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Abstract

Surface modification of ternary Al,O;—Zr,03-Y,05 eutectic oxides was produced by laser melting. Preheating the ceramics and using a protecting
atmosphere, we obtained homogeneous eutectic surface layers of 7 mm x 25 mm and 400 pwm thick. The remelted layers were dense using processing
rates below 500 mm/h but showed bubble porosity at faster processing rates. The phases in the resultant material were cubic zirconia (YSZ), a-Al, O3
and Y3Al;01, (YAG). At 20 mm/h, the remelted layer presented a Chinese-script like microstructure formed by an interpenetrating network of
Al,O3 and YAG. At travelling speeds greater than 500 mm/h colonies were formed. At the largest processing rates the microstructure becomes
fibrous like, the YSZ phase locating at the interface between Al,O3 and YAG phases. The chemical composition was independent of position into
the layer. The very fine microstructure allows an in-line optical transmittance in the NIR of 60% for a 380 wm thick layer processed at 3500 mm/h.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Directionally solidified Al,Oz-based eutectic ceramic oxides
(DSECO) present good retention of mechanical properties
at high temperature.! Moreover, its high chemical stabil-
ity in the presence of aggressive environments and its high
corrosion and oxidation resistance has brought about inten-
sive research and development of new Al,O3-based ceramic
oxides for high temperature structural applications. Eutectics
of Al,03/Y203/ZrO; system are the most studied, among
which stand out the Al,O3/ZrO; binary systems.z‘6 Many
works about the Al,O3/Y3Al5012 and Al,O3/ZrO; (Y,03)
eutectics have been performed during the last decade. The
DSECO Al,03/ZrO; (3mol% Y;03) has good mechanical
properties at ambient temperature (high fracture toughness
(4-5MPam'2)),”8 but its strength diminishes above 1500 °C
which is associated with the release of the thermal residual
stresses, and the activation of plastic deformation mechanisms
at the microscopic level in the ZrO, phase.'>>° On the other
hand, the directionally solidified Al,03/Y3AlsO1> eutectic has
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better strength retention at high temperature. It has a flexural
strength of 1.9 GPa at ambient temperature, and of 1.65 GPa at
1700 K. These mechanical properties at room temperature are
the result of a fine microstructure, strong and clean interfaces
between phases, while the presence of YAG, which presents
a good resistance to dislocation motion, contributes to the high
temperature retention of strength. However, although strong, the
composite is a brittle material.

A third composite, the ternary eutectic
AlrO3/Y3Al5012/ZrO, (AYZ), presents better mechanical
properties than the previous ones. At high growth speeds
it presents a very fine and interpenetrated microstructure,
of the order of hundreds of nm, without the formation of
colonies.'®!! This microstructure is finer than the one of binary
alumina-based compounds, due to presence of ZrO, which
makes more sluggish the liquid to three-phase ordered solid
transition and reduces the growth length scale.!> Moreover, the
presence of ZrO; increases the fracture toughness with respect
to Al,O3/Y3Al50 7, since it acts as a deflection flaw element
and introduces residual stresses.!> By the laser floating zone
(LFZ) method, Peia et al.10 produced AYZ rods, that showed
a fracture toughness of 4.3MPam!? and a flexural strength
at ambient temperature of 4.6GPa'? which is almost four
times higher than the best results measured in bulk non-oxide
ceramics, such as SiC and Si3N4,3’4 and twice as high as the
highest reported in directionally solidified eutectic oxides of the
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family Al,O3/Y>03/ZrO,. Therefore, the eutectic AYZ is the
most promising material of the Al,Os-based eutectic ceramic
oxides as it combines a fine microstructure with a reasonably
high toughness.

Ceramics composed of different phases are of interest not
only for their structural properties, but also as functional ceram-
ics. In particular, as optical materials, one can take advantage
of its multiphase nature to widen the laser tunability range,
or to generate selective infrared (IR) to visible (VIS) up-
conversion.!* For some of those applications, it would be
desirable to decrease light scattering to a minimum to fabri-
cate transparent or translucent ceramics. This is particularly
true for its use in optical systems where the better mechani-
cal response of ceramics with respect to crystals is required, or
when cost-efficiency recommends ceramic technology for fab-
rication of the component, as in armour, lighting, scintillators or
lasers.!> At present, the best transmitting (in-line transmission)
ceramics are obtained by optimum processing of nanograined
fully dense ceramics,'® which is not an easy task. Fine grained,
dense ceramics can be also achieved by laser melting of eutectic
ceramics.'? The in-line optical transmission of microstructured
eutectic ceramic will be surely smaller than the one of opti-
mised single-phase ceramics as phases with different refractive
indexes are present, however, their excellent mechanical prop-
erties together with the potentiality of its multiphase nature and
the inherent transparency of the components advise studying
them.

