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Abstract

The paper reports on the Raman/fluorescence study of a melt-gro@a/BIdAIO; eutectic composite. Raman bands fromdhalumina
and gadolinium perovskite phases identified by X-ray diffraction were systematically observed together in the optically visible domains, even
when the latter were much larger than the Raman probe. This suggests a more complex interlocking pattern than appearing on SEM or optical
microscopy images. The polarization of alumina and GdARaman bands evidenced the preferential orientation @Aphase with respect
to the sample growth direction, in agreement with TEM results. In addition, the position of chromium impurity fluorescence bands was used
to map the residual stress in alumina phase. It is a compression in the 200-300 MPa range.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction rescence stress sensitivity will also allow for residual stress
assessment, as was already done in polycrystalline aludiina,

Directionally solidified eutectic ceramics are refractory epoxy-embedded alumina fib@end alumina/zirconia com-
materials that could be used for high-temperature structural posites of eutectiz!? or non-eutectit!~3compositions.
applications (blades in the airspace and power generation
industries) and in electrical, optical, piezoelectric or ferro-
magnetic device$:3 Like particulate composites, these “nat-
ural” composites exhibit isotropic properti&s.Moreover,
their interlocked microstructure results in a very high creep
resistanc®’ which, in conjunction with their intrinsic re-
sistance to oxidation, makes them an interesting alternative
to traditional fibre-reinforced composites. Eutectic composi-
tions in several AlO3—LnyO3 systems are studied at CECM,
associating alumina with either a perovskite (Ln = Gd, Eu) or
a garnet (Ln=Dy, Er, Yb) structure.

Nakagawa and co-workers studied >@/GdAIO3
eutectic samplésand the purpose of this paper is to use
Raman analysis for composition and structural investigation
of similar material prepared at CECM. The use of Gtuo-

2. Experimental
2.1. Synthesis and characterization of the samples

Rods of oriented eutectics were grown by floating-zone
translation using an arc image furnace operating with a 6-
kW xenon lamp as radiation source. The starting material
was prepared by mixing 99.9% pure polycrystalline powders
of Al,O3 (Baikowski Chimie, France, grain sizel um) and
Gd0O3 (Rhodia, formerly Rhne-Poulenc Chimie, France,
grain size<2um). The proportions were 48.5 wt.% AD3
with 51.5wt.% GdO3, which corresponds to the eutectic
composition 77 mol% AlOs—23 mol% Gd03.14 Cylinders
were isostatically pressed at 150 MPa, which was followed
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4. Results and discussion
4.1. X-ray analysis/electron microscopy

X-ray powder analysis revealed the presence in our

samples of trigonal AlO3 (a-alumina, a=0.47585nm,
< = Vi ¢=1.2973 nm) and orthorhombic GdAt®erovskite (GAP,

Xenon Sy a=0.52507 nmp=0.53007 nm¢=0.7449 nm). Because of
thermal gradients, controlling the microstructure of direc-
tionally solidified eutectic materials is difficult and hetero-
geneous features are obviously present in the outer region of
our samples cross sectiofig. 2a and b). We shall focus on
the central region where SEM micrograpksy 2c) resem-
ble those Nakagawa et al. got from three-dimensionally and
continuously interlocking phasésn this region, our surface
X-ray diagrams show [010] is Al,Oz preferential growth
direction. Besides, electron diffraction patterns obtained with
shown inFig. 1 After a liquid droplet was obtained at the fo-  the selected area aperture centred ofOA+GAP interfaces
cal point, indicating the eutectic temperature of 1976 K had give [110] GdAIOz // [0110] Al,O3 as the predominant
been reached, the whole set-up was driven down at a constantelative orientationKig. 3).
speed of either 2 or 5mnTH. This was done in air with a
high thermal gradient of 6.£0Km~*. As-prepared rods had 4 . The average Raman spectrum
a diameter of about 8 mm with a length between 3 and 5cm,

