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Abstract
In this work, the continuous Nextel™ 720 �ber reinforced alumina ceramic matrix composites (CMCs)
were prepared by the prepreg process. The alumina matrix derived from aqueous slurry, which consisted
of organic glue, alumina sol, nanometer alumina powder and micrometer alumina powder. This
combination endowed the ceramic matrix composite with the prepreg processing capability, making the
low-cost fabrication of complex shape components possible. The ratio of different alumina sources in
aqueous slurry was optimized to offer good sintering activity, high thermal resistance, and excellent
mechanical properties simultaneously. Furthermore, the preceramic polymer of mullite was used to
strengthen the ceramic matrix through multiple impregnation process. The �nal CMC sample achieved a
high �exural strength of 255 MPa and a good high-temperature stability. The maximum �exural strength
of the CMC sample still remained 85% after heat-treatment at 1100 ℃ for 24 h.

1. Introduction
In recent years, oxide-oxide ceramic matrix composites (CMCs) have attracted ever-increasing attentions
in high-temperature aerospace areas due to their low density and the capability of maintaining excellent
mechanical strength and fracture toughness up to 1100 ℃ in air [1–4]. Although, compared to
conventional non-oxide CMC, such as SiC-based materials, oxide-oxide CMC have inferior mechanical
performance, their inherent oxidation resistance gives more advantage on the long-term applications in
the oxidative atmosphere [1].

Generally speaking, three aspects contribute to mechanical performance of CMC. The �rst one is
reinforcement �bers, which play a crucial role in CMC with respect to reinforcement and �aw tolerance.
For oxide-oxide CMC, common �ber species used in the research and industrial areas are continuous
Nextel™ 610 and Nextel™ 720 �bers [2, 4–13]. Nextel™ 610 is a high-purity alumina �ber (> 99% Al2O3)
[14]. Nextel™ 720 is an alumina-mullite �ber (85 wt% Al2O3 and 15 wt% SiO2) with an alumina-mullite
volume fraction ratio of 57:43 [15]. Their �ber tow contains 400 �laments with an average �lament
diameter of 12 µm. Nextel™ 610 has higher tensile strength (3.2 GPa) than Nextel™ 720 (2.1 GPa) at low
and moderately high temperatures (up to approximately 1000 ℃) [16], but the latter possesses better
creep resistance up to 1200 ℃ [9, 17]. Above 1200 ℃, both of Nextel™ 610 and Nextel™ 720 �bers are
subjected to severe degradation of mechanical performance due to the rapid growth of crystalline grains.

The second one is ceramic matrix, which is commonly comprised of alumina, alumina-silica, or alumina-
mullite [9], because that they can be partially sintered below 1200 ℃ and have excellent mechanical
performance. However, it is not easy to uniformly �ll these components into the ceramic �bric and make
them stack closely due to the impediment of ceramic �bers. Also, these components are di�cult to sinter
and achieve good mechanical strength without the aid of pressure below 1200 ℃. Many researches have
been done to solve these problems. Wang and Cheng et al. used diphasic Al2O3-SiO2 sols as the precursor
of aluminosilicate ceramic matrix, which had a good processing ability and a high sintering activity [18,
19]. However, the mechanical performance and high-temperature stability need to be further improved.
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Jiang and Liu et al. used α-Al2O3 with a grain size of 200 nm as the matrix and Nextel™ 610 as the
reinforcement �ber to fabricate CMC, whose �exural strength kept stable at 25-1050 ℃, while
dramatically decreased at 1100–1200 ℃ [5]. Except for the growth of crystallites in �bers, we think that
the shrinkage from the matrix may also be responsible for this result, since nanometer alumina powders
had good sintering ability and could be steadily sintered above 1000 ℃. To resolve the contradiction
between sintering activity and high-temperature stability, Levi and Evan et al. proposed an interesting
route, in which large (~ 1 µm) mullite particles and small alumina particles (~ 200 nm) were used
together. Large particles were packed between and within tows to form a touching, non-shrinking network,
and small particles �tted within the void spaces of this network to form bridges between the larger mullite
particles, as well as between the mullite particles and the �bers [17]. However, it was essential to use
vacuum in�ltration technique to �ll the �ber preform with these particles. For large or thick CMC
materials, defect might occur easily. Another attractive route for the matrix preparation was reaction-
bonding aluminum oxide (RBAO) [20–22], in which metallic aluminum particles was added. The metallic
aluminum particles will be oxidized and expanded during heat treatment in air to form alumina, obviating
the shrinkage of the matrix in the presence of a rigid �ber network. However, special care should be taken
to avoid the moisture during storage and processing, because �ne metallic aluminum particles were
highly active toward water.