The fabrication-from-the-melt techniques subject the mate-
rial to high thermal gradients and entails high thermal solidifica-
tion stresses, particularly when submicrometer microstructures
are to be obtained, which require large solidification rates.
These ones use to produce fracture during processing or gen-
erate a macroscopic residual stress state. Another problem
relevant to this material is the trapping of gas bubbles during
processing.!” This brings porosity into the layer which deteri-
orates the mechanical properties and can destabilize coupled
eutectic growth. This is the reason why only small volumes
of AYZ have been produced. To date, small diameter rods (of
1-2mm diameter) or small thickness plates (of 0.5-1.5 mm
thickness) have been produced by rapid solidification, micro-
pulling-down or LFZ methods.'%-1218:19 In all these cases, the
samples are completely molten which do not permit producing
big volumes of eutectic material.

Being able to produce bigger volumes or surfaces of eutec-
tic AYZ, would allow studying particular mechanical properties
where bigger areas are needed, as specific wear rate or flexu-
ral strength. Moreover, if the growth rate could be increased,
the microstructure would be finer, and it would entail an
improvement on the mechanical properties, associated to the
decreased flaw size. Only recently, Su et al. have reported
hypoeutectic 6 mm rods of laser remelted AYZ eutectics®®!
with very fine microstructure. Laser assisted surface melting-
and-solidification enables to melt macroscopic surfaces at high
movement rates. This laser surface treatment has been recently
investigated to produce crack-free densification of Al,O3-based
refractrories.?” It has also been used to generate more wear
resistant surface coatings on Al,O3/ZrO; (3% Y,03) eutectic

plates?3-23 and also tried with other oxide and non-oxide eutectic

compounds.?®

In this work laser surface melting will be applied to eutectic
AYZ plates to produce dense layers on top of macroscopic sam-
ples processed up to a maximum movement rate of 3500 mm/h.
The processing method and the main appearance of the layers
are described. A detailed microstructural study of the sam-
ples has been done, and the influence of the growth rate in
the processing of AYZ eutectics has been analysed. Layers of
fine-microstructured ternary eutectic have been obtained, which
show translucency in the VIS and NIR regions, even when the
optical contrast between YSZ and the other phases is quite
strong.

2. Experimental details

Ceramic plates with densities around 90% of the theoreti-
cal density were prepared using commercial powders by slip
casting of aqueous suspensions with a solid content of 70 wt.%.
The powder mixture was prepared using the following com-
mercial powders: Y,03 (Aldrich, 99%), a-Al,O3 (Ceralox
HPA-0.5 C10214, 99.99%), YSZ (8 mol% Y,03) (Tosho TZ-
YS, 99.9%), and Mn,03 (99% Aldrich) to get the composition
close to the ternary eutectic point: 62.4 mol% Al,03,21.3 mol%
ZrO,, 15.59 mol% Y,03, doped with 0.67 mol% MnyO3. The
Mn,0O3 doping was intended to increase absorption of diode
laser radiation by the ceramic. This composition gave rise, after
solidification, to a homogeneous microstructure, free from pri-
mary or segregated crystals, at all used processing rates.

The powders were thoroughly mixed, dispersed and sus-
pended in water using Duramax D-3005 (Rohm and Haas
Company, Philadelphia, USA) as dispersant with a concentra-
tion of 0.8 wt.%, in reference to solids. The obtained suspension
was ball milled with a planetary mill during 2 h before casting.
The green compacts were dried overnight and pre-sintered at
1000 °C for 3 h, cut near to the final size, and finally sintered at
1520 °C for 5h. The pieces were then carefully ground to rect-
angular prisms prior to laser surface processing. The samples
were processed by laser surface melting as has been described
elsewhere24-20 using a focused diode laser line (Rofin DL-X50,
A =940 £ 10 nm) and preheating the samples.

