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The microstructure and magnetic properties for Nd2Fe14B/α-Fe nanocomposite magnets with Nb and Zr additions have been 
investigated. Zr-enriched clusters with 2~3 nm and 7×106/µm3 in the size and number densities, respectively, have been 
found in as-spun amorphous ribbons. The concentration of Zr atom is about 30 at% for the clusters with total number of 
atoms higher than 40, which is about 9 times than its nominal composition and helpful to the grain refinement. With the 
addition of Zr and Nb elements, a fine and uniform microstructure with about 20~30 nm in grain size is obtained, which leads 
to the enhancement of the interaction coupling between the grains and improves the magnetic properties. The coercivity 
mechanism for nanocomposite magnets changes from nucleation mechanism for alloy without microalloyed elements to 
pinning mechanism for nanocomposites bearing with Nb and Zr.  
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1. Introduction 
 
Nanocomposite permanent magnets have received 

much considerable attention due to their potential 
properties after the first report of Nd2Fe14B/Fe3B 
nanocomposite magnets [1]. The exchange coupling 
between magnetically hard and soft phases leads to the 
enhancement of remanence and coercivity owing to the 
nano grain size [2, 3]. The mean size of the soft grains 
should not exceed a small multiple of the wall width for 
the hard phase to ensure the effective coupling. And the 
size of hard phases also should be controlled in nano 
meters to ensure the enhancement of remanence. Therefore, 
the size, appearance and distribution of magnetically soft 
and hard phases are very important parameters to achieve 
good magnetic properties for nanocomposite permanent 
magnets. 

Microalloying is the usual mean that is employed to 
modify the microstructure [4~11]. The small addition of 
refractory elements (such as Zr, Nb or V) has been 
reported as being useful in controlling the grain size of 
both the a-Fe and Nd2Fe14B phases for the precipitation of 
Nb-enriched [11], Zr-enriched and V-enriched phases at 
grain boundary [5]. These elements, distributing almost 
homogenously in amorphous phase, have almost no solid 
solubility in magnetically soft or hard magnetic phases. 
Therefore, the redistribution of these elements is effective 
to control the precipitation of nanocrystalline phases. For 
the Nd2Fe14B/α-Fe nanocomposite magnets with the 
addition of 5% Nb elements, the results of 
three-dimensional atom probe (3DAP) revealed that 
Nb-Fe-B intergranular phase with the ratio of 
Nb:Fe:B=1:1:1 existed at the boundary of grains, 

suppressing the grain growth during crystallization process 
and resulting in high coercivity up to 1115kA/m [11]. The 
addition of Zr and Nb also refines the microstructure and 
improve the coercivity significantly for the fine 
microstructure and the precipitation of (Zr,Nb)Fe2 phase at 
the interface of grains [10]. 

In this work, the microalloying of refractory elements, 
such as Nb and Zr additives, was investigated by applying 
the measurements of XRD, 3DAP and VSM. 

 
2. Experimental 
 
The ingots with the composition of 

(Nd0.9Dy0.1)9.5Fe79Co5B6.5 (sample A), 
(Nd0.9Dy0.1)9.5Fe75.5Co5Zr3.5B6.5 (sample B) 
(Nd0.9Dy0.1)9.5Fe78Co5Nb1B6.5 (sample C) and 
(Nd0.9Dy0.l)9.5Fe74.5Co5Nb1Zr3.5B6.5 (sample D) were prepared 
with pure Nd, Dy, Fe, Co, Nb, Zr as raw materials by 
non-consumable arc-melting under purified argon 
atmosphere. The ingots were put into quartz tube with an 
orifice diameter about 0.7 mm and melt-pun onto copper 
roll with wheel speed of 15 m/s. The obtained ribbons 
were annealed at 710 � for 4 min in the vacuum of 2×10-3 
Pa. The crystallization stage was ensured using differential 
thermal analysis (DTA) at a heating rate of 20 ℃.min-1. 
The structure of the as-spun and annealed ribbons was 
identified by X-ray diffraction instrument (D/max-γB). 
3DAP (Three-dimensional atom probe) instrument was 
employed to investigate the elemental distribution. As an 
instrument for investigating the microstructure of materials 
by analyzing atoms one by one, 3DAP can map out 
elemental distribution in a nanometric volume with near 
atomic resolution. Atom probe analysis is performed at a 
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tip temperature of about 65 K under an ultra-high vacuum 
condition (<1×10－8 Pa) with a pulse fraction (a ratio of 
pulse voltage to the static voltage) of 0.15 and a pulse 
repetition rate of 500 Hz. The magnetic properties of the 
ribbons were measured along the spun direction by VSM 
with maximum applied magnetic field of 1.8 T.  

