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a b s t r a c t

To better understand and exploit the unique electronic and structural properties of f-block metals and
their alloys it is perceived that an improved knowledge of the microstructural characteristics and phase
changes as a function of temperature and pressure, is necessary. For other different types of metallic
systems, the use of electron back-scattered diffraction (EBSD) is becoming a common practice in order
to obtain detailed microstructural information, but this has, as yet, been very limited in case of f-block
metals. Because of their extreme affinity to oxygen and rapid surface reaction, EBSD studies of this metal-
eywords:
etals and alloys
icrostructure
xidation
urface electron diffraction

category are very sparse with only one work published on cerium metal providing an example of technical
hurdles for a prerequisite oxide-free metal surface. Specifically the need to remove the oxide by ion
etching was considered essential to enable a successful EBSD analysis. The current work presents the
results of a first attempt to characterise the microstructure of a Ce–La alloy using EBSD. It demonstrates
that high quality diffraction patterns and crystal orientation maps can be successfully obtained following

parat
shing
a carefully controlled pre
reproducible electro-poli

. Introduction

Lanthanide metals are characteristically dense possessing high
elting points and good heat conductivity. They alloy relatively

asily with other metals, especially iron (e.g. misch-metal and
yrophoric alloys), and found various applications in the indus-
ry such as the production of ignition devices, e.g. tracer bullets,
lectron sources and superconductors. Due to their unique elec-
ronic and magnetic properties they also found applications in
torage devices with some of their oxypnictides being developed
or large scale production of high-temperature superconductor-
CBs and wires [1,2]. In addition, there is a very active research,
mongst many others in the field of supramolecular chemistry,
n the use of lanthanide f-ions for the development of lumi-
escent complexed supramolecular structures and self-assemblies
hat exploit the physical and optical properties of the lanthanides
or applications in luminescent switches, sensors, energy-saving

ighting devices, displays, lasers, optical fibres and amplifiers
s well as responsive luminescent stains for biomedical analy-
es and in cellulo-sensing and imaging. This particular research
eld has been the scope of many recent reviews such those in

∗ Corresponding author. Tel.: +44 117 3311176.
E-mail address: t.b.scott@bristol.ac.uk (T.B. Scott).

925-8388/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
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ion of the alloy surface in the open laboratory by applying a simple and
procedure without a further need for ion etching in vaccuo.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

[3–5], to name just a few. Additionally, lanthanide based bulk
metallic glasses have attracted increasing interest due to their
unique properties and potential applications as functional glassy
materials. These materials display many fascinating properties
such as heavy fermion behaviour, thermoplastic properties near
room temperature, excellent magnetocaloric effect, hard mag-
netism, and polyamorphism, all of which are of interest not
only for basic research but also for metallurgy and technology
[6–7].

The lanthanide series comprises the elements 58 (Ce) to 71 (Lu),
with La (57) as a prototype of this series. It is widely accepted
that lanthanides share a common outer electronic configuration;
differing only in the number of 4f electrons [8]. These chemically
inert 4f electrons set up localized magnetic moments, which are
coupled via an indirect exchange interaction involving the con-
duction electrons. This leads to the formation of a wide range of
magnetic structures, the periodicity of which is often incommen-
surate with the underlying crystal lattice [9]. For example, recent
work examining gadolinium has demonstrated that the magnetic
structures of the heavy rare-earth elements are unequivocally

linked to their lattice parameters [10] with a trend from ferro-
magnetism to incommensurate ordering occurring as the atomic
number or nuclear charge increases, connected to the concomitant
decrease in unit cell often termed as the lanthanide contraction
[11].

ghts reserved.
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In order to better exploit the above mentioned properties of
he 4f-block metals, it is perceived that an improved understand-
ng of the crystal structure at low and high temperatures as well
s the concomitant phase change and oxidation behaviour is nec-
ssary. Since most of these properties are greatly influenced by
he surface state and bulk structure of the material, a detailed
haracterisation would be highly desirable. While a structural char-
cterisation at the macro-scale can be made using conventional
etallographic methods, characterisation at a micro and a nano

cale is typically performed by employing a variety of comple-
entary techniques, such as transmission electron microscopy,