Transverse cross-sections of the processed samples were cut
from the prisms along planes perpendicular to the laser travel-
ling direction, and prepared by diamond polishing in order to be
observed in a scanning electron microscope (model 6400, Jeol,
Tokyo, Japan). The microscope was equipped with an X-ray
detector from Oxford Instruments for energy dispersive X-ray
analysis. This was used for chemical analysis using pure sub-
stances as calibrants. The microstructure of the fast remelted
samples was examined by transmission electron microscopy.
Transverse cross-sections were cut and mechanically thinned
down to 40 pm, ion-milled at 77K and carbon coated. They
were observed in a Jeol 2000FXII microscope equipped with
an INCA 200 X-ray microanalysis detector. X-ray diffraction
experiments were carried out using a Rigaku D-Max system.
Step-scanned patterns were measured between 10° and 90° (in
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steps of 0.03) at room temperature. Raman spectroscopy mea-
surements were made at room temperature and 77 K using an
optical spectrometer (Model XY, DILOR, Lille, France) with a
CCD detector. We used an Ar™ laser as excitation source. Opti-
cal transmission of polished slabs was measured on a Cary 500
Scan UV-VIS-NIR spectrophotometer.

3. Laser surface melting

Rectangular prism samples of dimensions
Fig. 1. Optical micrographs of transverse sections of samples processed at trav- 25mm x 7mm x 5 _mm (length x width x depth) were placed
elling speeds of 20 mm/h (up) and 2000 mm/h (down). on top of a plate which was heated to 1100 °C. Preheated dry N»

was blown into this heating stage that had a SiO; glass window

—_—
200 um

—_—
200 un

Fig. 2. Optical transverse cross-sections of samples processed at different rates. The travelling speeds were (a) 20 mm/h; (b) 100 mm/h; (¢) 500 mm/h; (d) 2000 mm/h;
and (e) 3500 mm/h.
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Table 1

Chemical composition (cation percentage). The errors in the experimental values are the maximum standard deviation between statistical values of the fitting procedure
and the standard deviation of the averages among measurements on different sample positions.

Ceramic 20 mm/h 100 mm/h 500 mm/h 2000 mm/h 3500 mm/h Nominal composition
Al 702 £ 0.8 70.5 £ 0.4 70.0 +£ 0.4 70.1 £ 0.4 69.8 £ 0.4 69.7 +£ 0.4 69.90
Mn 0.76 £ 0.1 0.66 £ 0.1 0.76 £ 0.1 0.73 £ 0.1 0.76 £ 0.1 0.77 £ 0.1 0.762
Y 173 £ 0.4 173 £ 0.3 17.5 £ 0.3 172 £ 0.3 171 £0.3 17.5 £ 0.3 17.44
Zr 11.6 £ 0.9 115+ 0.3 11.8 £ 0.3 119 £ 0.3 123 £ 0.3 12.0 £ 0.3 11.94

on top, through which the laser beam reached the sample. It is
known that the use of non-oxidant atmospheres is necessary
in order to obtain AYZ samples without gas inclusions.!” We
used a high power diode laser, radiating at A =9404 10nm,
and whose shape in the focus was a 10-mm length line, around
I mm wide. The length of the laser line spanned all the width
of the sample surface, and travelled on top of it at a predefined
travelling speed along the sample length. On the laboratory
reference frame, it was the sample + furnace that moved, while
the laser system was kept fixed. Travelling constant speeds
from 20 to 3500 mm/h were used. We used power densities
from 550 to 950 W/cm?. Upon these processing conditions, a
thin elongated drop of material is molten and resolidified at the
surface. We can estimate cooling rates at the very surface on
solidification from temperature measurements performed on
the solidification of the eutectic Al,O3—YSZ, which has similar
thermal behaviour and melting temperature, processed using
the same equipment.?’ At 20 and 3500 mm/h the estimated
maximum solidification rates are approximately 50 and 300 K/s,
respectively.

After processing, the samples were cooled down to room tem-
perature at a rate of 8 °C/min. In Fig. 1 we show the appearance
of samples processed at two different rates, 20 and 2000 mm/h.
The surfaces of processed ceramics were purple coloured and
smooth. Samples processed at the lowest rates were dull whereas
samples scanned at the highest travelling speeds were glossy as
shown in Fig. 1. The sample borders are rounded due to the drop
shape of the melt produced during the process. Surface rough-
ness depends on the presence of gas bubbles into the processed
layer and on the position of these into the processed layer. When
bubbles are near the external surface, small protuberances are
observed due to underlying bubbles; whereas when these are at
the surface, craters can be seen on the surface. No one of those
features are seen when processing at 20 mm/h, while whitish,
small protuberances can be seen on the sample processed at
2000 mm/h, evidence of near-surface bubbles.

