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bstract

barium zirconate (BaZrO3) coating was incorporated onto surfaces of alumina fibers, and the coated alumina fiber/alumina matrix composites
ere prepared by hot pressing. The interfacial reactions between BaZrO3 coating and Al2O3 fiber/matrix during the consolidation resulted in

ormation of ZrO2 and Ba–�-Al2O3, one of nonstoichiometric hexaluminate compounds. The diffusion of Ba cations dominates the reaction
rocess between BaZrO3 coating and Al2O3 fiber/matrix. The Ba–�-Al2O3 phase exhibited an elongated morphology due to preferred orientational

rowth through directional diffusion and mass transport of Ba along the basal plane. The Young’s modulus and hardness of the Ba–�-Al2O3 phase
ere measured by nanoindentation technique to be 250 GPa and 20 GPa, respectively. The BaZrO3-coated Al2O3 fiber/Al2O3 matrix composites

howed good microstructural stability during thermal exposure up to 1400 ◦C.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Fiber reinforced ceramic matrix composites (CMCs) have
ttracted growing interest for high-temperature structural appli-
ations in gas turbine and aerospace engines, heat exchangers,
ot gas filters, and thermal protection systems.1–7 For exam-
le, in gas turbine engines, such components as blades, nozzles,
nd combustor liners, are conventionally made from nickel-
ased superalloys with operating temperatures around 1100 ◦C
hich is near their applicable upper temperature. Accordingly,

he use of cooling air is necessary, thus leading to reduced effi-
iency and performance of the turbines. Since these applications
equire long-term exposure to oxidizing environments, the mate-

ials need to have a combination of mechanical (e.g., strength,
racture toughness, and creep resistance), chemical (e.g., oxi-
ation and corrosion resistance), thermo-physical properties

∗ Corresponding author. Tel.: +81 22 795 7346; fax: +81 22 795 7346.
E-mail address: czc@material.tohoku.ac.jp (Z.-C. Chen).
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e.g., thermal shock resistance), and also long-term stability
uring service at elevated temperatures.8 An all-oxide ceramic
atrix composite consisting of oxide fibers, oxide matrix,

nd an oxide interphase(s), is a potential candidate due to
ts damage tolerance and inherent resistance to degradation
n oxidizing atmospheres at high temperatures. Because of a
educed need or no need for cooling air, the applications of
ll-oxide CMCs lead to an increase in thermal efficiency and
reduction in pollutant emissions (NOx, CO, and unburned

ydrocarbons).
A tailored interphase, or interface between fibers and sur-

ounding matrix, plays a crucial role in determining the
echanical properties such as strength and fracture tough-

ess of a composite. An interphase must be weak enough to
llow fiber/matrix interfacial debonding and subsequent fiber
ullout during fracture.9 A weak fiber/matrix interfacial layer

n CMCs is generally obtained through incorporation of a
oating on fibers. In oxide/oxide systems, various oxide com-
ounds have been proposed as candidates for coating materials,
hich can be roughly divided into three classes. (1) Simple

mailto:czc@material.tohoku.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.048
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xides, such as SnO2,10–12 ZrO2,13,14 TiO2,15 and CeO2.16

2) Complex oxides which have a high probability of low
ohesion with matrix or fiber due to polarization of oxygen
onds by high valence cations.17 These are exemplified by
anadates, phosphates or niobates, having a general formula
XO4 (M = La, Y or Nd; X = P, Nb or V).18–22 (3) Hexalu-
inates with a layered crystal structure, such as CaAl12O19

nd LaAl11O18.23–25 These oxide coatings are chemically inert
t elevated temperatures with respect to both Al2O3 fiber and
l2O3 matrix.
Of particular interest for promising interphases is hexalu-

inates with hexagonal �-Al2O3 or magnetoplumbite (MP)
tructures because of their layered and cleavable structure simi-
ar to graphite and boron nitride, and a high anisotropy in fracture
esistance.26 Many alkali, alkaline-earth, and rare-earth cations
an stabilize the hexaluminate structure in either �-Al2O3 or
P form.27,28 Research work on CaAl12O19 and LaAl11O18 as

andidates of coating materials has been reported.23–25,29–33 For
xample, CaAl12O19 (hibonite) interphase can be aligned such
hat the basal cleavage planes are parallel to the fiber/matrix
nterface. The crack deflection and propagation via basal
leavage with the CaAl12O19 interphase has been observed.29

esides, Cain et al.34 proposed an in situ reaction approach
hrough reactions between a simple fiber coating and surround-
ng matrix to obtain a hexaluminate interphase. They applied

ceria-doped zirconia interface coating to Al2O3 fiber sur-
ace. During subsequent heat treatment, the reactions between
he coating and Al2O3 result in formation of oriented hex-
luminate Ce2O3·11Al2O3 which can act as a low fracture
nergy interface barrier for crack deflection in Al2O3/Al2O3
omposites.