canning probe microscopy and EBSD. However, one of the major
bstacles for using the latter, which provides information at a much
ider scale than the former techniques, is that all f-block metals are
ighly electropositive and consequently tarnish rapidly upon expo-
ure to air, due to their high reactivity with oxygen [12]. In the case
f cerium, such a rapid reaction leads to the formation of a sur-
ace oxide layer approximately 10 nm thick in only a few minutes
s it is the most reactive of all lanthanide elements. Consequently,
fter surface preparation, it is very difficult to maintain an oxide
ree metal surface suitable for EBSD analysis. This difficulty stems
rom the fact that at a thickness greater than 3–4 nm the surface
xide layer will block the escape of coherently backscattered elec-
rons, thus hindering detection and acquisition of a high quality
iffraction pattern [13].

For this reason, reports on successful EBSD surveys of the 4f-
lock metals are rare, with the exception of one work performed
y Boehlert et al. [14] on a cerium metal. These authors performed

on sputtering in an Auger system to remove the oxide layer from
he sample surface after mechanical polishing. The sample was then
laced in a vacuum suitcase and transferred to a scanning electron
icroscope equipped with an EBSD system. Also in reference to

his procedure EBSD data was provided but no orientation maps
ere obtained. The preparatory procedure adopted is obviously

ime-consuming and requires specialist and expensive equipment
o clean the metal surface and overcome re-oxidation during sam-
le transfer from the ion sputtering chamber to the SEM/EBSD

nstrument. Furthermore, ion sputtering is known to induce surface
oughness due to uneven cleaning of the surface. This roughness is
enerated by preferential etching of the surface which is linked to
he orientation of metal grains intersecting the ion-etched surface.
he alteration of the surface leads to a loss in the quality and inten-
ity of the observed diffraction pattern [13]. Ion bombardment is
lso bound to produce an implantation of the incident ion-species
nto the metal, the extent of which is dependent on the time-
uration of the ion etching sequence and the ion flux applied. The
ffect of ion implantation in cerium, though still unknown, could
nduce a modification of the metal crystal lattice in the surface and
ub-surface areas which, in turn, lead to an erroneous interpreta-
ion and analysis of the EBSD data.

The current investigation has sought to develop a more appro-
riate and accessible method of sample preparation such that EBSD
urveys of the lanthanide metals and their alloys is readily achiev-
ble. A Ce–La alloy was selected as a candidate material for this
urpose, with Ce generally considered to be the more chemically
eactive of the 4f-block metals family [15]. Concurrently the current
ork was aimed at providing the first successfully recorded EBSD
ata from the surface of this type of alloys, in addition to gaining
n insight on the microstructure of the alloy studied as well as its
hase structure at room temperature.
. Experimental

.1. Material and sample preparation

The alloy used in this study was made from ingots of 99.9% pure Cerium and
anthanum purchased from GoodfellowTM. The ingots were cut down to remove
mpounds 509 (2011) 4284–4289 4285

surface oxides and small clean pieces of both metals were weighed out to obtain
a ratio of 95 wt% Ce to 5 wt% La. The metal pieces were then placed on a water-
coolable copper hearth inside an arc furnace. Prior to melting the metal pieces, the
furnace chamber was pumped down and purged with Ar three times with Ti metal,
acting as a getter, added to purify the Ar gas stream. The Ce and La pieces were then
repeatedly melted under argon at temperatures marginally in excess of 918 ◦C (the
melting temperature of La) to get a well mixed homogenous alloy. The resulting
alloy ingot was subsequently cooled under the Ar gas stream and then sealed in a
quartz tube, backfilled with Ar, to protect the surface from oxidation.

In preparation for micro-structural analysis, a number of specimens, ovals
approximately 8 mm × 15 mm in diameter and 1.2 mm thick, were cut from the
alloy sample, perpendicular to the long-axis of the ingot, using a low-speed rotary
diamond saw with rapeseed oil as lubricant. The latter was chosen because of its
moderate viscosity, non-volatility and non-toxicity. This method of cutting was
selected as the only practicable means of keeping atmospheric oxygen and water
away from the cut metal surfaces. Sequential grinding of the specimens was per-
formed on SiC papers up to P4000 grade with rapeseed oil as a lubricant. Between
grades IPA (isopropyl alcohol—C3H8O) and an ultrasonic bath were used to remove
grinding debris. IPA was chosen because it proved to possess the right combination
of miscibility, wettability and surface tension properties to spontaneously displace
the oil from the specimens. Further specimens were prepared in a similar way but
by cutting parallel to the long-axis of the ingot.

