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A B S T R A C T   

Laser powder-bed fusion (PBF-LB), a class of additive manufacturing (AM), has attracted wide interest in the 
production of Nd-Fe-B permanent magnets, benefiting from the minimisation of waste of rare-earth elements and 
the post-processing requirements. Most research on PBF-LB Nd-Fe-B has focused on reducing defects in printed 
parts alongside the improvement of the resultant magnetic properties. Detailed analysis of the microstructure 
that results in permanent magnetic properties is yet to be published. In this research, a combination of high- 
resolution microstructural investigations was conducted for this purpose. For the first time, an in-depth anal
ysis of the grain structure in terms of morphology, size distribution, and texture is presented and correlated to the 
permanent magnetic performance. Melt pools showed a hierarchical grain size distribution of primary Nd2Fe14B 
phase grains with a polygonal morphology and random crystalline alignment, in addition to a small amount of 
Nd-rich and Nd-lean precipitates in the matrix of the Ti-rich amorphous grain boundaries. The permanent 
magnetic properties of this material are mainly determined by the nanostructured Nd2Fe14B grains and the 
amorphous Ti-rich iron-based intergranular phase but could be weakened by precipitates that act as magnetic 
pores. Remelting during PBF-LB led to the transformation of the coarse grains of the previously solidified layer to 
fine ones, favourable for the permanent magnetic properties. The mechanisms of these complex phase formations 
and transformations during processing and the development of the nanocrystalline microstructure are elucidated 
in this paper as a basis for informing the optimisation process for microstructural development.   

1. Introduction 

Since their discovery, Nd-Fe-B magnets have attracted significant 
interest for their outstanding magnetic performance, being widely used 
in electronics, appliances, automotive, energy systems, and medical 
devices, to name a few. [1–4]. Microcrystalline and nanocrystalline 
Nd-Fe-B powders are usually used as feedstock material to produce 
sintered or bonded (mixed with binders) magnets [5–10]. Sintered 
magnets can be anisotropic by pre-aligning the powder before sintering, 
which yields a remanence twice that of isotropic magnets, according to 
the Stoner-Wohlfrarth model [11]. The high magnetic properties of 
sintered magnets are due to their unique composite-like structure, 

having a continuous rare earth element (RE)-rich film surrounding the 
grain boundaries (GBs), thanks to the relatively high RE concentration 
(~14–15%) [1,12,13]. Micro-scale grains are decoupled by the RE-rich 
phase at the GBs [14–17], which minimises the magnetic coupling be
tween the grains. As for the bonded Nd-Fe-B, the corrosion resistance 
and ductility surpasses those of the sintered ones, thanks to the poly
meric binder protecting the magnetic powder [18,19]. However, the 
binders also reduce the metallic phase density to 60–80 vol.% [18–21] 
resulting in lower magnetic density compared to sintered ones [18]. The 
poor temperature resistance of many engineering polymers also limits 
the operating temperature of the polymer-bonded magnets [1,19]. 
Further, the machining of conventionally manufactured magnets is 
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usually needed to achieve the required geometries and dimensions for 
specific applications. However, being a brittle material at room tem
perature, it is susceptible to machining defects [1] with the machined 
swarf material also requiring more energy to recycle/recover the RE 
element for future use. Owing to the strength of this magnetic material 
and the disadvantages of its conventional manufacturing processes, 
themes of research and development for the Nd-Fe-B magnets include 
improvements in their maximum energy product, environmental sta
bility and corrosion resistance, near-net-shape manufacture, and 
magnetization behaviour [1]. 

Additive manufacturing (AM) methods have been widely demon
strated for the production of net-shape or near-net-shape magnets, 
reducing raw material wastage through the avoidance or minimisation 
of post-process machining [20–29]. Extrusion-based methods [22,23], 
electron beam melting (EBM) [20,24], laser powder bed fusion (PBF-LB) 
[25–28], selective laser sintering (SLS) [30], and stereolithography 
(SLA) [29] are AM techniques that have been investigated for the pro
duction of Nd-Fe-B parts. The magnetic properties, corrosion resistance, 
and ductility of the isotropic bonded Nd-Fe-B magnets produced by 
extrusion-based AM are comparable to their conventionally bonded 
counterparts [22,23,31]. Although the Nd-Fe-B parts fabricated via EBM 
were fully metallic, their magnetic properties fell short of expectations 
due to unfavourable phases forming during fabrication [20]. Their 
remanence was less than 0.1 T, which is significantly lower than the 
0.73–0.76 T of the MQP-S feedstock material [32]. As-printed SLS 
magnets showed significantly lower remanence (0.436 T) and compa
rable coercivity (0.653 T) compared to their PBF-LB counterparts (0.650 
T and 0.603T, respectively) due to the lower relative density of the 
former [29,30]. However, the coercivity of the former was enhanced to 
1.518 T via post-process metal infiltration by Nd-rich alloys with low 
melting point [30], but the remanence dropped to 0.390 T(significantly 
lower than the state-of-the-art of PBF-LB magnets). So far, PBF-LB 
Nd-Fe-B magnets offer the best permanent magnetic properties, struc
tural design freedom, and temperature resistance of all the various AM 
processes. 

Magnequench MQP-S, with the chemical composition of 
Nd7.5Pr0.7Zr2.6Ti2.5Co2.5Fe75B88, is a RE-lean alloy with only 8.2 at% RE; 
this is lower than the theoretical percentage of Nd required to form the 
Nd2Fe14B phase and far lower than the feedstock material usually used 
in conventional sintering (14–18%). Owing to its unique spherical 
morphology and suitable particle size distribution, the powder has been 
widely used in PBF-LB studies [25–28,33]. During PBF-LB, the feedstock 
powder is nearly fully melted and re-crystallized during cooling down 
and solidification. The PBF-LB process parameters (e.g. laser power, 
scan speed, hatch distance) influence the relative density of the pro
duced parts [25–28,33], which in turn affects the magnetic properties 
[26,27]. Bittner et al. [27] reported a remanence improvement of ~21% 
through a parametric study of process parameters. The magnetic prop
erties of the PBF-LB material are expected to be dependant on the 
microstructure. The rapid solidification rate in PBF-LB is similar to 
melt-spinning, which is a common method to produce Nd-Fe-B ribbons, 
where the magnetic properties are strongly related to the microstruc
ture, which in turn is dependant on the thermal history during pro
cessing [34]. In PBF-LB, the thermal history includes additional 
remelting and in-situ heat treatment of neighbouring hatches and un
derlying layers. 