Barium zirconate (BaZrO3) has a cubic perovskite struc-
ure and a high melting point (∼2600 ◦C). Gladysz et al.35

nvestigated the processing and microstructural development
f Al2O3/BaZrO3 laminated composites. During hot pressing,
aZrO3 reacts with Al2O3 to form a series of oxides: ZrO2,
aO·Al2O3, and BaO·6Al2O3. Such reactions result in the for-
ation of multiple, weak, and stable interfaces and hence cause

rack deflection with corresponding potential improvements in
racture toughness. Further, the feasibility of BaZrO3 as a candi-
ate material for interfacial coating in Al2O3 fiber/Al2O3 matrix
omposites has been examined.36 Unlike common interphase
aterials, where reactions between interphase and fiber/matrix

re not desirable, a BaZrO3 coating forms multiple interfaces
hrough reactions with Al2O3 (both the fiber and matrix) during
abrication of the composites. As a result of these chemical reac-
ions, ZrO2 and Ba–�-Al2O3, one of hexaluminate compounds,
re formed in the composites.37,38

In the present work, Ba–�-Al2O3 has been incorporated into
l2O3 fiber/Al2O3 matrix composites by BaZrO3 coating on
l2O3 fibers and subsequent in situ interfacial reactions between

he BaZrO3 coating layer and Al2O3 fiber/matrix during pro-
essing of the composites. The objective was to further clarify

he interfacial reaction behavior, morphology and mechanical
roperties of the reaction products in the composites, and their
icrostructural stability during thermal exposure at elevated

emperatures.

u
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B
s
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. Experimental procedure

.1. Materials

The reinforcement used in this investigation was NextelTM

10 Al2O3 fibers (3M Corp., St. Paul, MN), woven into eight-
arness satin fabrics. The fibers are composed of fine-grained
<0.5 �m) polycrystalline �-Al2O3 (>99 wt%) with diameter
etween 10 �m and 12 �m, and the tows in a fabric contain
pproximately 400 filaments. Al2O3 powder with 99.99% purity
nd an average particle size of ∼1 �m (Baikowski Inter. Corp.,
harlotte, NC) was used to form the matrix of composites. As
source of BaZrO3 coating, barium acetate and zirconium n-

ropanol were used.

.2. Fiber coating, preparation of composites, and heat
reatment

BaZrO3 was used as a coating material in this work. The
rocess to incorporate coating onto the surfaces of Al2O3 fibers
nvolved the use of a sol, which was transformed to a required
rystalline compound BaZrO3 upon heating above the crys-
allization temperature. BaZrO3 precursor was prepared from
arium acetate and Zr–n-propanol by a sol–gel technique. The
rocedures used in synthesizing the BaZrO3 precursor have
een described elsewhere.37 Small pieces of fabric, measuring
8 mm × 41 mm, were desized at 800 ◦C and then injected with
aZrO3 aqueous sol by means of a syringe. The coated fabric
ieces were dried with a heat gun to produce a dry gel containing
a, Zr, and organic compounds, followed by calcining at 800 ◦C

or 1 h in air. The coating operation was made twice (repeated
second time with the same procedure stated above) to obtain

hick coating layers.
The BaZrO3-coated fabrics and Al2O3 powder were arranged

n a laminated structure within a graphite die and consolidated
ia uniaxial hot pressing. The fabric planes were perpendic-
lar to the loading direction during hot pressing. The hot
ressing was performed under vacuum at 1300 ◦C for 1 h at a
ressure of 35 MPa. To examine the thermal stability of the com-
osites at elevated temperatures, some hot-pressed specimens
ere isothermally heat-treated in air in a temperature range of
000–1600 ◦C for 24 h.

.3. Characterization

The phase identifications for hot-pressed composites were
erformed by X-ray diffraction (XRD) with Cu K� radiation.
icrostructural characterization was carried out by scanning

lectron microscopy (SEM) with an energy-dispersive X-ray
pectroscopy (EDS). In addition, electron probe microanalyzer
EPMA) was used for compositional analysis.

The micromechanical properties of different phases in the
omposites, such as Young’s modulus and hardness, were eval-

ated by a nanoindentation technique using Nanoindenter XP
MTS Systems). The indenter used was a three-sided pyramidal
erkovich diamond tip with a nominal radius of 50 nm. A con-

tant penetration depth of 1200 nm was used in all indentation
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xperiments. Multiple measurements were made by selecting
n array of regularly spaced indentations with a 10 �m spacing
etween indents. The elastic response of the machine (frame
ompliance) was calibrated using a silica standard. A contin-
ous stiffness measurements (CSM) technique,39 which allows
he measurement of contact stiffness at any point along the load-
ng curve, was used to obtain continuous measurements of elastic

odulus and hardness of various phases in the composites with
isplacement of the indenter. The indentation positions were
etermined by an optical microscope prior to indentation mea-
urements. After indentation, indenter craters were examined by
EM to ensure that indentation took place in a single phase.

