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Abstract Unidirectional carbon fiber-reinforced (SiC ?

ZrB2) matrix mini-composites were prepared by soft

solution route. In this process, the matrix materials were

prepared using water-soluble precursors of colloidal silica,

sucrose, zirconium oxychloride, and boric acid as sources

of silica, carbon, zirconia, and boron oxide respectively.

The room temperature mechanical properties were inves-

tigated and the fracture features of the composites were

examined. Tensile strength of 269 ± 36 MPa and fracture

energy of 0.38 ± 0.05 MJ/m3 for the mini-composite,

carbothermally reduced at 1,600 �C were attributed to the

fiber pull out. In spite of a composite failure mode, the

composite carbothermally reduced at 1,700 �C exhibited

lower mechanical properties. It showed that carbon fibers

reacted with ZrO2 to form ZrC phase at 1,700 �C, formed

chemical bonding, and led to a strong interface between

fibers and matrix, which resulted in the degradation of

mechanical properties of the mini-composites. The XRD

and SEM investigations of the powders and the mini-

composites revealed phase formation whereas cross-sec-

tional microstructure indicated the uniform distribution of

fibers within the matrix.

Introduction

Continuous carbon-fiber-reinforced SiC matrix composites

(Cf–SiC) are promising structural candidates for advanced

applications, such as heat shields and structural compo-

nents for re-entry space vehicles, high-performance brake

discs, and ultra-high temperature heat exchanger tubes, due

to their potential for providing excellent mechanical

properties at high temperatures [1]. In order to improve the

mechanical properties as well as oxidation resistance of Cf–

SiC composites at elevated temperatures, zirconium-based

ceramics have demonstrated a wide range of attributes [2,

3]. Particularly, zirconium diboride (ZrB2) is a material of

interest because of the excellent and unique combination of

high melting point (3,050 �C), high electrical and thermal

conductivity (*60 W/mK2), good thermal shock resis-

tance, high strength (565 MPa), and excellent resistance to

chemical attack [4, 5]. SiC ? ZrB2 ceramics, of suitable

composition are known to have better combination of

strength and oxidation resistance, than monolithic ZrB2.

Addition of ZrB2 enhances the oxidation resistance of SiC

by promoting the formation of a protective borosilicate

glass layer. SiC ? ZrB2 ceramic composites have thus

become viable candidates for various ultra-high tempera-

ture aerospace applications [6].

Several processing methods, such as chemical vapor

infiltration (CVI), polymer impregnation and pyrolysis

(PIP), sol–gel, slurry infiltration followed by hot pressing,

and in situ chemical reaction techniques, have been

employed for fabricating continuous fiber-reinforced cera-

mic composites [7–9]. Each processing method has its

advantages and disadvantages pertaining to reproducibility,

cost, and performance of the composite. New processing

techniques are desirable to meet the demands of high

performance and low cost. The soft-solution approach
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using low-cost materials such as colloidal silica, zirconium

oxychloride, boric acid, and sucrose. The processing con-

ditions are so selected as to promote nanometer-scale

mixing of different phases which can subsequently produce

homogeneous ceramic powders as well as composites with

any selected reinforcement; the matrix is formed in situ.

The present method to synthesize mini-composites is

simple and economical compared to the generally used sol–

gel methods; it is a quite environmental-friendly approach,

as it involves neither extremely low or high temperatures,

nor toxic reagents [10, 11].

Synthesis of SiC ? ZrB2 composite powders requires

selection of carbothermal reduction temperature and

studying the phase formation. Unidirectional carbon-fiber-

reinforced (SiC ? ZrB2) matrix composites are prepared

by soft-solution approach by impregnating the solution

phase into a carbon fiber tow, drying, converting sucrose

into carbon phase, and finally reducing oxides with carbon

to form silicon carbide and zirconium diboride. Processing,

microstructure and mechanical properties of the mini-

composites are mainly studied.

Experimental procedure

Carbon fiber tow was of T-300 grade (fiber vol%, 45) with

12,000 filaments in a tow; the filament diameter was about

6 lm. Commercial colloidal silica (SiO2, 40 wt%, Bee

Chem. Chemicals Company, Kanpur, India), boric acid

(H3BO3, AR, Qualigens Fine Chemicals, India), zirconium

oxychloride (ZrOCl2 � 8H2O, AR, Loba Chemicals, India),

and sucrose (C12H22O11, AR, Qualigens Fine Chemicals,

India) were used as source materials for silica (SiO2),

boron oxide (B2O3), zirconium dioxide (ZrO2), and carbon,

respectively, to prepare the powders as well as the mini-

composites. SiC ? ZrB2 matrix forms by the carbothermal

reduction of silica and (zirconia ? boron oxide) at high

temperatures. The precursor solutions with varying

amounts of colloidal silica, sucrose, boric acid, and zirco-

nium oxychloride were prepared. The amounts of the

ingredients were calculated considering the following

stoichiometric reactions involved for the preparation of

mini-composites consisting of SiC ? ZrB2 as the matrix.

C12H22O11 ! 12Cþ 11H2O " ð1Þ
2H3BO3 ! B2O3 þ 3H2O " ð2Þ
ZrOCl2 � 8H2O! ZrO2 þ 2HCl " þ7H2O " ð3Þ
SiO2 þ 3C! SiCþ 2CO " ð4Þ
ZrO2 þ B2O3 þ 5C! ZrB2 þ 5CO " ð5Þ

The amounts of the ingredients are usually expressed in

terms of molarity (a measure of concentration of a solution

in number of moles of the solute per liter of solution).

