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Abstract

Al,03/Y;Al150,,/ZrO, directionally solidified ceramic has been considered as a promising candidate for ultrahigh temperature structural materials
due to its excellent performance even close to its melting point. In this work, laser floating zone (LFZ) solidification experiments were performed
on Al,O3/Y3Al50,,/ZrO, hypereutectic with the solidification rates between 2 wm/s and 30 wm/s. The full eutectic lamellar microstructure is
obtained with hypereutectic composition. The solid/liquid interface morphology is investigated. The microstructure characteristic is discussed
based on the solid/liquid interface. The variation of lamellar spacing with different compositions and solidification rates was reported and discussed

by considering an irregular eutectic growth model. The maximum hardness and fracture toughness are 19.06 GPa and 3.8 MPam

12 respectively.

The toughening mechanism of ZrO, is discussed based on the scenario of the crack propagation pattern.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Al,O3/Y3Al5012(YAG)/ZrO, directionally  solidified
ceramic (DSC) has received extensive attention as a new
heat-resistant structural material.'> They exhibit a flexural
strength of 860 MPa at 1873 K,? which is about 57 times higher
than that of the sintered ternary composite (approximately
15 MPa) with the same composition and is nearly 2 times larger
than that of the g-axis sapphire (approximately 450 MPa).
Al,O3/YAG/ZrO;, DSC, as a potential replacement for nickel
based superalloy, hold a great promise for the development
of new generation aero space engine turbine blade. However,
an aeroengine working environment simulation indicates that
Al,O3 phase does not have satisfying corrosion resistance

* Corresponding author at: School of Power and Energy, Northwestern Poly-
technical University, Xi’an 710072, PR China. Tel.: +86 29 88494001,
fax: +86 29 88494001.
E-mail address: songkan863 @mail.nwpu.edu.cn (K. Song).

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.04.033
0955-2219/© 2014 Elsevier Ltd. All rights reserved.

which impedes its potential application.* The alumina lamella is
prone to be corrupted by water vapor flow with high temperature
and velocity.* For a long time exposure of Al,O3-based DSC
in gas turbines, it was proposed that the environmental barrier
coatings should be used.*

For the improvement the corrosion resistance, refinement
of lamellar spacing to prevent the alumina lamella from the
corrosion gas flow and decreasing alumina content are also
the potential approaches to enhance the corrosion resistance
of Al,O3-based DSC. The relationships between the average
lamellar spacing (1ay) and the solidification rate (V) are com-
piled in Table 1 (data from”'?). Comparing the results from
the same preparation method shown in Table 1, it can be con-
cluded that increase of ZrO, content leads to the decrease of X,y.
Additionally, as shown in Table 1, the increase of ZrO; content
enhances the fracture toughness of Al,O3-based DSC obviously.
The experimental evidences illustrate that a decrease of alumina
content, refinement of lamellar spacing'* and strengthening
of mechanical property® can be achieved simultaneously by
increasing an appropriate ZrO; content. Therefore, the aim
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Table 1

Lamellar spacing and fracture toughness for the Al,O3-based DSC with different compositions and preparation methods.

System Preparation method ZrO; content day V12 (Mmz/ 357172y Fracture toughness
(mol%) (MPam!”?)

Al,O3/YAG eutectic’ Modified electron beam 0 6.7

floating zone melting
Al,03/YAG/ZrO; eutectic® Modified electron beam 19 53

floating zone melting
Al 03/YAG eutectic’ w-PD 0 10
Al O3/YAG/ZrO; eutectic® w-PD 19 8
Al,O3/YAG eutectic’ Laser floating zone 0 10 2-2.4
Al O3/YAG/ZrO, eutectic!? Laser floating zone 19 4.3
Al,O3/YAG eutectic!! Laser horizontal zone melting 0 3.6
Al,03/YAG/ZrO; hypoeutectic'? Laser horizontal zone melting 10 52+£03
Al,03/YAG/ZrO; eutectic'? Laser horizontal zone melting 18.6 8.0

