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bstract

ontinuous carbon fiber reinforced lithium aluminosilicate glass–ceramic matrix composites have been fabricated by sol–gel process and hot
ressing technique. The results show that the Cf/�-eucryptite composites hot pressed at 1300 ◦C and Cf/�-spodumene composites hot pressed
t 1400 ◦C form weak interface with brick pattern characteristics, leading to high mechanical performance. The maximum flexural strength and
racture toughness reach 571 ± 32 MPa and 9.8 ± 0.6 MPa m1/2 for Cf/�-eucryptite composites and 640 ± 72 MPa and 19.9 ± 1.8 MPa m1/2 for
f/�-spodumene composites. On increasing the hot pressing temperature, the active chemical diffusion consumes brick pattern interface layer,

hich leads to the formation of strong bonding between carbon fiber and the matrix. As a result, the composites exhibit brittle fracture behavior

nd the mechanical properties decrease significantly.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Lithium aluminosilicate (LAS) glass–ceramics, one of the
ost important glass–ceramics systems, has been extensively

nvestigated over the past several years owing to its ultra-low or
ven negative coefficient of thermal expansion (CTE) as well as
he excellent electrical properties.1–4

The applications of lithium aluminosilicate glass–ceramics
s high performance materials are severely hindered by their
rittle nature. Numerous attempts have been made to improve
he toughness of these materials by incorporating fibers or
hiskers.5–9 Compared with the monolithic LAS matrix, carbon
ber (Cf) reinforced glass matrix composites have demon-
trated a wide range of attributes including high strength, high

tiffness, excellent toughness, low density and unique wear
esistance for structural application.10–13 Moreover, the axial
TE of carbon fibers is nearly zero, which makes them suit-
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ble reinforcements in fabricating composites with zero CTE
n one dimension. Therefore, Cf/LAS composites can be uti-
ized as ultrastable materials that are required in a wide range
f precision devices and instrument equipment in high-tech
ystems in microelectronics or optical precision applications,
uch as ring-laser gyroscope and optically stable platform.
f/LAS composites with high flexural strength and fracture

oughness can also be used as substitutions of structural
aterials, where low or even negative thermal expansion is nec-

ssary, such as ZrW2O8
14,15 and lithium aluminosilicate16–18

eramics.
Densification of the ceramic matrix and control of the inter-

ace between the fiber and the matrix are vital in the production
f composites with high mechanical performance.19,20 Con-
entionally, continuous fiber reinforced lithium aluminosilicate
lass–ceramics matrix composites have been fabricated mainly
y slurry infiltration method, where the lithium aluminosilicate
lass–ceramics matrix was produced by melting the mixture of

i2O, Al2O3, SiO2, TiO2 and ZrO2 powders. However, pro-
essing temperature that are as high as 1600 ◦C and a lengthy
intering time over 4 h are needed to obtain homogeneous LAS
lass monolithic.21–26

dx.doi.org/10.1016/j.jeurceramsoc.2011.08.021
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Table 1
Typical properties of carbon fiber.

Diameter
(�m)

Density
(g/cm3)

Tensile modulus
(GPa)

Tensile
strength (MPa)
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the frame were carefully cut in the middle. The tests were dis-
-8 1.78 200–260 3500

A lower crystallization temperature of 800 ◦C can be achieved
y molecular-scale mixing of alkoxide precursors.27,28 Zhien
t al.29 prepared Cf/LAS composites using LAS sol infiltration
nd hot pressing method. LAS sol were synthesized by mixing
etraethoxysilane, titanium butoxide and Li, Mg, Al (and Zn)
norganic salts. Nevertheless, it is difficult to control hydrolysis
nd polymerization of different metal alkoxides due to their dif-
erent hydrolysis rates. As a result, obtaining the sol with ideal
iscous, which is a key factor in preparation of LAS composites
y sol–gel route, is difficult to accomplish. In addition, different
ydrolysis rates of individual alkoxides may result in chemical
nhomogeneity that leads to higher crystalline temperature or to
he formation of undesired crystalline phases.30,31

The fiber–matrix interface crucially determines the final
roperties of composite materials. For this reason, the
ber–matrix interface has been the subject of numerous investi-
ations and attempts at optimization. However, most of studies
ocused on the interface of Nicalon SiC fiber reinforced ceram-
cs matrix composites.32–36 There is little investigation on the
nterface characters of carbon fiber reinforced glass ceramics.