Despite the numerous studies focussed on PBF-LB of Nd-Fe-B, there 
has not previously been a comprehensive study on these parts’ micro
structure from the perspective of the density of the magnetic phase 
Nd2Fe14B, the grain size, the alignment of the grains and the 
morphology of the GBs that govern the permanent magnetic properties 
[14–17,35–37]. To comprehensively correlate the 
process-structure-property relationship of PBF-LB, this paper presents a 
detailed microstructural study, which is critical for obtaining the 
maximum energy product of the permanent magnets. Moreover, the 
formation of the material during the process and the 

process-structure-property relationships are discussed. 

2. Materials and methods 

A commercial Renishaw AM125 (UK) PBF-LB system was used to 
produce the Nd-Fe-B samples in this study. The system is equipped with 
a 200 W yttrium fibre laser with a spot size of 40 µm operating in a 
pulsed mode. The feedstock powder, MQP-S-11–9–20,001, was acquired 
from Magnequench (Germany). The powder was stored in sealed bottles 
before use and the specimens, fabricated under argon, were stored in 
vacuumed bags to minimise oxidation. For the metallographic study, 
cylindrical samples of 10 mm diameter and 10 mm height were pro
duced. A single track was deposited on the top of the cylindrical sample, 
which was used to study the microstructure forming during PBF-LB 
without the effect of remelting/in-situ heat treatment from the neigh
bouring tracks within the same layer or from the subsequent layers. The 
Nd-Fe-B samples were processed by an optimised parameter combina
tion, published in our earlier work [28]. The process parameters 
employed were: a layer thickness of 30 µm, a point distance of 65 µm, an 
exposure time of 72 µs, a hatch distance of 100 µm, and a bi-directional 
scan strategy with a rotation of 67̊ between layers. 

For metallographic preparation, the samples were cross-sectioned 
and polished using standard metallographic techniques to a 1 µm fin
ish. Following conventional polishing, the samples were vibro-polished 
to a 0.03 µm finish using a Buehler Vibromet polisher (Buehler, Illinois, 
United States) with a non-crystallizing colloidal silica polishing sus
pension. Phase identification was performed by collecting X-ray 
diffraction (XRD) patterns from the loose MQP-S powder and the pol
ished specimens using a Bruker D8 Advance Da Vinci (Bruker, Mass 
achusetts, United States) with a step size of 0.01̊ and an exposure time 
of 10 s at each step. The microstructure of the polished Nd-Fe-B samples 
was studied using an FEI G4 CXe plasma focussed ion beam (pFIB) 
scanning electron microscope (SEM) (FEI, Oregon, United States) in the 
back-scatter electron (BSE) mode. Electron backscattered diffraction 
(EBSD) patterns coupled with energy dispersive X-ray spectroscopy 
(EDS) mapping with a step size of 0.1 µm were obtained using Nor
dlysMax3 EBSD detector (Oxford Instruments, Oxon, UK) and X-max 
150 EDS detector (Oxford Instruments, Oxon, UK), on a JEOL-7100F- 
field emission gun (FEG) – scanning electron microscope (SEM) (JEOL, 
Tokyo, Japan) at an accelerating voltage of 15 kV. The software AZTec 
and AZTec Crystal were used to process the data. 

Given the extremely fine and complex microstructure of the material, 
transmission electron microscopy (TEM) and atom probe tomography 
(APT) were utilised to study the metallurgy of the printed samples. 
Samples for TEM and APT were prepared using a plasma focused ion 
beam (pFIB) on an FEI G4 Cxe pFIB-SEM (FEI, Oregon, United States) to 
lift out and polish a thin lamella from the region of interest across the 
melt pool boundary for the former and needles from various regions 
within the melt pool for the latter. The specific locations of the TEM 
lamella and APT needles are shown in Fig. 1. TEM imaging was per
formed using a FEI Tecnai F20 G2 S – Twin FEG-scanning TEM (TEM), 
equipped with an EDS X-Max 80 mm2 TLE detector (Oxford Instruments, 
Oxon, UK). Further, high-resolution TEM (HR-TEM) was used to study 
the finer details of the microstructure of the investigated samples and 
collect selective area diffraction (SAD) patterns. The APT study was 
performed on the needles using a LEAP™ 3000X HR (CAMECA, Gen
nevilliers, France). 

SEM and TEM micrographs were used to obtain the sizes of the grains 
and dendrites using ‘line measure’ function in the image analysis soft
ware, ImageJ [38]. On each micrograph, at least fifty measurements of 
diameters or lengths and widths of the primary grains and the dendrites 
were taken at random locations. A comparison was made between the 
range and average sizes of the grains and dendrites at distinctive loca
tions within the melt pools. 

To measure the magnetic properties of the as-printed samples and 
correlate them to the investigated microstructure, induction 
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demagnetisation curves were collected by a NIM-2000H closed-circuit 
hysteresigraph after magnetization in a 2T external magnetic field using 
a pulse magnetizer NIM-10,000 (National Institute of Metrology, Bei
jing, China). The tested specimens were cylindrical samples of 10 mm 
diameter and 10 mm height. In order to study the temperature effect on 
the characteristics of the permanent magnet (remanence (Br) and coer
civity (Hc)), each sample was measured at various temperatures: 
ambient (20◦), 50 ◦C, 100 ◦C, 150 ◦C, and 200 ◦C. The samples were 
magnetized using the pulse magnetizer before measuring at each tem
perature to ensure magnetic saturation in the permanent magnetic 
samples. The accuracy of the measurements was established to be ±1%. 