of this study is, as the further addition of ZrO, content, to
investigate the microstructure evolution and the mechanical
properties of Al,O3/YAG/ZrO, hypereutectic DSC. Further-
more, the extensive experiments® > ~?! have been focused on the
Al,O3/YAG/ZrO, eutectic DSC, but the off-eutectic composi-
tion was seldom concerned. To date, only a few works!2:14.22-24
focused on the microstructure and the mechanical properties of
Al O3/YAG/ZrO; off-eutectic DSC. The study on the hypereu-
tectic is significant to clarify the effects of composition on the
properties of Al,O3-based DSC. The relatively physical param-
eters of eutectic phases are given in Table 2 (data from” 7).
For this purpose, this work is organized according to the fol-
lowing hierarchies. (1) The component phases are clarified to
determine whether they are changed by the varied composition.
Additionally, it is important to prove whether the primary phase
appears. As the boundary conditions for analyzing the eutectic
growth can be altered by primary phase, it is meaningless to dis-
cuss the relationship between the lamellar spacing and the varied
composition when the primary phase exists. (2) The solid/liquid
(S/L) interface morphology is a critical basis for the analysis
of the as-solidified microstructure formation mechanism. For
Al O3/YAG system, the S/L interface morphology was obtained
for analyzing growth mechanism of irregular eutectic.”® In
addition, the microstructure formation of growth striation in
Al O3/YAG/ZrO, DSC was also explained by the S/L interface
morphology.”” Till now, few works ">’ focused on the S/L inter-
face morphology in Al,O3/YAG/ZrO; system. In this paper, the
S/L interface morphology of Al,O3/YAG/ZrO, hypereutectic
DSC is reported. Furthermore, the microstructure characteris-
tic is discussed based on the S/L interface morphology. (3)
Lamellar spacing is an important parameter for characteriza-
tion of the eutectic microstructure scale. Quantitative lamellar

Table 2
Elastic modulus and linear thermal expansion coefficient.

Composition Elastic modulus Linear thermal expansion
phase (E, GPa) coefficient (K~! x 1079)
Al,O3 390 8.4

YAG 310 8.0

ZrO; 220 12.65

Data from 25-27.

spacing is a key factor and indicator for the understanding of
the microstructure evolution. In present work, the variation of
lamellar spacing with different compositions and the solidifica-
tion rates was reported and discussed by considering an irregular
eutectic growth model. (4) Finally, the relationship between the
mechanical properties of Al,03/YAG/ZrO; hypereutectic DSC
and ZrO; content is given. The toughening mechanism of ZrO,
is discussed with considering the cracks propagation pattern.

2. Experimental
2.1. Preparation of the LFZ samples

The chemical compositions of the experimental raw material
used in this investigation are listed in Table 3. The ratio of the
Al>,O3 content to Y203 content is same as that at the ternary
eutectic point,30 the ZrO; content was 19.6%, 20.6% and 21.6%,
respectively. The different specimens (AYZ1, AYZ2, and AYZ3)
used in the experiment are defined in Table 3 and will be referred
to in the following discussions. In addition, AloO3/YAG/ZrO»
ternary eutectic composition, denoted by AYZE, is also listed in
Table 3 for comparison.

The raw material was prepared using a mixture of commer-
cial powders of Al,O3 (99.99%), Y203 (99.99%), and ZrO,
(99.9%). The oxide powders were mechanically mixed by wet
ball milling with an aqueous solution of polyvinyl alcohol to
obtain a homogeneous slurry and then dried at 473 K in air for
1 h. Afterward, the 68 mm x 4 mm x 4 mm bar precursors were
prepared by uniaxial die pressing at 25 MPa for 10 min, and

Table 3
The compositions, volume fraction of the component phases and the elastic
modulus of the experimental Al,O3/YAG/ZrO, DSC used in this investigation.

Symbol Composition (mol%) Volume fraction (f, %) Ec (GPa)
Al,O3 Y03 ZrO; Al,O3 YAG ZrO,

AYZE 658 156  18.6 40 43 17 326.7

AYZ1 65 154  19.6 39.5 425 18 325.4

AYZ2 642 152 20.6 39 42 19 324.1

AYZ3 634 15 21.6 38.5 415 20 322.8
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Fig. 1. XRD pattern of the AYZ3 sample.

followed by pressureless sintering at 1673 K for 2 h to increase
the density and provide handling strength.