Following grinding, the specimens were electro-polished for 30–60 s in an elec-
trolyte consisting of absolute methanol (CH3OH) and 5% perchloric acid (HClO4)
maintained at a constant temperature of −60 ◦C throughout the polishing operation
using dry ice. The current density applied was approximately 1.8 A/cm2. After wash-
ing in methanol to remove acid residues, the specimen was rapidly transferred into
a SEM fitted with an EBSD system.

2.2. Sample analysis methods

Analysis with EBSD was performed in a Zeiss EVO MA10 SEM fitted with LaB6

electron source and a Digiview 3 high speed camera with associated EBSD instru-
mentation from EDAX. Data was recorded and processed using OIMTM software.
Orientation maps were obtained for predefined surface areas up to approximately
1 mm2 using an automated mapping routine that recorded and indexed the diffrac-
tion patterns at regular spatial intervals, typically 2 �m for large areas and 50 nm
for small area, high spatial resolution maps.

The microstructure of the alloy was further examined in a focused ion beam
(FIB) instrument (FEI FIB-201 model) operated under a background pressure of less
than 10−5 mbar. The ion beam was used first to remove the surface oxide from
defined areas and expose the underlying metal for examination. Micro-sectioning
to a depth of 10 �m was additionally performed to produce finely polished cross-
sectional faces such that the microstructure could be examined deeper into the
specimen. In such cases a protective layer of platinum, 1 �m thick, was deposited
prior to sectioning in order to protect the surface of the section from ion implantation
damage.

A SIMS system, equipped with a focused gallium ion source and a double-
focusing magnetic sector mass analyser was also employed to provide information
on the chemical homogeneity and metal purity. The analysis was performed in a pos-
itive ion mode with ion maps of the alloy surface recorded. In preliminary analyses,
Ce+ and La+ ion clusters (peaks at mass 140 and 139 respectively) were observed
to be representative of the metal, while masses 176 and 155 were considered to be
associated with the oxide ion clusters CeO2

+ and LaO+.
Supplementary analysis was performed using X-ray diffraction (XRD) to deter-

mine the phases present within the bulk of the sample. Measurements were made
using a Phillips X-Pert Pro diffractometer, with Cu-K� radiation. To prevent sig-
nificant sample oxidation during analysis the sample was pre-coated with a thin
protective layer of gold (<100 nm thickness) using a sputter coater. Additionally a
narrow range (20–60◦) was adopted for data acquisition such that measurements
took no more than 50 min to complete.

3. Results and discussion

Preliminary analysis of suitably prepared alloy surfaces using X-
ray diffraction (XRD) identified the material crystal structure as fcc
with diffraction peaks that could be indexed to the (1 1 1), (2 0 0),
(2 2 0) and (3 1 1) reflections of the �-phase of metallic cerium, with
a lattice constant of 5.180 Å. This compares to a value of 5.150 Å for
pure cerium and represents a 0.6% increase in lattice parameter
considered to arise from incorporation of lanthanum into the crys-

tal structure. Additionally the XRD analysis indicated the presence
of a minor amount of oxide (as CeO2), as shown in Fig. 1.

Subsequent examination of mechanically polished and electro-
polished surfaces of the alloy revealed a marked difference in
surface morphology, as can be seen in Fig. 2. Examination of
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Fig. 3. EBSD orientation map of the alloy surface cut perpendicularly to the starting
ingot longitudinal axis.

electrons to the EBSD detector causing the recorded diffraction
Fig. 1. X-ray diffraction pattern of a polished face of the Ce–La alloy studied.

oth samples under SEM confirmed the efficacy and reproducibil-
ty of the electro-polishing procedure developed for this study in
emoving most of the oxide that remained following grinding on
he SiC papers. The electro-polished surface was relatively flat,
ith regions of the exposed metal proximal to grain boundaries

lightly raised relative to the grain interiors, which were finely
itted. The average grain-size of the alloy determined from the
ecorded secondary electron images was approximately 80 �m,
ith these images also highlighting the presence of numerous par-

icles, ascribed to oxide, present on the alloy surface.
EBSD data was successfully recorded from large areas compris-

ng over 3000 grains, indicating that the electro-polishing time
pplied was sufficient to produce a clean metal surface, that was
assivated long enough to allow for transfer to the SEM system
ithout significant regrowth of the oxide, i.e. <2–3 nm thickness.