 
 
3. Results and discussion 
 
Fig.1 shows the XRD patterns of as-spun ribbons for 

sample B, C and D. It is found that the as-spun ribbons 
mainly contain amorphous phase. Few weak diffraction 
peaks can be observed, revealing that a small amount of 
α-Fe and Nd2Fe14B crystallization phases exits in the 
as-spun ribbons. The addition of refractory elements to the 
Fe–based alloy system was found to enhance its 
glass-forming ability (GFA) significantly [12~14]. Even the 
fracture surface similar to the polished mirror can be seen 
for the ingots prepared by non-consumable arc-melting.  

 

Fig.1 XRD patterns of as-spun ribbons for sample B, C and D. 
 

 
In order to understand the as-spun ribbons in detail, 

the atomic concentration has been studied by 3DAP. A 
large number of clusters with different size and composed 
of micro-alloyed element and Fe element has been found. 
Fig.2 shows the element distribution in Zr-enriched 
clusters in as-spun ribbons for sample B. The size of Zr 
clusters is generally 2~3 nm with the cluster distribution 
density 7×106/µm3. From all the elemental distribution 
maps in these clusters, a large amount of Fe atoms also can 
be seen in these clusters, but few for other elements. 
According to the composition of these clusters in Fig.2, 
the concentration of Zr and Fe elements are calculated 
according to the atom total number for each cluster, and 
quantitative results for the content of these two elements 
have been obtained. On the basis of the concentration and 
total atom number in each cluster, the curves about the 
relative content of Zr and Fe are shown in Fig.3. The less 
the total number of atoms in the cluster, the higher the 
concentration of Zr atoms is. For the clusters with total 
atomic number less than 20, the concentration of Zr atoms 
exceeds 50 at%. With the increase of the atoms in clusters, 
the composition of clusters becomes more and more stable. 

The atomic concentration of Zr is about 30 at% for clusters 
with total number of atoms higher than 40, which is about 
9 times than its nominal composition. Nb and Co-enriched 
clusters also have been found in the as-spun ribbons.  

 

Fig.2 Elemental maps for all elements in Zr-enriched 
cluster (8×8×62nm). 

 
 

Fig.3 The relative content of Zr and Fe atoms in 
Zr-enriched clusters in as-spun ribbon for sample B. 

 
 

These clusters have effects on the refinement of the 
crystallized microstructure similar as in Cu-enriched 
clusters [15]. As well known, Nb and Zr atoms have low or 
not solubility in hard-magnetic Nd2Fe14B and 
soft-magnetic α-Fe phase, respectively. During the 
crystallization process of the as-spun ribbons, these atoms 
must diffuse to the boundary of these phases in order to 
result in the growth of Nd2Fe14B or α-Fe phase. With the 
generation and growth of crystallized grains, the 
concentration of Nb and Zr elements at the front of the 
interface will constantly increase. Once the concentration 
of Nb and Zr elements is much higher, the energy needed 
to the grain boundary migration is also much higher and 
the rate of grain growth will decrease. So some researchers 
reported the existence of residual amorphous phase in 
annealed Nd2Fe14B/α-Fe nanocomposite ribbons [16~20]. On 
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the basis of above discussion, the high concentration of Zr- 
and Nb-enriched clusters could have significant effect on 
the grain refinement and the fine microstructure have been 
seen in the works [5,16~23]. 