The configuration of LFZ equipment is described
elsewhere.”” The LFZ experiments were carried out with
a laser power of 400 W, a solidification rate of 2-30 pm/s
and a beam diameter of 4 mm. When the length of directional

3053

solidified sample reaches about 5cm, the laser was abruptly
turned off to remain S/L interface.

2.2. Microstructure characterization

The solidified samples were treated by general metallo-
graphic analysis methods. The microstructure and component of
the composite were determined by scanning electron microscopy
(SEM) (JSM-5800), energy dispersive spectroscopy (EDS)
(Link-Isis), and X-ray diffraction (XRD) (Rigakumsg-158) tech-
nique.

The lamellar spacing was evaluated by scanning the cross-
sectional images along a chosen line being perpendicular to
most of the phase domains traversed, and then calculating the
number of identical pixels in successive segments along the
line.®-?%-31-32 The lamellar spacings were measured by repeating
at least 400-500 times in the center of the samples. The average
lamellar spacing (A,y) is obtained by the arithmetic average of
all of the measured values.

2.3. Mechanical tests

Because the LFZ samples are not large enough for conven-
tional, macroscopic fracture toughness tests, the hardness and

Fig. 2. The typical transverse section microstructure of AYZ3 sample (a) and the corresponding EDS analysis of the component phases (b—d).
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fracture toughness are measured on the polished surface of the
samples at room temperature by using the Vickers indentation
technique following the ASTM C1327-99 standard. The inden-
tations were made using 9.8 N loads for 15 s, and atleast ten valid
microindentations were conducted in each sample. The hardness
and fracture toughness are calculated according to the following
equations proposed by Niihara®® for Palmqvist cracks:

P
Hv = 18544 . — (1
a
Ec\*P [/ P
Kic=0016- =& — 2
c (H) (alm) @

where Hv is the Vickers hardness, Kj¢ the fracture toughness, E¢
the elastic modulus of the ceramic, P the indentation load, a half
the indentation diagonal, and / is the crack length. This method is
simple, convenient, nondestructive and low-cost to evaluate the
hardness and fracture toughness of small and relatively brittle
specimens. Such technique has received great attention in recent
years for measuring the mechanical properties of oxide DSC
with a small volume.'?"

3. Results and discussion
3.1. Constituent phase analysis

The XRD (Fig. 1) analysis carried out from AYZ3 sample
shows that the hypereutectic microstructure is only composed
of Al,O3, YAG and ZrO; phases without any other phases. Fig. 2
shows the typical transverse section microstructure (Fig. 2a) and
EDS analysis of the phases with different colors (Fig. 2b—d).
It indicates that the black zone is Al,O3 phase (Fig. 2b), the
gray zone is the YAG phase (Fig. 2c), and the fine white zone
is the ZrO; phase (Fig. 2d). The experimental results of con-
stituent phase analysis are consistent with that carried out from
ternary eutectic composition'’'>** and indicate that the con-
stituent phase is not changed by the variation of the raw material
composition. Additionally, the primary phase with dendrite mor-
phology is not observed from Fig. 2a.

3.2. S/L interface morphology and typical microstructure

Fig. 3a shows the S/L interface morphology of AYZ3 sample
solidified with a rate of 2 wm/s. The YAG phase, coupled with
ZrO; phase, is being projected into the melt and plays the leading
role in the ternary eutectic solidification. In addition, the primary
phase, which grows as a dendritic morphology, is not observed
from the S/L interface (Fig. 3a). It can be concluded that a full
lamellar microstructure is achieved in hypereutectic composi-
tion by using LFZ method. The interface morphology is same as
the result carried out at ternary eutectic composition,'*** and is
considered as a result of the high entropy of melt of YAG.'" Such
phenomenon can also be explained by analyzing growth under-
cooling. In the Al,O3/YAG/ZrO, ternary system, YAG and ZrO,
dissolve each other,’” but it was confirmed that the absence of
Al O3 solubility in solid solutions YAG and ZrO,.**> This sug-
gests that YAG phase and ZrO, phase exhibit a coupled growth

Fig. 3. S/L interface morphology (a) and the longitudinal section microstructure
(b) of the AYZ3 sample grown at the solidification rate of 2 wm/s.

mechanism through a diffusion couple. The solute undercool-
ing of YAG phase and ZrO, phase is reasonably decreased.’®
Furthermore, according to an equilibrium phase diagram,*” the
temperature of binary eutectic point in YAG/ZrO, system is
higher than that in Al,O3/YAG system. Therefore, YAG phase
and ZrO; phase coupled each other and play a leading role in
the growth of Al,O3/YAG/ZrO; ternary hypereutectic system.