3. Results and discussion 

3.1. The hierarchical grain structure in PBF-LB Nd-Fe-B 

The cross-sections of the as-printed samples revealed a microstruc
ture consisting of overlapping melt pools with fish-scale-like melt pool 
boundaries in-between. A representative region studied using SEM and 
EBSD is illustrated schematically in Fig. 2(a) according to the SEM 
micrograph in Fig. 2(b). The fish-scale-like microstructure can be seen in 
Fig. 2(b) with columnar grains at the melt pool boundaries and irregular 
polygonal grains within the melt pool area, depicted in the higher 
magnification images (c) and (d). The layer-by-layer nature of the 
manufacturing process leads to repetitive thermal cycles experienced by 
the material. This resulted in a gradient change in grain size along the 
depth of each melt pool, i.e. parallel to the build direction (Fig. 2(c)). 
The size of the equiaxed polygonal grains within the melt pool core 
ranged from 0.2 to 2 µm (Fig. 2(c)). In principle, the gradient grain size 

within each melt pool is dictated by the thermal gradients experienced 
during processing. As has been established in the literature, materials 
processed by PBF-LB that result in a fish-scale-like microstructure are 
characterised by finer equiaxed grains in the melt pool core at the upper 
regions with coarser elongated grains at the boundaries of the melt 
pools, following the direction of a thermal gradient, i.e. towards the heat 
source [39–41]. This agrees with the microstructure reported in this 
study. Nevertheless, at the top of each melt pool, between each two 
adjacent melt pools along the build direction, a region of coarser equi
axed grains was observed (Fig. 2(c), (d), and (e)), where the grain size 
was measured to be 1.3 mm on average. Below this, finer equiaxed 
grains were observed, with an average grain size of 0.4 mm (Fig. 2(c), 
(d), and (f)). The columnar elongated grains at the melt pool boundaries 
(Fig. 2(d)) were around 2 µm long and 0.4 µm wide. A similar grain 
morphology transition from columnar to equiaxed grains within the 
melt pool has been reported for Zr-modified Al alloys [42]. The added 
element (Zr) serves as a nucleation site during solidification, promoting 
heterogeneous nucleation. An equiaxed grain structure was also 
observed in Fe6NiCoCrAlTiSi high-entropy alloy coatings produced via 
laser cladding [43]. This suggests that equiaxed grain formation could 
be driven by the characteristic element composition of the MQP-S 
powder (Nd7.5Pr0.7Zr2.6Ti2.5Co2.5Fe75B88) used in this study. 

Livingston [44] calculated the maximum size of a grain to be single 
domain as 0.3 µm, which means that larger grains are expected to be 
multi-domain. The magnetic properties produced by multi-domain 
grains are inferior to single-domain grains due to the coupling effect 
between the domains within the former. In the PBF-LB Nd-Fe-B magnets, 
grains larger than 0.3 µm are therefore classed as multi-domain, with 
lower demagnetization resistance, and consequently lower coercivity. 

Fig. 1. pFIB was used to prepare TEM and APT samples from the as-printed PBF-LB Nd-Fe-B to lift out (a) a lamella for TEM analysis and (b) needles for APT analysis.  
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Another important aspect is the presence of elongated columnar grains 
at the melt pool boundaries with high aspect ratios along the build di
rection. As reported by Sepheri-Amin et al. [45], coercivity decreases 
with an increasing aspect ratio of the grains due to the lower stray field. 
PBF-LB magnets with grain sizes between 0.2 and 2 µm have coarser 
grains compared to magnets fabricated by conventional rapid solidifi
cation methods (e.g. melt spun and hot-deformed magnets with average 
grain sizes of 0.1 and 0.2 µm, respectively). The coupling effect due to 
coarser grain size and the presence of some columnar grains can be two 
of the reasons behind the relatively lower permanent magnetic proper
ties in PBF-LB magnets. For enhanced permanent magnetic properties, it 
is recommended to transform the coarser grains into finer ones by tuning 
the process parameters. For instance, it has been shown that permanent 
magnetic properties can be enhanced by reducing the layer thickness 
[26,46]. Based on the understanding of the PBF-LB process and the so
lidification kinetics, Jacimovic et al. asserted that melt pools are smaller 
in thinner powder layers, resulting in faster solidification and finer 
grains after solidification [26]. The difference in grain size at different 
areas of the melt pool was also observed in PBF-LB parts made from 
Nd-Fe-B powder with higher Nd content [47]. Our observations here of 
the periodic and hierarchical grain structure in each layer, similar to the 
work of Bittner et al. [33], attributed to gradient temperature within the 
melt pools during solidification, further explain the mechanism behind 
this phenomenon considering remelting during PBF-LB. A thinner layer 
thickness means a larger penetration depth of the laser irradiation 
leading to more remelting of the originally coarser grains at the upper 
region of the preceding layer transforming them into finer grains. 
Consequently, the average grain size of the whole part is refined, in 
theory, leading to improved magnetic properties. 
Amorphous-crystalline nanostructure 

The TEM-EDS analysis provided a fundamental understanding of the 
microstructure of the PBF-LB Nd-Fe-B. The chemical elements’ 

distribution within the various regions of a representative melt pool was 
mapped using TEM-EDS, as shown in Fig. 3. Co, Zr, Pr, Cu, and Ti are 
added to the formula of the MQP-S powder [48] for enhanced magnetic 
properties [49–54]. After PBF-LB processing (Fig. 3), Co was evenly 
distributed within the sample. On the other hand, microscale precipi
tation of Ti was observed at the GBs within the whole area mapped with 
Zr segregations at the GBs, mainly within the melt pool boundary; this 
could be attributed to the thermal expansion and contraction of the melt 
pool during processing [55,56]. In rapidly solidified alloys, Zr is ad
vantageous for stabilizing the amorphous phases and promoting grain 
refinement in the crystalline phases [49,57–61]. Zr-rich intergranular 
phases may also act as pinning centres inhibiting the movement of the 
domain walls between the grains [49,60]. Pr was dispersed within the 
melt pool but was depleted from the intergranular phases around the 
columnar grains at the melt pool boundaries where Zr was more pro
nounced. Nd was dispersed in the primary grains, besides areas of higher 
concentrations in the form of globular precipitates (see Table 1 for the 
quantitative analysis). It is interesting to note that the distribution of Fe 
varied across the various regions of the melt pool. It was uniformly 
distributed in the columnar and coarse grain regions in contrast to the 
subtle reduction at the GBs in the fine grains’ region indicating a lesser 
Fe content, as annotated in Fig. 3. 

