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Interfacial defects of hard magnetic Pr,Fe 4B phase
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Abstract: The interfacial defects of hard magnetic PryFe4B phase from amorphous to nanostructures have been investr

gated by positron lifetime spectroscopy. The nanostructure was produced by melt-spinning and nanocrystallization route.

The two main components can be ascribed to vacancy-like defects in the intergranular layers or the interfaces, and mr

crovoids or large free volumes with size compared to several missing atoms at the interactions of the atomic aggregates or

the crystallites. The remarkable changes in the positron lifetimes from the amorphous structure to the nanocrystructure

with varied sizes can be interpreted, indicating that the structural transformation and the grain growth induce the defect

changes occurring at the interfaces with different shapes and sizes.
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1 INTRODUCTION

Despite the great technical relevance of
(Nd, Pr)2FeisB as high-performance permanent
magnet, and extensive studies have been devoted to
magnetic performance and microstructure, no con-
crete data on the microstructural features such as in-
terfacial structure of the grain boundary and defects
distribution, as well as the self-diffusion in this sys
tem have been obtained. (Nd, Pr),Fei4B single hard
phase is chosen to study the microstructure and diffu-
sion in order to prevent the effect of the rare-earth
metakrich phase emerged in the grain boundary of the
hyperstoichiometrically compositional magnet' 2.
ProFeisB is preferentially used to investigate the de
tails in microstructure and diffusion because of the
magnetic advantages although it owns the isostructure
of Nd2FesB. In addition, the metallurgical processes
of these materials involve sintering and hot pressing
accompanied with creep, corrosion, solid-state trans-
formations and penetration of impurities, which are
related to the diffusion and the characteristics of the

interfacial structures'> !

. An understanding of these
properties requires a detailed study of the atomic
structure of the interfaces, particularly of their struc
tural free volumes, and of the atomic transport behav-
ior at the interfaces.

Positron annihilation is an ideal tool to investi
gate the microstructure of materials, which can be

particularly used for the study of the interfacial struc

ture of nanocrystalline solids!”. Some information
about free volumes on an atomic scale, e.g., vacan-
cy-like defects in disordered media is available with
positron lifetime spectroscopy, because it yields a
measure for the size of these free volumes. In this pa-
per, the free volume distributions have been investr
gated at room temperature using positron lifetime
spectroscopy on

ProFeis B samples, produced by melt-spinning and

amorphous and nanocrystalline

nanocrystallization route.
2 EXPERIMENTAL

The studied amorphous PryFeis B ribbons con-
taining 3. 0% ( mole fraction) Zr, had a size of 25 Hm
in thickness and 4 = 5 mm in width and were pro-
duced by melt-spinning method. Using the nanocrys-
tallization route from the amorphous structure ribbon
under different annealing conditions hence created the
nanocrystalline alloy specimens with a variation of
grain sizes. The amorphous ribbons were firstly heat-
ed in high vacuum atmosphere 2.0 x 10” ® Pa at rela-
tively lower temperatures ranging from 200 C to 570
‘C, the changes of the positron lifetime in the relaxed
amorphous PryFe 4B were expected during the struc
tural relaxation. Then, after the nanocrystallization
of the amorphous specimen at 680 C for 2 min, the
resultant nanocrystalline Pr;Fe;s B was isothermally
heated at 680 C, leading to a variation of the grain
growth with the annealing time, so the free volume
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variation with the change of the grain size could be
studied.

X-ray diffraction( XRD) was performed using a
Siemens D500 diffractometer with CuK, radiation,
and a graphite monochrometer, operating at 30 mA,
40 kV. The PryFeisB ribbons for the positron life-
time spectrum measurements were prepared by stack-
ing 15 7 20 severallayer thick sheets to ensure that
the positron from**Na source annihilated within the
material only. The*?Na positron source with activity
1.3 x 10° Bq packed on a 0. 8 Pm thick Al foil was
sandwiched between the two parts of the specimen.
The time resolution, or full width at half-maximum
(FWHM), was around 210 = 220 ps using a BaF,
scintillator counter and the channel width 12. 3 ps.
More than 107 counts were recorded in each measure-
ment, and the data analysis was performed using the
posfit computer program.