 
Fig.4 XRD patterns of sample A, B, C and D annealed at 

710 ℃ for 4 minutes. 

Fig. 4 shows the XRD patterns of sample A, B, C and 
D annealed at 710 oC for 4 minutes. The crystalline phases, 
α-Fe and Nd2Fe14B, are detected for all samples. Few 
differences can be found from the diffraction patterns of 
sample A and B. But for the samples C and D, the 
diffraction peaks become much weak, which reveals that 
fine nanocrystalline grains are obtained for the samples 
added with refractory elements. Fig. 5 shows 
microstructure of sample C and D ribbons annealed at  
710 oC for 4 min. A fine and uniform microstructure with 
about 20~30 nm in grain size is obtained, which leads to 
the enhancement of the interaction coupling between the 
grains and improves the magnetic properties. 

 
 
 

 

            
 
 

Fig.5 TEM imagines of sample C and D annealed at 710 ℃ for 4 minutes.

 
(a) Sample C 

 

 
(b) Sample D 

Fig.6 3DAP mappings of sample C and D annealed at 710 ℃ for 4 minutes. 
 

(a) Sample C (b)Sample D 

50nm 50nm
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3DAP were also applied to investigate the elemental 

distributions in annealed sample C and D to understand the 
formation of the fine microstructure, as shown in Fig.6. 
For sample C and D, Nb atoms, which don’t dissolve in 
Nd2Fe14B grains, precipitate at the boundary of Nd2Fe14B 
grains. The elements Co and Dy have the same atomic 
distribution characters with Fe and Nd, respectively. The 
obvious difference between samples C and D is the atomic 
distribution of boron elements. For the sample C, boron 
atoms, combining with Nb and Fe atoms, enrich in the 
grain boundary of Nd2Fe14B phase to form an amorphous 
phase Fe-Nb-B with higher amorphous stability [18]. 
However, for the samples D, boron atoms are poor at the 
grain boundary of Nd2Fe14B phase. Another interesting 
phenomenon is that Zr atoms also enrich at the grain 
boundary of Nd2Fe14B phase for sample D, although this 
element can be dissolved in Nd2Fe14B grains and only 
slight enrichment can be found for samples with Zr single 
addition [22]. According to the concentration depth profiles, 
the concentration of Zr and Nb-enriched boundary phase is 
about 20 at%, 10 at% and 60 at% for Zr, Nb and Fe, 
respectively, similar with the composition of (Zr,Nb)Fe2 
compound. 

 
Fig. 7 The initial magnetization curves of annealed 

ribbons with different composition. 
 

 
Fig.7 shows the initial magnetization curves of 

annealed ribbons with different composition. It can be 
seen that the addition of Zr and Nb has great effects on the 
initial magnetization. For the ribbons without alloy 
elements addition, the magnetization increases greatly 
with the increase of applied field at the initial 
magnetization stage. But for the ribbons with Nb and Zr 
elements added separately, the initial magnetization curves 
were changed from a steep increase to a gentle one, 
especially with Zr addition. The initial magnetization 
curve becomes much gentle with the co-addition of Zr and 
Nb elements. Nucleation and pinning mechanism are the 
main theory to explain the coercivity mechanism of 
permanent magnets [24]. Their hysteresis loops, especially 
the initial magnetization curves, present great difference in 
the shape, as shown in Fig.8 [25]. For nucleation 
mechanism, the coercivity is controlled by nucleation field 

because of lack of defects, which lead to saturation 
magnetization under applied field with low intensity 
during initial magnetization. But for pinning mechanism, 
amounts of defects impede the migration of domain wall, 
which leads to the slow increase of magnetization curves 
at initial stage. Once the applied magnetic field exceeds 
the critical value, that is, the coercivity, the approach to 
saturation is much easier. 