In this paper, an improved sol–gel technique for the fabri-
ation of 1D Cf/LAS composites is described. The resultant
ithium aluminosilicate sols have controllable viscosities and
he problem that different hydrolysis rates of metal alkoxides
as been resolved in this system. The matrices were �-eucryptite
nd �-spodumene. The microstructures of the composites were
haracterized by X-ray diffraction (XRD) and scanning elec-
ron microscopy (SEM). The fiber–matrix interfaces of the
omposites were examined by high resolution transmission elec-
ron microscopy (HRTEM). The thermal stability of Cf/LAS
omposites was characterized by DTA–TG. The relationship
etween microstructure and mechanical properties of the com-
osites was discussed in detail.

. Experimental procedure

.1. Preparation of composite

The carbon fibers used in this study (Guangwei Industries,
nc. China) have a diameter of 6–8 �m, and its properties are
ummarized in Table 1. LAS sol in the form of �-eucryptite
Li2O–Al2O3–2SiO2) and �-spodumene (Li2O–Al2O3–4SiO2)
ere synthesized following a sol–gel method by starting with
ixing boehmite sol, silica sol and lithium salt, using deion-

zed water as media. The slurry was prepared by adding methyl
ellulose into the LAS sol. The prepreg was prepared by infil-

rating the continuous carbon fiber into the as-prepared slurry
nd drying. Unidirectional carbon fiber reinforced lithium alu-
inosilicate glass ceramics matrix (1D-Cf/LAS) composites

p
a
t

eramic Society 32 (2012) 409–418

ere prepared by stacking the prepreg into a graphite mould
nd hot-pressing with 10 MPa at different temperatures under
acuum condition. The content of carbon fiber was approxi-
ately 35–40 vol.%. The prepared composites were denoted

s Cf/LAS2 and Cf/LAS4, corresponding to �-eucryptite and
-spodumene matrix respectively.

.2. Evaluation of mechanical properties

Bulk densities of the samples were measured with deionized
ater as immersion medium according to the Archimedes princi-
le. The flexural strength was measured by three-point-bending
ests on 3 mm × 4 mm × 36 mm bars at a cross-head speed of
.5 mm min−1 and a span of 30 mm. The value of the flexural
trength was calculated as:

f = 3PL

2bd2 (1)

here P is the maximum applied load, b is the width, d is the
pecimen thickness, and L is the span of the bending specimen.
ingle-edge-notched-beam (SENB) test was used to assess the
racture toughness with a cross-head of 0.05 mm min−1 and a
pan of 20 mm. The samples were 2 mm × 4 mm × 20 mm with
notch depth to sample thickness ratio of 0.5, and the notch was
ade in the plane normal to the fiber layers.

.3. Characterization of microstructures

The microstructure observation and composition analysis
ere carried out in transmission electron microscope (TEM,

EM-2010, Jeol, Japan) equipped with energy-dispersive X-
ay spectrometer (EDX). In addition, the fracture surfaces of
he samples were observed by a scanning electron microscopy
SEM, Vega II, Tescan, Czech), and the phases in the sam-
les were identified by X-ray diffractometer (XRD, D/max-�B,
igaku, Japan).

The crystal morphologies and crystal size of Cf/LAS com-
osites were analyzed by SEM. Polished specimens were etched
n 5 vol.% HF solution for 60 s. The major crystal phase was
bserved because glass phase was dissolved in HF solution.

.4. Residual tensile strength of carbon fibers

The carbon fibers in the Cf/LAS composites sintered at dif-
erent temperatures were obtained by immersing the composites
nto 40 vol.% HF solutions for 48 h, where the lithium alumi-
osilicate matrix dissolved into the HF solutions and the carbon
bers exposed. Single fibers were manually separated from fiber
undles and glued onto a paper frame. Tension tests were car-
ied out on an electromechanical tensile machine equipped with
echanical grips. During mounting, the specimens were han-

led only by the paper frame. Upon clamping of the ends of
he paper frame by grips of the test machine, both sides of
lacement controlled with the loading rate of 1 mm min−1 and
gauge length of 20 mm. Fig. 1 shows tensile specimens and

heir loading modes of the carbon fiber. To avoid any damage to
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Fig. 1. Diagram of tensile specimen.

he individual fiber before tensile tests, supporting paperboards
ere used to one side of the tensile specimens and were removed

ust before tensile tests.