he recorded EBSPs were of high quality such that high speed map-
ing could be performed. In all cases these patterns exhibited a good
atch to a cerium fcc �-phase from the OIM materials database.
Figs. 3 and 4 illustrate inverse pole figure grain orientation maps

aken from the alloy specimens cut perpendicular to each other.
he maps clearly show that most of the grains in both longitudinal
nd transverse directions were equi-axed, exhibiting an average
rain diameter of 82 �m and average grain area of 1000 �m2.
pproximately 70% of the grains were between 50 and 110 �m

n diameter, with all grains displaying relatively straight grain-
oundary contacts and no evidence for crystal twinning. Analysis
f misorientation angle between grains indicates that the major-
ty of grain boundaries can be classified as high angle (>30◦),
lthough a significant proportions of low-angle boundaries and
ub-boundaries were indicated by the data (Fig. 5).

This was most obvious in some of the large grains observed,

here multiple low angle sub-boundaries and other gradational

rientation changes could be determined using crystal orientation
ariation plots (Fig. 6).

Fig. 2. Secondary electron images of the alloy after (a) grindi
Fig. 4. EBSD orientation map of the alloy polished face cut parallel with the long
axis of the starting ingot.

No clearly preferred grain orientation or orientation relation-
ship was exhibited on the basis of the pole figure and texture plot
analysis (Fig. 7). This microstructure, which formed during cooling
from a molten state after repeated melting, was expected on the
basis of phase equilibria considerations [16–18].

The fine surface pitting observed by secondary electron
microscopy (SEM) was clearly evidenced by the recorded EBSD
maps. For certain points on the alloy surface, topographic shad-
owing was observed to block the escape of some backscattered
patterns to be only partially complete, and therefore less reliably
indexed by the software. The more etch-resistant inter-granular
rims returned better quality EBSD data.

ng and mechanical polishing and (b) electro-polishing.
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Fig. 5. A grain boundary misorientation plot (left) and grain boundary rotation angle map (right) highlighting the predominance of high-angle grain boundaries in the alloy
microstructure.

F n red.
h

o
o
s
p
e

ig. 6. EBSD orientation map of the alloy displaying a very large grain outlined i
ighlights the presence of numerous low angle sub-boundaries.

The surface pitting was considered to arise from a combination

f several causes, including: (a) cavities left by embedded lumps of
xide released during etching; (b) preferential etching of residual
meared metal revealing a grinding artefact (deep scratch); and (c)
referential etching of a particular lattice orientation (dislocations,
tc., perhaps caused by a closely underlying inclusion). A thick-

Fig. 7. Texture plots generated from grain mapping p
The inset map shows variation in crystal orientation within the same grain and

ness of 20–30 �m was observed to have been removed from the

etched region which was considered to have been sufficient for
the removal of all pre-existing mechanical damage arising from
preparatory grinding and polishing. While the removal of mechani-
cal damage was beneficial for subsequent EBSD analysis, the quality
of the surface finish observed indicates that both the mechan-

erformed on the electro-polished alloy surface.
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ig. 8. Secondary electron images of the electro-polished alloy surface and of a FIB
f inclusions that are presumed to exist throughout the bulk metal.

cal and electro-polishing processes applied need to be further
mproved in order to minimise/eliminate the micro-scale surface
oughness.

FIB milling was used to cut down beneath the alloy surface to
depth ∼10 �m and the images of the section faces confirmed

hat the embedded particles observed at the alloy surfaces also
xisted in the bulk metal as illustrated in Fig. 8. The micro-sections
roduced indicate the presence of two types of entrapped parti-
les. Most abundant were needle-like particles <0.5 �m in width
scribed as oxides on the basis that they exhibited electron chan-
elling and Z-number contrasting which matched the surface oxide.
ubic particles up to 1 �m across were also observed, but with sig-
ificantly less abundance, and ascribed as oxycarbonitride particles
hich were identified with AES (auger electron spectroscopy). This

esult indicates that the surface particles observed after electropol-
shing exist as formerly embedded particles rather than rapidly
ormed surface oxide, which would have been expected to exhibit

reater uniformity.