A longitudinal crack along the centre of the sample processed
at 20mm/h can be distinguished in Fig. 1. Samples cracked

to some extent at all the solidification rates (see for example
Fig. 2d and e). This is an indication that the thermal stresses
suffered by the ceramic piece are still too large to completely
avoid cracking. Although under the same processing conditions,
Al,O3-YSZ eutectics are tough enough to resist cracking, the
present material is less tough, and a larger preheating than the
one used (1100 °C) would be needed to avoid any cracking. Our
experimental equipment do not allow at present higher preheat-
ing temperatures at the same time that a protective nitrogen flow
is blown to prevent the massive formation of gas bubbles.

At processing rates larger than 500 mm/h, gas bubbles form
which end-up trapped in the resolidified layer. These can be
better seen on transverse cross-section images. Fig. 2 shows
optical cross-sections of the layers solidified at 20, 100, 500,
2000 and 3500 mm/h. The processed layers have thickness in the
neighbourhood of 400 pm. The samples processed at 20 mm/h
are free form bubbles. At 100 mm/h bubbles are very scarce.
Only at the sample lateral position a large bubble (diameter
larger than 100 wm) can be sometimes observed. At 500 mm/h
large bubbles appear quite often, with diameters in cross-section
around 100 pm, and are located more than 200 pm away from
the ceramic substrate. Probably, very thin remelted (less than
100 pm) layers would be free of bubbles as long as the surface
tension can be overcome to exit the surface layer. At the largest
processing rates the bubbles are smaller but more frequent. A
precise description of the amount of porosity and location of
the bubbles is not easy on this material as the processing condi-
tions affect them in different ways. First, the origin is dual: gas
previously present into the ceramic (residual ceramic porosity)
as well as gas from the surrounding atmosphere dissolved into
the melt. Preventing both by processing fully dense ceramics
and eliminating any soluble gas from the processing area would
eliminate the bubbles completely. We have observed that using
dry Nj to process at atmospheric pressure, as we could do in
our experiments, eliminates much of the bubble trapping into
the solid. In fact, Oliete et al. found that this material could be
grown as thin rods by LFZ on a N, atmosphere or under vacuum
at pulling rates up to 1200 mm/h.!” A second process, porosity

Table 2

Processing conditions (laser power density and travelling rate) and resultant remelted-layer and HAZ thicknesses.

Sample ref. Power density (W/m) Travelling rate (mm/h) Processed layer thickness (pm) HAZ thickness (pm)
A 5500 20 513 289 £ 4

B 6000 100 553 116 + 4

C 6500 500 577 49 + 4

D 7500 2000 450 22+ 4

E 9500 3500 447 27+ 4
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Fig. 3. Chemical composition (cations) of the remelted layer processed at 20
and 3500 mm/h as a function of the distance to the external surface.

coarsening into large bubbles and bubble travelling towards the
hottest regions of the melt (assisted by convection currents),
requires time to be effective in taking out the bubbles from the
advancing solidification front towards the melt and eventually
out to the atmosphere. This is why at very low processing rates
no bubbles are left, as evolved gases have time to evolve towards
the atmosphere during solidification. Third, time is also required
to allow the dissolution of gases into the melt, this may explain
why, at very large solidification rates, less total porosity seems
to be left into the material.

4. Characterization results and discussion

The kind of processing presented is expected to be the most
useful to modify the ceramic surface so as to make it dense,
textured and with fine controllable microstructure. A microstruc-
ture which is stable and free from primary or segregated phases
is important to prevent coarsening that would impair the good
resistance to wear, erosion or chemical corrosion expected from
the dense, composite nature. However, some reports on laser
surface processed ceramics have shown chemical segregation
towards the surface, especially at low processing rates.”® We
will characterize in the following the chemical, structural and
microstructural features of the produced layers.

4.1. Chemical analysis

‘We have performed chemical analysis by EDS on transverse
cross-sections of the layers under the scanning electron micro-
scope, analysing the characteristic X-rays of the cations. In
Table 1 we give the results for the average values inside the
processed layers. We include also the measured composition of

20 um

Fig. 4. (a) and (b) Scanning electron micrographs of the ceramic substrate near
to the remelted layer (seen in the upper part of the respective micrograph). The
travelling speeds were (a) 3500 mm/h and (b) 20 mm/h. (¢) SEM micrograph of
the ceramic. Images taken on transverse cross-sections cut perpendicular to the
laser travelling direction.

the initial ceramic. We can see that the chemical composition
of the layer does not change upon laser processing. Only the
amount of dopant, Mn, seems to diminish in the slow processed
ceramic. Manganese oxides might evaporate while processing
but still the measured amount stays inside the uncertainty limit
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Fig. 5. X-ray powder diffraction diagram measured on the ceramic and on the
processed layers, as indicated in the figure and in the text.

of the measurement. As observed in Fig. 3, the composition is
also homogeneous all across the layers at all processing rates.