To evaluate the effect of thermal exposure, a parameter of
amage in Young’s modulus (DE) was calculated according to
ollowing formula 40

E = 1 −
(

E

E0

)
(1)

here E0 and E are Young’s modulus values of the compos-
tes before and after heat treatment, respectively. The Young’s

odulus was determined via an impulse excitation technique

GrindoSonic MK5, J.W. Lemmens, St. Louis, MO). By mea-
uring the resonant frequency of a rectangular bar tested in the
exural mode of vibration, the dynamic Young’s modulus could
e obtained.

a
a
p

ig. 1. (a) SEM image in backscattered electron mode showing the microstructure o
nd (b) EDS spectra corresponding to the positions marked with numbers in (a).
eramic Society 28 (2008) 1149–1160 1151

. Results

.1. Interfacial reactions and microstructure of hot-pressed
omposites

Fig. 1(a) shows a typical SEM image in backscattered elec-
ron mode on a polished cross-section (perpendicular to the
abric plane) of a BaZrO3-coated Al2O3 fiber/Al2O3 matrix
omposite hot-pressed at 1300 ◦C. White, light gray, and dark
ray features can be observed in the micrograph. The dark gray
egions correspond to Al2O3 fibers or Al2O3 matrix as identi-
ed by EDS analysis shown in Fig. 1(b), while the white ones,
resent at the interfaces between fibers, are associated with the
nitial coating layers. The incorporation of BaZrO3 coating sig-
ificantly impeded the sintering or joining between fiber and
ber as well as between fiber and matrix. XRD analysis showed

hat almost no BaZrO3 phase remained and only three phases,
l2O3, monoclinic ZrO2, and BaO·7.3Al2O3 (i.e., BaAl14.66O23
r the so-called Ba–�-Al2O3), were detected in the hot-pressed
amples. This indicates that the reactions between BaZrO3 coat-
ng and Al2O3 fiber/matrix occur during the processing (hot
ressing) of the composites.

EDS analysis (Fig. 1(b)) showed that the white regions, such

s the region 2 marked in Fig. 1(a), consisted mainly of Zr, Al,
nd O as well as extremely low Ba. This reveals that the white
hase, distributed at the interfaces between fibers, is a Zr-rich

f BaZrO3-coated Al2O3 fiber/Al2O3 matrix composite hot-pressed at 1300 ◦C
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nd Ba-poor phase. It was observed from Fig. 1(a) that there
ere a large number of elongated particles or platelets (light
ray regions) around fiber/fiber and fiber/matrix interfaces. At
riple points among three fibers, where more coating material
as incorporated due to larger interfiber spaces, many platelets

ormed and combined together, resulting in occurrence of large
eaction zones with light gray contrast near fiber surfaces or
nterfaces between fibers. In addition to Al and O, these platelets
e.g., region 3 in Fig. 1(a)) contained more Ba (Ba-rich), indicat-
ng the diffusion of Ba from BaZrO3 coating layers. From XRD
nd EDS results, it would appear that the Zr-rich and Ba-rich
hases are related to ZrO2 and Ba–�-Al2O3, respectively.

The elemental distributions in hot-pressed specimens were
lso examined by EPMA (Fig. 2). For the microstructure shown
n Fig. 2(d), the corresponding elemental distribution maps of
r, Ba, and Al are shown in Fig. 2(a)–(c), respectively. A com-
arison of the microstructure and Zr distribution map shows that
r was mainly present at the interfaces between fibers, i.e., dis-
ributed in the initial coating layers. This confirms again that
he phase with a white contrast shown in Figs. 1(a) and 2(d) is
Zr-rich phase. Moreover, it was observed from Fig. 2(a) that

B
e
t

ig. 2. Elemental distribution maps of (a) Zr, (b) Ba, and (c) Al as well as (d) corresp
PMA.
eramic Society 28 (2008) 1149–1160

he concentrations of Zr in the Zr-rich areas were not homoge-
eous. For those places with thicker coating layers (typically
riple points among fibers), there were higher Zr concentrations
n the central regions. For example, for an area marked with an
rrow in Fig. 2(d), the “line” analysis (actually a narrow range
etween two lines shown in Fig. 2) showed that the concentra-
ion of Zr was ∼53%, about 16 times higher than those places
ith lower Zr contents.
With regard to Ba (Fig. 2(b)), its distribution was quite dif-

erent from that of Zr. There existed a lot of Ba inside Al2O3
bers, and Ba was distributed in some directions preferentially,
ther than uniformly diffusing into fibers or matrix around the
oating layers. The distribution of Ba was also inhomogeneous
n the Ba-rich platelets. In particular, there was higher amount
f Ba in those larger reaction areas.

