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Magnetic property enhancement of nanocrystalline Pr2Fe23B3 melt-spun 
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The phase evolution and magnetic properties of nanocrystalline Pr2Fe23B3 and Pr2(Feo.975Mo.ozsbB3 
(M= Nb, Ti, V and Zr) melt-spun ribbons have been investigated. For Pr2Fez3B3 alloy spun at 25 m/s, 
a large amount of metastable Pr2Fe23B3 phase is found at the as-spun state and the condition of low 
temperature annealing (TH<700 °C). The magnetically hard Pr2Fe14B and soft Fe3B phase start to appear 
by the dissociation of PrzFe23B3 phase at the condition of high temperature annealing (T H:2::700 °C). Two 
phases merely, namely, PrzFe14B and a-Fe, can coexist only at TH~800 oc which enlarges the grain sizes 
(-80 nm) apparently and results in extremely low Brand ;He values of the ribbons. A slight substitution 
of refraction elements (i.e. Nb, Ti, V and Zr) for Fe in Pr2(Feo.975M0 ozsh3B3 not only can suppress the 
formation of metastable Pr2Fe23B3 phase but also lead to the presence of large amount of PrzFe14B and 
a-Fe phases of fine grain sizes in the matrix even at lower annealing temperature (TH~650 °C). Among 
the selected refractory elements, Ti is the best candidate for magnetic enhancement of Pr2Fez3B3 
melt-spun ribbons. Br = 9.9 kG, #c= 5.7 kOe and (BH)max = 15.0 MGOe are obtained in 
Prz(Feo.975 Tio.ozsh3B3. 
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1. INTRODUCTION 
It is well known that two types of melt-spun 

nanocomposites, namely a.-Fe/Nd2Fe14B [1-2] and 
Fe3B/Nd2Fe14B [3-4], with excellent remanence 
Br and maximum energy product (BH)max have 
been investigated extensively for making bonded 
magnets. The efforts were mostly devoted to 
ribbons with either low boron concentrations (-
5-9 at % ) [5] or extreme high boron 
concentrations (-16-20 at%) [6]. One deficiency 
of these types of nanocomposites is their lower 
coercivity (;He < 8 kOe) resulting from the 
existence of considerable amount of magnetically 
soft phases a.-Fe or Fe3B, which limits their 
applications at higher temperature (T > lOO °C). 

The coercivity of the nanocomposite ribbons 
has been improved without the degradation of the 
energy product [7-9]. For instance, Br, ;He and 
(BH)max values of 8.6 to 9.7 kG, 9.5 to 13 kOe 
and of 16 to 18 MGOe, respectively, can be 
obtained on the boron enriched 
(Ndo.9sLao.os)9.5-11Febal.Cr2B 10 ribbons [7-8]. 
Similarly, Br, iHe and (BH)max values of 8.4 to 9.6 
kG, 9.5 to 14.3 kOe and (BH)max of 13.4 to 16.2 
MGOe, respectively, can also be achieved on the 
ternary Pr9.5•1u 6Febal.B 10 ribbons [9]. Trials have 
been made to improve the Br and (BH)max values 
of materials in this composition region (boron of 
approximately 10 at%). One is to refine the 
average grain sizes and phase distributions by 
refractory elements substitution to strengthen the 
exchange coupling between the magnetically soft 
and hard grains. The alternative way could be to 
decrease the rare earth content from 11 to 8 at% 

1709 

in attempts to increase the volume fraction of the 
soft phase to enhance the Br and (BH)max 
assuming reasonably high #e values can be 
retained. Unfortunately, when the rare earth 
content is lowered to below 9 at% and at boron 
concentration of around 10-11.5 at % , the 
metastable R2Fe23B3 phase appears, with the 
reduction of the volume fraction of R2Fe1 ~, 
and deteriorates the magnetic properties 
drastically [1 OJ. 