4.2. The heat affected zone

From the optical photographs of Fig. 2 we have measured the
thickness of the processed layer at each processing condition.
The data are collected in Table 2. The pictures in Fig. 2 also
show different contrast inside the ceramic. The remelted layer
is easy to distinguish as it is dense and opalescent at high solid-
ification rates. Just below it the samples present a darker shade
than the rest of the ceramic substrate. This region is a kind of
heat affected zone (HAZ). Its thickness is also given in Table 2.
It increases as the processing rate decreases. More specifically,

77K
] 20 mm/h
5
L
(]
=
=%
[e]
(&}
3500 mm/h
260 I 360 ' 4(IJU | 560

Raman Shift (cm'1)

Fig. 6. Raman dispersion spectra measured at 77 K, in backscattering geometry.
The Ar* 515 nm laser line was hitting the surface of the processed layers from
above.

surface
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Fig. 7. Raman dispersion spectra measured at room temperature, in backscat-
tering geometry on the surface (upper curve); on a transverse cross-section (cut
perpendicular to the laser travelling direction) of a remelted layer processed at
3500 mm/h at different distances to the surface (as indicated on the figure); and
on the ceramic substrate. A broad luminescence band has been subtracted from
the spectra for clarity.

if we estimate the time during which the ceramic adjacent to the
melt is surrounded by molten liquid (7) as:

processed-layer-thickness
T= ey

processing-rate

we can see that the HAZ thickness (fgaz) is proportional to
sqrt(t). This estimate of 7 is reasonable as, to a good approxima-
tion, the length of the molten zone along the travelling direction
is twice the thickness of the processed layer, being the latter
easier to measure in the experiment. The linearity of fgaz vs.
sqrt(t) highlight some diffusivity from the molten area to be the
rate determining process for the formation of the HAZ. Assum-
ing tgaz equals to a diffusion length as a7z =2sqrt(Dt), we
obtain a diffusion coefficient of 2 x 1076 cm?/s.

In a previous work on processing zirconia—alumina eutectics
without preheating?® it was observed that the microstructure of
the material adjacent to the molten pool evolved in a layer of
8 wm when processing at 500 mm/h. In the present case, there is
also some evidence by SEM of evolution of the microstructure
adjacent to the molten area. Elimination of residual porosity can
be inferred from the SEM micrographs and, at the lowest pro-
cessing rates, also some coarsening of the microstructure (see
Fig. 4), in areas adjacent to the melt. Consequently, it is rea-
sonable to associate this change in optical appearance to the
elimination of residual porosity, which may be expected as a
consequence of the high temperatures at which the area has
been subjected during processing. An increase in density would
diminish light scattering and give less diffuse reflectance and
consequently, a darker appearance than the surrounding ceramic
on the optical micrographs. One cannot rule out contribution to
this darker appearance of the formation of colour centres dur-
ing processing, promoted by oxygen diffusion during the high
temperature processing in N> out of the hottest areas.
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Fig. 8. SEM images of transverse cross-sections of layers processed at 20 mm/h (a, left) and 3500 mm/h (b, right). U, M and D label images taken near to the surface
(U), in the middle of the layer (M), and near to the ceramic (D). The sample shown in (a) had a total remelted thickness of 450 wm and the images are centred
at distances of (U) 40 pm, (M) 245 pm and (D) 380 wm from the surface; the sample shown in (b) had a total remelted thickness of 440 wm and the images are
centred at distances of (U) 40 um, (M) 200 pm and (D) 420 wm from the surface. The samples were cut perpendicular to the laser travelling direction to obtain the

cross-sections.