From the above results, it can be concluded that the white
egions in Fig. 1(a) correspond primarily to ZrO2, while
longated particles with a light gray contrast arise from the

a–�-Al2O3 compound. In comparison with Zr and Al, Ba
xhibited much larger diffusion distance and preferred direc-
ional distribution.

onding backscattered electron image for a hot-pressed composite, analyzed by



ean Ceramic Society 28 (2008) 1149–1160 1153

3
p

A
b
t
B
s
u
F
r
p
l
I
d
i
m
p
m
p
a
t

p
i
h
t
h
a
o
n
n
a
f
l

F
u
(

F
p

3

A
m
t
f
r
o
t
(
p
c
d
Z
s
c

Z.-C. Chen et al. / Journal of the Europ

.2. Micromechanical properties of interfacial reaction
roducts

Because of a lack of mechanical property data on the Ba–�-
l2O3 phase in literature, nanoindentation measurements have
een carried out to evaluate the micromechanical properties of
he Ba–�-Al2O3 phase, formed by interfacial reactions between
aZrO3 coating and Al2O3 fiber/matrix. Fig. 3 shows repre-

entative load versus displacement curves during loading and
nloading for Al2O3 matrix and Ba–�-Al2O3 reinforcements.
or the Ba–�-Al2O3 phase, the measurement was made in a
eaction zone near the surface of a 90◦ fiber. The Ba–�-Al2O3
hase showed a larger penetration depth than Al2O3 at a given
oad, showing that Ba–�-Al2O3 has a lower hardness level.
t appears that there are some small “pop-ins”, displacement
iscontinuities in the load–displacement curves during load-
ng, as indicated by arrows in Fig. 3. Furthermore, the Al2O3
atrix has more discontinuities, compared to the Ba–�-Al2O3

hase. These pop-ins may be attributed to the generation of
icrocracks and/or small-scale surface damages. The pop-in

henomenon has also been identified in sintered polycrystalline
lumina 41,42 and alumina films produced by combustion CVD
echnique.43

The Young’s modulus and hardness of the Ba–�-Al2O3
hase, obtained via nanoindentation measurements, are plotted
n Fig. 4 as a function of displacement. Both the modulus and
ardness had respective “plateau” regime at above ∼200 nm up
o ∼1100 nm, independent of the depth into the sample. The
ardness reached a larger value at ∼100 nm and then dropped to
stable “plateau”. Taking a depth range of 200–1100 nm (Fig. 4),
ne can obtain average values of Young’s modulus and hard-
ess, being 250 GPa and 20 GPa, respectively. The results of
anoindentation measurements for Al2O3 fiber, Al2O3 matrix,
nd Ba–�-Al2O3 phase are summarized in Table 1. The data

or Al2O3 are in good agreement with those reported in the
iterature.1

ig. 3. Representative load versus displacement curves during loading and
nloading for Al2O3 matrix and Ba–�-Al2O3. Note the presence of “pop-ins”
marked with arrows) on the loading curves.
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ig. 4. Young’s modulus and hardness of Ba–�-Al2O3 phase as a function of
enetration depth, measured by a nanoindentation technique.

.3. Effect of heat treatment on microstructural stability

To examine the microstructural stability of BaZrO3-coated
l2O3 fiber/Al2O3 matrix composites, the hot-pressed speci-
ens were exposed in air at elevated temperatures. Fig. 5 shows

he microstructures of the specimens hot-pressed at 1300 ◦C,
ollowed by heat treatment for 24 h at different temperatures
anging from 1200 ◦C to 1600 ◦C. Note that the microstructural
bservations were carried out after polishing a few microme-
ers of surface layers of the heat-treated specimens. At 1200 ◦C
Fig. 5(a)), the microstructure was similar to that of as-hot-
ressed specimen (Fig. 1(a)), and no evident microstructural
hange could be identified. When the heat treatment was con-
ucted at 1400 ◦C (Fig. 5(b)), a slight change was observed for
rO2 phase located at the interfaces between Al2O3 fibers. The
urfaces of ZrO2 phase started to be disturbed. For example,
ontinuous ZrO2 with rodlike shape tended to be broken up, and
ts continuity started to be decreased. It appeared that those ZrO2
ods with smaller diameters were broken up easily. Concurrent
ith the morphological change of ZrO2, some elongated Ba–�-
l2O3 particles became larger in width, and some particles were

ombined into large reaction zones.
At 1500 ◦C (Fig. 5(c)), such microstructural changes became