.5. DTA–TG analysis

To obtain an overview of mass loss of the Cf/LAS com-
osites, DTA–TG analysis was performed using a calorimeter
Netzsch STA 404) with Al2O3 crucibles in air. The samples
ere heated from room temperature to 1200 ◦C at a heating rate
f 10 ◦C min−1.

. Results

.1. Densification and crystallization behavior

The sintered densities (as a percentage of the theoretical den-
ities) of the Cf/LAS composites are reported in Table 2. The
elative densities of the composites are in the range of 94–97%.
ence, the composites could achieve good sintering densities at
odest hot-pressing temperatures by using the processing route

eveloped in this study.
To study the crystallization behavior, XRD patterns of

f/LAS2 and Cf/LAS4 hot pressed at different temperatures
re shown in Fig. 2. For the samples Cf/LAS2 and Cf/LAS4,
-eucryptite and �-spodumene appear as the only phase, respec-

ively, and no other phases could be identified. For the composite
owders sintered at 1350 ◦C for 24 h, the diffraction peaks from
-eucryptite and �-spodumene are sharp and no anomalous
ntensity changes could be observed for the strongest peaks
1 0 1) for �-eucryptite and (2 0 1) for �-spodumene. Therefore,
he intensity of the strongest peaks of the composite powders

�
t
p

able 2
intered densities, crystal size and relative crystallinity of Cf/LAS composites hot pr

aterials Hot pressing
temperature (◦C)

Relative
density (%)

f/LAS2 1250 91
1350 95
1400 95

f/LAS4 1350 97
1400 96
1450 96
ig. 2. XRD spectra of: (a) Cf/LAS2 and (b) Cf/LAS4 hot pressed at different
emperatures.

intered at 1350 ◦C for 24 h can be taken as a standard for
omparing the relative crystallinity. The calculated amount of
-eucryptite and �-spodumene phases in the sintered bodies is
etermined by the integrated intensity of the strongest peak of
he �-eucryptite and �-spodumene phases with a standard.37 It
ndicates that no obvious increase of the relative crystallinity of

-eucryptite and �-spodumene occurs with increasing the sin-

ering temperature, implying the near completion of crystalline
rocess under such hot pressing conditions (Table 2).

essed at different temperatures.

Average crystal
size (�m)

Relative crystallinity (%)

0.5–2 80
– 76

1–2 88

1–2 56
– 49

1–2 62
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a) 1250 ◦C, (b) 1400 ◦C and Cf/LAS4 hot pressed at (c) 1350 ◦C, (d) 1450 ◦C.
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Fig. 3. SEM micrographs of etched surfaces of Cf/LAS2 hot pressed at: (

The size and morphology of �-eucryptite and �-spodumene
rystals have no obvious change as the sintering temperature
ncreased. The etched microstructures are composed of uniform
nd equiaxed crystal grains with a mean particle size of 1–2 �m
Fig. 3).

.2. Flexural strength and fracture toughness

The mechanical properties of Cf/LAS2 composites are shown
n Fig. 4a. Both the flexural strength and the fracture toughness
ncrease with increasing temperature from 1250 ◦C to 1300 ◦C.
he flexural strength and fracture toughness of Cf/LAS2 com-
osites reach 571 ± 32 MPa and 9.8 ± 0.6 MPa m1/2. On further
ncreasing the sintering temperatures, the strength and tough-
ess decrease. Especially for the sample of Cf/LAS2 hot pressed
t 1400 ◦C, the strength and fracture toughness decrease dras-
ically. As for the Cf/LAS4 composites, the flexural strength
nd fracture toughness have similar trend as the hot pressing
emperature increases, reaching a maximum of 640 ± 72 MPa
nd 19.9 ± 1.8 MPa m1/2 for sample hot pressed at 1400 ◦C,
s compared to only 248 ± 44 MPa and 6.3 ± 1.0 MPa m1/2 for
f/LAS4 composite hot pressed at 1450 ◦C (Fig. 4b) respec-

ively.
.3. Morphologies of fractured surfaces

Fig. 5 shows fracture surface morphology of Cf/LAS com-
osites hot-pressed at different temperatures. For the Cf/LAS2

Fig. 4. Mechanical properties of: (a) Cf/LAS2 and (b) Cf/LAS4 composites as
a function of hot pressing temperature.
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Fig. 5. Magnified micrographs of fracture surface of Cf/LAS2 hot pressed a

omposite hot-pressed at 1300 ◦C and Cf/LAS4 composite hot-
ressed at 1400 ◦C, large fiber pull-out is observed on the
racture surface (Fig. 5a and c). This indicates that the rein-
orcing effect of Cf is significant and the continuous fibers
lay an important role in carrying the load. Fiber pull-out
s also found on the fracture surface of Cf/LAS2 compos-
tes hot-pressed at 1400 ◦C, however, the pull-out length is far
horter than that of Cf/LAS2 composites hot-pressed at 1300 ◦C
nd Cf/LAS4 composites hot-pressed at 1400 ◦C (Fig. 5b).
or Cf/LAS4 composites hot-pressed at 1450 ◦C, the fracture
urface is very flat and no fiber pull-out could be observed
Fig. 5d).

