich phase [31]. The increase of the amount of α-Fe with particle size 

Table 2 
Oxygen needed to oxidize the Nd excess of each alloy.  

Powder Nd in the powder 
(wt.%) 

Nd excess 
(wt.%) 

Oxygen needed to oxidize the Nd 
excess (wt.%) (1) 

AG17–22 27.3 0.6 0.0998 
AG17–24 28.5 1.8 0.2995 
AG18–07 31.06 4.36 0.7254 
AG17–62 28.3 1.6 0.2662 

(1) According to [34], the oxide stable at 1100 ◦C and 1150 ◦C is Nd2O3 (i.e. 1 
wt.% of Nd is combined with 0.166 wt.% of O). 
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is due to the decrease of the cooling rate, which allows more precipi-
tation of γ-Fe during solidification. Finally, there is a significant amount 
of particles <5 μm that do not exhibit any microstructural feature even 
at high magnification, which indicates that they are amorphous and 
explains the exothermic crystallization peaks observed in differential 
scanning calorimetry experiments [26]. 

Our previous work has showed the formation of intergranular Nb-Fe- 
containing precipitates in the size fraction 45–63 μm of composition 
AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb) [31]. Now, TEM analysis of 
this size fraction have allowed confirming the formation of intragranular 
precipitates (Fig. 8a) with nanometric size (between 2 and 10 nm). 
Additionally, this nanometric precipitation, with slightly larger size 
(between 15 and 20 nm), was also observed inside the intergranular Nd- 
rich phase (Fig. 8b). Nevertheless, the precipitates were not evenly 
distributed either inside the Nd2Fe14B grains or in the grain boundary 
phase, which has also been remarked in other works [47,48]. 

Fig. 9e demonstrates the presence of Nb segregated in the inter-
granular phase in the size fraction 20–45 μm, but precipitates were not 
found. On the other hand, Fig. 9b confirms that intergranular pre-
cipitates form as well in the size fraction 106–150 μm. Consequently, it 
can be said that the increasing cooling rate when the particle size is 
reduced prevents the intergranular precipitation for particle sizes <45 

μm. Since intragranular nucleation requires a higher activation energy 
than the intergranular one, intragranular precipitation can also be 
excluded in particle sizes <45 μm. The non-uniform distribution of both 
inter- and intragranular precipitation in the size fraction 45–63 μm 
suggests that this is actually the particle size limit separating the 
retention of Nb into solution from the formation of Nb-Fe-containing 
precipitates. 

Fig. 10 displays the initial grain size of the gas atomized powders as a 
function of the average particle size of each size fraction. In agreement 
with a previous measurement [29], the initial grain size increases line-
arly with the particle size. As cooling rates are so high, the nucleation of 
Nd2Fe14B is taking place in a high undercooled liquid. The undercooling 
will decrease when the melt droplet diameter increases, since cooling 
rate is inversely proportional to the square of droplet size. A lower 
undercooling will promote the formation of a smaller density of nuclei 
that will grow at a higher rate in the surrounding liquid. Consequently, 
the final number of grains per volume unit will be lower and their 
average size larger, thus explaining the positive slope of the straight 
lines in Fig. 10 for all compositions. 

By comparing composition AG17–62 (with Nb) with AG17–24 
(without Nb), it is observed that grain size is similar for fine particles (<
45 μm), but AG17–62 has a smaller grain size when the particle size is 

Fig. 3. Drawing illustrating the increase of the solid-liquid (SL) interface at the expense of the grain boundary (GB) and solid-vapor (SV) interfaces during liquid 
phase sintering when the contact (θ) and dihedral (ϕ) angles decrease or the volume fraction of liquid increases: (a) reference situation, (b) reduction of θ and ϕ 
keeping constant the volume fraction of liquid, (c) increment of the volume fraction of liquid keeping constant θ and ϕ. 

