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Abstract

The laser floating zone technique has been applied to the growth,Gk/ZFO,(Y,05) rods in the eutectic composition to reveal the
effect of forced convection induced by rotation on the rod microstructure. A systematic experimental study of this effect has been carried out
combining different source rod and/or eutectic rod rotation (0-200 rpm) and travelling speeds (10-1500 mm/h) in an axial thermal gradient
close to 6x 10° C/m. The results indicate that the rotation is useful to achieve a more homogeneous temperature distribution, especially in
thick rods but it has a limited effect in the change of the solidification front shape. The forced convection in the floating zone caused by rotation
slightly flattens the solidification interface enhancing the homogeneity of the phase distribution across the sample. However, it introduces
several new microstructural features like banding and phase coarsening that can deteriorate the mechanical behaviour of the rods. On the
other hand, rods above 1.6 mm in diameter cannot be grown without cracks, even with fast eutectic rod rotation. Rotation does not change the
pulling rate threshold (50 mm/h) at which the transition from coupled to dendritic and cellular growth morphology takes place.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Although the melt of this system is very stable and no ap-
parent vaporization losses are observed, obtaining such an
Melt Growth Composites produced by controlled solidifi- optimum microstructure is far from easy and all these condi-
cation of systems in the eutectic composition represent an in-tions are not generally fulfilled. The laser floating zone (LFZ)
teresting approach to ceramics with good mechanical proper-method is one of the most useful growth techniques since
ties. The microstructure of several eutectic systems has beerit provides a good control over the shape of the solidifica-
widely studied in the last decades because of their promisingtion front, which eventually determines the microstructure of
properties. In particular, the AD3/ZrO»(Y 203) eutectic sys- the samples. Moreover, the visualization of the molten zone,
tem is of special interest due to its high strength over a wide source rod and sample during the growth provides an excep-
temperature range, creep resistance, toughness, and chemiional method to correlate rod morphology with processing
cal stability!~3 Room temperature flexural strengths above conditions.
1 GPa in eutectic fibres and rods are currently obtaffiéd. In previous reports we prepared directionally solidified
Several groups have obtained eutectic rods and fi- ZrOy(Y203)—Al>O3 eutectics by the LFZ method and anal-
bres of AbOs/ZrO,(Y»03) by directional solidification ysed the relationships between growth rate0OY con-
methods>~19 To optimise the mechanical strength, the sam- tent, residual stresses, mechanical properties, microstruc-
ples should be free of cracks and pores and have a stabldure, crystallographic growth directions and orientation
microstructure consisting of fine phases homogeneously dis-relationships!~13 It was concluded that the homogeneity
tributed preferentially forming an interpenetrating netwdrk.  of the microstructure and the absence of extraneous flaws,
such as pores or bands, were as important as the fineness of
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content. The eutectic composition with 3 mol.% 03 with 2. Experimental procedure

respect to (¥O3 + ZrO,) presented the highest RT strendth,

therefore, this is the composition we have now selected to Rods were grown with a COlaser ¢ =10.6..m) using

work with. the LFZ system at the Instituto de Ciencia de Materiales de
The purpose of the present work is to investigate the in- Aragon (Spain). The detailed floating zone growth procedure

fluence of pull-rate and rotation rates on the microstructure has been described elsewh&té&Source rods were obtained

of Al203/ZrO»(Y203) eutectic rods. The optimum growth  from Al203(99.99%, Aldrich), ZrQ (99+%, Alfa) and %03

parameters to achieve eutectic rods with a homogeneous mi{99.99%, Aldrich) powders. The starting powder materi-

crostructure are discussed. als were milled in a vibratory micro-mill (model MM2000,

(a)]