ore evident, and a large number of equiaxed ZrO2 particles,
enerated through breakup of continuous rodlike ZrO2 phase,
ere observed. In addition, some incompletely broken up or

esidual rodlike ZrO2 particles were still present. These ZrO2
articles were distributed at the interfaces between Al2O3 fibers.
s shown in Fig. 5(c), more Ba–�-Al2O3 phase with light gray
ontrast has been formed, which gradually penetrated into the
bers. When the exposure temperature was raised to 1600 ◦C
Fig. 5(d)), the average size of ZrO2 particles became larger,
nd their amount was decreased considerably, i.e., the coars-

able 1
oung’s modulus and hardness measured by nanoindentation

hase Al2O3 matrix Al2O3 fiber Ba–�-Al2O3

oung’s modulus (GPa) 380 ± 9 355 ± 6 250 ± 15
ardness (GPa) 25 ± 1 23 ± 2 20 ± 2
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ig. 5. Microstructures on polished cross-sections of the composites hot-press
nd (d) 1600 ◦C.

ning of ZrO2 particles occurred. It should be pointed out that
ome larger ZrO2 particles might have dropped out during the
reparation of samples for microstructural observations. On the
ther hand, the amount of the Ba–�-Al2O3 phase was reduced,
elative to the microstructure at 1500 ◦C (Fig. 5(c)). The distri-
ution of the Ba–�-Al2O3 phase seemed more inhomogeneous,
or instance, almost no Ba–�-Al2O3 phase was present within
ome fibers and around the interfaces between the fibers. At the
ame time, however, some elongated Ba–�-Al2O3 phase was
ombined with each other, leading to the formation of larger
ight gray areas (Ba–�-Al2O3 compound).

Figs. 6 and 7 show the EPMA results of the specimens heat-
reated at 1400 ◦C and 1600 ◦C, respectively. The morphology
f ZrO2 phase was quite different, but Zr was distributed at
he interfaces between Al2O3 fibers in both cases. The distri-
ution of Zr in Zr-rich areas (ZrO2) was still inhomogeneous
ven at 1600 ◦C, although high-temperature treatment induced
he breakup and spheroidization and/or coarsening of ZrO2
articles. Similar to the microstructure without heat treatment
Fig. 2), there were higher Zr concentrations in the central
egions of some large particles (Figs. 6(a) and 7(a)). With regard
o Ba distribution map, the distribution range of Ba at 1400 ◦C
as wider (Fig. 6(b)), and Ba concentration difference in Ba-

ich areas seemed smaller, compared to as-hot-pressed specimen
hown in Fig. 2(b). On the contrary, at 1600 ◦C, the distribution
f Ba became more inhomogeneous. Within some fibers, almost
o Ba–�-Al2O3 was present (marked by an arrow in Fig. 7(d)),
hile some large Ba–�-Al2O3 regions were formed simultane-

usly. These are consistent with the microstructural observations
hown in Fig. 5.

Fig. 8 illustrates the damage in Young’s modulus as a function
f heat-treatment temperature. The damage parameter was very

p
f
B
o

1300 ◦C, followed by heat treatment at (a) 1200 ◦C, (b) 1400 ◦C, (c) 1500 ◦C,

mall and almost no change could be found up to 1400 ◦C. When
he temperature was above 1400 ◦C, however, the damage in
oung’s modulus abruptly increased, i.e., the Young’s modulus
alue rapidly decreased. This change in Young’s modulus value
s believed to be related to the microstructural evolution, and it
ill be discussed in next section.

. Discussion

.1. Interfacial reaction behavior

From the results of microstructural observations, phase iden-
ifications, and compositional analyses described above, it is
vident that the reactions between BaZrO3 coating and Al2O3
ber/matrix do occur under the hot-pressing conditions used in

he current work. The chemical reactions between BaZrO3 and
l2O3 can be written in the following general formula:

aZrO3 + xAl2O3 → BaO·xAl2O3 + ZrO2 (2)

ur previous investigation37 has shown that the above reac-
ions occur at ≥1200 ◦C, and x value mainly depends on
he temperature under the conditions of excessive Al2O3.

hen BaZrO3-coated Al2O3 fibers are heat-treated at lower
emperatures (for example, <1300 ◦C), x = 1, that is, bar-
um monoaluminate (BaAl2O4 or BaO·Al2O3) is formed. In
aZrO3-coated Al2O3 fiber/Al2O3 matrix composites hot-

ressed at 1300 ◦C, however, barium aluminate is present in the
orm of BaO·7.3Al2O3 (i.e., x = 7.3 in Eq. (2) or BaAl14.66O23 or
a0.75Al11O17.25), one of the nonstoichiometric hexaluminates
r so-called Ba–�-Al2O3.
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ig. 6. Elemental distribution maps of (a) Zr, (b) Ba, and (c) Al as well as (d) c