To date, limited reports are available dealing 
with the phase content and magnetic properties of 
melt spun ribbons of the nominal composition of 
R2Fe23B3 (or R7.!4Fe&2.14Bio.72) [11-13]. Moreover, 
permanent magnetic properties reported to date 
are all about the negative aspects and with limited 
understanding regarding this metastable phase. 
Thus, it is important to understand the phases 
transformation of the R2Fez3B3 prepared by melt 
spinning and with subsequent annealing 
treatments. Most importantly, how to convert the 
metastable R2Fe23B3 phase into stable composites 
consisting of magnetically hard R2Fe14B and 
magnetically soft phase is worth investigating in 
order to enhance the maximum energy product. 

In this paper, we adopt various refractory 
elements (i.e. M= Nb, Ti, V and Zr) to substitute 
for Fe in Pr2(Fe0.975M0.025) 23B3 for melt spinning 
in attempts to compare the phases and magnetic 
properties with those of the ternary Pr2Fe23B3 
ribbons. 

2. EXPERIMENTAL 
Alloy ingots with nominal compositions of 
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Pr2(Feo.91s, Mo.o2sbB3 (M == Nb, Ti, V and Zr) 
were prepared by vacuum induction melting. 
Ingot pieces were crushed into small pieces to 
accommodate the size of crucible for melt 
spinning. Melt-spun ribbons were produced 
from ingots with wheel speeds ranging from 13 to 
25 m/s. Selected ribbons were annealed at 
600-800 °C for I 0 minutes to optimize 
crystallization and to improve the permanent 
magnetic properties. Phase identification and 
Curie temperatures of the magnetic phases were 
determined by a thermal gravimetric analyzer 
(TGA) with an externally applied magnetic field 
(conventionally referred as "TMA"). The 
magnetic properties of the ribbons were measured 
by a vibrating sample magnetometer (VSM). The 
microstructures of the ribbons are observed 
directly by transmission electron microscopy 
(TEM). 

3. RESULTS AND DISCUSSION 
Table I lists magnetic properties measured at 

room temperature of Pr2Fe23B3 ribbons quenched 
at 25 m/s followed with various temperatures 
annealing (TH) . At TH = 650 °C, a Br of 4.9 kG 
and iHc of 164 Oe are obtained. With increasing 
T H, both Br and #c increase monotonically from 
4.9 kG and 164 Oe forTH= 600 °C to 6.7 kG and 
1515 Oe forTH= 800 °C. For Pr2Fe23B3 ribbons, 
the optimal properties of Br"' 6.7 kG, iHc = 1515 
Oe and (BH)max = I. 7 MGOe are achieved when 
annealed at T H = 800 °C. The ribbons with such 
low #c and (BH)max values are of no value for 
making bonded magnets. 

The phase transformation of the as-spun 
Pr2Fe23B3 ribbons undergoes many stages when 
annealed between 650 and 800 °C, as shown in 
Fig.l. Clearly, at T H=650 °C, the amorphous 
precursors crystallize into a large amount of 
metastable Pr2Fe23B3 phase with a small amount of 
a-Fe phase. At TH=750 °C, the Pr2Fe14B phase 
begins to present and coexists with a-Fe, 
PrzFenB3, and Fe3B. At TH =800°C, merely two 
phases, namely, Pr2Fe14B and a-Fe, are found in 
the ribbons. 

As noted above, magnetically soft metastable 
Pr2Fe23B3 phase can be fully decomposed to a-Fe 
and Pr2Fe14B by annealing the ribbons at 
temperature of above 800 °C. However, grain 
growth arose from high temperature annealing is 
so excessive, about 80 nm for T H=800 °C, and 
diminishes the exchange-coupling effect between 
magnetically soft and hard grains. This explains 
why the magnetic properties of the Pr2Fe23B3 
ribbons annealed at 800 °C contains only Pr2Fe14B 
and a.-Fe phases are so poor. It is essential to 
find alternative method to suppress the formation 
of Pr2FenB3 phase and to maintain the fine grain 
size simultaneously. For this reason, the refractory 
elements (Nb, Ti, V and Zr) were selected to 
substitute for Fe in the stoichiometric Pr2Fe23B3. 