The respective quantitative analysis is displayed in Table 1. A com
parison of the chemical composition of the relatively larger areas at 
different regions of the melt pool was undertaken in the EDS study, i.e. 
fine polygonal, columnar, and coarse polygonal grain regions (as an
notated in Fig. 3(a) and (c)). As displayed in Table 1, no significant 
quantitative differences were noted between the three regions of the 
melt pool. This suggested that the grains with different sizes and 
morphology at different regions of the melt pool have similar chemical 
composition. The phase of the primary grains will be studied using other 
characterisation techniques later in this article. The globular 

Fig. 2. Microstructure of the PBF-LB Nd-Fe-B. (a) Schematic illustration of the formation of the melt pools during the PBF-LB process as well as the area being studied 
using SEM and EBSD in this work. (b) SEM micrograph showing the fish-scale-like microstructure along the build direction; (c) SEM micrograph at a lower magnitude 
showing the repeated gradient change of the grain size along the build direction in the melt pool; (d) SEM micrograph of a representative overlapped region of two 
adjacent layers, depicted the polygonal grains in the melt pool and the columnar grains at the melt pool boundary; (e) (f) SEM micrographs of the coarse and fine 
polygonal grains at the top and bottom of a melt pool of the PBF-LB Nd-Fe-B. 
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precipitates and the intergranular precipitates are annotated on the 
maps and EDS data was collected from them. The EDS analysis (Table 1) 
on the precipitates confirmed that significantly higher composition of 
the rare-earth element Nd and Pr concentrated at the globular pre
cipitates. In addition, Ti was abundant in the intergranular phase. 
However, owing to the nanoscale nature of these precipitates, a more 
accurate quantitative chemical analysis of them was conducted using 
atom probe tomography (APT), which is presented later in this article. 

The rapid melting and solidification rates associated with PBF-LB are 
known to lead to the formation of extremely fine microstructures that in 
some cases, like with Nd-Fe-B, can even yield nanocrystalline features. 
Therefore, transmission electron microscopy (TEM) was utilised to 
further study the metallurgy of the as-printed samples. The three char
acteristic regions that constitute each melt pool can be seen in Fig. 4 
where the fine polygonal, columnar, and coarse polygonal grains are 
presented in (a, b), (c, d), and (e, f), respectively. The sizes of the grains 

Fig. 3. TEM-EDS mapping of the PBF-LB Nd-Fe-B FIB lamella showing the chemical elements.  

Table 1 
Chemical compositions from TEM-EDS at the annotated regions in Fig. 3.  

At% 
Map 

Fe Nd Zr Pr Ti Co Cu* B* ID* 
(in Fig. 3. c) 

Feedstock powder 75.0 7.5 2.6 0.7 2.5 2.5 0.1 8.8 MQP-S datasheet [48] 
Whole area mapping 79.1 8.7 2.8 0.9 3.1 3.4 2.0 – Map sum spectrum 
Fine grain area 79.4 8.7 2.9 0.9 3.1 3.4 1.6 – Fine grain spectrum 
Melt-pool boundary 79.2 8.6 2.9 0.9 3.1 3.4 2.0 – Columnar grain spectrum 
Large grain area 79.0 8.6 2.8 0.9 3.0 3.3 2.2 – Large grain spectrum  

Nd-rich precipitate regions  
72.2 16.6 1.8 2.2 2.0 3.2 1.9 – SG3 
71.7 16.6 2.3 2.0 2.3 2.8 2.1 – SG1 
71.7 16.6 2.3 2.0 2.3 2.8 2.1 – LG1 

Ti-rich precipitate regions 79.2 5.1 4.2 0.5 5.6 3.4 1.9 – IDF2 
79.8 3.9 4.5 0.3 6.0 3.5 1.9 – IDF7 
79.3 4.8 4.3 0.5 5.7 3.5 2.0 – IDF6  

* (1) The TEM data will have a higher copper content as the sample is on a copper grid, which results in a copper background from the milling of the sample. 
(2) Quantitative TEM-EDS analysis of Boron (B) when associated with other light elements can be challenging [62] and potentially unreliable especially in trace 

concentrations. In this case boron was not included in the characterisation. 
(3) The area of the map in TEM-EDS was manually drawn, and more accurate quantitative chemical compositions of the precipitates and the primary grains are 

displayed in the Atom probe tomography (APT) results in this research. 
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were measured from the SEM images (Fig. 2). Dendrites were observed 
both in the polygonal grains in the melt pool core and the columnar 
grains at the melt pool boundaries, as annotated in Fig. 4. The columnar 
dendrites were formed at the melt pool boundaries determined by the 
constitutional undercooling of the melt at their tips, due to the under
cooling along the thermal gradient direction during laser processing. 
The dendrites within the grains were measured from the TEM images 
(Fig. 4) at higher magnification. The presence of the dendritic structures 
with their sizes in the nano-scale range (23.1 ± 9.6 nm in width and 
119.9 ± 42.0 nm in length within the fine region, 54.7 ± 22.4 nm in 
width and 1147.7 ± 453.6 nm in length within the columnar grains, and 
70.8 ± 25.8 nm in width and 430.9 ± 155.4 nm in length within the 
relatively coarser region in the melt pool core) and the melt pool 
boundary region confirms that the PBF-LB Nd-Fe-B material can be 
classed as nanostructured. The dendrites, annotated in Fig. 4, are com
mon in impure metals. This is because the pure crystals have a higher 
freezing point than the liquid with impurities and constitutional 
undercooling is a consequence [63]. During cooling down, the primary 
Nd2Fe14B crystals grow faster (light grey features in the dark field TEM 
images), leaving the rest of the elements in the liquid to solidify at the 
boundaries of the dendrites, depicted as darker regions in the same 
images in Fig. 4(a), (c), and (e). Therefore, the boundaries of these grains 
and dendrites are Ti-rich across the melt pool and Zr-rich at the melt 
pool boundaries, as confirmed by the TEM-EDS maps in Fig. 3. Within 
the grains in the various regions of the melt pools, globular precipitates 
were observed (white features in the dark-field TEM images and black 
ones in the bright-field TEM images in Fig. 4) that according to the 
TEM-EDS maps in Fig. 3 were Nd-rich. 

High-resolution TEM images of the nanocrystalline structure of this 
material are presented in Fig. 5. As evidenced by the diffraction contrast 
in the TEM bright field image in Fig. 5(a), the primary grains are crys
talline. Fig. 5 (b–d) gives some lattice-resolved images of typical grain 

boundaries, in which the crystallite planes are annotated in yellow. The 
region filled between the primary grains appeared to be amorphous, as 
in Fig. 5 (b and d). This boundary region was found to be Ti-rich in TEM/ 
EDS (Fig. 3) and is to be correlated with the APT findings. 