depending on the growth rate. These rods were eventually cut Fig. 4a shows an average spectrum for the sample melt-
in either longitudinal or cross-sectional directions and their grown at 5mm h! speedFig. 4o shows Raman bands are
surfaces were polished to the micron using diamond paste. {he same in the sample melt-grown at 2 mm hx-Alumina
X-ray powder patterns recorded with a PW 1830 Philips handd5 are marked ifFig. 4a andTable 1gives the 21 other
diffractometer (using the.=0.17889nm I radiation of  mpdes that we observed. These additional bands presumably
cobalt) allowed for identification of the different phases and ¢ome from GAP phase. 24 Raman-active modes are expected
calculation of the lattice parameters. Some X-ray diagrams i, orthorhombic perovskité&and Chopeldd mentioned de-

were also recorded on surfaces perpendicular to the QVOWthtecting 22 of them in GAP samples but these authors did not
direction (transverse section). Phase orientation was obtainegjisclose the corresponding wavenumbers.

from Transmission Electron Microscopy (TEM) diffraction In a “molecular” description of material vibrations,

patterns. These were recorded with a Jeol2000EX electronyayenumbers below 300 cthtypically correspond to T’

microscope (operating at 200kV) on thinned foils of trans- modes, wavenumbers between 300 and 450'ctn bend-
verse section prepared by mechanical polishing and ion-

milling. A Au—Pd-coated sample was also observed with |,
a Leo1530 (Leo, Germany) Scanning Electron Microscope raman wavenumbers in GAP phase (dn very intensdintensd
(SEM) equipped with a Princeton Gamma Tech (USA) EDX (uncertain)

accessory. 59~
23.5
146

172 et .
3. Raman equipment 215 ~RY/T' (Gd cation)

223

All Raman spectra were recorded using a “XY” spectro- é%?) ~

graph (Dilor, France) equipped with a double monochro- 315 )
mator as a filter and a back-illuminated liquid nitrogen- 366
cooled 2000« 800 pixels CCD detector (Spex, a division  30% - §AlO,
of the Jobin-Yvon Company, France). The laser excitation 45
was focused on the sample through a microscope objective(440) y
and the backscattered light analysed (“microRaman spec- ‘5‘;(2)
troscopy”). We used th& =514.5 nm line of a “Innova 70" 534
Argon—Krypton laser source (Coherent, USA) and the laser (630) L v AlOg
power (see figure legends) was measured under the micro{670)
scope objective using a “PD200” photodiode detector (Ophir, gég; y

USA).

Fig. 1. Schematic of the arc image furnace used to grow directionally solid-
ified Al,O3/GdAIO3 eutectics.
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Fig. 2. Cross section views of the ZD3/GdAIOs rod melt-grown at 2mmt! speed: (a) radial optical micrograph (rod centre is to the right); (b) SEM
micrograph (bar=10Qm); (c) “BSE” (backscattered electrons) SEM micrograph taken in the central region of the rod (bar=5

ing modes and wavenumbers above 450¢no stretching the spot ¢1um?0). If these phases’ thickness was also
modes. In oxides other than GAP, cationic disorder and oxy- greater than laser penetration, which is likely given that
gen vacancies were shown to widefTR® and stretchinf the depth of field of ourx100 objective (numerical aper-
modes, respectively. The transposition of these trends toture =0.80) is 0.83g.m only2! then these regions must be
the relatively narrow peaks of GAP phase suggests a goodintricate mixtures of alumina and GAP in various propor-
level of ordering with, possibly, some “chain-like” anisotropy tions. As a matter of fact, the Raman cross section of GAP
(“strong” intensity of R-like modes®). Yet, further study on  can be expected to be much stronger than that of alumina
our specific material is needed to ascertain these conjectures(Gd®* is a heavy cation) and the darker regionsFig. 5a
could be almost “pure” AlO3 (very weak GAP contribu-

4.3. Phase distribution tion).

All the “black”, “grey” and “white” regions visible in 4.4. Phase orientation
the optical micrographs dfigs. 2a, 5a and @xhibited a
combined AbO3/GAP spectrumKig. 5b), even when they The electric field radiated in case of Raman scattering
had a much larger extension than the lateral resolution of is proportional to the polarisability change occurring when
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Fig. 3. Electron diffraction pattern relative to the [@ 0] Al>Os // [110]
GdAIOs orientation. The large and small rectangles correspond to alumina
and GdAIQ; lattices, respectively.
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Fig. 5. (a) optical micrograph of the cross section of theG8YGAP sample
melt-grown at 2 mm h' solidification rate; (b) Raman spectra recorded in
the centre o~10um diameter regions (objectivex100 If/spot¢p ~1 pm,
P=2.83mW, 1200 s per spectrum). Labels indicate the colour of each probed
region as it appears in (a).

laser light interacts with atomic vibrations. This tensorial de-
pendency makes Raman intensity a function of the relative
sample to laser orientatiéhand can be used to observe crys-
tallographic orientations.