Table ll lists Br. #c and (BH)max values of 
melt-spun Pr2(Feo.975,M0.025) 23B3 ribbons following 
their optimal crystallization treatment. As shown 

previously, extremely low magnetic properties of 
Br = 6. 7 kG, iHc = 1.5 kOe and (BH)max = 1. 7 
MGOe are obtained in Pr2Fe23B3 ribbons. However, 
a slight substitution of the selected refractory 
elements (Nb, Ti, V and Zr) for Fe in 
Pr2(Feo.97sMo.o2s)23B3 enhances magnetic 
properties remarkably. It is clear that Ti and 
V-substituted nanocomposites are most effective 
in enhancing Br and #c, respectively, in the 
present study. The optimal magnetic properties 
of Br = 9.9 kG, iHc = 5.7 kOe and (BH)max = 15.0 
MGOe are achieved in the Pr2(Feo.975 Tio.o2s)23B3 
ribbon. Due to the lower Br value, V-substituted 
nanocomposites exhibits inferior (BH)max of 11.3 
MGOe. Besides, the Nb and Zr-substituted 
nanocomposites show intermediate values with Br 
and #c ranging from 9.3 to 9.2 kG, and 6.3 to 5.8 
kOe, respectively. Quite importantly, the (BH)max 
of the above selected alloy ribbons is well above 
11 MGOe, which reflects the beneficial effect of 
refractory elements in enhancing the magnetic 
properties of Pr2F e23B3 melt-spun ribbons 

Table I. The magnetic properties measured at room 
temperature of Pr2Fe23B3 ribbons quenched at 25 
m/s followed with various temperatures annealing. 

Annealing B. tHe (BH)max 
Temperature (kG) (Oe) (MGOe) 

•c 
650 4.9 164 0 
750 6.5 765 0.1 
800 6.7 1515 1.7 
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Fig. I. TMA scans of Pr2Fe23B3 ribbons 
quenched at 25 m/s followed with various 
temperatures annealing. 
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Shown in Fig. 2 are micrographs obtained by 
transmission electron microscopy of optimized 
ternary Pr2Fe23B3 and Ti-substituted 
Pr2(Feo.mTio.o2sbB3 ribbons . Although multiple 
phases, namely, Pr2Fe14B, Pr2Fe23B3, Fe3B and 
a-Fe, may present in PrzFe23B3 ribbons, it is very 
difficult to distinguish these phases 
unambiguously by TEM analysis. Nevertheless, it 
is clear that the average grain size of ribbons can 
be observed. It was estimated to be about 80-90 
nm for ternary Pr2Fe23B3 and 10-20 nm for M = 
Ti, respectively. Obviously, a slight substitution 
of Ti for Fe in Prz(Feo.97sMo.o2s)23B3 ribbons can 
effectively refine grain size of the ribbons 
annealed at the optimal temperature (TH= 650 °C). 
Same effect was also found in the ribbons with 
M=Nb, V and Zr. 

Moreover, grain boundary phase was found to 
exist in Pr2(Feo.975Tio.o2sbB3 ribbons obviously. 
It suggests that Ti atom may tend to react with 
excess boron to form Ti-boride or a solid solution 
in the grain boundary. As Ti atom react with 
excess boron to form Ti-boride in the grain 
boundary, the metastable Pr2Fe23B3 phase 
diminishes or vanishes for the lack of enough 
boron. This explain why a slight substitution of 
refractory elements (i. e. Nb, Ti, V and Zr) for Fe 
in Pr2(Feo.975Mo.o25)23B3 ribbons may suppress the 
formation of Pr2Fe23B3 phase in 
Pr2(Feo.97sMo.o25)23B3 melt-spun ribbons. 

