Journal of Alloys and Compounds, 207/208 (1994) 321-324
JALCOM 3059

321

Microstructural study of rare earth intermetallic single crystals by

transmission electron microscopy

Y.J. Bi and J.S. Abell

School of Metallurgy and Materials, University of Birmingham, Birmingham B15 2TT (UK)

Abstract

Single crystals of RAl, and RFe, s (R=rare earth) have been studied by transmission electron microscopy. It
is found that CeAl, single crystal contains a few dendritic secondary phases and many {00 1} growth faults.
Analysis suggests that the growth faults could result from the coalescence of vacancies, which was possibly
enhanced by the compositional deviation from stoichiometry. However, a TbAl, single crystal contains a number
of large {11 1} planar faults enriched in tungsten induced by crucible contamination. By substituting 1 at.% Tb
with Ho, the existence of tungsten changed from planar to small spherical particles. Studies on a pseudo-single
crystal of (Tbg;Dyg73)Fe, o5 show numerous {111} stacking faults and many Widmanstatten precipitates. The
influence of these crystal lattice imperfection and impurities on the magnetic behaviour is discussed.

1. Introduction

The achievement of large single crystals of rare earth
compounds has increased the research in magnetism
during the last decade [1]. However, many physical
property measurements have been complicated by their
dependence on sample quality, such as crystallinity,
microstructural defects and impurity distribution etc.
[2]. Therefore, more specific microstructural charac-
terization on the available single crystals becomes nec-
essary. Single crystals of the Laves phase compounds
RAIl, and RFe, (R=rare earth elements) have been
extensively investigated for their magnetism and mag-
netostriction properties [3-6], although little work has
been performed on characterization of the micros-
tructural defects and their effects on physical properties
[7-9].

In this work, a detailed microstructural characteri-
zation on as-grown single crystals of RAl, (R=Ce, Tb)
and (Tby,,Dy,+;)Fe; o5 has been carried out by trans-
mission electron microscopy (TEM). The presence of
impurities and crystal defects have been identified; and
the possible influence of these imperfections on physical
property measurements has been discussed.

2. Experimental details
Single crystals of RAlL, (R=Ce, Tb or Tb (1% Ho))

were grown by the Czochralski method from a melt
with nominal stoichiometric composition held in a tung-

sten crucible at the growth rate of 28 mm/h [10]. The
as-grown crystal boules, initially assessed by Laue X-
ray diffraction, are good quality single crystals. A pseudo-
single crystal of (Tbg,;,Dys3)Fe, s was prepared by
the Czochralski technique with an induction-heated
cold crucible. Examination by X-ray diffraction shows
the presence of misorientations of about 5°. Specimens
for TEM were cut from the as-grown crystal boules
and prepared either by ion beam milling or standard
twin jet electropolishing. Transmission electron mi-
croscopy was carried out either on a Philips EM400
with operating voltage of 100 kV or on a Joel 4000FX
with accelerating voltage of 400 kV, the latter interfaced
to a Link EDX analytical system.

3. Results and discussion

3.1. TEM observation and analysis of RAL,

The microstructural examination of a CeAl, single
crystal shows that it contains a few small non-faceted,
dendrite-shaped secondary phases, many planar faults
and single dislocations. Figure 1(a) shows a typical
planar fault separated into regions with different con-
trast by dislocations. X-Ray energy dispersive (EDX)
analysis of the secondary phases, which show no ori-
entation relationships with the matrix, indicates that
they have the composition varying between Ce;Al,, and
CeAl;. Since CeAl, is formed by a peritectoid reaction
between CeAl, and Ce;Al;, [11], the dendritic phase
might firstly be nucleated as Ce,Al,, from the melt,
and subsequently reacted with the surrounding matrix
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Fig. 1. (a) A typical {00 1} plane stacking fault in CeAl, single
crystals showing the regions with various contrast. (b) A dendritic
secondary phase with the associated stacking faults.

during cooling to the peritectoid temperature. Since
the peritectoid reaction is a solid state diffusion-con-
trolled reaction, the process is limited to the surface
of the Ce;Al;; phase. Both the planar fauits and single
dislocations are often associated with the dendritic
phases (Fig. 1(b)). By focusing a small electron probe
of 10 nm on an edge-on stacking fault, the EDX spectrum
hardly shows any difference with the surrounding matrix,
although a slight tendency of cerium enrichment in the
fault is observed.