Fig. 3b shows the typical microstructure of Al,O3/YAG/ZrO,
ternary hypereutectic obtained from the longitudinal section.
The YAG phase and Al,O3 phase with similar sizes are inter-
weaved with each other; while the much smaller ZrO; phase is
either distributed as slices at the interface between Al,O3 and
YAG phases or scattered as rods in the Al, O3 phase. The volume
fractions of three component phases measured from different
samples are shown in Table 3.

3.3. Average lamellar spacing

Fig. 4(a—c) shows the microstructure obtained from trans-
verse section of AYZ2 sample with solidification rate less than
or equal to 8 wm/s. The measured average lamellar spacing of
AYZE and AYZ2 sample is shown in Fig. 4d. It indicates that, for
AYZ2 sample, the lamellar spacing is larger than AYZE samples
grown at the same rate. But the situation is reversed in high solid-
ification rate (30 wm/s). Fig. 5(a—c) shows the microstructure
obtained from transverse section of AlO3/YAG/ZrO, DSC as
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a function of ZrO; content at the solidification rate of 30 wm/s.
The measured average lamellar spacing is given in Fig. 5d. It
indicates that the lamellar spacing decreases with an increase
of ZrO; content at that higher solidification rate. The observed
minimum lamellar spacing is 1.9 wm, which occurs in AYZ3
sample. The microstructure evolution can be explained from the
heat and mass transfer as below.

Firstly, the lamellar spacing of irregular eutectic is strongly
affected by the heat transfer as well as the temperature gradi-
ent (G) in the front of S/L interface.’”*> G is a function with
thermal conductivity, k. The expression of the temperature gra-
dient was derived based on the assumption of the uniform heat
flow from the melt to the solid phase.*’ The uniform heat flow
is the common feature in the directional solidification process
including the laser floating zone. Hence, this model can be used
to evaluate the thermal field near the solid/liquid interface and
the temperature gradient in directional solidification process.*?
The expression of G can be defined as:*

1 [2h(T, — To)ks

G =
k; VrpsCp

—psLV (€)

with the following parameters: T}, and Ty are the temperature
of melt point and room-temperature, respectively.  is a com-
bined coefficient of heat transfer. r is the radius of sample. p and
C, are the density and specific heat, respectively. L is the latent
heat. The subscripts s and / represent solid and liquid phase,
respectively. From the above formula, it indicates that a low k;
leads to a decrease of the temperature gradient. ZrO; possesses a
much lower thermal conductivity (2.5 W/m k) compared with the
Al,O3 (10 W/mk) and YAG (10 W/m k). Thus the thermal con-
ductivity of the solidified sample and the temperature gradient
decrease with increase of content of ZrO,.

Secondly, the lamellar spacing is also affected by the mass
transfer as well as the diffusion coefficient (D) in the liquid.
The diffusion coefficient decreases with an increase of ZrO;
content.' >

From the above analysis, it can be conclude that the increase
of ZrO, content leads to the decrease of the temperature gra-
dient and the diffusion coefficient synchronously. However, the
effects of the two factors on the lamellar spacing are completely
opposite. The decrease of the temperature gradient and the dif-
fusion coefficient result in the increase***> and decrease’**® of
the lamellar spacing, respectively. For analyzing the relationship
between the lamellar spacing and the two factors syntheti-
cally, the formation mechanism of the irregular eutectic must
be reviewed.

