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Abstract

Barium zirconate (BaZrO;) is a candidate material for interface engineering of alumina fiber/alumina matrix
composites. Al,O3 and BaZrOj; react at high temperatures to form a series of reaction products. The objective of
this work was to characterize these reaction products and to investigate their effect on crack propagation. BaZrO3
coating was applied on Al,Oj fibers via a sol—gel route. The characterization was carried out by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). The reaction
products between BaZrOj; coating and Al,Oj (fibers and/or matrix) included ZrO,, barium monoaluminate
(Ba0-Al,03) and Ba 3-Al,05 (BaO-7.3A1,03). In hot-pressed composites, barium aluminate was mainly present
in the form of Ba (3-Al,03. The Ba 3-Al,0O3 is known to have a layer-type structure, which is likely to be
propitious for crack deflection. The interfacial reactions are diffusion-controlled solid-state processes, mainly
depending on the diffusion of Ba cations. The Ba 3-Al,O3 phase can form either through direct reaction between
the BaZrO; coating and Al,Oj3 or through indirect reaction between a BaO-Al,O; intermediate phase and Al,O;.
The BaZrOj; coating and the reaction products between the coating and fiber/matrix provide multiple weak
interfaces, which are likely to result in crack deflection and thus toughness enhancement in an all oxide composite.
© 2002 Published by Elsevier Science Inc.
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1. Introduction

Oxide fiber/oxide matrix composites form an
important and attractive category of ceramic matrix
composites (CMCs) because of their high strength
and inherent stability in oxidizing atmospheres at
high temperatures [1]. However, such oxide CMCs
lack toughness because of strong fiber/matrix inter-
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facial bonding. This is a major obstacle to their
application at high temperatures.

In order to avoid the chemical interaction between
fiber and matrix and form weak fiber/matrix interface
(hence improved toughness), incorporation of an
interphase(s), i.e., coating of fiber, has been inves-
tigated [2—4]. Some stoichiometric oxides, SnO, [5—
7], LaPOy4 [8—10] and ZrO, [11,12], are examples of
interphase materials in the Al,03/Al,O; system.
These oxide coatings are chemically inert at elevated
temperatures with respect to both alumina fiber and
alumina matrix. Recently, Gladysz et al. [13] inves-
tigated the processing and microstructural devel-
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opment of alumina/barium zirconate (BaZrO;) lami-
nated composites. In these composites, BaZrO; reacts
with Al,O3 at temperatures around 1475 °C to form a
series of oxides: ZrO,, BaO-Al,03 and BaO-6Al,05.
Such reactions result in the formation of multiple,
weak and stable interfaces. This results in crack
deflection, with corresponding potential improve-
ments in fracture toughness. Furthermore, Koopman
et al. [14] examined the feasibility of BaZrO; as a
candidate material for interfacial coating in Al,O3
fiber/Al,O3 matrix composites. Unlike common inter-
phase materials, where reactions between interphase
and fiber/matrix are not desirable, a BaZrOj; coating
forms multiple interfaces through reactions with
Al,O5 (both the fiber and matrix) during fabrication
of the composites [14]. The purpose of this paper is to
investigate the effects of processing parameters on
interfacial reaction products and their formation
mechanisms.

BaZrO; has a cubic perovskite structure and a
high melting point of about 2600 °C. It is an import-
ant technological material and has found widespread
applications in dielectrics, piezoelectrics, electrooptic
materials, catalysts and proton conductors [15,16]. It
was discovered recently that BaZrO; does not react
with the melt during the crystal growth of high-T;
superconducting compound YBa,Cu3;0; _5 [17,18].
BaZrO; can be used as an inert crucible material,
either as bulk BaZrO; crucibles [18] or BaZrOs;-
coated alumina crucibles [19]. Therefore, an exam-
ination of the reaction behavior in the BaZrOs/Al,O5
system is also significant in regard to the crystal
growth of ceramic superconducting materials.