In addition to the �ber and matrix, the interface between them also plays a vital role on the mechanical
performance of CMC. Fugitive carbon coating [19], oxide rare-earth orthophosphates coating (REPO4)
[23–25], and porous matrix [26] are common strategies to overcome brittle fracture of CMC. In this study,
in order to simplify the material system, no coating was engineered between �bers and matrix, and a
porous matrix was designed to provide weak interface that was responsible to toughen CMC materials
through debonding, crack de�ection, and pulling out mechanism. We aim to develop an aqueous ceramic
slurry, which could be used to prepare the matrix of high-temperature CMC by the prepreg process, and
adapt to the fabrication of complex shape CMC components. Microstructure evolution and functions of
different alumina components in aqueous slurry will be clari�ed. The preceramic polymer will be used to
strengthen CMC, and its in�uence on mechanical performance of CMC will be systematically
investigated. This study will shed light on the design and realization of the matrix of CMC materials.

2. Experimental

2.1 Materials
Reinforcement �bers used in this work were Nextel 720™ woven in an eight-harness satin weave.
Polyvinyl alcohol (PVA, Mw ≈ 67000) was purchased from Shanghai Aladdin Biochemical Technology
Co. Ltd., China. Micrometer alumina powder (SAO-050E) was obtained from Shandong Sinocera
Functional Material Co., Ltd., China. It had a mean particle size of 1 µm and a BET surface area of 2.49
m2/g. Nanometer alumina powder (TM-DAR) was purchased from Taimei Chemicals Co. Ltd., Japan. It
had a mean particle size of 0.1 µm and a BET surface area of 13.1 m2/g. Alumina sol (Snowchemical
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S&T Co., LTD, China) with a solid content of 20 wt% and a particle size of 10–20 nm was used. The
mullite precursor was provided by the Institute of Chemistry, Chinese Academy of Sciences. It can be
converted to a pure inorganic composition of 85 wt% Al2O3 and 15 wt% SiO2 through thermal pyrolysis in
air, and the conversion yield was 22 wt%.

2.2 Preparation of bulk ceramic samples
The aqueous ceramic slurry was prepared from organic glue, micrometer alumina powder, nanometer
alumina powder (Fig. 1). The organic glue (PVA) content is 3 wt% with respect to the total amount of
alumina components. The solid content of alumina components in the aqueous slurry was 33 wt%. The
percentage of alumina sol in the alumina components was �xed to 25 wt%, and the ratios of micrometer
alumina powder to nanometer alumina powder were tuned as follows: 10:1, 6:1, 4:1, 2:1, 1:2, and 1:10.
The corresponding samples were referred to as M10, M6N1, M4N1, M2N1, M1N2 and N10, respectively.
The samples were mixed by ball milling, and rotational speed and milling time was 600 r/min and 2 h,
respectively. Afterwards, the aqueous slurry was dried, grounded and cold pressed to Φ 11×2 mm cylinder
samples under 10 MPa. The cylinder samples decomposed at 500 ℃ in air for 2 h, and further sintered at
a speci�ed temperature for 2 h. The heating rate from room temperature to the decomposition and
sintering temperature was set as 2 ℃/min.

2.3 Preparation of CMC samples
The Nextel 720™ fabric was cut into 3 cm ⋅ 3 cm pieces, on which the above aqueous slurries were spread
with a brush, followed by drying the pieces in an air-circulating oven at 40 ℃. A hand lay-up process was
employed to fabricate CMC samples. First, dried prepregs were wetted with aqueous slurry, nine pieces of
whom were piled up in a metal mold and hot pressed at 100 ℃. After heat treatment for 1 h, samples
were successively removed from the mold, post cured in a 200 ℃ of oven for 1 h, decomposed at 500 ℃
for 2 h, and pre-sintered at 900 ℃ for 2 h, to obtain a pristine CMC sample with the thickness around 2.1
mm and the �ber volume percentage about 45–48 %.

2.4 Impregnation and sintering of preceramic polymer
The pristine CMC sample was immersed in a cylinder container that was �lled with mullite precursor
solution. Then, the cylinder container was put in an autoclave, followed by maintaining the pressure and
temperature as 2 MPa and 180 ℃ respectively for 2 h, to ensure the complete in�ltration and curing of
the mullite precursor inside the ceramic plate. After cooling down to room temperature, the sample was
successively taken out, dried at 150 ℃, decomposed at 500 ℃, and pre-sintered at 900 ℃. The holding
time for each process was 2 h. The whole procedure including in�ltration, curing, decomposition, and pre-
sintering was repeated several times (Fig. 1). In the last cycle, CMC sample was given a �nal treatment at
1150 ℃ for 2 h.