The single atom maps collected using APT are presented in Fig. 6. 
The accurate compositions of the primary phase, interphase, and pre
cipitates at the interphase were measured as displayed in Table 2. 
Thanks to the high resolution and accuracy of APT, the lack of Fe, Co, 
Nd, and Pr at the GBs was confirmed and the composition of the Nd-rich 
precipitates was confirmed to be Nd15.7Pr2.4Zr3.0Ti6.7Co2.8

Fe53.5B10.8C1.7, which further supports the TEM analysis findings in 
Figs. 3–5. More interestingly, a small number of Nd-lean precipitates 
were detected in the interphase with a chemical composition of 
Nd0.7Pr0.1Zr5.3Ti9.4Co2.5Fe71.2B10.4C0.3, which is a Ti-B-Zr-rich iron- 
based precipitate. This evidence contradicts previous claims in the 
literature that speculate that the GB of this material is composed of α-Fe 
when processed by PBF-LB [26,47]. The APT analysis here confirmed 
that the interphase contains less Fe than the primary phase, which is in 
agreement with the TEM-EDS maps in Fig. 3. Combining the APT 
analysis with the TEM-EDS maps and the HR-TEM images, it can be 
asserted that the interphase between the primary phase in PBF-LB 
Nd-Fe-B magnets is an amorphous Ti-rich phase rather than α-Fe. 

To summarise, the microstructure of PBF-LB Nd-Fe-B mainly consists 
of the Nd2Fe14B phase, the amorphous Ti-B-Zr-rich iron-based phase at 
the interphase, in addition to a small amount of Ti-B-Zr-rich iron-based 
precipitates, and Nd-rich iron-based precipitates. The mechanisms of 
formation of this microstructure can be further understood through the 
microstructural observations in this section supported by the phase di
agram of Nd-Fe-B [64]. Having the highest phase transition temperature 
compared to the other phases (B-rich: 1081 ◦C, α-Fe: 900 ◦C, and 
Nd-rich: 655 ◦C), Nd2Fe14B (1180 ◦C) is the primary crystalline phase 
and it forms first during solidification consuming most of the Nd and Fe. 

Fig. 4. TEM images of the PBF-LB Nd-Fe-B FIB lamella. (a, b) the fine grains at the bottom of the melt pool were polygonal with and disconnected by the inter
granular phases. Small amounts of the Nd-rich precipitates were observed. (c, d) Columnar dendrites were observed at the melt pool boundaries. (e, f) showing the 
large grains at the top of the melt pool with polygonal morphologies and dislocations. 
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Compared to the chemical contents of 11.8 at% Nd and 82.4% at% Fe in 
the Nd2Fe14B phase schematically, the composition of the MQP-S pow
der with only 7.5 at% Nd prohibits the formation of a continuous 
Nd-rich film at the interphase, hence, Nd-rich globular precipitates form 
at the interphase. The lower content of 75 at% Fe also prohibits the 
formation of the α-Fe phase. Primary grains with dendritic structures 
were formed in the as-printed material due to the presence of several 
elements, such as Pr, Zr, Co, and Cu. These additional elements can 
substitute some of the Nd and Fe in each Nd2Fe14B unit cell to form the 
primary phase grains. The fraction of elements that are not consumed by 
the formation of Nd2Fe14B remains at the GBs to form the amorphous 
Ti-B-Zr-rich iron-based phase and a small amount of the precipitates 
driven by the rapid solidification in the process. 

The magnetic properties of a material are related to its microstruc
ture. Therefore, it is common to tailor the morphology of the Nd-rich 
iron-based phase to be continuous and thin to enhance the magnetic 
properties of microcrystalline sintered Nd-Fe-B magnets [65–67]. A 
continuous non-magnetic Nd-rich phase acts as an insulator at the GBs 
inhibiting the nucleation of magnetic reversal between the primary 
Nd2Fe14B grains [68]. The presence of an amorphous phase at the GBs in 
melt-spun nanocrystalline magnets was reported to function as an 
insulator between the Nd2Fe14B grains enhancing the magnetic ex
change coupling, similar to the function of the Nd-rich phase in sintered 
magnets [17]. In the PBF-LB Nd-Fe-B, although no continuous Nd-rich 
film was detected at the GBs, the amorphous GB phase can play the 
role of insulator [17]. However, the Nd-rich phase in the PBF-LB sample 
has much lower Nd content (measured to be 15.7 at% from APT) 
compared to the Nd-rich phase in the conventional sintered magnets, 
which is typically around 96 at% Nd, 3–5 at% Fe, and a trace of B. As a 
result, the insulating ability of the Nd-rich phase is questionable. On the 

other hand, the Nd-rich phase and Ti-B-Zr-rich iron-based precipitates 
can act as magnetic pores [69] and promote magnetic domain reversal 
between the primary grains and lower the coercivity. 

3.2. Phase identification 

Phase identification was conducted using TEM/selected area 
diffraction (SAD), XRD, and SEM/EBSD. The samples used in this study 
were 91± 0.5% dense [28]. SAD patterns were collected from the three 
regions of the melt pool. Typical TEM bright field images and the 
associated diffraction patterns are presented in Fig. 7. The Nd2Fe14B 
phase was confirmed as the primary phase, as evidenced by the indexed 
SAD patterns matching the tetragonal Nd2Fe14B (04–005–3154). 