3 RESULTS AND DISCUSSION

The crystallization process of the amorphous
structure and the grain growth of the resultant
nanocrystructures were evidenced by XRD, as shown
in Fig. 1. The typical broad maximum corresponding
to the amorphous structure can be seen around 20 =
45° in the specimen. It is obvious that the material
annealed at 400 C for 120 min was still in the amor-
phous state, and no crystallizing nucleation could be
detected by the experiment. After annealing at 475
‘C up to a higher temperature, a little degree of crys-
tallization in the specimens can be ascertained from
XRD. Therefore, the amorphous ribbons can be pre-
pared for a representative set of relaxed amorphous
structure samples characterized by different mr
crostructure states, in which we can check the
changes of the distributions of the free volumes from
the positron lifetimes.

The dependence of the crystallization evolution
on the annealing time can be clearly seen in the XRD
patterns, exhibiting that
nanocrystalline ProFe;4B varied with increasing grain

the microstructure of

size when subjected to annealing at 680 C with
changing time. The amorphous PrFe4B crystallized
after heating at 680 C for 2 min, but the diffraction
was still in wide distribution. This shows an imper
fect crystallization of the amorphous precursor, or
that the resultant nanocrystalline has still quite small
grain sizes in the initial crystallizing state. Increasing
the annealing time, the diffraction peaks became
sharper indicating the further crystallization and grain
growth. When the annealing time exceeded 180 min
at 680 C, the nanocrystalline ProFeisB remarkably
gave rise to some diffraction changes with high inten-
sity that can be ascribed to grain growth with larger
sizes. The grain size distribution measurements were
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Fig. 1 XRD patterns of amorphous and
nanocrytsalline ProFe4B
(a) —As prepared amorphous phase isochronally
heated for 120 min from 200 C to 520 C;
(b) —Nanocrystalline obtained by nanocrystallization
at 680 T for 2 min isothermally annealed from 5 to 300 min

performed from the X-ray diffraction peak broaden-
ing. The grain size increased with the annealing time
up to 300 min but within 100 nm due to the addition
of 3. 0% ( mole fraction) Zr in PryFe4B.

The trapping of a positron results in a prolonged
lifetime compared to the positron lifetime for perfect
crystallites!® . The positron lifetime spectroscopy for
the as prepared amorphous phase and the initial
nanocrystalline ProFesB are shown in Fig. 2. It can
be found that two dominant positron lifetime compo-
nents, a short lifetime, T;, and an intermediate life-
time T,, as well as a weak third long-life component,
T3> 1 000 ps (the third long-lived component of faint
1%~ 2% intensity was subtracted from the spectra in
the final analysis), can be discerned. The as prepared
amorphous specimen has a lifetime of 208 ps ( T;)
with an intensity of nearly 90%. Similarly, the
nanocrystalline characterized first component having
lifetime 181 ps with intensity 95%, indicates that
they have the same defect distribution characteristic
from the amorphous to the initial nanocrystalline
structure. Dittmar et all”! convinced that in nanocrys-
talline Fe;3 5Sij3. sBoNb3Cu; a single lifetime T;= 144
ps identical to that in the amorphous state was ob-
served at ambient temperature, which characterizes
free volumes with a reduced size compared to a lattice



* 656 °

Trans. Nonferrous Met. Soc. China

Aug. 2004

vacancy. This was considered to be attributed to
positron trapping and annihilation in amorphous in-
tergranular layers.
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Fig. 2 Positron lifetime spectra of asprepared
amorphous (a) and nanocrystalline( b)

PryFe4B prepared at 680 C for 2 min

According to the correlations between electron
density and free positron lifetime!®, we can estimate
the positron lifetimes of the ProFe;sB to 115~ 120 ps
for a defect-free crystallite and 175 ps for a single va
cancy, respectively. Interfaces of different size and
shape probably appear more or less identical to
positrons, which, after trapping, probe the local dis-
order at an atomic scale. Thus, we can confirm that
the first component is attributed to intergranular free
volumes compared to one vacancy and the second to
larger voids for the amorphous ProFe4B.