Accompanying SIMS analysis, using positive ion mapping con-
rmed that the alloy was well mixed. Ion maps obtained for La and
e indicated that both elements had uniform distribution across
he mapped surface areas (Fig. 9). Survey mass spectra also indi-

ig. 9. A series of SIMS maps revealing the distribution of Ce and La in the metal and ox
he oxide layer on the sample surface was removed by an extended period of ion etching
xide particles extending deeper within the alloy.
d section revealing a ∼5 �m thick oxide layer. Both images highlight the presence

cated the presence of Li, Na and K as impurities, which ion mapping
subsequently determined to be associated with inclusion particles
(Fig. 9).

From the current investigation the primary limitation in suc-
cessfully preparing alloy samples devoid of oxide for EBSD analysis
was found to be in obtaining a high purity alloy. Given the melt-
ing temperatures of CeO2 (at 2400 ◦C) and La2O3 (2315 ◦C) are
very much higher than that of their precursor metals (798 ◦C and
918 ◦C respectively) [19,20] the oxide recorded in the SIMS data
and observed by FIB imaging is considered predominantly to be
present as material surviving the melting process used to form the
alloy. The oxide particles are considered to arise either from that
which originally coated the source metals or, as seems to be more
likely given its prevalence, metal vapourised by the arc and subse-
quently oxidized by residual O2 in the furnace system which was
then entrained in the melt.

The presence of oxide particles embedded throughout the vol-

ume of the ingot presented a significant preparatory issue. The
significantly greater hardness of particles relative to the metal
(Table 1) meant that particles freed from the surface during
mechanical polishing then contributed to micron-scale gouging
and scratching. Considering the densities of the possible Ce and

ide inclusions. Li+ was also found to exhibit similar distribution. Prior to mapping,
. The as-mapped oxide signals (LaO+ and CeO+) therefore indicate the presence of
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Table 1
Relevant physical property-data* for Ce and La metal and their common oxides.

Metal & oxide Crystal system Density
(g/cm3)

Vickers hardness (GPa) Melting point (◦C)

Ce (metal) Cubic @ 20 ◦C 6.77 @ 20 ◦C
6.55 @ 798 ◦C

0.27 798

La (metal) Hexagonal 6.16 @ 20 ◦C
5.94 @ 918 ◦C

0.491 918

CeO2 Cubic 6.86–7.30 2.98–10.3 2400
Ce2O3 Hexagonal 6.87 – 2177

Cubic 6.33 –
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La2O3 Hexagonal 6.58
Cubic 5.84

* Data reproduced from Gschneidner, Jr [17], Hammond [18] and references ther

a oxides is very close to that of their respective parent met-
ls (Table 1), it is not surprising that the arc melting process
sed for alloy preparation did not manage to separate out the
xide.

. Conclusions

The current work shows that the surface of Ce–La alloy
an be successfully mapped using EBSD to provide a detailed
icrostructural study of this material. The methods developed have

emonstrated that the alloy can be successfully prepared using
lectro-polishing and without the need for further specialist prepa-
ation using ion beam etching. This work represents a landmark
evelopment in the preparation and analysis of cerium and simi-

ar materials, which have previously been considered too difficult
o prepare in the open laboratory. Consequently this work will
ave the way for further microstructual studies of Ce–La alloys
nd similar f-block metals that may now be undertaken by a wide
ange of international research groups that previously considered
hemselves technically excluded from such studies. Future EBSD
esearch on cerium and cerium-lanthanum alloy will investigate
he phase change behaviour of the alloy at high temperatures.
efore this can be achieved, refinements in the preparation of the
lloy will first be necessary to produce a material that does not
ontain significant amounts of oxide particles entrapped within
he microstructure. It is suggested that re-melting exercises should
se induction heating to avoid local vapourising hot-spots and

f possible, zone-melting. Where simple gravity may not be suf-

cient to separate metal and oxide particles by density, surface
ension of the molten metal around an oxide inclusion should
e able to sweep the oxide to one end of the melt depend-

ng on how well (or not) the metal wets the embedded oxide
articles.

[
[
[

[

– 2250
–
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