The XRD patterns of the loose powder and bulk samples are pre
sented in Fig. 8. By matching the peaks on the XRD pattern of the MQP-S 
powder (Fig. 8(a)) with the PDF cards from the database (00–036–1296, 
03–065–4899), most of the strong peaks distributed along the diffraction 
range 20–70̊ were identified to be the crystalline phase Nd2Fe14B. No 
significant crystallographic texture was observed from the XRD pattern. 
One of the peaks of Nd2Fe14B and the α-Fe peak overlap at around 45̊
from the PDF cards (00–036–1296, 03–065–4899). The intense peak 
around 45̊ for Nd2Fe14B and α-Fe indicates the existence of a significant 
amount of α-Fe in the powder. The XRD pattern of the powder agrees 
with the literature, according to the ternary Nd-Fe-B phase diagram 
[70]. The MQP-S powder with a nominal composition of 
Nd7.5Pr0.7Zr2.6Ti2.5Co2.5Fe75B8.8 [48] is a RE-lean alloy since the content 
of the rare earth elements, including Nd and Pr, is 8.2 at%, which is 
significantly lower than the Nd content of 11.8 at% to form the Nd2Fe14B 
phase stoichiometrically. Due to the excessive content of Fe, alloys with 
this composition mainly consist of Nd2Fe14B and the additional α-Fe 

Fig. 5. (a) Conventional TEM showing the location of each HR-TEM image. (b) shows the interface between two grains with different crystal orientations. (c) shows 
an Nd-rich precipitate with the Nd Fe B matrix. (d) displays the interface between two grains with the same crystal orientation. 
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phase. 
As for the bulk sample (Fig. 8(b)), the intense peaks distributed over 

the diffraction range 20–70̊ were identified as the crystalline phase 
Nd2Fe14B without significant crystallographic texture, similar to the 
powder. The main differences from the powder were the presence of a 
more amorphous background, a weaker peak around 45̊, and unidenti
fied weak peaks. The location of the amorphous peak matches best with 
the Fe5(CO)15C Iron Carbonyl Carbide phase (PDF 01–076–1719) from 
the database, which indicates the amorphous phase is an iron-based 
amorphous phase. The amorphous background is attributed to the GB 
intergranular amorphous phase observed in HR-TEM (Fig. 5) and APT 
(Fig. 6). The peak around 45̊ for α-Fe and Nd2Fe14B was much weaker 
than in the powder. The significant reduction in the intensity of the peak 
around 45̊ could be due to the suppression of the α-Fe phase formation 
by the rapid solidification of the melt pool during PBF-LB. However, 
since the α-Fe peak would overlap with one of the Nd2Fe14B peaks at 
around 45̊, the existence of α-Fe was hard to be distinguished from the 
XRD pattern. Neither α-Fe nor other crystalline phases were detected in 
the HRTEM study, and the chemical composition of the primary grains 
was fairly consistent in the APT study. Therefore, it is indicated that 
either the PBF-LB materials do not contain α-Fe, or the amount of α-Fe in 

the PBF-LB material is low and no α-Fe was consistent in the volumes 
sampled for HRTEM and APT in this study. The unidentified weak peaks 
can be associated with the small amounts of precipitated Nd-rich and Ti- 
B-Zr-rich iron-based phases in the nanocrystalline structure of the ma
terial, as observed in APT (Fig. 6). Since the higher intensity Nd2Fe14B 
peaks were widely distributed along the range of the scanned diffraction 
angle range, they overshadowed the peaks corresponding to the small 
amounts of precipitates. 

Three regions were selected for EBSD analysis, named EBSD areas i, ii 
and iii, annotated by the dashed boxes in Fig. 2(a) with the respective 
maps presented in Fig. 9. A variety of RE2M14X-type phases were ana
lysed using AZtec. The lattice parameters of the Pr2Fe14B phase were the 
best match to the EBSD patterns although the high Pr content in this 
phase did not match the EDS measurements (Table 1 and Fig. 6). The 
effects on the lattice parameter can be attributed to potential Pr, Zr, Cu, 
or Co substitutions of the Nd or Fe atoms [71–73]. 

The Nd2Fe14B phase was the predominant phase in the three maps 
and no strong crystallographic texture was visible (i.e. the samples 
exhibited random crystalline orientations). This is in agreement with the 
HR-TEM and XRD findings (Figs. 5 and 8), indicating that the PBF-LB 
Nd-Fe-B magnet can be classed as an isotropic magnetic material. 

Fig. 6. (a) Single Atom maps for the elements detected in the APT experiment; (b) the composition of the primary phase, Ti-rich intergranular phase, Nd-rich and (c) 
Nd-lean precipitates at the interphase in the APT map. 

Table 2 
Chemical compositions from APT at the annotated regions in Fig. 6.  

At% 
ID 

Fe B Nd Zr Pr Ti Co Cu C 

Primary phase 79.7 4.8 7.1 1.8 0.75 1.5 3.2 0.15 0.22 
Interphase 64.7 15.4 0.96 5.1 0.11 10.7 2.6 0.02 0.28 
Nd-rich precipitate 53.5 10.8 15.7 3.0 2.4 6.7 2.8 2.9 1.7 
Ti/B/Zr-rich precipitate 71.2 10.4 0.67 5.3 0.07 9.4 2.54 0.03 0.28 

* The APT-derived compositions of the phases in Table 2 total over 99%. Residual trace contamination elements including Si, P, Cr, and Mn make up the balance, but 
such minor peaks are near the detection limits, and were therefore omitted from further analysis. 
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The hierarchical grain structure observed in the electron microscope 
images was further supported by the EBSD maps. The map of the single 
track (Fig. 9(a)) and the top layer (Fig. 9(d)) support that the hierar
chical grain structure with random crystalline alignment was formed 
during melt pool solidification rather than due to in-situ heat treatment. 
A random crystalline alignment of Nd2Fe14B was evident in the maps of 
the single track, the top layer, and the mid layers of the sample. This 
random crystal alignment was caused by the preferential growth 

direction of the Nd2Fe14B phase, namely [100] and [010] [33,74,75]. A 
hierarchical structure appeared in the single-track map (Fig. 9(a)). Due 
to the fact that there was no remelting or in-situ heat treatment applied 
and the single track was deposited on top of the sample, the hierarchical 
grain size distribution from top to bottom can be attributed to temper
ature gradient changes during the cooling process of the melt pool. The 
top layer and the middle layer maps also showed hierarchical grain 
structures. Repetitive melting and remelting cycles happen during the 

Fig. 7. Conventional TEM micrographs and Selected Area Diffraction patterns (SAD) from the coarse, columnar melt pool interface and fine-grained zones in (a,d), 
(b,e) and (c,f), respectively. All the patterns matched the tetragonal phase Nd2Fe14B (04–005–3154). 