Nagel et all®! reported that one single lifetime in
metallic glasses is generally observed and interpreted
in terms of complete trapping of positrons into the
high number of cavities of different size on the atomic
scale, indicating irregular arrays of potential wells
with different binding strength. The studied amor
phous PrFeisB also nearly has one component with
prevailing intensity, but the difference shows obvi
ously that the free volumes are remarkably larger in
size equally to several vacancies. However, the
nanocrystalline PryFejs B showed two main compo-
nents corresponding to vacancy-sized free volumes in
the interfaces and to microvoids located among the
crystallites. But the first component of the initial
nanocrystalline PryFejs B also had a great intensity
like in the amorphous structure. The problem is that
the nanocrystalline seems actually in the starting crys-
tallization stage from the amorphous state, i. e., the
grain size is about 20 nm. This gave us a message
that the nanocrystalline Pr;Fe 4B inherited the struc
tural features of the amorphous structure, especially
in the interfaces, because it owns a small grain size
and a large number of interfaces. Many results also
suggested that, for nanocrystallizaton route the crys-
tallization usually can not occur fully during the initial

stage, and the nanocrystallites with d,= 107~ 20 nm
are embedded in a residual amorphous matrix!'”!. So
it is reasonable to assume that when the amorphous
phase was crystallized into the crystalline state with
small grain sizes, the severalvacancy-sized free vol-
umes developed into one vacancy-sized defect during
crystallization.

However, there are different dependences of
positron lifetimes on heating temperature or time due
to the structural relaxation or grain growth, as shown
in Figs. 3 and 4. The intensity (/; and ;) fluctua
tion symbolizes the changes of the free volumes in the
heated amorphous samples. When the amorphous
sample was heated at 200 C, the positron lifetimes
changed through varied intensity and the decrease of
the mean lifetime after structural relaxation, indicat-
ing that the average size of the free volume fluctua
tions decrease slightly during this process. When the
heating temperature increased up to 400 C, the
amorphous structure was further relaxed in parallel
with the increase in mean positron lifetime, indicating
that a new type of free volumes was formed with dif-
ferent sizes. The two main lifetime components are
confirmed that the vacancy-type free volumes at inter-
granular layers and the microvoids scaled as several
missing atoms space among relaxed atomic aggregates
are contributed. Lower temperature annealing in-
duced a change in the free volumes, which is attribut-
ed to atomic rearrangement in the amorphous state
that continuously lowers the free energy of the sys
tem. Nagel et all'"!
umes in the bulk glasses can be restored by heat treat-

related that the relaxed free vol-

ment above T',. So the temperature-dependent redis-
tribution of the positrons among the trapping centers
is naturally confirmed, that can be evidenced by the
changes in the two components with different intensi-
ties. Further heated to higher temperature, the re-
laxed atomic sites gradually developed to the nuclei of
crystallization. With the evolution of the crystalliza-
tion, the amorphous structure is subjected to the
atomic arrangements with larger scale leading to a de-
crease in the mean lifetime. This second stage that
occurs at relatively higher temperature is towards the
nanocrystallization process until 680 C. Therefore,
the structural relaxation of the amorphous PryFei4B
results in changes in free volume distributions before
nanocrystallization due to the atomic rearrangements.

When the nanocrystalline state developed into
crystallites with larger grain sizes, the similarity be
tween the as prepared amorphous and the initial
nanocrystalline specimens was destroyed leading to
the two components with different positron lifetimes.
Fig. 4 shows the dependence of the positron lifetimes
and the relative intensities on annealing time ( grain
growth) after nanocrystallization, ranging from 5
min to 300 min. Changes in free volumes with differ-
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Fig.3 Mean lifetime( T,) and intensity ( /1)
of amorphous PryFe4B as subjected to heating
at relatively lower temperature fluctuated
with step heating temperature, indicating that the

interfacial free volumes changed with respect
to structural relaxation
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Fig. 4 Changes of positron lifetime( Tj and T,) and
intensity ratio of 11/, of nanocrystalline

PryFesB with annealing time at 680 C
after nanocrystallization

ent tendencies have appeared during this process.

Schaefer et al''? comprehensively demonstrated that

the positron lifetime of nanocrystalline iron changed
from the defect-free value 106 ps to 175 ps for the
monovacancy lifetime. The features of the free vol-
umes existing in the nanocrystalline state according to
the data of defect-free crystallite can be determined.
The positron annihilation spectra of the nanocrystal-
lized PrFe4B mainly consist of two components T
and T, obviously revealing that all the positrons were
efficiently trapped into free volumes in the interfaces
of the nanocrystalline ProFeuB. A wide distribution
of interatomic distances in the interfaces is expected
due to the great number of different structures of the
interfaces' . The above results show that two kinds
of defects (vacancies and microvoids) exist at the in-
terfaces in the nanocrystalline specimens.