In the present work, interfacial reactions between
BaZrO; coatings and alumina fibers or matrix during
heat treatment and processing of composites have
been investigated. The main objective of this research
was to identify the reaction products between the
BaZrOj; interphase and Al,O; fiber/matrix and to
better understand the mechanisms of formation of
the reaction products as well as their effect on crack
propagation.

2. Experimental procedure

2.1. Materials

The fiber used in this research was unsized Nextel
610 fiber obtained from 3M (St. Paul, MN). Nextel
610 is a polycrystalline fiber composed of >99 wt.%
a-Al,O; with a diameter of 10—12 pm and 400
filaments per tow. Alumina was also used as a matrix
in the composites. The Al,O; powder was 99.99%
pure with an average particle size of ~ 1 pm (Bai-
kowski Inter., Charlotte, NC).

2.2. Coating of the fibers

Sol—gel processing was used to prepare a barium
zirconate precursor. Barium acetate was dissolved in
a continuously stirred mixture of acetic acid and
methanol at 70 °C, followed by the addition of n-
propanol (CH;CH,CH,OH) containing 70% Zr-n-
propoxide (Zr[O(CH,),CHj3]4). The solution was
dried on a hotplate until a dry gel was obtained.
The gel was then rehydrated to produce an aqueous
solution.

The sol—gel coating of fibers was done with the
BaZrO; precursor sol. Small pieces of Nextel 610
fabric were injected with BaZrO; aqueous sol by
means of a syringe. The coated fabric pieces were
then dried with a heat gun to produce a dry gel
containing Ba, Zr and organic compounds. This was
followed by calcining at 800 °C for 1 h in air to
convert the gel into BaZrOs. The coating procedure
was repeated a second time to increase thickness of
the coating.

2.3. Heat treatment of BaZrOs-coated fibers

In order to identify the reactions between BaZrO;
coating and fibers, the BaZrO3 coated Nextel 610
fabric samples were heated in the range of 1100—
1500 °C in air for 1 h. Additional fabric samples
were heat-treated at 1350 °C in air for different
holding times (1-5 h). The heating rate was 15
°C/min and furnace cooling was used. After heat
treatment, the samples were ground into powder by
using mortar and pestle for X-ray diffraction (XRD)
analysis.

2.4. Preparation of composites

The BaZrOs;-coated fabrics and alumina powder
were arranged in layers within a graphite die and
consolidated via uniaxial hot pressing. The fabric
planes were perpendicular to the loading direction
during hot-pressing. The content of fibers in the
composites was 30 vol.%. The hot pressing was
performed under vacuum at 1300—1400 °C for 1 h
at a pressure of 35 MPa. The heating and cooling
rates were 15 and 50 °C/min, respectively.

2.5. Characterization

The phase identifications for the samples of
BaZrOs-coated fibers (in powder form) and hot-
pressed composites (in polished pellet form) were
carried out by XRD on a Philips MPD 3040 dif-
fractometer with CuK« radiation and a Ni filter. The
parameters for XRD analysis were 45 keV and 40
mA, 0.04°/step and 2.00 s/step.
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Microstructural characterization was performed by
scanning electron microscopy (SEM, Philips 515) and
energy dispersive X-ray spectroscopy (EDS) was used
for compositional analyses. Moreover, the crack pro-
pagation paths and the interaction of cracks with the
interfaces were examined by SEM observations of the
fracture surfaces obtained from three-point bending
tests. Samples were sputter coated with Au—Pd prior
to examination in the SEM.