.4. Interface characterization

HRTEM observations of the fiber/matrix interface reveal that
ifferent interfaces form at different hot pressing temperatures.
or the Cf/LAS2 hot pressed at 1300 ◦C and Cf/LAS4 hot
ressed at 1400 ◦C, the continuous interface demonstrates brick
attern characteristics at low magnification (Figs. 6a and 7a). At
igh magnification, very small cracks can be seen between the
rick pattern. SAED results suggest that the interface exhibits
typical turbostratic structure, where the aromatic planes align

ithin a little angle of the fiber axis (Figs. 6b and 7b). The

imilar interfacial structures were also founded in the SiC/LAS
omposite, in which turbostratic carbon layer formed between
ransition layer and matrix.38,39 The chemical composition

b
e
o

1300 ◦C, (b) 1400 ◦C and Cf/LAS4 hot pressed at (c) 1400 ◦C, (d) 1450 ◦C.

f interface of Cf/LAS2 hot pressed at 1300 ◦C has been
etermined by local EDX analysis. The result shows that the
nterfacial layer is enriched by carbon and some amount of O and
i (Fig. 6e).

For the Cf/LAS2 hot pressed at 1400 ◦C and Cf/LAS4 hot
ressed at 1450 ◦C, the interfaces of the longitudinal section of
bers are sharp and regular, in comparison to that of the sam-
les hot pressed at 1300 ◦C and 1400 ◦C (Figs. 6c and 7c). At
igh magnification, the surface is wavy, with amplitude which
eaches 10 nanometers or so. The SAED pattern of the inter-
ace is obtained in the fiber periphery area. The continuous
ing pattern is the characteristic of equiaxed {0 0 0 2} carbon
lanes (Fig. 7d). The EDX results show that aluminium, silicon
nd oxygen from the matrix have diffused into fibers and some
mount of carbon also escape from fibers and diffuse into the
eighboring matrix (Fig. 8).

.5. Thermal stability

Thermal stability of Cf composites is necessary for many
pplications. A TG curve of Cf/LAS composites is shown in
ig. 9a. A sudden drop in the mass of the samples indicates car-
on fibers start to be oxidized at 600 ◦C in air, corresponding to
n exothermic peak (Fig. 9b). The oxidization of carbon fibers

reaks down the fiber structure. Inevitably, the mechanical prop-
rties degrade when the Cf/LAS composites are used at 600 ◦C
r higher.
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F 1400 ◦
a n Fig
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ig. 6. TEM micrograph of Cf/LAS2 composite hot pressed at (a) 1300 ◦C, (c)
nd (c) photographs; (e) EDX of the interfacial layer between fiber and matrix i

. Discussion

.1. The formation of interface
TEM studies have revealed a carbon-rich layer with brick
attern microstructure in the composites hot pressed at relative

i
c
o

C; (b) and (d) corresponding to high resolution micrographs of interface of (a)
. 4a.

ower temperatures. Despite of a large amount of carbon, trace
mount of O and Si are also found in the interface area under
uch hot pressing condition. Cooper and Chyung et al.40 stud-

ed the interfacial layer formation in SiC/LAS and SiC/CAS
omposites. They reported that a carbon-rich reaction layer was
bserved in all composites. The carbon layer is limited by the
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Fig. 7. TEM micrograph of Cf/LAS4 composite hot pressed at (a) 1400 ◦C, (c) 1450 ◦C. (b) and (d) corresponding to high resolution micrographs of interface of (a)
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nd (c) photographs.

iffusion of silica from the fiber to the matrix. In the present
tudy, the activities of Li, O, Al and Si also play an important
ole in control of the interface formation. The diffusion of Li,
, Al and Si from matrix to carbon fiber is attributed to the gra-
ient between the carbon fibers and LAS matrix. The carbon
ber is categorized into the large family of turbostratic carbons,
here some basic structural unit organizes in microfibrils along

he fiber axis at the fiber surface.41 The intrusive Li, O, Al and
i react with carbon in the carbon fiber, leading to the break-
own of the microfibrils. The reaction of C and O also causes
he formation of microcrack in the interfacial layer (Fig. 6b).
s a consequence, the discontinuous microfibrils demonstrate
rick pattern characteristics.