Note that the Ba–�-Al2O3 compound has a composition
lose to BaAl14.66O23 from the XRD analysis in our pre-
ious work.37,38 It should be pointed out that Ba–�-Al2O3
ncludes a number of nonstoichiometric compounds with a wide
l/Ba ratio in the range of 9.1–14.6.44 It has been well estab-

ished that stoichiometric barium hexaluminate (BaAl12O19 or
aO·6Al2O3) is actually constituted by two nonstoichiometric
hases, referred to as phase I and phase II, with composi-
ions BaAl14.66O23 and BaAl9.15O14.73, respectively.45,46 On the
ther hand, according to the phase diagram of Al2O3–BaAl2O4
ystem,45 only phase I exists together with Al2O3, provided
he molar fraction of BaO is less than 10%. In this work,
he incorporation of a small amount of BaZrO3 coating onto
l2O3 fibers (Al-rich) results in formation of monophasic
aO·7.3Al2O3 in Al2O3 matrix. This is in good agreement
ith the result reported by Kimura et al.45 Nevertheless,

ince the formation of Ba–�-Al2O3 phase is a solid-state dif-
usion process, there exists a concentration gradient of Ba

uring diffusion. Actually, we have confirmed the difference
n Ba content in Ba-rich phase for as-hot-pressed specimen,
s identified by EPMA (Fig. 2(b)). Accordingly, the x value
n BaO·xAl2O3 does not remain unchanged, and there may

e
w
A
fi

onding backscattered electron image of heat-treated composites at 1400 ◦C.

xist small amounts of barium aluminates with different Ba
ontents.

It is believed that the interfacial reactions between BaZrO3
oating and Al2O3 fiber/matrix depend on the diffusion of Ba,
r, and Al cations. Although the radius of Ba cation (0.13 nm)

s larger than that of Zr (0.087 nm) or Al (0.057 nm) cation,
s already mentioned, Ba has much larger diffusion distance
han Zr or Al. This is possibly due to a smaller bond energy of
aO (573 kJ mol−1 at −273 ◦C 47), compared to that of ZrO2

1448 kJ mol−1) or Al2O3 (2209 kJ mol−1). Hence, the diffusion
f Ba cations dominates the reaction process between BaZrO3
oating and Al2O3 fiber/matrix during hot pressing.

In hot-pressed composites, the majority of Ba cations in the
nitial BaZrO3 coating have left the coating layers, giving rise
o the formation of ZrO2 (Zr-rich areas) at those sites where
aZrO3 coating is originally present (i.e., on the surfaces of
bers or interfaces between fibers). It seems that the resultant
rO2 phase contains small amounts of Ba and Al. The pres-

nce of Ba may be associated with the initial BaZrO3 coating in
hich small amount of Ba remains, whereas the appearance of
l may be the result of diffusion or migration of Al from Al2O3
ber/matrix towards the initial coating layers.
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ferent crystal planes and directions. Generally, hexaluminates
grow with their basal planes parallel to the reaction direction
because of rapid transport paths along the basal planes.34 In
this work, the orientational distribution of Ba and elongated
ig. 7. Elemental distribution maps of (a) Zr, (b) Ba, and (c) Al as well as (d) c

It should be pointed out that there is electron beam broad-
ning in EDS and EPMA analyses, which affects the accuracy
f compositional analysis. In particular, for Zr-rich areas in the
urrent work, they have similar dimensions to the interaction
ange between electron beam and sample. Thus, it is difficult
o conclude the presence of Ba and Al in Zr-rich areas. In
he case of Ba, however, the microstructural observations and
ompositional analyses reveal the occurrence of long-range dif-
usion of Ba cations. As a result of migration of Ba cations
rom BaZrO3 coating to the surrounding Al2O3 fiber/matrix,
a–�-Al2O3 phase is formed. Furthermore, this phase shows an
longated morphology. This microstructural feature is consistent
ith the Ba–�-Al2O3 reinforcements formed through reactive

intering of Al2O3 and BaZrO3 powder mixtures,48 and has
lso been found in other alkaline-earth and rare-earth hexalu-
inates such as CaAl12O19

29 and LaAl11O18.49 The elongated
orphology of the Ba–�-Al2O3 phase may be attributed to its

nisotropic growth habit. Since Ba–�-Al2O3 compound has a

exagonal structure with significantly different lattice parame-
ers (a = 0.5582 nm and c = 2.2715 nm 50), there may exist an
nterfacial or surface energy difference between the basal plane
nd other planes, which results in growth-rate anisotropy in dif-

F
t

onding backscattered electron image of heat-treated composites at 1600 ◦C.
ig. 8. Variation of damage in Young’s modulus as a function of heat-treatment
emperature.
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ig. 9. Microstructures on surface layers (without polishing treatment after hea
d) 1600 ◦C.

orphology of Ba–�-Al2O3 particles are likely to result from
referential diffusion and mass transport of Ba along the basal
lane.