In summary, a slight substitution of refractory 
elements (Nb, Ti, V and Zr) for Fe in 
Pr2(Feo.975Mo.o2s)z3B3 ribbons, incorporating a 
suitable annealing treatment, may suppress the 
formation of metastable Pr2Fe23B3 phase, form 
maximum amount of Pr2Fe14B and a-Fe, and 
simultaneously refine the grain size of the 
coexisting phases, which leads to a remarkable 
enhancement on the magnetic properties of 
Pr2(Feo.97sMo.o2s)23B3 ribbons. 

Table ll . The magnetic properties of 
Pr2(Feo.97sMo.o2s)23B3 ribbons following their 
optimal crystallization treatment, where M = Nb, 
Ti, V, and Zr. 

M 

Nb 
Ti 
V 
Zr 

Condictions 
Wheel Annealing Br tHe (BH)max 
speed Temperature (kG) (kOe) (MGOe) 

(m/s) (0 C) 

25 800 6.7 1.5 1.7 
15 
25 
13 
25 

700 
650 

675 

9.3 6.3 
9.9 5.7 
8.8 6.6 
9.2 5.8 

13.6 
15.0 
11.3 
12.8 

According to R. Fisher et al. [14], if the 
average grain size was smaller than 80 nm, the 
exchange coupling interaction could exist either 
between magnetically hard phases or between 
hard and soft phases. Figure 3 illustrates the 
applied magnetic field dependence of oM = 
md(HH1-2mr(H)) [15-16], with md being the 

reduced magnetization and mr the reduced 
remanence, of Pr2(Feo.975Tio.o2s)23B3 ribbons after 
optimum annealing. The positive oM-peak height 
indicates the existence of exchange-coupling 
interaction either between magnetically hard 
grains or between magnetically hard and soft 
grains. The value of maximum oM reflects the 
strength of intergranular exchange coupling effect. 
It is clear that strong exchange coupling effect 
between neighboring grains existed in 
Pr2(Feo.97sTio.o25)23B3 ribbons is due to their 
appropriate grain size and uniform distribution of 
grain size. Due to the effective 
exchange-coupling effect, higher remanence 
exceeding the theoretical limit for an isotropic 
nanocomposite (4nM/2) can be obtained not only 
in Pr2(Feo.91sTio.o2s)23B3 but also in 
Prz(Feo.975Mo.o2sbB3 ribbons (M=Nb, V and Zr). 

Fig. 2 .. TEM micrographs of (a) Pr2Fe23B3 and (b) 
Pr2(Feo.975 Tio.oz5)z3B3 ribbons following their 
optimal crystallization treatment. 

4. CONCLUSIONS 
The phase evolution and magnetic properties of 

PrzFe23B3 and Pr2(Feo.91sMo.o2sh3B3 (M = Nb, Ti, 
V and Zr) melt-spun ribbons have been examined. 
A slight substitution of the selected refraction 
elements (i.e. Nb, Ti, V and Zr) for Fe in 
Prz(Feo.975Mo.o25)23B3, incorporating a suitable 
annealing treatment, may suppress the formation 
of metastable Pr2Fe23B3 phase, form maximum 
amount of Pr2Fe14B and a-Fe, and simultaneously 
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refine the grain size of the coexisting phases. The 
combination of them leads to a remarkable 
enhancement in the magnetic properties. The 
optimal magnetic properties of Br = 9.9 kG, #c = 
5.7 kOe and (BH)max= 15.0 MGOe are achieved in 
the Pr2(Feo.91s Ti0.02s)23B3 ribbon. These magnetic 
properties are new record of the 2:23:3 melt-spun 
ribbons ever reported. 

0.2 

4 8 12 

-H (kOe) 

Fig. 3. The variation of BM with the externally 
applied magnetic field for Pr2(Fe0.975Ti0.025)BB3 
ribbons following their optimal crystallization 
treatment. 
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