Fig. 8. XRD pattern showing the amorphous and crystalline phases of (a) the feedstock MQP-S powder and (b) the as-printed Nd-Fe-B sample. In both cases, the 
Nd2Fe14B peaks are widely distributed along the diffraction range with higher intensity compared to the other precipitated phases. More α-Fe was detected in the 
powder feedstock and more amorphous phase was observed in the bulk sample. 
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process of PBF-LB. The solidified layer in the middle of the part (Fig. 9 
(c)) will be remelted when the next layer is deposited at the top and 
irradiated, except for the top layer (Fig. 9(b)). According to Fig. 9(d) and 
(g), the top layer has an average thickness of 90.2 ± 10.4 µm, while the 
mid-layers have an average thickness of 39.5 ± 4.2 µm. The top layer 
had only one melting and solidification cycle without remelting. The 
effect of remelting on the grain size distribution of the parts was studied 
by measuring the grain size from the band contrast maps of the top layer 
and the mid-layers. This is displayed in Fig. 10. 

The equivalent circle diameters of the grains within the various 

regions of the top layer and the middle layers are plotted in Fig. 10 and 
the values are tabulated in Fig. 10(f). The grain size was measured down 
to 0.3 µm as a step size of 0.1 µm and a minimum number (3) of point per 
grain was used to define the minimum grain size. In general, the mean 
size of the grains in the middle layers D and E was finer than the top 
layer but similar to those at the bottom of the uppermost layer. 
Accordingly, the grains within layer E that were larger than 0.82 µm 
were re-melted during processing in the subsequent layer ‘D’ (Fig. 10 
(d)). As with layer D, the grains larger than 1.2 µm are re-melted and re- 
solidified upon processing the following layer. Earlier studies showed 

Fig. 9. EBSD map from the cross- 
section of the PBF-LB Nd-Fe-B sample. 
The band contract image, EBSD layered 
image of Nd2Fe14B phase and the crys
tallographic texture of (a–c) the single 
track at the top of the sample; (d)–f) the 
top layer of a sample; and (h–j) middle 
layers of the sample, respectively. The 
nanocrystalline hierarchical grain 
structure of the melt pool along the 
build direction was observed in the 
band contract image (a, d and g). No 
significant crystallographic texture was 
observed in the samples (c, f and i), 
indicating the material has a preferred 
magnetization direction externally and 
is an isotropic magnet.   

J. Wu et al.                                                                                                                                                                                                                                      



Acta Materialia 259 (2023) 119239

11

that the domain wall is positioned and pinned at the grain borders when 
the grain size is equivalent to the size of a single domain to enhance the 
resistance to demagnetization [76]. In coarse grains, the domains within 

each grain magnetically couple with each other and reduce resistance to 
demagnetisation. It can be concluded that partial remelting of portions 
of each layer in additive manufacturing using PBF-LB can facilitate the 

Fig. 10. The grain size distribution of the top layer and the mid layers of the PBF-LB Nd-Fe-B sample. Equivalent circle diameter of the grains (a) crossing the whole 
melt pool of the top layer; (b) the upper region of the top layer; (c) the lower region of the top layer; (d) and (e) the whole melt pool of the mid-layers. f) values of the 
grain size of the selected areas. The mean grain size of the mid-layer melt pools (D and E) was finer than the top layer, but comparable to the lower region of the top 
layer. This suggested that when another layer was deposited on the previous layer, the coarser grains at the upper region of layer (B) were re-melted and re-solidified 
into finer grains at the lower region of the following layer. 

Fig. 11. Schematic illustration of the microstructure of the 
PBF-LB Nd-Fe-B. The material mainly consisted of a crys
talline phase and an amorphous intergranular phase. The 
morphology of the crystalline phase grains is polygonal in 
the melt pool area, columnar at the melt pool boundaries 
and globular at the intergranular phase precipitates. The 
polygonal grains change from coarse to fine from the top to 
bottom of the melt pool due to the cooling gradient. The 
polygonal and columnar grains were mainly Nd2Fe14B 
phase. Zr was precipitated at the grain boundaries of the 
columnar grains and the polygonal grains in the HAZ of the 
melt pool.   
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transformation of the coarser grains into finer ones, which is favourable 
for better permanent magnetic properties. 

3.3. Relationship between the PBF-LB microstructure and the magnetic 
performance 

A schematic illustration is presented in Fig. 11 that describes the 
scenario of the formation of the Nd-Fe-B microstructure during layer-by- 
layer manufacturing using PBF-LB based on integrating the findings 
from the various techniques used in this study. The printed material is 
composed of primary Nd2Fe14B surrounded by amorphous intergranular 
Ti-rich iron-based GBs, in addition to small amounts of Nd-rich (glob
ular) and Nd-lean (Ti-B-Zr-rich) iron-based precipitates. Atomic sub
stitutions of Nd and Fe by the additional elements in the feedstock 
powder (Pr, Zr, Ti, Co, Cu, and C) occur, affecting the actual lattice 
parameters, which misled the XRD and EDS analyses, as confirmed by 
EBSD. 

When the first layer of powder was irradiated by the laser beam, as 
shown in Fig. 11(a), polygonal grains formed within the melt pool and 
columnar grains at the melt pool boundaries due to the chemical 
composition (Nd7.5Pr0.7Zr2.6Ti2.5Co2.5Fe75B88) of the MQP-S powder 
and the rapid cooling rates in PBF-LB. After depositing and irradiating 
the following layer of powder, as shown in Fig. 11(b), the new powder 
layer is melted, partially remelting the previously solidified layer. 
Similar to the proceeding layer, columnar grains as well as randomly 
orientated polygonal ones with a gradient change in size form. Ac
cording to the EBSD map of the single track, the polygonal grains within 
the melt pool core were relatively coarser in the upper than the lower 
section. 