By both diffraction contrast study and standard trace
analysis, the planar faults were determined to be {00 1}
plane stacking faults with intrinsic characteristics. Since
the fringe contrast in a planar fault is due to the
discontinuities of the planes intersecting the defect,
the defect is, therefore, defined by a displacement
vector R. Further analysis facilitated with computer
image simulation shows that the {0 0 1} plane stacking
faults have a displacement vector of 1/14¢1 1 4), which
is neither perpendicular to the habit plane nor in the
plane. Since the stacking faults are of the intrinsic type,
they could only arise by the coalescence of vacancies,
ie. they are growth faults. Lattice imaging by high
resolution electron microscopy (HREM) confirms the
result obtained by the diffraction contrast study (see
Fig. 2).

Fig. 2. A high resolution electron micrograph of an edge-on fault
in CeAl, with beam direction down (1 1 0) showing the projected
displacement along the [0 0 1] and [110] directions.

The coalescence of vacancies on {0 0 1} planes rather
than on close-packed {11 1} planes is not understood
yet, although it may be related to the resultant low
energy. On the other hand, a composition deviation
from stoichiometry of CeAl, could result in the formation
of the {001} intrinsic faults [12]. For instance, any
local deficiency of aluminium atoms would lead to the
formation of vacancies which further coalescence during
cooling to form Al-deficient stacking faults, as indicated
by EDX analysis. The slow cooling rate during crystal
growth would certainly allow the migration of excess
vacancies to reach equilibrium. The observation of
stacking faults associated with Al-rich phases suggests
that during the solid state peritectoid reaction between
Ce;Al;; and the surrounding matrix, the diffusion of
aluminium atoms towards secondary phase interfaces
resulted in a counter diffusion of vacancies to the
matrix, thereby leading to the formation of {0 0 1} plane
stacking faults.

Studies on a CeAl, single crystal prepared from a
slightly Al-deficient composition show that the crystal
contains no secondary phases and only a few growth
faults. This observation further suggests that the pres-
ence of planar faults may play a role in absorbing
composition deviation from stoichiometry [13]. {00 1}
plane stacking faults have been reported in other com-
pounds with either LI, structure [12] or AlS structure
[14], where the faults resulted from the dissociation of
ay(0 0 1){0 0 1} dislocations having displacement vectors
perpendicular to their habit planes. However, recent
work on an arc-melted Nb;Al button [15] has shown
the existence of {00 1} plane growth faults.

A typical microstructure of as-grown TbAl, single
crystals contains many planar defects with a ““staircase”
feature but no secondary phases, as shown in Fig. 3(a).
Diffraction contrast analysis indicates that the defects
have {111} habit planes with no complete invisibility
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Fig. 3. (a) A few typical planar faults with the “staircase” feature
in a TbAl, single crystal showing tungsten enrichment as shown
in the inserted EDX spectrum. (b) When 1 at.% Tb was substituted
by Ho, the large planar W-rich faults changed into smaller-sized
faults and many W-rich precipitates.

conditions. EDX analysis with a small probe focused
on edge-on faults shows that the planar faults have a
tungsten-peak, although quantitative analysis is un-
feasible (see the insert in Fig. 3(a)). The observation
suggests that small tungsten atoms, which could only
be present due to crucible contamination, might sub-
stitute for some of the aluminium atoms on {111}
planes to form large planar faults. Therefore, the planar
faults would have a complex displacement vector, as
indicated by the diffraction contrast study.