4.3. Identification of phases: X-ray diffraction and Raman
scattering

We have recorded X-ray diffraction powder patterns in bulk
as-sintered and laser treated samples. The diffractograms are
given in Fig. 5. The as-sintered ceramics were composed of crys-
talline a-alumina, YAG and cubic zirconia and there was no trace
of the initial ceramic oxides Y203 or YSZ indicating that the

chemical reaction had taken place upon sintering. The diffrac-
tion peaks correspond to crystalline a-alumina, YAG and cubic
zirconia. At low growth rates (20 mm/h), the layer is textured,
with some diffraction peaks absent ((220) at 20.9° and (44 0)
at 42.6° from YAG and (1014) at 35.1° and (1 123) at 43.34°
from Al;O3). At 3500 mm/h, there is also evident texture. In
this case, the underlying ceramic was eliminated prior to X-ray
diffraction. (220) at 20.9°, (44 0) at 42.66, and (44 4) at 52.8°
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Fig. 9. Scanning electron micrographs of the transverse cross-section near the surface of laser processed specimens. The travelling speeds were (a) 20 mm/h; (b)
100 mm/h; (c) 500 mm/h; (d) 2000 mm/h; and (e) 3500 mm/h. Plane of the image cut perpendicular to the laser travelling direction.

diffraction peaks from YAG disappear and (1012) at 25.6°,
(1123) at 43.34°, (022 4) at 52.5° from Al,0O3, while others,
mainly (42 0) at 33.4° from YAG and (22 0) at 50.0° from YSZ
have larger relative intensity. Evidently, this texture results from
the dominant crystallographic growth directions of the compos-
ite and the curvature of the solidification front, which follows
the melt-pool shape. There is no trace in the processed layers of
other phases such as glass, or metastable crystalline phases as
YAP (YAIO3) that might form under conditions of fast cooling
rates’” or overheated melt.3! Note that the maximum cooling
rate estimated for the sample processed at 3500 mm/h is 300 K/s
comparable to the ones used to obtain vitreous phases.

Raman spectroscopy confirmed the results obtained by X-
ray diffraction. In Fig. 6 we give the Raman spectra taken on
the surface of samples processed at 20 and 3500 mm/h at 77 K,
in the range from 150 to 500cm™'. In both cases the Raman
spectra show peaks due to YAG and a-Al,O3 superimposed onto
the cubic zirconia band and a broad luminescence band, more
visible outside the range shown. As the samples are partially
transparent into the visible, we cannot be certain that the spectra
shown in Fig. 6 correspond to the surface of each sample. To
have a better spatial resolution we have recorded the Raman
spectra on a transverse cross-section of the sample processed at
3500 mm/h at different distances form the surface. This is shown



E.J. Ester et al. / Journal of the European Ceramic Society 31 (2011) 1257-1268 1265

Fig. 10. TEM micrograph of the transverse cross-section near the surface of a
specimen laser processed at 3500 mm/h.

in Fig. 7 at room temperature. Irrespective of the position on
transverse cross-sections, the same Raman lines are observed,
corresponding to YAG and Al;Os3. Just at the surface (0 pm
label in Fig. 7), a broadening of the Raman lines due to YAG
and Al;O3 can be observed.

4.4. Microstructure

The microstructure of the processed layer is given in
Figs. 8-11. Figs. 8 and 9 are SEM images of transverse
cross-sections. Three different phases can be distinguished, cor-
responding to the ones detected by X-ray diffraction. The light
phase is YSZ, the grey one corresponds to YAG and the dark
one to Al,O3. No phases based on manganese oxides are seen,
an indication that this dopant has been dissolved into the other
phases. In Fig. 8 we give transverse micrographs of samples
processed at 20 and 3500 mm/h at different positions inside the
layer. The microstructure is eutectic across the cross-section,
without segregated phases and with some change in the inter-
phase spacing, increasing towards the inner of the layer on
average. At travelling rates of 3500 mm/h, a marked direction-
ality of the microstructure from bottom to top can be observed
near to the underlying ceramic (Fig. 8bD), which is much less
evident at low growth rates (Fig. 8aD). At low travelling rates,
the phases grow parallel to the travelling direction (perpendic-
ular to the page in the micrographs) at a depth of 40 wm from
the outer surface (Fig. 8aU), and seem to keep some degree of
directionality from bottom to top at faster solidification rates
(Figs. 8bU and 9d, e), a consequence of the elongation of
the melt-pool along the travelling direction as the travelling
rate increases. At the interphase with the ceramic, the growth
starts by nucleating a layer composed of YAG and YSZ at
20 mm/h (see Fig. 4b), while at 3500 mm/h, some zirconia pri-
mary rounded particles are formed (Fig. 4a).

3p,

Fig. 11. SEM micrographs on the free surface of specimens laser processed at
20 mm/h (a) and 3500 mm/h (b). The scanning direction is horizontal.