Fig. 4. Particle shape of 28.5Nd-bal.Fe-1.034B alloy (AG17–24) for different fractions: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 63–75 μm, (e) 75–106 μm, and 
(f) 106–150 μm. 
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>45 μm, and this difference becomes more noticeable as the particle size 
increases. The reason is likely the precipitation of Nb-Fe containing 
compounds in particles larger than 45 μm during gas atomization. As 
explained above, these precipitates have been identified by SEM and 
TEM. Fig. 10 also shows that grain size in gas atomized powders 

decreased when the Nd concentration was raised from 28.5 to 31.06 wt. 
% in all size fractions. Nb containing precipitates and the increase of Nd 
concentration may reduce the grain size in different ways, either 
enhancing heterogeneous nucleation or reducing the mobility of the 
solid/liquid interface, but identifying the exact mechanism is beyond 

Fig. 5. Microstructure of gas-atomized powder AG17–24 (28.5Nd-bal.Fe-1.034B wt.%) for different size fractions: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 
63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 

Fig. 6. Microstructure of gas-atomized powder AG18–07 (31.06Nd-bal.Fe-1.126B wt.%) for different size fractions: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 
63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 
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the scope of this work. 

3.4. Microstructure after annealing 

Fig. 11 illustrates the particle size’s effect on densification for the 
composition with the lowest Nd content (27.3 wt.%). The same trends 
have been observed in all the studied alloys. The micrographs show that 
densification rate decreases when the particle size rises, in agreement 
with conventional liquid phase sintering theory [36]. Porosity size and 
shape also evolves with particle size from small, spherical, and isolated 
pores to large, irregular, and interconnected pores, indicating a lower 
degree of sintering when the particle size is raised. Besides, under the 
same annealing conditions and for the same particle size, Fig. 12 dem-
onstrates that the alloy with the highest Nd content (AG18–07, with 
31.06 wt.%) exhibits more densification. This is explained by its higher 
volume fraction of liquid, which increases the area of the solid/liquid 

interface [31]. It is noteworthy to remark that pores are spherical in all 
the particles sizes, indicating as well a higher degree of sintering. 

In order to assess the influence of Nb, the microstructure of powders 
AG17–62 (with Nb) and AG17–24 (without Nb) are presented in Figs. 13 
and 14, respectively, after annealing at 1100 ◦C for 24 h under Ar. Under 
these annealing conditions, the sample with Nb exhibits a higher degree 
of sintering. As explained before, Nb-containing alloy has more Nd-rich 
phase and forms a higher amount of liquid phase at the annealing 
temperature (see Table 1), which results in more densification and a 
faster development of necks between the particles. 

Figs. 15 to 19 show the microstructure of the annealed samples in 
more detail. The different phases have been arrowed in the pictures to 
make easier their identification. Apart from the matrix phase 
(Nd2Fe14B), all the samples contain a small amount of NdFe4B4, as it is 
typically the case in alloys with an excess of Nd [18]. The small amount 
of metastable free Fe observed in the as-atomized powders have been 

Fig. 7. Microstructure of gas-atomized powder AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%) for different size fractions: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 
μm, (d) 63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 

Fig. 8. Transmission electron micrographs of the as-atomized powder AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%), particle size fraction 45–63 μm: (a) Intra-
granular precipitates (i.e. inside a Nd2Fe14B grain) and (b) Intergranular precipitates (i.e. inside the Nd-rich phase). 
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removed. The pictures also show the presence at the triple points of Nd 
oxides, which can be discriminated from the non-oxidized Nd-rich phase 
because oxides have a slightly darker contrast. The number of oxides 
increases when the particle size decreases or the annealing temperature/ 
time is raised due to the increment of oxygen, as shown in Section 3.1. 
The presence of Nd oxides at triple junctions has been reported in the 
case of sintered magnets [21,33,49]. As expected, raising the tempera-
ture leads to an overall coarsening of the whole microstructure and 
constituent phases. 

The micrographs also reveal the presence of an intergranular 
eutectic-like structure containing at least free iron and matrix phase. Its 
amount depends on the Nd content, the particle size, and the annealing 