The observation of the W-rich planar defects suggests
that when a small amount of tungsten impurity was
introduced into the TbAl, crystal, the tungsten atoms
preferentially substituted for aluminium on {111}
planes. When part of the Tb was substituted by 1 at.%
Ho, the large planar faults were replaced by smaller-
sized planar faults and associated spherical precipitates,
sometimes around low angle grain boundaries (see Fig.
3(b)). Compositional analysis confirms that the pre-
cipitates with size smaller than 20 nm are W-rich phases
with an undetectable amount of holmium.

The presence of tungsten impurity could strongly
influence the magnetic properties of the single crystal

by influencing the domain wall motion. An earlier study
on the domain structure of TbAl, single crystals by X-
ray topography [4] has already shown some heavy domain
wall pinning by unknown impurities. This observation
may be interpreted as the effect of tungsten-rich planar
faults. Although single dislocations and conventional
stacking faults (formed by the removal or insertion of
atomic layers) have been shown to have a very weak
pinning effect on domain wall motion [9], the W-rich
planar faults may act as thin secondary phase layers,
which could strongly pin the magnetic domain walls.
Although no magnetic domain structure measurement
has been done on single crystals of TbAl, with 1 at.%
Ho substitution, the existence of additional W-rich
precipitates is expected to further degrade the mag-
netostrictive properties. The observation shows that the
substitution of terbium with 1% of Ho resulted in the
change of the distribution of W impurity in the TbAl,
single crystals from large planar faults to smaller-sized
faults and additional W-rich precipitates. The mech-
anism of this change is not yet understood.

3.2. TEM observation and analysis of
(Tboo7 Dyo7s) Fey o

The (Thy,,Dye-s)Fe; o5 Crystal contains many planar
faults and a few plate-like Widmanstatten precipitates
(WSP) as shown in Fig. 4. Image and diffraction pattern
analysis indicates that the planar defects are stacking
faults with {1 1 1} habit planes, which is consistent with
previous results on float zoned Terfenol-D crystals
[8,16]. The Widmanstatten precipitates, which also have
{111} habit planes, and extend to a few micrometres
and end on another precipitate, contain a large number
of interfacial dislocations.

In the present study, no sign of twins has been
observed in this crystal, which suggests that the crystal
growth behaviour was different from the previously
reported dendritic growth mechanism {17,18]. In the

Fig. 4. A typical TEM micrograph of Czochralski-grown
(Tby;Dyy 73)Fey o5 showing many {1 1 1} plane stacking faults and
two plate-like Widmanstatten precipitates enclosed by interfacial
dislocations.
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case of the vertical float zoning or Bridgman growth
at rates of 25 mm/h or higher [17,18], the solidification
interface proceeded in a cellular or dendritic mode.
However, during the present Czochralski growth at a
slow rate (~15 mm/h), the growth front was believed
to be planar rather than dendritic in nature [19].

Although the magnetostrictive properties of a Czo-
chralski-grown rod shows improved behaviour due to
the good crystallinity [19], the existence of the Wid-
manstatten precipitates is regarded as detrimental. Re-
cent observation by Lorentz microscopy [9] indicated
that the strain field around Widmanstatten precipitates
could strongly deviate or sometimes pin the magnetic
domain walls.

4. Conclusions

The formation of {0 0 1} plane stacking faults in as-
grown CeAl, single crystals is suggested to accommodate
the deviation from stoichiometry of the compound. By
carefully preparing the initial composition, the sec-
ondary phase and the Al-deficient stacking faults can
be reduced.

Large {1 11} planar faults in as-grown TbAl, single
crystals were determined to be W-rich due to crucible
contamination. By substituting Tb with 1% Ho, the
large planar defects were replaced by smaller-sized
planar faults and W-rich precipitates. Both W-rich
planar faults and the precipitates will degrade the
magnetic properties by pinning the domain wall motion.

Pseudo-single crystal of Tbg,,DyssFe,qs prepared
by the Czochralski method contains numerous {111}
plane stacking faults and many Widmanstatten precip-
itates. The WSP has a detrimental effect on magnetic
domain walls comparing with stacking faults.
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