'20[.111’1

Fig. 1. Microstructures of AlO3/ZrO,(Y »03) eutectic rods grown by the laser floating zone method. The dark phasgds.AEM images corresponding to
transverse cross section of specimens grown at: (a)10 mm/h showing interpenetrating microstructure, (b) 150 mm/h with colony structure andch(h) 1500
showing typical cellular growth. Dots represent the pulling direction perpendicular to the plane.
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Resch, Haan, Germany) with acetone using alumina compo-bres or lamellae of Zr@embedded in a matrix of AD3
nents, fired in air at 1000C for 1 h, hand milled in an agate  (Fig. 1b) can be observed. A thick boundary zirconia-rich re-
mortar and mixed in the desired composition. The powder gion (45 vol.% of zirconia) exhibiting a coarser microstruc-
was then isostatically pressed for 2 min at 200 MPa and sin-ture is formed between the colony grains, as shown in
tered for 12 h at 1250C and 1500C. The batch composition  Fig. 1b.
in mole percent was 62A03—36.85Z2rQ-1.15Y,03, corre- At the highest growth rates the colonies are replaced by a
sponding to the eutectic composition which has been formu- degenerated lamellar microstructure characteristic of cellular
lated according to the phase diagram given by Lakiza and growth (Fig. 1c). The onset of the constitutional supercooling
Lopatol® leading to morphological instabilities in the solidification in-
Rods in the 1-2 mm diameter range were grown in air terface has been established around 50 mm/h for samples
with downward pulling at different growth rates from 10 of about 1.5mm in diameter with a thermal gradient of
to 2500 mm/h. Identical seed and feed pulling rates with- 6 x 10°°C/m.
out diameter reduction were used in all the cases. The Faceted or cellular growth is usually accompanied with
rotation speed of the source rod and/or the grown eu-the presence of microvoids (around QB in size) in
tectic rod was varied from 0 to 200rpm (revolutions per the intercellular region. They are produced by the shrink-
minute). age due to the difference in density between liquid and
The length of the molten zone was maintained at about solid phase. These microvoids are detrimental to the me-
1.5 times the rod diameter. Pulling rods from low-density chanical properties of the composites. They are more fre-
ceramic source rods create bubbles in the melt leading toquently obtained in specimens with the higher yttria content
holes and voids in the as-grown rod. To avoid this problem, (12 mol.%) because they present wider intercolony boundary
the rod was remelted in a second step. A first growth step regions.
upward at 200 mm/h and counter rotation of 50 rpm was rou-

tinely performed to align the system and to get a full density 3 o Shape of the solidification interface
source rod. A polycrystalline seed rod was used to initiate the

growth. _ _ To obtain rods with a homogeneous microstructure formed
Microstructures were observed by optical microscopy py fine phases we need a flat and smooth melt-solid interface

and scanning electron microscopy (SEM Jeol, model 6400, qyring growth. In contrast with other compouri@sin this

Tokyo, Japan) from polished transverse and longitudinal ¢a5e the solidification interface can not be observed during

cross-sections of the grown rods. Volume fraction of the growih. The melt is not optically transparent. However, the
phases was estimate by the counting method, with points

randomly generated in the image area analysed. Computer

analysis of SEM images was used to calculate the lamellar -2500
spacing and the solidification front shapes. (€2 feed rod, Q crystal)
2000{ OO 10 mm/h
3. Results and discussion
-15001  (5,0) \
3.1. Eutectic microstructures: growth rate dependence M £
g 10001 200,0) §
Typical microstructures of AlD3/ZrO,(Y203) eutectic = —3
rods grown at 10, 150 and 1500 mm/h are showfim 1 5001 A £
For rods above 1.5mm in diameter the pull rate has to be (200,-200) E
limited to less than 1500 mm/h to ensure a complete melt- /\
ing of the zone. At higher velocities no liquid zone could be o1 (5.-200)
established, because of the finite thermal conductivity that 150mm/h
precludes the melting of the rod centre. Thinner fibres (sev- 5004 (200.-200) SREARAPIIID COCCAD gy,
eral hundreds of microns in dlgmeter) could.be grovyn.at Q0 1000 500 500 1000 1500
higher speeds, although our equipment establishes a limit of ., , . , .