The diffusion of Li, O, Al and Si accelerate with the increase
f the hot pressing temperature. At relatively high tempera-
ures, such as 1400 ◦C for Cf/LAS2 and 1450 ◦C for Cf/LAS4,
ufficient Li, O, Al and Si diffuse into the carbon fiber and

he microfibrils are decomposed totally. Carbon of decomposed

icrofibrils reacts with oxygen and the resultants flee during the
intering process. The residual carbon diffuses into matrix. This
nterdiffusion process leads to the formation of strong interface.

l
b
c

It has been evidenced that low-aromaticity carbon species
re preferentially attacked by molten lithium/sodium nitrate.42

onsidering this conclusion, the phenomenon that brick-pattern
nterface of Cf/LAS4 occurs at higher temperature compared
ith that of Cf/LAS2 is due to the lower lithium concentration
f the Cf/LAS4.

The residual tensile strength of carbon fibers is 1710 MPa
or Cf/LAS2 hot pressed at 1400 ◦C, decreased significantly
ompared with 2715 MPa for Cf/LAS2 hot pressed at 1250 ◦C
Fig. 10). This experimental data support the EDX results that
he elements of matrix Cf/LAS2 hot pressed at 1400 ◦C invade
nto fibers severely, leading to the reduction of carbon tensile
trength and formation of strong interface. Similar results are
lso observed in the Cf/LAS4 composites.

.2. The effect of thermal mismatch
Thermal mismatch in continuous carbon fiber reinforced
ithium aluminosilicate glass ceramics matrix composites should
e considered both from the radial and axial directions because
arbon fibers exhibit anisotropic thermal properties. The radial
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Fig. 8. EDX spectra of Cf/LAS2 composite hot pressed 1400 ◦C taken: (a) at
the fiber surface (at 100 nm from the interface); (b) in the interface; (c) at the
m
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Fig. 9. (a) TG curves of Cf/LAS2 hot pressed at (1) 1250 ◦C, (2) 1400 ◦C and
C ◦ ◦
C
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atrix near the interface.

hermal expansion coefficient of carbon fibers between room
emperature and 900 ◦C is about 8 × 10−6 ◦C−1,43 which is
arger than that of the �-eucryptite (−64 to −86 × 10−7 ◦C−1)
nd �-spodumene (+9–12 × 10−7 ◦C−1) matrix.44,45 The matri-
es are subjected compressive stress, which is beneficial to the
ormation of weak interfacial bonding. On the other hand, the
xial CTE of carbon fibers is approximately zero due to the spe-
ific orientation of graphite grain. Consequently, �-spodumene
atrix of Cf/LAS4 is subjected less residual thermal stress than

hat of �-eucryptite matrix of Cf/LAS2 since the �-spodumene
hase has similar CTE with the axial of carbon fibers. This
ould be responsible for the higher mechanical performance

f Cf/LAS4 than that of Cf/LAS2 in certain temperature
ange.

d
c
t

f/LAS4 hot pressed at (3) 1350 C, (4) 1450 C and (b) DTA–TG curves of
f/LAS4 hot pressed at 1350 ◦C.

.3. Relationship between interface and mechanical
roperties

The toughening effect of fibers in a ceramic matrix compos-
te depends both on the nature of the interface between fibers
nd matrix and on the retained strength of the fibers after hot
ressing.46–48 The nature of the interface is governed by the pro-
essing conditions as well as the starting materials for the matrix
nd the type of reinforcing fibers. These factors can significantly
ffect the interfacial strength and may lead to the formation of
he preferred state of a relatively weak interface.36,49

The SAED results show that the interfaces of Cf/LAS2 hot
ressed at 1300 ◦C and Cf/LAS4 hot pressed at 1400 ◦C have
urbostratic structures. The brick pattern structure acts as a

echanical fuse, which promotes crack deflection and interface
liding. As for the crack deflection, the interfacial part exhibits
icrocrack morphology, where the discontinuous microfibrils

lign long the fiber axis. Such a structure is very suitable to
romote crack branching on the disclinations as well as crack

eflection. Another beneficial point to enhance the mechani-
al properties is that the brick pattern structure can promote
he interface sliding. When submitted to overload stresses, the