temperature. It was explained in Section 3.1 that this structure can only 
appear when the metallic Nd excess is lost due to oxidation. Table 2 
displays the Nd excess of each alloy and the amount of oxygen required 
to transform it into Nd2O3. In the case of the alloy with the lowest Nd 
content (AG17–22, with 27.3 wt.% of Nd), Fig. 15 shows the presence of 
the eutectic-like structure in the size fraction 0–20 μm, whereas it does 
not appear in larger particles sizes. The reason is that fine particles 
contain more oxygen and are more easily oxidized during annealing, as 
shown in Fig. 1. When the temperature is raised to 1150 ◦C, the amount 
of eutectic-like structure increases and it becomes coarser (Fig. 16). 
Although it is more frequently found in the smaller particle sizes, it is 
present in all size fractions for the compositions with low Nd content (≤
28.5 wt.% Nd), as shown by Fig. 19. These trends correlate well with the 
highest oxidation expected when the temperature is raised and the 
particle size is reduced. When the Nd content of the alloy rises, the 
probability of completely oxidizing the Nd excess is lower. The Nd 
excess of alloy AG18–07, with 31.06 wt.% of Nd, is 4.36 wt.% and the 
oxygen required to oxidize this excess completely is 0.7254 wt.%, which 
is much higher than the oxygen contents in Fig. 1. Consequently, Fig. 17 
demonstrates that this alloy does not exhibit eutectic structure in the 
intergranular phase for any particle size. 

In the case of the alloy with Nb (AG17–62), Fig. 18 shows that the 
size of the Nb-Fe-containing compounds after annealing depends on the 
particle size. When the particle size increases, the total number of pre-
cipitates decreases and their size rises. As explained in Section 3.3, the 
initial size of the precipitates decreases when the particle size is smaller 
and precipitation is suppressed for particles <45 μm. Obviously, the 
precipitates formed upon annealing from the supersaturated solid so-
lution in particles <45 μm will be finer than those observed in larger 
particle sizes. For a given mechanism of coarsening and equivalent 
annealing conditions (time and temperature), it is anticipated that the 
finest initial population of precipitates will be also the finest one after 
the heat treatment, in agreement with the micrographs in Fig. 18. At 

Fig. 9. Nb detected in the intergranular phase (indicated with arrows) of composition AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%). Left images: Presence of Nb 
without precipitation in the fraction 20–45 μm; (a) Backscattered electrons image; (c) Secondary electrons image of the same zone as “a”; (e) Spot EDS analysis in the 
area encircled in figure “c”. Right images: Nb-Fe-containing precipitates in fraction 106–150 μm; (b) Backscattered electrons image; (d) Secondary electrons image of 
the same zone as “b”; (f) Spot EDS analysis on the particle encircled in figure “d”. 

Fig. 10. Grain size versus particle size for AG17–24 (28.5Nd-bal.Fe-1.034B wt. 
%), AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%), and AG18–07 (31.06Nd- 
bal.Fe-1.126B wt.%) alloys. 
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Fig. 11. Backscattered electron (BSE) images at low magnification of several size fractions of powder AG17–22 (27.3Nd-bal.Fe-1.01B wt.%) after annealing at 
1100 ◦C for 96 h under Ar: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 

Fig. 12. Backscattered electron (BSE) images at low magnification of several size fractions of powder AG18–07 (31.06Nd-bal.Fe-1.126B wt.%) after annealing at 
1100 ◦C for 96 h under Ar: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 
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Fig. 13. Backscattered electron (BSE) images at low magnification of several size fractions of powder AG17–24 (28.5Nd-bal.Fe-1.034B wt.%) after annealing at 
1100 ◦C for 24 h under Ar: (a) 0–20 μm, (b) 45–63 μm, and (c) 75–106 μm. 

Fig. 14. Backscattered electron (BSE) images at low magnification of several size fractions of powder AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%) after 
annealing at 1100 ◦C for 24 h under Ar: (a) 0–20 μm, (b) 45–63 μm, and (c) 75–106 μm. 

Fig. 15. Backscattered electron (BSE) images of several size fractions of powder AG17–22 (27.3Nd-bal.Fe-1.01B wt.%) after annealing at 1100 ◦C for 96 h under Ar: 
(a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 
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Fig. 16. Backscattered electron (BSE) images of several size fractions of powder AG17–22 (27.3Nd-bal.Fe-1.01B wt.%) after grain growth annealing at 1150 ◦C for 
24 h under Ar: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 

Fig. 17. Backscattered electron (BSE) images of several size fractions of powder AG18–07 (31.06Nd-bal.Fe-1.126B wt.%) after annealing at 1100 ◦C for 96 h under 
Ar: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 
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1150 ◦C (Fig. 19), Nb-Fe-containing compounds grow faster than at 
1100 ◦C, attaining larger sizes in each particle size fraction, which is 
logical since coarsening is a thermally activated phenomenon. The 

eutectic-like structures observed in Figs. 18 and 19 have the same 
characteristics and evolve in the same way as in the compositions 
without Nb discussed previously. 