3500 mm/h. radial dimension pm
At low growth rates, as has been previously repotted,
the AlLO3/ZrO,(Y,03) eutectic rods solidify with a cou-  Fig. 2. Shape of the solidification fronts for different processing conditions
pIed eutectic microstructure, homogeneous throughout theof source and eutectic rod ro_tation and puII_ing rate. The curves were ex-
rod cross-section, and consisting of irregular Zi@mellae tracted e{ther from the eutegtlc-frozen mglt mterfacg as from the shape of
. . . . the banding. The numbers in parenthesis are rotation rates of the source
in a continuous AlO3 matrix (Flg. la)- and eutectic rod, respectively. The pulling rates are indicated on the right of
When the rate is increased (between 50 and 750 mm/h)the curve profile, in mm/h. Curve profiles in filled rhombus correspond to
a columnar colony microstructure which consists of fi- 10mm/h and curve profiles in empty rhombus correspond to 150 mm/h.
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interface can be analysed by observing the formation of de- sponds to a material with a high absorptivity at the ,CO
fects such as bands in a polished longitudinal cross section oflaser-radiation wavelength of 10uén.18
the rods. These defects always follow the solidification front ~ The interface remains convex towards the melt, even at
shape. When no such bands are distinguished, the interfacehe highest rotation rates. Without rotation, the profile is con-
between the grown rod and the frozen molten zone is a goodvex and irregular. We can observe that even low rotation
image of the solid-melt interface. rates of the source rod are very efficient in homogenising
In Fig. 2we represent the solidification profiles for rods the profile, which becomes more symmetrical, but the effect
grown under different processing conditions obtained using in overall curvature is less significant. With fast rotation of
one of the two procedures described above. The solid—liquidthe source rod only the shape of the interface is less con-
interface is always convex towards the melt, as it corre- vex and more symmetrical. When fast counter rotation of

Fig. 3. SEM images showing the microstructure in transverse cross section corresponding to the centre (a) and edge B2 @p A ,O3) eutectic rod
grown at 100 mm/h without eutectic rod rotation. (c) Grown at the same speed and with a eutectic rod rotation of 200 rpm. Dots represent the tioling direc
perpendicular to the plane.
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the growing rod is superimposed to that of the source rod 3.3. Effect of source and eutectic rod rotation on

rotation the forced convection becomes stronger and the so-microstructure

lidification front is then less convex, but not flat. If only the

growing rod is rotated a similar effect to counter rotation As has been previously established, when no rotation is

is observed but the effect in the interface shape is not soused to grow large diameter rods, a relative cooler region

strong. arises in the centre of the melt, causing a convex interface
When the pulling rate increases, the front flattens as pre- and making the thermal gradient higher in the rod periphery

dicted by Young and Chalf This effect can be due to the than in the centre. To lower the convexity of the interface fast

increase, as a function of the processing rate, of cooling by rotation seems to be effective. Since a flat interface should

radiative heat transfer on the lateral surface of the specimen.promote microstructure uniformity, vigorous rotation of the

Fig. 4. Longitudinal cross-section of a rod grown at 200 mm/h with a counter rotation of 200 rpm. (a) Colonies in the periphery of the rod showirg a period
continuity rupture, (b) a more detailed image of the colonies and (c) colonies in the centre of the rod, without periodic defects. Arrows repreabiegt the
direction.
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Fig. 5. Longitudinal cross-section of a sample grown at 100 mm/h, without eutectic rod rotation and feed rod rotation of 20 rpm showing the mnierostruct
from the centre to the periphery of the rod (a—c). (d) Outer colonies of a sample grown at 100 mm/h with a eutectic rod rotation of 200 rpm. Arrows represen
the pulling direction.

Table 1
Microstructure features corresponding to rods of@4/ZrO; (Y 203) grown at 10 mm/h under different rotation conditions

Band period Rotation (rpm) Rod diameter Microstructural features Mean size 0§ ZrO
(um) phase m?)

Feed Crystal Center Edge
(30) 0 0 2 Slight bands related to fluctuations. Cracks 2.22 0.94
32 0 5 21 Banding associated to eutectic rod rotation 2.50 0.85
(30) 100 0 2 Slight bands related to fluctuations during growth 1.41 0.76
(30) 200 0 2 Slight bands due to fluctuations 2.10 1.29
30 5 -5 19 Banding associated to rotation. Cracks 1.69 0.60

200 —200 19 No bands. Cracks 2.46 1.29
30 5 —200 19 Slight bands associated to feed rod rotation only seen 2.83 1.96

in the periphery of the rod
5 0 1 No banding. No cracks 2.35 0.98

The band spacing is between parentheses when it is associated with fluctuations.
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eutectic rod (200 rpm or more) may be of great help to obtain the whole sample, as seen kig. 3c, corresponding to a
a more homogenous microstructure. This strategy is recom-rod grown at the same speed, but with eutectic rod rotation
mended for thick rods when the resulting microstructure is (200 rpm).
radially less uniform. The same conclusions can be gathered from samples
In Fig. 3a we represent the typical colony microstructure grown at lower rates, either with or without rotation. In this
corresponding to the centre of a rod grown at 100 mm/h case the microstructure is interpenetrating, rather than colony
without eutectic rod rotationFig. 3o represents the mi-  type, and different phase sizes are observed across the sam-
crostructure corresponding to the border of the rod. It is ev- ple, finer in the periphery than in the centre, as described in
ident that without rotation there is a microstructure transi- Table 1 When rotation is applied, this difference is dimin-
tion from the periphery to the centre of the sample. How- ished. Inlight of these observations, it can be asserted that eu-
ever, when rotation is applied the colonies extend through tectic rod rotation results in a more uniform eutectic, because