The microstructure at the surface is the result of solidifi-
cation nearly parallel to the surface, and then, takes place at
a rate very close to the travelling rate. Representative micro-
graphs of transverse sections of ternary eutectics AYZ grown at
20, 100, 500, 2000 and 3500 mm/h near the surface are shown
in Fig. 9. We show micrographs of the subsurface areas where
the microstructure is finer. The microstructure of the sample
processed at 20 mm/h (Fig. 9a) shows three evenly distributed
phases, Al,O3 (dark phase), cubic Y,O3-stabilized ZrO, (YSZ)
(light phase) and YAG (grey phase). This microstructure is sim-
ilar to the Chinese-script microstructure found in Al,O3—YAG
eutectics, although less faceted and with the extra YSZ parti-
cles. The YSZ particles tend to be located at the Al,O3-YAG
interfaces or dispersed into the Al,O3z phase, and are much
smaller than the Al;O3 and YAG ones. At this low rate, the size
of domains of YAG and Al,O3 are somewhat irregular. This
interpenetrating microstructure is maintained at higher rates. At
100 mm/h, finer and coarser areas can be seen, more evident at
500 mm/h where the onset of colony formation can be guessed.
Since it has been reported that eutectic AYZ does not produce a
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Table 3
Size of the microstructure features.

Growth rate Colony Interlamellar Intercolony
(mm/h) diameter (pm) spacing (m) thickness
(m)
20 N.A. 58 £3.6 N.A.
100 N.A. 25+ 21 N.A.
500 16.3 05+04 0.7
1000 8 04 £0.2 0.7
2000 7.7 03+£0.2 0.4
3000 5.5 03 +£0.2 -

cellular microstructure up to very high growth rates, the cellular
microstructure observed in Fig. 9 can be due to slight differ-
ences from the exact eutectic composition, or to the Mn;O3
doping. The YSZ domains cannot be resolved by scanning elec-
tron microscopy at higher growth rates, as in the samples grown
at 2000 and 3500 mm/h (Fig. 9d and e) and again, a cellular
microstructure is formed. In this case, the microstructure seems
more elongated. This microstructure agrees with results reported
by other authors.'%-1

The interlamellar spacing was determined (average distance
between equal phases) from Fourier transform analysis per-
formed in transverse sections of the samples. Only areas near
to the surface were analysed. The size of the colonies (when
appropriate) and the width of the intercolony spacing have
also been estimated from the images. Table 3 collects these
microstructural-feature sizes. The faster the scanning rate the
finer the interphase and intercolony spacing. Similar interphase
spacings have been observed in samples fabricated by different
methods and authors.!1*1° The dependence with the travelling
rate follows only loosely the relationship A2V = constant. This is
not unreasonable as the microstructure morphology and growth
conditions also change with pulling rate and moreover the actual
solidification rate might not be the travelling speed at the fastest
rates.

Image analyses of these transverse cross-section micrographs
allow to quantify the volume fraction of each phase on the
samples processed between 20 and 500 mm/h. At larger pro-
cessing rates SEM micrographs do not have enough resolution
to quantify. There is no measurable difference among the differ-
ent solidification rates. At 20 mm/h we obtain 20.5 + 1.0 vol.%
zirconia, 39.2 £+ 1.1vol.% YAG and 40.3 £ 1.1vol.% Al203.
(Errors are standard deviations.)

To observe the fine microstructure at the fastest growth
rate, TEM observations were made in the sample processed at
3500 mm/h. One such micrograph is presented in Fig. 10. The
free surface of the processed sample is on the lower part of the
image. Here, the YSZ phase is the darkest, Al,O3 the bright-
est and YAG is the grey one. It is clear that YSZ tends to be
located as a thin layer separating YAG and Al,O3. The TEM
observations confirm that there are no extra phases on these
fine-microstructured regions. They also permit measuring the
yttria amount dissolved into the yttria stabilized zirconia phase
by EDS, giving YSZ phase with the composition in percent
cations: 69+ 6% Zr and 31 +6% Y, that is, 18.3 £3.2 mol%
Y03 doped zirconia.
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Fig. 12. In-line transmittance spectra of the layer processed at 3500 mm/h
(380 m thick). The dotted line is the theoretical transmittance of a pure slice
of the same average refractive index (losses at the surface at normal incidence).
The inset gives the extinction coefficient in the low wavelength range. The bump
is due to the presence of Mn?* ions dissolved in the component crystals.