Fig. 6shows optically identifiable domains were oriented
along “preferential” directions in our samples. Raman spectra
were recorded both in cross-section and longitudinal views
with the laser excitation polarized either paralle&(0°) or
perpendiculard=90) to these directionslable 2. The av-
erage spectra are shownhig. 7. First, there is no obvious
balancing of band intensities in GAP and we cannot con-
clude on any preferential orientation of this phase. As for
a-alumina, its 577, 647 and 741 cth modes behave dif-

Table 2
Spectra recorded on cross-section and longitudinal views for an angle
between the preferential direction and incident electric field

Fig. 4. (a) Raman signal recorded onthe polished cross-section of the sample

melt-grown at 5mmhl. The spectrum is an average from ax222 array

of 120-s -spectra recorded over alih x 10pm square region (power:
6.6 mW; microscope objectivec100If). Stars indicate-alumina signature.
The specific contribution to the 417 cthpeak is highlighted. (b) Raman

spectrum recorded on the polished cross-section of the sample melt-grown at

2mmtt (spotp ~1 wm, power: 1.65 mW, microscope objective100 f,
t=3600s).

Sample 0 angle ¢) Number of Power/time
configuration spectra per spectrum
Cross section 0 81 6.4mW/600s
90 90 6.4mW/600s
Longitudinal 0 50 6.0mW/900s
90 9 9.2mW/600s
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Longitudinal view

Fig. 6. Optical micrographs of the cross-section (a) and the “longitudinal” view (b) of h@sABAP sample melt-grown at 2 mnth solidification rated is
the angle between the laser polarization and the main domains orientation (see Raman spectra of Fig. 7).

15007 647 cm”’ 4.5, Residual stress assessment

577 st e’ The stress-dependant shift of the so-calledaRd R
fluorescence lines of chromium impurities is a widely re-

Loguaral 0= ported way of measuring stress in alumirfa®?2Yet, Ra-

1000 man spectrometers not being perfectly stable, accurate stress

determination requires that these lines be pointed with re-

spect to an absolute reference. This is doréign 8through

1250+

Counts

Longitudinal /6 =90°

7501 ‘ ‘ : Grosssection/0=0"  the yialue 0fAway, Which is defined using the 7032.4184
L o e T T (14219.87 cmit) emission line of a neon lampas the refer-
Wavenumber /cm ence.Fig. 9 showsAyay measured in the precursor mixture
30000~ of Al,Oz and Gg O3 powders is very sensitive to laser power.
Even at very low values, not all input energy can dissipate (air
is a very poor heat conductor) and temperature starts rising
at the laser impact. The subsequent disturbance of the elec-
200007 tronic energies results in a downward sRffihich we fitted
as follows:
Longitudinal Away(cm™1) = 18327 — 0.0935x Ln P (mW) (1)
10000 + .| . 0=90deg
= 6=0de
’ Taking 183.27 cm? as the heating-corrected stress free
Cross Section value for Ayway and knowing that Rshifts under hydrostatic
S T w stress by an amount of 8.05chGPa®,? then alumina
*abo 400 60 a0

Wavenumber / cm ™ Compression

Tension

Fig. 7. Orientation dependence of Raman signal (see Fig. 6). Each spectrum
is the average of 9-90 spectra (listedable 3. The 550-775 cmt region
is magnified to showe-alumina bands at 577, 647 and 751¢m

. . i R, Band Neon Reference
ferently as a function of angle, both in cross section and (14433 cm’) (14 219.87 om’™)
longitudinal probing, which indicates preferential orientation
(seeTable 3. Further work will involve systematic mapping,
alumina bands intensity ratio giving a direct image of crys- / |
tallographic orientation throughout the material. / | JJ

f
== JL A T \
Table 3 T 4 T T T T T T T T T da T T T
Symmetry of selected alumina modes{@roup) 4950 4975 5000 5025 5050 5075 = 5200 5225
R ber /
Wavenumber Mode Raman polarization aman wavenumberf cm
—1