Fig. 18. Backscattered electron (BSE) images of several size fractions of powder AG17–62 (28.3Nd-bal.Fe-0.337Nb-1.159B wt.%) after annealing at 1100 ◦C for 96 h 
under Ar: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 

Fig. 19. Backscattered electron (BSE) images of several size fractions of powder AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%) after grain growth annealing at 
1150 ◦C for 24 h under Ar: (a) 0–20 μm, (b) 20–45 μm, (c) 45–63 μm, (d) 63–75 μm, (e) 75–106 μm, and (f) 106–150 μm. 
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3.5. Grain growth 

We have justified in a previous work [31] that densification and 
grain growth are explained by the conventional theory of LPS 
[36,50,51], being dissolution-reprecipitation the common mechanism 
of mass transport. Fig. 10 shows that the initial grain size of the atomized 
powders increases with the particle size following a linear relationship. 
We could expect that grain growth during annealing should follow a 
general law as Gn − Go

n = Kt, where G is grain size, Go is the initial grain 
size, n is a constant dependent on the grain growth mechanism, K is 
another constant dependent on temperature according to an Arrhenius 
equation, and t is time. If two size fractions of a given powder (i.e. with 
identical composition), namely 1 and 2, are annealed under the same 
conditions, we can write Gi

n − Goi
n = Kt, with i = 1, 2. If the grain growth 

mechanism is identical in both size fractions (i.e. if n and K do not 
change with the particle size), the grain size of both samples will fulfill 
G2

n − G1
n = Go2

n − Go1
n. In other words, if Go2

n > Go1
n, then G2

n > G1
n, 

so the curve of grain size after annealing as a function of particle size 
should always be a line with positive slope. 

Fig. 20 presents the evolution of grain growth with the particle size 
after annealing. It is evident that the traces do not follow the trend 
anticipated in the previous paragraph, no matter the composition or the 
annealing temperature. In general, the curves peak at intermediate 
particle size fractions (20–45 μm or 45–63 μm) and subsequently 
decrease with a gentle slope. This means that, in our general grain 
growth model, the coefficients n and K do not only depend on compo-
sition and temperature, but also on the particle size fraction, i.e. the 
initial particle size is affecting the mobility of grain boundaries. 

As explained in Section 3.4, the density reached by the sample during 
annealing decreases when the particle size rises. The solid/vapor 
interface (or free surface) is more prevalent when the particle size rises. 
The grain boundaries tend to be perpendicular to the free surfaces. At 
high annealing temperatures, grooves develop by surface diffusion 

where the grain boundary intersects with the free surface due to the 
tendency to stablish an equilibrium dihedral angle (ϕV), whose value is 
determined by the corresponding surface energies (ϕV = 2cos− 1 γGB

2γSV
). 

Grooves anchor the grain boundaries to the surface [52], which delays 
grain growth for particle sizes larger than 20–45 μm or 45–63 μm, 
depending on the composition. 

The curves of the ternary Nd-Fe-B alloys display a similar shape at 
both annealing temperatures (Fig. 20a and b). Increasing the tempera-
ture from 1100 to 1150 ◦C rises the volume fraction of liquid and ac-
celerates dissolution-reprecipitation. As the temperature has a greater 
influence than the time on the kinetics, the final grain size is larger at 
1150 than a 1100 ◦C despite the shorter annealing time. For particle 
sizes larger than 45–63 μm, Fig. 20a and b demonstrate that Nd en-
hances grain growth due to the larger amount of liquid in the system (see 
Table 1), higher area of the solid/liquid interface (see Section 3.2), and, 
consequently, enhanced dissolution-reprecipitation. For particle sizes 
smaller than 45–63 μm, this trend is not fulfilled. The composition with 
the lowest Nd concentration (AG17–22) still exhibits a limited grain 
growth that is compatible with a low amount of liquid. However, the 
composition AG18–07 (31.06 wt.% of Nd) exhibits lower grain growth 
than AG17–24 (28.5 wt.% of Nd) despite that its liquid content is higher. 
It is thought that this trend reversal is related with the effect of oxygen. 
Fig. 1 demonstrates that the oxygen concentration increases when the 
particle size is reduced from 0.075 wt.% for the size fraction 106–150 
μm to 0.23 wt.% for the size fraction 0–20 μm. Thus, the influence of 
oxygen on grain growth can be very relevant in the case of small size 
fractions. According to the analysis conducted in Section 3.1, Nd oxides 
will be present in the material at the annealing temperature. These ox-
ides can reduce the mobility of the solid/liquid interface by a pinning 
effect, which could explain the reversal of the trend observed at high Nd 
concentrations for the small size fractions. 