3. Results and discussion

3.1. Interfacial reactions between BaZrOj; coating
and Al,Oj3 fibers

The X-ray powder diffraction patterns of BaZrO3-
coated Al,Os fibers that were heat-treated at different
temperatures between 1100 and 1500 °C for 1 h are
shown in Fig. 1. The XRD pattern consists only of the
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peaks of a-Al,O3 and BaZrO; after heat treatment at
1100 °C (Fig. 1(a)). This indicates that no detectable
reactions occur between BaZrO; and Al,O3 up to 1100
°Cin 1 h. At 1200 °C (Fig. 1(b)), in addition to strong
peaks of a-Al,O3 and BaZrO3, some small peaks of
barium monoaluminate BaAl,O4 (BaO-Al,O3) and
ZrO, (monoclinic) phases occur, indicating that
BaZrO; starts to react with Al,O5; to form minor
quantities of these phases. It should be noted that the
volume of Al,Oj3 in the coated fibers is quite high in
relation to the volume of the BaZrO; coating. When
the temperature is raised to 1300 °C (Fig. 1(c)), the
intensity of the peaks of the BaZrO; phase is greatly
reduced, as the reactions between the coating and
fibers proceed. At the same time, the peaks of two
reaction products, BaO-Al,O5 and ZrO,, become very
strong. At 1400 °C (Fig. 1(d)), however, almost no
trace of BaO-Al,O5 phase can be found from the XRD
pattern, with the dominant phases being barium alu-
minate Ba0_75A111017,25 (i‘e., BaO73A1203) and
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Fig. 1. X-ray powder diffraction patterns of BaZrOs-coated Al,O; fibers that were heat-treated between 1100 and 1500 °C at
intervals of 100 °C for 1 h: (a) 1100 °C, (b) 1200 °C, (c) 1300 °C, (d) 1400 °C and (e) 1500 °C. (A) BaZrOs, (¥) a-AL O3, (&)

BaO-Al,03, (W) monoclinic ZrO, and (O) BaO-7.3A1,0;.
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ZrO,. Moreover, there exist some small peaks corres-
ponding to BaZrOs, indicating the presence of rem-
nant BaZrO;. At 1500 °C, no apparent changes are
seen in the pattern (Fig. 1(e)) and the XRD spectrum
displays almost the same pattern as that at 1400 °C. It
has been shown that barium aluminate, BaO-
“1.3A1,03, is one of the Ba (3-Al,O; compounds
(called as (; phase) with layered (3-Al,Oj; structure
[20,21]. Groppi et al. [20] pointed out that materials
with the 3-Al,O3 structure could be obtained in the
range of 9.1—-14.6 of the Al/Ba ratio.

The above results show that the barium aluminates
produced through reactions between BaZrO; and
Al,O5 are different after one hour at 1300 °C and after
1 h at 1400 °C. At 1300 °C, the BaO-Al,O; phase
occurs, while at 1400 °C and above, the BaO-7.3A1,0;
phase is obtained. This is to say, a Ba-rich phase occurs
at lower temperature and an Al-rich phase forms at
higher temperature. In general, in an oxide/oxide
system, reactions occur by diffusion of ions from an
oxide with lower bond energy to another oxide with
higher bond energy. According to the thermodynamic
data in Ref. [22], the bond energies of BaO and Al,O3
at 0 K are 574 and 2211 kJ/mol, respectively. It is
consequently believed that the reactions between
BaZrO; and Al,Oj are diffusion-controlled solid-state
processes, and the diffusion of Ba cations dominates
the reaction process in the BaZrO3/Al,O3 system. In
this way, at higher temperatures, long-distance dif-

fusion of Ba results in the formation of a Ba-poor and,
thus, Al-rich phase.

The XRD results of BaZrOs-coated Al,O5 fibers
after heat treatment at 1350 °C for different holding
times (1, 2 and 5 h) are shown in Fig. 2. For the
pattern of 1 h (Fig. 2(a)), the BaO-Al,O3 phase still
has high relative intensity, although it is somewhat
weaker compared to the XRD pattern of 1300 °C (Fig.
1(c)). Of significance is that the BaO-7.3A1,05 phase
starts to form. With the increase in time, the relative
intensity of the peaks of the BaO-Al,O; phase gradu-
ally decreases and some weak peaks disappear. On the
other hand, the BaO-7.3A1,0; phase exhibits stronger
diffraction peaks with the increase of reaction prod-
uct. This suggests that BaO-Al,Oj; is an intermediate
phase. The BaO-7.3A1,03; phase can be formed
through the consumption of BaO-Al,O3 phase, that
is, by further reaction between BaO-Al,O5 and Al,O3.
When the holding time reaches 5 h (Fig. 2(c)), the
XRD pattern is almost the same as that at 1400 and
1500 °C for 1 h (Fig. 1(d) and (e)). These results
indicate that an increase of holding time has an effect
similar to the increase in heat-treatment temperature.