Fig. 6 shows the formation mechanism of the irregular eutec-
tic schematically. The scales of irregular eutectic microstructure
are directly governed by branching and ceasing of the facet
lamellae.*” The different facet lamellas (8 phase in Fig. 6) have
their own preferred growth orientations which differ from the
uniform heat-flow induced by directional solidification method.
When the two lamellae converge, the lamellar spacing decreases
t0 Amin- "> The spacing cannot further reduce since this
will lead to the sharp increase of undercooling. In this case,
the growth of one phase simply stops, thereby increasing the

Growth direction

Fig. 6. Schematic diagram of the longitudinal section of irregular eutectic.

spacing. Therefore, Ain Was considered as the minimum lamel-

lar spacing and can be expressed as:*°
I sine,g)} 12
o

N 2Dy Iy sin 6,
min = {COPV (fﬁ gl mg

x4 x4 4)
P = Z(nn)3 sinz(nnfa) = Z(nn)3 sinz(nnf,g)

n=1 n=1

where I is the Gibbs—Thomson coefficient, fis the volume frac-
tion, m is the liquidus slope. 0 is the contact angle imposed by
the surface tension balance at the three phase junction. Cy is the
length of the eutectic tie-line. The subscripts « and B represent

o and B phase, respectively.

Conversely, when the lamellar spacing is much larger, a solute
enrichment at the S/L interface leads to the branching of the
lamellae contributed by the high constitutional undercooling.
The branching value is considered as the maximum lamellar
spacing and denoted by Amax. The classic expression of Amax

was derived by Magnin and Kurz*’ and given as:

1/2

2y F[2 + cos(Oyr)]
)\max = | |C P f
. myrlCo xF
0 (- — ) v+2G
Txr <DL tan(Oyr) ( xr fxp) M ) ®
o0

L
HX:Zl:Wsm(nnfx) x=ap

where xF represent facet phase. Furthermore, Trivedi et al.*
suggest that the average lamellar spacing can be obtained by
the arithmetical mean of branching value and ceasing value of
eutectic lamellar. Therefore, the average lamellar spacing (1ay)
of irregular eutectic can be given by:

Amin + Amax

Ay = “HEZ I ©)

Egs. (4)—(6) indicate that the lamellar spacing of irregular
eutectic is affected by both of the temperature gradient and
the ratio of solidification rate to diffusion coefficient in liquid
(VID).?° An increase of either of the G or V/D; induces the
decrease of lamellar spacing. Furthermore, the effect of G on
the lamellar spacing is not correlated to the solidification rate,
but the impact of V/Dy, against lamellar spacing is related to
the solidification rate. In another words, which condition domi-
nates the competition depends on the range of the solidification
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rate. At a low solidification rate, the lamellar spacing is sensi-
tive to the variation of G. Therefore, the AYZ2 samples, which
possess lower temperature gradient, have a relatively larger
lamellar spacing than the AYZE samples. On the other hand,
VIDy, becomes the predominant factor to affect the irregular
eutectic lamellar spacing for a higher solidification rate. Hence,
at higher solidification rates, the lamellar spacing decreases with
the increase of the ZrO; content which reduces the diffusion
coefficient.

3.4. Hardness and fracture toughness

The typical indentation crack on the polished surface is shown
as Fig. 7a. The hardness measured on the Al,O3/YAG/ZrO,
DSC solidified at the rate of 2 um/s is plotted in Fig. 7b as a

function of ZrO, content. The maximum hardness is 19.06 GPa
obtained from the AYZE sample. This value is higher than that
reported on AloO3/YAG/ZrO; ternary eutectic fiber prepared by
LFZ method (14.8 GPa)'" and slightly lower than that prepared
by optical floating zone method (19.8 GPa).**

For the calculation of the fracture toughness, the elastic mod-
ulus of the Al,O3/YAG/ZrO, DSC is needed in Eq. (2). In this
paper, the elastic modulus of composites (E¢) was calculated by

Halpin-Tsai equation:*’

Ec = EaL0; faLo; + Evac fyac + Ezo, f7:0, @)

The elastic modulus of the composition phases is given in
Table 2. The calculated elastic modulus of Al,O3/YAG/ZrO,
DSC with different composition is shown in Table 3. Fur-
ther, the fracture toughness is also plotted in Fig. 7b. The
results exhibit a noticeable enhancement of fracture tough-
ness as ZrO, content increased. The maximum of the fracture
toughness is 3.8 MPam!?. Additionally, the fracture tough-
ness in this work is obviously higher than that obtained from
Al,O3/YAG eutectic fiber manufactured by the analogous LFZ
method (2-2.4 MPam'/?).” It illustrates ZrO, plays a role on the
toughening the Al,O3-based DSC.