(em™) symmetry Fig. 8. Neon emission spectra, with and withouf Clluorescence spec-
577 = (oxx — Qyy, Oixy); (0ixz, Qyz) trum (R, and R ruby lines). The apparent shift of the 14219 chneference
751 line shows spectrometer instability. Note the difference between the abso-

lute wavenumbers (numbers in brackets) and Raman wavenumbers, which
647 Aug (oxx + oy, 0tzz)

actually indicate the shift with respect to the laser wavenumber.
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184 : residual stress in our AD3/GAP eutectic is given by:
169 W o (GPa)
5 '4 3 o _ Away(cm1) +0.0935x Ln P (MW) — 18327 @
§ 11 % - 8.05
< 180 ®
_ Fig. 10 shows two examples of stress mappings based
e ¢ on Eq. (2). Note this equation was established assuming
178 5 mwW that:
[ ]
177 (i) eutectic composites have the same thermal conductiv-
0-10 1.00 1000 10000 ity as the precursor powder (the 0.098%En(P) correc-
Laser power (Log scale)/ mW tion comes from Eq. (1)). It might not be the case but

. ' ) (0.0935x Ln P)/8.05 only represents 12 and 6 MPa in
Fig. 9. Effect of laser power on,y (See Fig. 8) for the precursor mixture

(pm) of Al,Os and GdOs powders. Data fitting foP<5mW (37 points) Fig. 1Ga and .b, respgctlvely. This is r'elatlvely low when
yields: AP, (cm™1) = 18327 — 0.0935x Ln P (MW). compared with a residual compression >200 MPa.

Gh/ MPa

Bl -196.9 - -190.0
B 2038 - -196.9
I -210.8 - -203.8
B -217.7 - -210.8
B 2246 - -217.7
I 2315 - 2246
I 2385 -- 2315
[ -245.4 - -238.5
[-252.3 -- 2454

[ 2592 - 2523
-266.2 - -259.2
-273.1 - -266.2
-280.0 - -273.1

0 6 8 10 12 14 16 18 20 22 24 26 28 30
(b) X/pm

Fig. 10. Residual stress mappings based on application of Eq. (2) to $#@B/GAP sample melt-grown at 2 mnth solidification rate. (a) 20-s Raman
spectra were recorded over the Ar x 9.5um framed region (26 20 spectra; objectivex 100 If; P=2.9 mW); (b) 10-s Raman spectra were recorded
over the 3Qum x 12pm framed region (30& 12 spectra; objectivex 100 If; P=1.65 mW). White triangles were added to highlight similarities between the
microstructure and stress gradients.
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(i) the residual stress is hydrostatic. As a matter of 8
fact, R line would have been less sensitive to stress
anisotrop§1%-25hut a small neon line emitted in its spec-
tral domain forced us to work with s the stress probe.

The position of alumina Raman bands would be an alterna-
tive way of measuring residual stre§s281t is much longer
to get a useful signal but gives access to stress in the differ-
ent directions of the crystals (bands are polarized). Note also
that C2* must be present in the GAP phase but we could not

detect a nice enough fluorescence signal to use it for stress:

measurement, as did Jovarand Andreeta in Gf-doped
GdAIO3.2%

12.

5. Summary—perspectives

13.

X-ray diffraction evidencedx-alumina and gadolinium

aluminium perovskite are the constitutive phases of a melt- 14

grown Al,O3/GdAIO3 eutectic ceramic. TEM results showed

alumina is an extending monocrystal whereas GAP phasels.

tends to orientate along interfaces only.

Distinct domains were identified through optical and elec-
tronic microscopies, the Raman spectrum of which always
combined AyOs3 and GdAIQ signal. This suggests fine
micro-/nano-interlocking in each domain. The bands polar-
ization confirmed alumina is oriented parallel to the crystal
growth direction and must therefore strongly influence me-
chanical properties.

Lastly, the shift of Ruby fluorescence lines with respect
to their stress-free position indicated alumina is subjected
to a residual compressive stress in the 200-300 MPa2
range.
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