2.5 Characterization
The density of bulk ceramic samples and CMC samples was calculated according to the weight and
volume of samples. The open porosity was measured on a Mettler-Toledo density kit according to the
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Archimedes’ principle. Three pieces of samples were used in each group to test the average bulk density,
open porosity and linear shrinkage. The microstructure of samples was observed by scanning electron
microscopy (SEM, JSM-7900F, JEOL, Japan). Mechanical properties of CMC samples were measured on
a universal testing machine (AGS-X 1KN, Shimadzu, Japan) using an in-plane three-point bending mode
with a span of 26 mm and a loading rate of 0.5 mm/min. Test specimens were cut into rectangle pieces
(30 mm ⋅ 4 mm ⋅ 2.1 mm) by a diamond wire cutting machine. At least 5 samples per group were tested.

3. Result And Discussion

3.1 Microstructure and sintering behavior of bulk ceramic
samples
Bulk ceramic samples with 3 wt% of organic glue (PVA), 25 wt% of alumina sol, and various ratios of
micrometer alumina powders to nanometer alumina powders were prepared to investigate microstructure
evolution and screen the suitable matrix composition. Bulk density, open porosity, and linear shrinkage of
these samples sintered at different temperature are exhibited in Fig. 2. It can be seen that N10 bulk
samples have the smallest bulk density before heat treatment as well as the highest open porosity when
sintered at 800 ℃. In the same condition, M1N2 and M10 bulk samples have similar bulk density and
open porosity, whereas M2N1, M4N1, and M6N1 bulk samples have the highest bulk density and the
lowest open porosity. These results imply that the alumina components in M2N1, M4N1, and M6N1 bulk
samples stacked more closely. The linear shrinkage of all these samples below 800 ℃ is low, revealing
that these samples were not effectively sintered below 800 ℃. In the temperature range between 800
℃ 1000 ℃, the linear shrinkage of N10 gradually increases, suggesting that N10 samples can be
slightly sintered during this temperature range. Above 1000 ℃, the linear shrinkage of N10 bulk samples
demonstrates a sharp increase, revealing that nanometer alumina powders were effectively sintered.
Correspondingly, its open porosity decreases dramatically, and bulk density increases rapidly. With the
increase of the content of micrometer alumina powders, the change of bulk density, open porosity, and
linear shrinkage gets slower than those of N10 samples, revealing that micrometer alumina powders have
lower sintering activity and higher dimensional stability. The observation (Fig. S1-Fig. S5 in ESM) on
microstructure evolution of bulk ceramic samples after sintering at various temperatures also supports
this opinion. With the increasing temperature, nanometer alumina powders evidently grow and merge into
large particles, whereas micrometer alumina powders remain their original shape up to 1500 ℃.

In sum, nanometer alumina powders have high sintering activity and poor dimensional stability. On the
contrary, micrometer alumina powders possess excellent dimensional stability but lower sintering activity.
The combination of nanometer and micrometer powders can offer the matrix with balanced sintering
activity and dimensional stability. Among these compositions, M4N1 bulk samples demonstrate uniform
distribution of nanometer and micrometer powders (Fig. 3), and possess relatively lower linear shrinkage
and higher bulk density after thermal treatment at 1200 ℃ for 2h, suggesting that M4N1 may be used as
a suitable matrix for CMC.
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3.2 Microstructure and mechanical properties of CMC
Prepregs, prepared from aqueous slurry and Nextel 720™ fabric, were piled up by handcraft and hot
pressed to form green body of CMC. After post curing, thermal decomposition, and pressureless sintering,
CMC samples were obtained. Organic glue in aqueous slurry had twofold function, one was to stabilize
inorganic particles and confer the hand lay-up processing ability, the other was to bind inorganic particles
and ceramic �bers together below 200 ℃; From 200 ℃ on, the organic glue gradually decomposed and
lost binding effect. Alumina sol continued to serve as an inorganic glue through chemical reaction of
hydrogen bonds to avoid interlayer debonding under shrinkage stress; From 1000 ℃ on, alumina sol will
be gradually consumed by alumina powders (Fig. S1-Fig. S5 in ESM). Nanometer alumina powders,
attributed to their high sintering activity, will instead function as a bridge to hold inorganic particles
together and offer CMC with mechanical strength; Micrometer alumina powders formed non-shrinking
network and contributed to the high-temperature stability of CMC, because of their low sintering activity.