L. Xia et al. / Journal of the European Ce

F
p

c
b
n
d
T
5
a
p
r
s
a
m
K
f
s
f
f
t
S
i
T
t
c
i
a
r
i
p
o
e
T
o
0
i
a

a

c
fi
p
o
e

5

p
f
d
a
o
p
i
C
f
c
c
p
b
b

A

d
N
a
N

R

ig. 10. Residual flexural strength of carbon fibers of Cf/LAS composites hot
ressed at different temperatures.

arbon fiber can debond from the matrix easily due to the
rick pattern structure of the interface. The fracture tough-
ess increases because the fracture energy can be absorbed
uring the process of crack splitting and crack deflection.
he maximum flexural strength and fracture toughness reach
71 ± 32 MPa and 9.8 ± 0.6 MPa m1/2 for Cf/LAS2 composites
nd 640 ± 72 MPa and 19.9 ± 1.8 MPa m1/2 for Cf/LAS4 com-
osites, respectively. Shin et al.50 prepared Nicalon-SiC fibers
einforced (35 vol.%) LAS glass–ceramics composites by a
lurry infiltration and hot pressing method. The ultimate strength
nd elastic modulus of the as-fabricated composites, as deter-
ined by four-point flexural tests, are 550 MPa and 130 GPa.
im et al.9 studied the mechanical properties of SiC fibers rein-

orced (35 vol.%) LAS glass–ceramics composites fabricated by
ol–gel method. They found that the fracture toughness increases
rom 11 MPa m1/2 for the undoped composite to 16 MPa m1/2

or the 5 wt% doped composites. Prewo51 investigated room
emperature and high temperature mechanical properties of
iC fibers reinforced (35 vol.%) LAS glass–ceramics compos-

tes prepared by slurry infiltration and hot pressing method.
he ultimate tensile strength at 22 ◦C was nearly 700 MPa and

he failure strain was 1%. Zhien29 studied the effect of fiber
ontent, hot pressing temperature and pressure on the mechan-
cal properties of Cf/LAS composites. The flexural strength
nd fracture toughness approach 646 MPa and 20.1 MPa m1/2

espectively. Although SiC fibers and carbon fibers have sim-
lar tensile strength, it is difficult to compare the mechanical
roperties in this study with others due to the different test meth-
ds and experimental parameters. The flexural strength of Shin
t al.’s specimens was measured using four-point flexural test.
he size of specimens was 1.7 mm × 3 mm × 60 mm. The span
f the testing apparatus of 15 mm, and a crosshead speed of
.5 mm min−1 was used. In the current study, however, the spec-
mens were 3 mm × 4 mm × 36 mm, with a span of 30 mm and

crosshead speed of 0.5 mm min−1.

For Cf/LAS2 hot pressed at 1400 ◦C and Cf/LAS4 hot pressed
t 1450 ◦C, brick pattern structure is consumed during active
ramic Society 32 (2012) 409–418 417

hemical diffusion process, leading to the formation of strong
ber/matrix interfacial bonding. Therefore, with increasing hot
ressing temperature, the fiber pull-out length becomes shorter,
r even no fiber pull-out is observed. As a result, the composite
xhibits brittle fracture behavior.

. Conclusions

Uni-Cf/LAS composites were prepared by sol–gel and hot-
ressing method. A flexural strength of 571 ± 32 MPa and
racture toughness of 9.8 ± 0.6 MPa m1/2 parallel to the fiber
irection for the uni-Cf/LAS2 composite hot-pressed at 1300 ◦C
nd flexural strength of 640 ± 72 MPa and fracture toughness
f 19.9 ± 1.8 MPa m1/2 for the uni-Cf/LAS4 composite hot-
ressed at 1400 ◦C are attributed to the fiber pull-out. The thin
nterfacial layer with brick pattern charateristics of Cf/LAS2 and
f/LAS4 hot pressed at lower temperatures acts as a mechanical

use with very low interfacial debonding energy values, so the
omposite exhibited “toughness” behavior. But for the Cf/LAS2
omposite hot-pressed at 1400 ◦C and Cf/LAS4 composite hot-
ressed at 1450 ◦C, the chemical bond results in strong interface
etween fiber and matrix, so the composites show “brittle”
ehavior.
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