3.2. Interfacial reactions in BaZrOs-coated Al,Oj3

fiber/Al,O3 matrix composites

The XRD patterns of BaZrOs-coated Al,O3
fiber/Al,O3 matrix composites obtained via hot-pre-
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Fig. 2. X-ray powder diffraction patterns of BaZrO;-coated Al,O3 fibers obtained from heat treatment at 1350 °C for different
holding times: (a) 1 h, (b) 2 h and (c) 5 h. (A) BaZrOs, (¥) a-Al,O3, (&) BaO-Al,O3, (W) monoclinic ZrO, and (O)

BaO73Ale3
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ssing at 1300 and 1400 °C are shown in Fig. 3.
Both X-ray spectra are very similar to each other.
Although the peaks of reaction products are very
weak because of the small amount of reaction
products in the Al,O; fiber/Al,O; matrix compo-
sites (excess of Al,O3), one can note the presence
of the peaks of BaO-7.3A1,03 and ZrO, phases, in
addition to small peaks of unreacted BaZrO; coat-
ing and strong Al,O3; peaks. As for the XRD
pattern of the composite hot-pressed at 1300 °C
(Fig. 3(a)), it exhibits a different pattern from that
of BaZrOs-coated fiber heat-treated at the same
temperature (Fig. 1(c)). The difference lies in Al/
Ba atomic ratio in reaction products (barium alu-
minate). In the composite hot-pressed at 1300 °C,
it corresponds to the ratio of Al/Ba=14.6 (BaO-7.3
Al,0O53) with 3-Al,O3 structure, while in BaZrO; coat-
ed fiber heat-treated at the same temperature, it cor-
responds to the ratio of Al/Ba=2 (BaO-Al,03). We
estimate that the Al-rich BaO-7.3A1,05 phase has a
density value of ~3.6 g cm > (less than that of a-
Al,0O5) [23]. It seems reasonable to point out that the
density of Ba-rich BaO-Al,0O; phase has a density less
than that of BaO-7.3A1,05. This reasoning suggests
that the pressure during hot-pressing of composites
promotes the formation of barium aluminates with
high Al/Ba atomic ratio (Al,Os-rich phase). Even
though BaO-7.3A1,05 phase may be formed at higher
temperatures or longer holding times without the
application of pressure (see Figs. 1 and 2), the intimate
contact between BaZrO; coating and alumina fibers/
matrix under the pressure speeds up the reaction
process.

3.3. Effect of interfacial reactions on microstructure
and crack propagation

A typical backscattered electron image of a pol-
ished cross-section (perpendicular to the fabric plane)
of a hot-pressed alumina fiber/alumina matrix com-
posite is shown in Fig. 4. In this micrograph, there
exist white, light gray and dark gray regions. The
contrast in this micrograph is mainly associated with
the mean atomic number of each region. Bright
regions correspond to high atomic numbers (Zr and
Ba in this case), and dark features correspond to low
atomic number (Al). The spectra for positions marked
by numbers in the micrograph are also given in Fig. 4.
For positions 1 and 5, which correspond to the Al,O3
matrix and the central region of an Al,O; fiber,
respectively, the spectra show the presence of Al and
0, as expected. Note that two small peaks in the range
of 2—-3 keV in EDS spectra shown in Fig. 4 come from
the Au—Pd sputter coating. For positions 2 and 6,
there are small Ba peaks and large Al peaks, attributed
to Ba 3-Al,03 in the surface region of a fiber (6) and in
the matrix adjacent to a fiber (2), because of the
reaction between the BaZrO; coating and alumina
fibers or matrix. In interfacial regions between adja-
cent fibers (positions 3 and 4), intense Zr peaks
indicate the presence of ZrO,. It is shown that the
ZrO, phase forms at those positions where the BaZrO;
coating was originally present (i.e., surfaces of fibers
or interfacial regions between adjacent fibers).