 
Fig. 8. The typical hysteresis loops for magnets with 

nucleation and pinning coercivity mechanism [25] 

 
 

According to the typical initial magnetization curves 
in Fig.8, it can be concluded that with the addition of Zr 
and Nb, the coercivity mechanism for nanocomposite 
magnets change from Nucleation mechanism to pinning 
mechanism. As reported in other papers [10, 21, 26], amounts 
of phases enriched with Nb or Zr elements exist at the 
grain boundary. These grain boundary phases can pin the 
domain wall and hinder the reversal magnetization process, 
as mentioned grain boundary phase for Nd-Fe-B/Nd-Cu 
multilayer films [27]. According to the pinning mechanism 
reported by S.Z. Zhou [28], the magnetization reversal in 
R2Fe14B/α-Fe nanocomposite magnets undergoes the 
nucleation of reversal domain for soft-magnetic phase and 
the reversal domain migration from soft-magnetic phase to 
the hard-magnetic phase. The nucleation field of reversal 
domain for soft-magnetic phase, HN, has great relations 
with the grain size of soft-magnetic phase, as shown in 
formula (1) [28]. 
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effN  are radius, 
magnetic anisotropy constant, saturation magnetization of 
soft-magnetic phase, of soft-magnetic phase, vacuum 
permeability, domain thickness of hard-magnetic phase 
and demagnetization factor, respectively. So the grain 
refinement, especially the soft-magnetic grain [22], will 
improve the nucleation field of reversal domain, leading to 
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the enhancement of coercivity. In addition, the ultra-fine 
Nb-enriched and Zr-enriched phases in the annealed 
ribbons are soft-magnetic phase for their similar 
composition with FINEMET and NANOPERM alloy, 
which also has effects on the nucleation field and 
coercivity as well as α-Fe phase. As the planar magnetic 
inhomogeneities, the ultra-fine Nb-enriched and 
Zr-enriched phases with magnetic properties, different 
from the soft and hard magnetic phases, may act as rather 
effective pinning centres and be considered as strong 
planar pinning centres. As shown in formula (2), the 
pinning field is proportional to the volume density of 
pinning sites [29].  
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where ρ is the volume density of pinning sites. The 
volume density of pinning sites increases with the 
formation of the phases enriched with refractory elements, 
which lead to a "strong" pinning and a high coercivity. 
The coercivity of annealed ribbons of sample A, B, C and 
D are 174 kA/m, 487 kA/m, 597 kA/m and 782 kA/m, 
respectively, as shown in Fig. 9.  
 

 
Fig. 9. The Hysteresis loop curves of annealed ribbons 

with different composition. 
 

 
 

4. Conclusion 
 
The addition of Nb and Zr elements to Nd2Fe14B/α-Fe 

nanocomposite magnets has great effects on 
microstructure and coercivity. The as-spun ribbons for 
sample microalloyed show almost complete amorphous 
character. Zr-enriched clusters with size and distribution 
density in 2～3 nm and 7×106/µm3, respectively, have 
been found in as-spun ribbons microalloyed. The atomic 
concentration of Zr is about 30 at% for clusters with total 
number of atoms higher than 40, being about 9 times than 
its nominal composition. The existence of these clusters is 
also helpful to the grain refinement due to their low or not 
solubility in hard-magnetic Nd2Fe14B and soft-magnetic 

α-Fe phase. A fine and uniform microstructure with about 
20~30 nm in grain size is obtained. The coercivity for 
samples with the addition of Zr and Nb has been improved 
greatly. The coecivity mechanism for nanocomposite 
magnets changes from nucleation mechanism for alloy 
without microalloyed elements to pinning mechanism for 
nanocomposites bearing with Nb and Zr. 
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