It is known that Ba–�-Al2O3 compound has a layered crystal
tructure.27,51 The appearance of the Ba–�-Al2O3 phase with
n elongated morphology and layered structure is expected to
ause improvements in fracture toughness. In fact, our previous
ork 48 showed that the formation of Ba–�-Al2O3 platelets in
l2O3 matrix leads to enhanced fracture toughness.
As can be seen in Fig. 1, the Ba–�-Al2O3 platelets formed

n situ intruded into the surface areas of Al2O3 fibers. In par-
icular, at those sites with more coating materials, because a
ot of platelets coalesced into large reaction zones, the effec-
ive cross-sectional areas of fibers are reduced, possibly leading
o the strength degradation of fibers. Consequently, to achieve
n optimal combination of strength and fracture toughness, it
s necessary to control the in situ interfacial reactions between
he BaZrO3 coating and Al2O3 fiber/matrix. This could be real-
zed by adjusting the parameters of coating and densification
rocesses, such as sol concentration, coating time, sintering tem-
erature, and holding time. Further investigations on influence of
rocessing conditions are necessary to optimize the mechanical
roperties of the composites.

.2. Thermal stability

As mentioned previously, because of the reactions between
aZrO3 coating and Al2O3 fiber/matrix, two reaction products,

rO2 and Ba–�-Al2O3, are formed in hot-pressed composites.
f these, ZrO2 phase is continuously distributed at fiber/fiber

nd fiber/matrix interfaces. For simplicity, the morphology of
rO2 can be regarded as a cylindrical rod, which is unstable

a
A
w
w

ment) of heat-treated composites at (a) 1200 ◦C, (b) 1400 ◦C, (c) 1500 ◦C, and

hermodynamically due to a large surface energy. The morpho-
ogical instability of a long cylinder has been investigated by

any researchers.52–56 According to Rayleigh’s perturbation
heory,52 a continuous cylinder is prone to development and
rowth of periodic axial oscillations in its radius. If the wave-
ength of perturbation (λmin) is greater than the circumference
πR (R is radius of the cylinder), the cylinder will eventually
reak up into a string of small discrete particles with a charac-
eristic size and spacing, which are sensitive to the mass transport

echanism dominating the morphological evolution. As a con-
equence, during the heat treatment at elevated temperatures,
ontinuous ZrO2 at interfaces will break up into strings of spher-
cal or equiaxed particles to reduce surface energy. The breakup
nd spheroidization may be realized through surface (interfa-
ial) diffusion and/or lattice diffusion. From the microstructural
bservations and EPMA results described before, after heat
reatment at elevated temperatures, although there exist morpho-
ogical changes, ZrO2 phase is still distributed at fiber/fiber and
ber/matrix interfaces. Furthermore, the diffusion distance of
r to surrounding Al2O3 fiber/matrix is extremely small even
hen heat-treated at 1600 ◦C for 24 h (Fig. 7). Accordingly,

he lattice diffusivity of Zr may be quite small. The breakup
nd spheroidization processes of ZrO2 during heat treatment
re considered to depend on the interfacial diffusion to a large
xtent.

With regard to the influence of heat treatment on stability of
a–�-Al2O3 phase, as shown in Fig. 5(c), many new elongated
a–�-Al2O3 particles have formed during the heat treatment

t 1500 ◦C. One of the reasons for formation of new Ba–�-
l2O3 particles is believed to arise from the diffusion of Ba,
hich remains in Zr-rich areas after hot pressing, and then reacts
ith surrounding Al2O3 fibers. This mechanism, however, is
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ot satisfactory because it is difficult to explain why numerous
a–�-Al2O3 particles are formed at 1500 ◦C, whereas many
a–�-Al2O3 particles disappear again at a higher temperature

1600 ◦C).
To understand the evolution of Ba–�-Al2O3 phase dur-

ng heat treatment, the microstructures on the surface layers
f heat-treated specimens (without polishing treatment after
hermal exposure) were examined. As shown in Fig. 9, the

icrostructures on specimen surfaces were similar to those
nside specimens (Fig. 5) up to 1400 ◦C. After heat treatment at
1500 ◦C, the surfaces appeared uneven, and significant grain

rowth in Al2O3 phase occurred. At 1500 ◦C, numerous elon-
ated Ba–�-Al2O3 particles were observed in the vicinity of the
urface. This may be the result of migration of Ba cations from
he interior to the exterior of the specimen, where they react with
l2O3. At higher temperatures (e.g., 1600 ◦C), however, some
a–�-Al2O3 particles seemed to disappear and some residual
articles were combined into larger regions. This is considered to
e due to the evaporation of BaO in Ba–�-Al2O3 phase, because
aO has a high partial pressure at elevated temperatures.57 These

esults suggest that long-range migration of Ba, including both
iffusion and evaporation, occurs during thermal exposure at
600 ◦C.