Longitudinal SEM micrographs taken on the top surface
of samples processed at the two extreme processing rates
are shown in Fig. 11. The travelling direction goes horizon-
tal to the images. In this figure it is clearly seen that the
alignment of the microstructure is strong at the fast solidi-
fication rate. At slow solidification rates, although elongated
along the solidification direction, the shape of each phase
is more interpenetrating than aligned. Note that this coin-
cides with what was observed in the transverse cross-sections
and also observed by other authors. The important point is
that the microstructure is the same, homogeneous and inter-
penetrating, as in the inside of the layers also at the very
surface.

4.5. Optical transparency

The high density of the remelted material, free from inter-
phase porosity or other phases, and the small size scale of the
microstructure makes the large rate (3500 mm/h) processed sam-
ples translucent, as could be observed in Fig. 1. In fact, once the
underlying ceramic has been taken out, the slab becomes par-
tially transparent. The optical transmission spectra of a 382 um
thick slab for in-line propagation is given in Fig. 12 (continu-
ous line). The discontinuous line gives the maximum theoretical
transmission, that is, the transmittance of a slab of the same
refractive index, non-absorbing and without scattering, calcu-

lated using the equation®?
T— 2n
241

where n is the refractive index. n has been estimated as an
arithmetic average of the refractive indexes of the component
materials, YSZ, YAG and Al,O3 (ordinary and extraordinary
propagation), with dispersion relationships compiled by Tropf
et al.>? In the inset we give the extinction coefficient (after sub-
tracting the reflection losses) in the low wavelength range. The
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wide band around 480 nm is due to the presence of Mn?* ions
dissolved in the component crystals.

At long wavelengths the transmission levels off, reaching
60% at A >2400nm, and 53% at A=1500nm, 71% and 63%
of the maximum theoretical transmission, respectively. This is
worse than the transmission observed for fine grained, fully
dense ceramics Al,03,** tetragonal zirconia®> or yttria’® where
light scattering at pores and at grain boundaries have been
minimized. It is however comparable to the transmission of sin-
gle phase, conventionally processed ceramics.”%?! This ternary
eutectic contains as majority phases Al,O3 and YAG, which
have not very different refractive indexes (1.744 and 1.811 at
1500 nm, respectively) and are less than 200 nm thick, and a rel-
evant amount (20.5 vol.%) of the minority phase cubic zirconia,
with much larger refractive index (n=2.111). This latter phase,
dispersed as small particles (around 40 nm thick) are most prob-
ably responsible for most of the light scattering observed in this
material. The small size allows translucency of the composite
material, in the same way that the smaller the pores the more
transparent the ceramic.3” In some way, the small size of the
cubic zirconia particles compensates the large volume percent
of this phase concerning optical transparency, while the com-
posite, fine-grained nature of the material renders it a very much
increased strength, as reported in the literature.

5. Conclusions

We were able to prepare compositionally homogeneous
Alr0O3/Y203/ZrO; eutectic oxide layers by laser melting of the
surface of preheated sintered ceramic plates of 7mm x 25 mm.
Laser power and atmosphere growth were selected to obtain
samples with a directionally resolidified surface at maximum
growth rates of 3500 mm/h and aiming at restricting bubble
porosity formation to a minimum. Elongated and isolated pores
could not be avoided at growth rates greater than 500 mm/h.

Below the resolidified layer, a thin heat affected zone is cre-
ated, characterized by a slight increased densification and whose
dimensions are smaller as the growth rate increased. X-ray
diffraction and spatially resolved Raman spectroscopy identify
the crystallographic phases as a-Al,O3, cubic ZrO; and YAG
at all processing rates. TEM experiments further confirmed the
absence of other phases even at the very fine-microstructured
regions.

The composition of the layer is homogeneous. Its microstruc-
ture is Chinese-script like, formed by an interpenetrating
network of Al,O3 (40vol.%) and YAG (39 vol.%) domains
of similar size with smaller YSZ (21 vol.%) domains located
mainly at the Al,O3/YAG interfaces. The microstructure was
made up of colonies at travelling speeds greater than 500 mm/h,
which are elongated along the travelling direction, whose
microstructural features (colony diameter, intercolony thick-
ness and interlamellar spacing) decreased as the travelling speed
increased.

The optical transparency of the fastest processed layer
reached 60% transmittance at 2400 nm, for a 380 wm thick layer.
This is worse than single-phase fully dense fine-grained ceram-

ics, but competitive when composite, dense and tough ceramics
are considered.
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