From the above results, it can be concluded that
the white, light gray and dark gray regions shown in
Fig. 4 correspond to ZrO,, Ba 3-Al,05; and Al,O;

LJ.JujL

-

3 I
<

~ o) A. o
>

—

. v—

a

8 v

= v

p— o v

(b)

04

20 30 40

50 60 70

2 Theta (deg.)

Fig. 3. XRD patterns of BaZrOs-coated Al,O3 fiber/Al,O3 matrix composites after hot-pressing at (a) 1300 °C and (b) 1400 °C,
respectively. (A) BaZrOs, (W) a-Al,O3, (&) BaO-Al,Os, () monoclinic ZrO, and (O) BaO-7.3A1,05.
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Fig. 4. (a) SEM micrograph showing the microstructure of a polished cross-section of an alumina fiber/alumina matrix composite
(backscattered electron mode, 18 kV). (b) EDS spectra were taken in regions indicated by numbers.

phases, respectively. It is noted that the presence of a
BaZrO; coating impedes the fiber/fiber bonding and
fiber/matrix bonding. The interfacial reaction prod-
ucts (such as ZrO, and Ba 3-Al,03) between BaZrO3
coating and alumina fibers or alumina matrix are
likely to provide weak interfaces in the composites.

An SEM micrograph (Fig. 5) shows the crack
propagation path in a composite during three-point
bending test, which illustrates the effect of these
interfacial reaction products. The crack, which
formed during the bending test, propagated along
the 0/90° interface of the Nextel 610 fabric. The Zr-
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Fig. 5. (a) SEM micrograph showing crack propagation through an alumina fiber/alumina matrix composite (backscattered
electron mode), cracked via a three-point bending test. (b) EDS spectra were taken in regions indicated by numbers.

rich region near the 0/90° interface (see EDS pattern
of position 2 in Fig. 5) may be attributed to ZrO, and
small amount of BaZrO;, which remained after
processing. This indicates that the interfaces of both
ZrO, and BaZrO; phases with alumina fibers are
significantly weak and contribute to a damage tol-
erant behavior in these composites. It can be seen
from the micrographs (Figs. 4 and 5) that there is a
larger thickness of coating at the 0/90° interface and

at the surface of fabric, compared to those fibers
located in the interior region of a tow. This is
understandable because the distance between adja-
cent fibers determines the coating thickness. For
those fibers inside a tow, a small distance causes a
thin coating. At the 0/90° interface, there is a larger
interfiber distance; and of course, during the sol—gel
coating process, the surface of a fabric is free, thus a
thick coating is easily formed.



312 Z. Chen et al. / Materials Characterization 48 (2002) 305-314

In addition to ZrO, and BaZrO; interfaces, other
interfaces, formed through reactions between the
BaZrO; coating and alumina (fibers and matrix),
can also influence the crack propagation. As seen in
Fig. 5, the crack crosses through the 0° fibers (lower
left) and matrix (upper right). From the EDS spectra
from positions 1 and 3 (Fig. 5) surrounding the crack,
it is seen that these regions have more Al and Ba,
suggesting the presence of Ba 3-Al,0O53 phases, even
though there is a difference in Ba content between
positions 1 and 3. Consequently, the interface of Ba
3-Al,0; with alumina fibers or alumina matrix is
another source of weak interface. Furthermore, it has
been found that Ba 3-Al,05 phase has an anisotropic
layered oxide structure [24,25]. These layered oxides
themselves are capable of easy cleavage along basal
planes, thus, improving the fracture toughness of
composites.