To enhance the mechanical performance of CMC, the preceramic polymer of mullite was introduced
through twice impregnation process. Figure 4 shows that these CMC samples, except for N10 CMC
samples, have similar �exural stress-strain curves. Among them, M4N1 CMC samples exhibit the largest
maximum �exural stress value, although the difference with other samples is not so obvious. The �exural
stress of these samples displays a step-wise drop phenomenon after reaching the maximum value,
revealing that a series of events such as debonding between �bers and matrix, crack de�ection, pulling
out of �bers may occur to toughen the CMC. Pores in the matrix and between �bers and matrix may also
have positive effects on toughening the CMC materials, since open porosity is still as high as 28% (Fig. 5)
after two cycles of impregnation process.

3.3 Effects of preceramic polymer
To investigate the in�uence of preceramic polymer on mechanical performance of CMC, 0 5 times of
impregnation process were conducted. The �exural stress-strain curves (Fig. 6a) of CMC samples exhibit
the quasi-plastic behavior without impregnation of preceramic polymer. The maximum �exural stress of
the CMC with one cycle of impregnation process increases from 101 MPa to 156 MPa. When two cycles
of impregnation process are done, a peak value of 255 MPa is reached. However, as shown in Fig. 6b,
extra cycles would cause the slight decrease of maximum �exural stress and shorter plateau beyond the
maximum value. The possible reason is that toughening effects from debonding, crack de�ection, and
pulling out of �bers were diminished, due to the strong binding force between matrix and �bers and
decreasing porosity (Fig. 7), brought by the overdosed preceramic polymer. It can be seen that from Fig. 8,
the length of pulling out �bers becomes shorter as the impregnation cycles increase, suggesting that
brittle fracture was prone to occur, and the toughening effects of ceramic �bers were weakened above
two cycles of impregnation process.

3.4 Evaluation of high-temperature stability
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The stress-strain curves of CMC samples after thermal exposure in air display in Fig. 9. As holding time at
1100 ℃ increases, the maximum �exural stress of CMC samples gets lower, but it still exhibits quasi-
plastic deformation, suggesting the existence of multiple toughening mechanism. After the treatment at
1100 ℃ for 24 h, the strength retention rate is still around 85 %, proving the good high-temperature
stability. As for the reason for slight decrease of mechanical performance, it might be related with the
growth of grains in ceramic �bers, matrix, and ceramic coating from preceramic polymer (Fig. S6 in ESM).
The grain growth will lead to the shrinkage of matrix and interlayer stress, and �nally deteriorate the
mechanical performance of CMC.

Conclusions
In this work, an aqueous ceramic slurry was designed for the preparation of oxide-oxide CMC, which
included organic glue (PVA), alumina sol, micrometer alumina powder, nanometer alumina powder. The
roles of different components were systematically elucidated. The optimized combination (PVA 3 wt%,
alumina sol 25 wt%, M4N1) endowed CMC with good processing ability, high sintering activity and
excellent thermal resistance simultaneously. In addition, the preceramic polymer of mullite was
introduced by multiple impregnation process to enhance the mechanical performance of CMC. It was
clari�ed that the impregnation cycles played an important role on mechanical performance of CMC. Two
cycles can obviously promote the maximum �exural stress of CMC from 100 MPa to 255 MPa. However,
overdosed mullite will cause inferior mechanical performance due to the change of fracture mechanism
from ductile fracture to brittle fracture. In return, it implies us that mechanical performance might be
further improved through proper interface engineering in future work. This study not only provides a facile
and e�cient method to prepare oxide-oxide CMC, but also can deepen our understanding about the
microstructure evolution and functions of different alumina sources as the matrix of CMC.
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Figures

Figure 1

Design concept and route of the matrix in CMC.
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Figure 2

Effects of sintering temperature on the properties of bulk ceramic samples: (a) Bulk density, (b) Open
porosity, (c) Linear shrinkage.
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Figure 3

Cross-sectional SEM images of bulk ceramic samples sintered at 1200℃ for 2h.
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Figure 4

(a) Flexural stress-strain curves and (b) Maximum �exural stress of CMC with different compositions
after two cycles of impregnation of preceramic polymer.
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Figure 5

Open porosity and bulk density of CMC with different compositions.
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Figure 6

(a) Flexural stress-strain curves and (b) Maximum �exural stress of M4N1 CMC samples with different
impregnation cycles of preceramic polymer.
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Figure 7

Open porosity and bulk density of M4N1 CMC samples with different impregnation cycles of preceramic
polymer.
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Figure 8

Cross-sectional SEM images of M4N1 CMC samples with different impregnation cycles of preceramic
polymer: (a) None impregnation, (b) One impregnation, (c) Two impregnation cycles, (d) Three
impregnation cycles, (e) Four impregnation cycles, (f) Five impregnation cycles.
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Figure 9

Effect of thermal exposure on the ambient mechanical properties of M4N1 CMC after two impregnation
cycles of preceramic polymer: (a) Flexural stress-strain curves and (b) Flexural strength retention.
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