Concerning the damage in Young’s modulus, almost no
hange in Young’s modulus was observed (Fig. 8) for composites
eat-treated at ≤1400 ◦C, owing to their stable microstructures.
s stated above, significant microstructural changes, includ-

ng spheroidization and coarsening of ZrO2 particles, migration
f Ba cations and hence formation of new Ba–�-Al2O3 parti-
les, and evaporation of BaO, occur during heat treatment at
1400 ◦C. Since Ba–�-Al2O3 phase exhibits a lower Young’s
odulus value than Al2O3 (Section 3.2), the formation of
a–�-Al2O3 causes decrease in Young’s modulus, while the
vaporation of BaO leads to increase in Young’s modulus. On the
ther hand, such processes as morphological evolution of ZrO2,
igration of Ba cations, and evaporation of BaO cause increase

n porosity, which is considered to be one of the reasons for rapid
ecrease in Young’s modulus (i.e., increase in damage param-
ter). In fact, density measurements showed that the specimen
ot-treated at 1600 ◦C had a density value of ∼5% lower than
hat of as-hot-pressed one. The dependence of Young’s modulus
n porosity can be expressed as 58

= E0(1 − 1.9P + 0.9P2) (3)

here E is the modulus of the composite with pores, E0 is the
odulus of the composite with zero porosity, and P is the poros-

ty in the composite. By substituting the data in Fig. 8 into Eq.
3), one can estimate that the porosity of heat-treated specimen
t 1600 ◦C is as high as ∼34%, which is obviously a large over-
stimate over the microstructural observations. This reveals that
he change in Young’s modulus after heat treatment may be also
elated to some other factors in addition to the microstructural

volution described before. One possible reason is debonding at
hase interfaces, which has been confirmed in sintered compos-
tes of partially stabilized zirconia and stainless steel.59 In the
urrent work, there may exist debonding at interfaces between
eramic Society 28 (2008) 1149–1160

l2O3, ZrO2, and Ba–�-Al2O3 phases, due to morphological
hange and existence of residual thermal stresses resulting from
ifferent coefficients of thermal expansion.

From the microstructural evolution and change in Young’s
odulus, it can be concluded that BaZrO3-coated Al2O3
ber/Al2O3 matrix composites have good thermal stability until
400 ◦C. Above 1400 ◦C, the composite shows microstructural
nstability and hence degradation in mechanical properties.

. Conclusions

A BaZrO3 interphase was incorporated into Al2O3 fiber
einforced Al2O3 matrix composites through coating fibers via
sol–gel technique. The interfacial reaction behavior between
aZrO3 coating and Al2O3 fiber/matrix during consolidation
s well as thermal stability of the composites during thermal
xposure at elevated temperatures have been investigated. The
aZrO3 coating reacted in situ with Al2O3 fiber and surround-

ng Al2O3 matrix to form monoclinic ZrO2 and Ba–�-Al2O3,
ne of the nonstoichiometric hexaluminate compounds during
ot pressing. The resultant ZrO2 was present at the initial
oating layers on fiber surfaces, while Ba–�-Al2O3, exhibiting
n elongated morphology (platelet), was distributed around
ber/fiber and fiber/matrix interfaces. The diffusion of Ba
ations dominates the reaction process between BaZrO3 coat-
ng and Al2O3 fiber/matrix during hot pressing. In comparison
ith Zr and Al, Ba exhibited much larger diffusion distance and
referred directional distribution. The formation of elongated
a–�-Al2O3 phase may be attributed to preferred orientational
rowth through directional diffusion and mass transport of
a along the basal plane. The micromechanical properties
f the reaction products in the composites were evaluated by
anoindentation technique. The results showed that the Young’s
odulus and hardness of the Ba–�-Al2O3 phase are 250 GPa

nd 20 GPa, respectively.
BaZrO3-coated Al2O3 fiber/Al2O3 matrix composites have

ood thermal stability during thermal exposure until 1400 ◦C.
owever, significant microstructural changes, including
reakup, spheroidization and coarsening of ZrO2 phase, migra-
ion of Ba cations and formation of new Ba–�-Al2O3 particles
n surfaces, and evaporation of BaO, occur above 1400 ◦C.
ontinuous ZrO2, distributed at fiber/fiber and fiber/matrix

nterfaces, can be broken up into strings of equiaxed particles
hrough interfacial diffusion.
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