Fig. 6. Longitudinal cross section of a sample grown at 10 mm/h, without eutectic rod rotation, (a) without feed rod rotation, (b) with feed noafotatio
200 rpm. (c) Detailed view of the microstructure change observed in (b). Arrows represent the pulling direction.
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a more homogeneous thermal gradient at the solid/liquid in- colonies with a periodicity of about;8m is again observed

terface is attained. (Fig. 5d). Note the local shape of the growth front, revealed
Despite the fact that rotation of the source rod, eutectic by banding. The front is clearly saw-toothed following the

rod or both can achieve a more uniform temperature distri- faceted colony nature for 200 mm/ki¢. 4b), and undulated

bution around the melting zone, a rupture in the continu- for 100 mm/h, where the colonies are not faceteid.(5d).

ity of the colonies or segregated phases adopting generally The periodic rupture of the colonies mentioned above is

the form of bands are induced in the rod. These defects areexpected to have a minor effect in the mechanical properties

very evident when the stirred melt tilts with respect to the of Al203/ZrO; (Y 203) rods, which seems to be mainly con-

growth direction. While the eutectic rod rotates the solidi- trolled by the diameter of the colonies and the width of the

fication interface is subjected to a variation in temperature colony boundarie$?

resulting in growth rate changing. For the sake of clarity ) . )

we will describe the effect of the rotation in band forma- 3-3-2. Bands and interpenetrating microstructure

tion separately for rods showing colony or interpenetrating An interpenetrating microstructure is obtained using low

microstructure. solidification rates. We have also grown different rods vary-
ing the rotation speed of source rod and/or eutectic rod. We
3.3.1. Bands and colony microstructure have observed that this kind of microstructure is very sensi-

Fig. 4a shows the periodic rupture of the ordering of the tive, not only to rotation, but also to every perturbation oc-
colonies for a rod grown at 200 mm/h with a counter rota- curring during growth (laser power fluctuations, axis hitches,
tion of 200 rpm. This picture represents a longitudinal cross etc). These perturbations can produce periodic segregation or
section of the sample. The periodicity of the defect is about phase coarsening that lead to band formation, which in this
16m corresponding to the solidified length per one turn case can deteriorate the mechanical properties of the eutectic.
of the eutectic rodFig. 4b shows a closer picture of the To illustrate the effect of source rod and eutectic rod rota-
colonies. Itis remarkable that such banding is rather observedtion when an interpenetrating microstructure is obtained, we
in the outer colonies than in the rod centre, as depicted in representirrig. 6a the longitudinal cross section of a sample
Fig. 4c. This assertion has been confirmed in other eutectic grown at 10 mm/h without any rotation. The image shows
rods grown with other growth speed and rotation rates. the typical interpenetrating microstructure corresponding to

The defect disappears when the eutectic rod rotation isa low growth rate, but the presence of periodic bands sepa-
eliminated, as can be seerfiy. 5a—c, corresponding to pic-  rated by about 30 microns is rather outstanding. As this defect
tures of colonies taken sequentially from the centre to the cannot be assigned to rotation, and it appears each time the
periphery of the rod. In this case the sample was grown at sample grows without eutectic rod rotation, we think that it
100 mm/h, without eutectic rod rotation and source rod ro- is caused by perturbations present during crystal growth and
tation of 20rpm. At this growth rate, when a eutectic rod not related to rotation. The band shape, more evident in the
rotation of 200 rpm is applied, disruption of the periphery periphery of the rod, reveals the shape of the solidification

o
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/ /

Fig. 7. Longitudinal cross section of a sample grown at 10 mm/h, (a) without feed rod rotation and a eutectic rod rotation of 5rpm and (b) with a counter
rotation of 200 rpm. Arrows represent the pulling direction.
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the eutectic rod rotation in the microstructure of the sam-
ples. InFig. 7a we show a longitudinal cross section of a
rod grown at 10 mm/h without feed rod rotation. The band-

ing separation of about 30m agrees with the eutectic rod References
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