The magnetic properties of the as-printed samples tested at tem
peratures varying between 20 and 200◦C are displayed in Fig. 12. The 
temperature coefficients of the intrinsic coercivity α and remanence β 
were calculated from the results measured at room temperature (20 ◦C) 
and 150 ◦C. The properties of conventional sintered magnets, rare-earth- 
element-lean powder MQP-S, dense Spark plasma sintered (SPS) sam
ples produced from gas-atomized MQP-S powder, and melt-spun MQU-F 
flakes, which have a higher content of the rare-earth element, are pre
sented in Table 3 for comparison. The magnetic properties, including the 
intrinsic coercivity, remanence, and energy product, of the conventional 
anisotropic sintered magnets were significantly higher than the others 
owing to their anisotropy. On one hand, the magnetic properties of the 

Fig. 12. Demagnetization curves of as-printed magnets at varying temperatures 
after magnetisation. Ta
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PBF-LB samples in this study were lower than the MQP-S powder due to 
the relatively higher porosity content (9%) [28]. On the other hand, the 
area enclosed by the demagnetisation curve in the second quadrant 
(Fig. 12) is smaller than that of the feedstock material [32], indicating 
that the PBF-LB Nd-Fe-B is magnetically ‘softer’ than the powder. This 
may be due to the relatively lower density of the permanent magnetic 
phase and the existence of the Nd-rich and Nd-lean precipitates and 
amorphous GBs. Bittner et al. improved the magnetic properties of 
PBF-LB parts through careful parameter optimisation and achieved the 
magnetic properties of remanence of 0.63 T, coercivity of 921 kA/m and 
maximum energy product of 63 kJ/m3, exceeding previously published 
works’ values significantly [33]. Although the coercivity of the samples 
in the current study was relatively lower compared to the ones published 
by Bittner et al., the remanence and energy product were comparable. 
Meanwhile, the microstructural results from SEM (Fig. 2), show the size 
and morphology of the grains to be similar in this manuscript and the 
work of Bittner et al. [33]. The focus of our manuscript though is on the 
in-depth understanding of the microstructure of PBF-LB Nd-Fe-B and 
how it correlates to the performance of the material. However, the 
properties reported in this study were superior to the SPS counterpart 
owing to the nanocrystalline structure of the PBF-LB samples confirmed 
in this study [28] and the suppressed α-Fe phase [26,28,77]. The higher 
properties of samples produced from MQU-F flakes are attributed to the 
excessive RE content, which enhances the resistance to demagnetiza
tion. It can be observed that the temperature had a strong influence on 
the PBF-LB Nd-Fe-B magnets (Fig. 12) as with other magnets [32, 
77–79]. Compared to other types of permanent magnets, the high energy 
product of the Nd-Fe-B magnets offers the potential advantage of lighter 
weight in applications such as the permanent magnet synchronous 
motors [2], though the curie temperature is lower, which limits its 
application temperature [80]. As the temperature rises above room 
temperature, the intrinsic coercivity and remanence decrease, which 
makes the magnets more vulnerable to demagnetization and more 
electric current at a constant torque would be needed. Consequently, it is 
important to investigate the temperature dependence of the magnetic 
properties of a permanent magnet. The magnetic properties, remanence, 
coercivity, and energy products deteriorated with an increase in the 
demagnetising temperature. Negative values of α and β indicate a 
decrease in remanence and coercivity of a magnet with increasing 
temperature. The value of β (− 0.30%/ ◦C) of the as-printed sample was 
higher than the unprocessed MQP-S powder, the RE-lean MQP-S SPS 
magnet, RE-rich MQU-F SPS magnets, RE-rich conventional sintered, 
and hot-deformed magnets. The higher value indicates the as-printed 
sample was less susceptible to demagnetization as a function of 
increasing the temperature compared to the other magnets. The value of 
α (− 0.15%/ ◦C) was comparable to the state-of-the-art. As a result, 
higher residual magnetic properties of PBF-LB Nd-Fe-B magnets for 
higher-temperature applications are expected by improving the coer
civity at room temperature. 

Following this comprehensive study, the structure-property rela
tionship can be elucidated by correlating the results from the micro
structure investigations with the permanent magnetic tests. The PBF-LB 
Nd-Fe-B magnet is isotropic (EBSD maps and HR-TEM images), con
sisting of nanocrystalline grains with random crystalline alignment. The 
permanent (hard) magnetic property can be mainly attributed to the 
primary Nd2Fe14B phase. The morphology of the Nd2Fe14B grains was 
polygonal with a hierarchical grain structure along the depth of the melt 
pool (Fig. 2). From the in-depth microstructure study on the magnet 
using MQP-S powder consisting of limited Nd, Fe, and B elements be
sides the additional elements (Pr, Zr, Ti, Co, Cu and C), the GB phase was 
confirmed not to be the soft magnetic α-Fe phase. There is no continuous 
Nd-rich phase at the GBs of the Nd2Fe14B grains to insulate and inhibit 
magnetic domain reversal between the grains (Figs. 3 and 6), instead, 
there is an amorphous Ti-rich phase with small amounts of intergranular 
Nd-rich and Nd-lean precipitates. The magnetic insulation ability of the 
Ti-rich iron-based phase observed at the GBs and the effect of the 

intergranular precipitates on the magnetic properties require further 
investigation in the future. Owing to the rapid cooling process, the PBF- 
LB process has been shown to be a promising AM method for the pro
duction of net-shape magnets with nanocrystalline microstructure. 
Although columnar grains forming at the melt pool boundaries have a 
negative impact on the coercivity, considering the effect of aspect ratio, 
the maximum grain size of the columnar grains and the polygonal grains 
within the melt pool and the nanostructured microstructure are pref
erable for higher permanent magnetic properties. Additionally, the ef
fect of grain refinement during remelting can be potentially applied to 
modify the microstructure to enhance the magnetic properties. 

4. Conclusion 

In this study, Nd-Fe-B powder was processed by PBF-LB AM to pro
duce magnets that were analysed in depth for their metallurgical and 
magnetic properties. Based on the findings of this study, the following 
conclusions can be drawn:  

1. The printed magnet is composed of isotropic amorphous-crystalline 
nanocomposite material.  

2. When processed by PBF-LB, the Nd-lean feedstock material resulted 
in a microstructure that consists of the primary Nd2Fe14B phase, 
amorphous Ti-rich iron-based grain boundaries, in addition to Nd- 
rich and Nd-lean iron-based precipitates in the matrix of the amor
phous Ti-rich iron-based GB intergranular phase.  

3. The primary Nd2Fe14B grains with polygonal morphology and 
random crystalline alignment are distributed hierarchically in size 
across the melt pools. The grains at the melt pool boundaries are 
columnar. 

4. When the pre-solidified layer was partially remelted while process
ing the subsequent layer, the coarse grains were re-melted and re- 
solidified into finer grains, favourable for the permanent magnetic 
properties. 

5. The temperature coefficients of these PBF-LB magnets were compa
rable to most common magnets. The potential use of PBF-LB in high- 
temperature applications will require further coercivity enhance
ment at room temperature through optimisations of the chemical 
composition of the feedstock powder and process parameters. 
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