In regard to the formation of the ZrO, phase, it
can result from degradation of BaZrO;, i.e., the
diffusion of Ba from the BaZrO; coating. Another
possibility is that the high BaO partial pressure at
elevated temperatures [26] leads to evaporation of
BaO during the hot-pressing and ZrO, phase forma-
tion. A schematic view of the formation of reaction
products between BaZrOj; coating and an Al,O; fiber
is shown in Fig. 6. Whether BaZrO; coating remains
after heat treatment or hot-pressing depends on the
coating thickness, temperature, time and pressure.
The diffusion of Ba cations and/or evaporation of
BaO lead to the formation of the ZrO, phase in the
location of BaZrO; coating. It should be noted that
the ZrO, phase has a monoclinic structure in this
work (see Figs. 1 and 2), which is a result of the
transformation of ZrO, from the tetragonal structure
during cooling.

BaZrOs

Concurrent with the formation of ZrO,, the dif-
fusion of Ba cations to Al,O; gives rise to the
formation of barium aluminates BaO-xAl,O53 around
the Al,Oj fiber (x: half of Al/Ba ratio). The value of x
is determined by processing parameters. At lower
temperature, for example, below 1300 °C for 1 h,
x=1, that is, BaO-Al,O; forms as shown in Fig. 1. As
the reaction proceeds, the reaction products are pre-
dominantly Ba 3-Al,05;. As mentioned in the pre-
vious section, Ba (3-Al,03 phase can be formed
through the reaction between BaO-Al,0O; and
Al,0O3. Another possible mechanism is the direct
reaction between the BaZrO; coating and Al,O3 with
the help of the diffusion of Ba cations. Groppi et al.
[20] showed the formation of Ba 3-Al,O3 phase by
solid-state reaction between y-Al,O; and dispersed
barium. Of Ba 3-Al,0; compounds, those with Al/
Ba=13.8—-15.4 (x=6.9-7.7 in BaO-xAl,05) seem to
have nearly the same peak positions in JCPDS data.
Although the results of XRD and EDS analyses in this
investigation indicate the presence of Ba (3-Al,O3
phases, actually there exist differences in Ba content,
as shown in Figs. 4 and 5. Therefore, in the region
marked BaO-xAl,Oj in Fig. 6, the value of x does not
remain constant, because of the existence of a con-
centration gradient of Ba during diffusion. Gladysz et
al. [13] found the presence of BaO-6A1,0; phase via
electron diffraction in a small area of laminated
composites of Al,03/BaZrO;. Their reported value
of x is smaller than that reported in this work. From
the above discussion, it is believed that the occurrence
of the BaO-6A1,0; phase is possible in some small
region of reaction. Furthermore, they observed that
the reaction products were arranged in a sequence,
which is in good agreement with the formation
mechanism of reaction products proposed in Fig. 6.

ZrO2 BaZrOs

BaO-xAl203

Fig. 6. Schematic illustration of the formation of reaction products between BaZrO; coating and an Al,O; fiber in the range of
1200-1500 °C. The diffusion of Ba cations controls the reaction process.
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4. Conclusions

Alumina matrix or fiber reacts with the barium
zirconate coating produced via a sol—gel technique
during heat treatment or processing of composites
above 1200 °C for 1 h. The reaction products include
ZrO,, barium monoaluminate (BaO-Al,05) and Ba (3-
Al,O5; (Ba0O-7.3A1,05). In composites hot-pressed
above 1300 °C (1 h), barium aluminate is mainly
present in the form of Ba (3-Al,O;. The reactions
between the BaZrOj3 coating and alumina fiber/matrix
are diffusion-controlled solid-state processes, mainly
depending on the diffusion of Ba cations. Ba 3-Al,0;
phase can be formed either through direct reaction
between the BaZrO; coating and Al,O; or through
indirect reaction between the BaO-Al,O5 intermedi-
ate phase and Al,O;. The application of pressure
during hot-pressing of the composites is likely to
promote formation of Ba 3-Al,O; by increasing the
degree of contact between the BaZrO; coating and
the fiber/matrix. The BaZrOj; coating and the reaction
products between the coating and alumina (fibers and
matrix), such as ZrO, and Ba (3-Al,03, provide
multiple weak interfaces in the composites and are
propitious for crack deflection at interfaces.
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