However, according to the reversed changes in
intensity of Ty and T,, the contributions from the two
components can be explained from two aspects.
First, the increase of lifetimes T; and T, demonstrates
that the free volumes still exist during the grain
srowth in the annealing process and, the first type
defect located at the interfaces will be principally de-
veloped. On the other hand, when the annealing time
was prolonged to 300 min, the grain sizes of the
nanocrystalline ProFe4B were still limited to 100 nm.
The main free path of a free positron in a defect-free

1141 50 a dominant part of the

crystal is about 100 nm
positrons injected into the specimens were annihilated
in vacancy-type sites at the interfaces of the nanocrys-
tallites. The densification of the material and a signif-
icant decrease of the interface component cause the
decrease of the mean positron lifetime by atomic rear
rangement. The second type defect will be gradually
eliminated with increasing grain size, only vacancy
sized free volumes reside in the grain boundaries of
the nanocrystallite ProFesB. The interpretation of Ty
by vacancy-size traps in the crystallite boundaries is
supported by the increase in the intensity ratio of
I1/ 1> with the grain growth.

Therefore, the annealing created nanocrystalline
states with different size distributions and structural
changes, resulting in different changes between the
two kinds of free volumes. The prolonged time an-
nealing was assumed to increase the interfacial areas
due to the structural relaxations and grain growth,
and thereby the large density of vacancy-size traps.
Moreover, it is not difficult to find that at the initial
heating stages ( shorter annealing time), i.e., small
grain size, and the first component with positron life-
time values between T;and T, is observed. As related

to the positron-trapping mechanism at grain bound-
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aries, Hidalgo et al'"® indicated that grain boundaries
contain shallow traps for positrons. The shorter life-
time corresponded to trapping at regions of low atom-
ic density associated with grain boundaries with an
electron density higher than the one associated with a
vacancy. Certainly, the effect of the first component
is seen mainly on the second component, whose in-
tensity decreased with the grain growth due to the in-
crease of the positron diffusion length.

In the case of saturation trapping, trapping rates
G T, are correlated to the intensities by I;,= 6T/ (1/ T
- I/ T), where T, denotes specific trapping rates of
various types, i, of traps. When the thermalized
positrons are trapped at interfacial vacancies and mi
crovoids, Ty can be neglected due to their long diffu-
sion length L = 100 nm in crystalline bulk met-

als!!

A, Assuming equal trapping rates per unit area of
interfaces for the two kinds of defect, the interface
area ratio of the two kinds of defect may be estimated
by using the experimental results of 71/, based on
the relation: 0; T,/ 0, = [;/I,. The increase of 1/
I with increasing grain size means that, in a unit
area of interfaces, there are more monovacancy-type
interfacial defects and fewer microvoid-type defects
during grain growth. However, the concentrations of
the defects in the interfaces can not be determined di-
rectly from the experimental data. In the nanocrys-
talline iron, it has been reported that the ration of in-
terfaces with monovacancy defects between the crys-
tallites to the crystallitess microvoid interfaces is in the
range of 0.5~ 1. 01", In our studied materials, the
surface ratio of interfaces in comparison with the main
two defects is up to 9. 4. The research topic about the
interfacial structures and defects transformation''®
will be further discussed.

4 SUMMARY

In conclusion, similar changes in the positron
lifetimes between the amorphous precursor and the
initial nanocrystalline states of ProFe;sB were found.
The first lifetime ( T;) is attributed to vacancy-type
defects in the intergranular layers or the interfacial re-
gions between the crystallites with dominant intensi
ty, and the second one ( ) is assigned to the inter-
sections among the aggregated atoms or the mr
crovoids in the interfaces. For the amorphous speci-
men subjected to annealing at relatively lower temper-
ature, the positron lifetime underwent different
changes between the two components due to the

structural fluctuations during the structural relax-

ation. For the nanocrystalline ProFe 4B, as the anneal
time was prolonged ( grain size increased), although
the two lifetimes increased to different extents, the
mean lifetime ( T,) for the nanocrystal decreases and
the intensity ratio of 1,/ increases with increasing
grain size. The two type defects will be transformed

with increasing grain size.
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