Regarding the composition with Nb (AG17–62), we noticed previ-
ously that abnormal grain growth (AGG) occurred at 1100 ◦C, while 

Fig. 20. Grain size as a function of particle size after grain growth annealing under Ar in the following conditions: (a) 1100 ◦C for 96 h and (b) 1150 ◦C for 24 h.  

Fig. 21. Inverse pole figures (IPF) of powder AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%) after annealing at 1100 ◦C for 24 h. Particle size: (a) 0–20 μm, (b) 
45–63 μm and (c) 75–106 μm. 
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grain growth was inhibit at 1000 ◦C and was normal at 1150 ◦C [31]. 
This behavior was observed in the particle size fraction between 45 and 
63 μm. Fig. 21 confirms that AGG is a general phenomenon taking place 
in all size fractions, but with more prevalence in the case of particle sizes 
<45 μm. Due to the formation of abnormally large grains, composition 
AG17–62 has been excluded from the analysis of grain growth at 
1100 ◦C (Fig. 20a). 

When composition AG17–62 (with Nb) is compared with composi-
tion AG17–24 (without Nb and the same concentration of Nd) at 
1150 ◦C, it is observed that both exhibit a similar grain size for particle 
size fractions >45 μm, whereas the alloy with Nb exhibits a lower grain 
growth for smaller particle sizes. Before annealing, it has been shown the 
presence of intergranular Nb-Fe-containing precipitates with a size ≤1 
μm (Figs. 9 and 8b) and nanometric precipitates inside the matrix phase 
(Fig. 8) in the size fractions >45 μm, whereas Nb was retained in solu-
tion in particles <45 μm. During annealing, the supersaturated solid 
solution in particles <45 μm will decompose producing a precipitation 
finer than the precipitation formed in the larger particles during solid-
ification. Moreover, the total number of precipitates in the annealed 
samples decreases and their size rises when the particle size increases 
(Figs. 18 and 19). Consequently, Fig. 20b demonstrates that Nb-Fe- 
containing precipitation is still small enough to allow an efficient con-
trol of grain growth in particle sizes below <45 μm, whilst Nb loses its 
effect as an inhibitor of grain growth in the coarser particles. 

4. Conclusions  

a) The initial grain size in gas atomized powders increased linearly with 
the particle size from 2–2.5 μm in the particle size fraction 0–20 μm 
to 8–10 μm in the particle size fraction 106–150 μm due to the 
decrease of the cooling rate in atomization.  

b) Grain growth curves at 1100 and 1150 ◦C as a function of the particle 
size peak at intermediate particle size fractions (20–45 μm or 45–63 
μm) and subsequently decrease with a gentle slope. The surface area 
of solid/vapor interface increases when the particle size rises due to a 
lesser densification. The intersection of the grain boundaries with 
free solid/vapor interface is reducing its mobility, probably due to 
the formation of thermal grooves.  

c) Oxidation plays a substantial role on the final microstructure and 
grain growth. The number of oxides at triple junctions increases 
when the particle size decreases or the annealing temperature/time 
is raised due to the oxygen pick-up. Due to the low solubility of ox-
ygen in the liquid phase, the oxides are already present at high 
temperature. In the case of the particle sizes smaller than 45 μm (i.e. 
with high oxygen concentration), grain growth is delayed in the 
composition with 31.06 wt.% of Nd (i.e. the most susceptible to 
oxidation) compared to composition with 28.5 wt.% of Nd, despite 
the higher liquid fraction of the former. This delayed grain growth is 
attributed to a reduction of the mobility of the solid/liquid interface 
by a pinning effect caused by the oxide particles. 
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