It is widely recognized that the toughening effect of ZrO,
arises from the discrepancy in the thermal expansion coefficients
of the ZrO;, YAG and Al,Os phases as shown in Table 2.
Because Al,O3 and YAG phases have similar thermal expansion
coefficients, the residual stresses are almost free in Al,O03/YAG
binary eutectic. However, the thermal expansion coefficient of
ZrO, is much higher than those of YAG and Al,Os3. Therefore,
ZrO, is subjected to tensile residual stresses and the AlyO3
and YAG phases are often subjected to compressive residual
stresses in the Al;03/YAG/ZrO, ternary system.' " According
to Frazer,”° the residual tensile stress in ZrO, reaches 1.13 GPa
in AlLO3/YAG/ZrO, ternary system. The interaction between
the high residual stresses and the propagating cracks is the direct
reason for the toughening effect.'”

From the view of the cracks propagation pattern, the tough-
ening effect of ZrO; is characterized by the following aspects.
(1) Crack bridging. As observed from the crack path in Fig. 8a,
an initial crack is arrested followed by the generation of another
parallel crack below the initial crack tip. Such crack bridging
can reduce the driving force of crack propagation due to the
development of elastic bridges behind the main crack tip. It
has been well established that the crack bridging in the crack
wake is an effective toughening mechanisms in brittle solids and
often responsible for the high toughness.'!*> (2) Crack deflec-
tion. As shown in Fig. 8, the cracks deflect after the contact to
the phase interface. The crack deflection paths are shown by the
curved arrows “1” in Fig. 8. This phenomenon is consistent with
that reported on CaF,/MgO°! eutectics produced by the Bridg-
man method. The crack deflection is a well known toughening
mechanism in ceramic matrix composite and considered as the
major toughening mechanism in CaF,/MgO°' and CoO/YSZ.””
According to LLorca et al.,' the crack deflection is attributed
to the presence of fluctuating residual stress fields and the elas-
tic mismatch between the eutectic phases. Furthermore, Faber
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Cracks propagation direction

(a)

>

Fig. 8. SEM images showing the indentation cracks propagation pattern in
Al,O3/YAG/ZrO, DSC and the corresponding toughening mechanism: (a) crack
bridging and deflection and (b) crack branching and deflection.

et al.”>? have predicted that only the crack deflection around the
second phase can lead to a toughness increment of 12—-15%. (3)
Crack branching. As observed from the crack path in Fig. 8b, the
main crack branches into two secondary cracks at the YAG/ZrO,
interface pointed by the arrow “2”. In addition, one of them is
arrested (pointed by the arrow “3”) after a short propagation
along the Al,O3/ZrO, interface. Another weak crack is initi-
ated nearby to grow as a new main crack. The crack branching
would retard the crack growth and reduce crack tip stress inten-
sity, and thus toughen the ceramic.' It should be noted that the
above three toughening mechanisms were seldom observed in
Al,O3/YAG binary eutectic system.'

4. Conclusion

AlrO3/YAG/ZrO; hypereutectic DSCs with three composi-
tions are prepared by LFZ method at solidification rate between
2 wm/s and 30 pm/s. The results indicate that:

1. Full lamellar microstructure, free of primary phase, can
be obtained from hypereutectic composition by using LFZ
method.

2. The YAG phase, coupled with ZrO, phase, plays the leading
role in the ternary hypereutectic solidification. This result is
consistent with Al,O3/YAG/ZrO; eutectic composition.

3. The minimum lamellar spacing is 1.9 wm, which occurs in
AYZ3 sample with a solidification rate of 30 wm/s.

4. The variation tendency of the lamellar spacing is attributed
to the changes in both of the thermal and solute transfer
condition with different ZrO, content.

5. The maximum hardness and fracture toughness are
19.06GPa and 3.8 MPam!?, respectively. The fracture
toughness increases as ZrO, content increased. The tough-
ening mechanism of ZrO; is discussed through the crack
propagation pattern.
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