Typical calculations for the amounts of raw materials in

molarities (mol/L, M) required for the preparation are

summarized in Table 1. The precursor powders were pre-

pared using the following three major steps: (1) the pre-

pared precursor solutions were first dried at room

temperature for at least 2 days, and then dried at 65 ± 5 �C

for 12 h (2) the dried powders were ground and carbonized

at 500 �C in argon atmosphere to convert sucrose into

carbon, and finally (3) the carbonized powders were heated

at 1,600 �C in argon atmosphere to reduce silica to SiC and

ZrO2 ? B2O3 ? C to ZrB2 by the carbothermal reduction.

Initially, thermogravimetric analyses (Setsys 24 TG-DTA

thermal analyser SETARAM, France) of dried green pre-

cursor powders were carried out to study mass change with

temperature for evaluation of the carbothermal reduction

temperature.

The desired nominal compositions of the mini-com-

posites were SiC: 5 wt% ZrB2, SiC: 10 wt% ZrB2, SiC: 15

wt% ZrB2, and SiC: 20 wt% ZrB2. Initially, carbon fiber

tow was washed with acetone to remove surface impurities

and sizing. Then the fiber tows were vacuum impregnated

with precursor solutions of (SiC ? ZrB2) as presented in

Table 1. Impregnated tows were dried carefully at room

temperature and at 60–70 �C for 12 h. Dried tows were

carbonized at 500 �C under argon atmosphere for 1 h for

converting sucrose into carbon. Evaporation of bonded

water of zirconium oxychloride and decomposition of boric

acid also occur during carbonization of sucrose. These

steps were repeated for 5–6 cycles (further cycles were not

required after completion of six cycles due to the rapidly

decreasing effectiveness of further impregnation). After the

desired impregnation/carbonization cycles, green compos-

ites were carbothermally reduced at 1,600 �C and 1,700 �C

Table 1 Amounts of the raw

materials used for preparing the

mini-composites, in moles

Composition (wt%) Colloidal

silica (M)

Sucrose (M) ZrOCl2 � 8H2O (M) Boricacid (M)

SiC ? 5% ZrB2 2.37 0.86 0.044 0.09

SiC ? 10% ZrB2 2.25 0.84 0.089 0.18

SiC ? 15% ZrB2 2.12 0.82 0.130 0.27

SiC ? 20% ZrB2 1.99 0.80 0.180 0.35
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for 3 h under flowing argon to obtain the (SiC ? ZrB2)

matrix. Flow sheet for the employed process is shown in

Fig. 1.

Bulk densities and open porosity of the samples were

determined by the Archimedes displacement method, and

the estimation of theoretical density was based on the rule of

mixture. The obtained products in powder form as well as the

prepared mini-composites were subjected to X-ray diffrac-

tion (Philips Model No. PW 320) to identify the phases

formed and to determine the crystallite size of the individual

phases. It was difficult to prepare cross-sectional polished

samples from the mini-composites. It was possible to view

the microstructure of the composites by filling the porosity

with a low-viscosity resin. Environmental scanning electron

microscopy (ESEM, FEI, and QUANTA 400, Netherlands)

was used to study the microstructure of the mini-composites.

In the mini-composite approach, single tows were

impregnated along the fiber direction to get the composite.

One of the benefits with the mini-composite approach was

the better utilization of the expensive fiber material. The

mini-tow composite samples can be stressed in uniaxial

direction in tension, which gives more appropriate data,

compared to flexure testing [12, 13]. Tensile tests were

conducted using a servo-hydraulic testing machine (Model

8801; Instron Corp., UK) at room temperature under a dis-

placement rate of 0.5 mm/min using 1 kN load cell. For each

type of mini-composite, 10 tensile tests were carried out on

specimens having constant gauge length and assuming that

each mini-composite is having constant cross-sectional area

(i.e., width = 0.657 mm, thickness = 0.657 mm, and

area = 0.43 mm2). Specimens were prepared with a gauge

length of 50 mm and using paper tabs with a suitable adhe-

sive for gripping according to the procedure outlined for

mini-composites at room temperature by Naslain et al. [14].

Once the mini-composite sample was mounted on the

machine, the cardboard tab supporting the composite was

cut, and testing was carried out assuming constant cross-

sectional area for each mini-composite. Weibull statistical

analysis of the tensile data was carried out to get an idea of

the scatter in the data [15]. The average values of tensile

strength and fracture energy obtained from the area under the

tensile curves were calculated from 10 specimens for each

composition.

Results and discussion

Thermal analysis (TG, DTG and DTA) curves for ZrB2

green powder are shown in Fig. 2. The TG curve shows

that mass loss begins at lower temperature and continues

up to 1,200 �C, rapid mass loss occurs between 1,200 �C

and 1,527 �C, and beyond 1,527 �C mass loss is negligible.

The considerable mass loss (*5%) and its corresponding

inflection at 500 �C in DTG curve is due to dissociation

and subsequent evaporation of the bonded water from

zirconium oxychloride, decomposition of boric acid, and

carbonization of sucrose. The mass loss associated with the

Acetone wash 

Vacuum impregnation at 25oC

SiC+ZrB2 precursor

Drying at 25oC

Drying at 65  5oC

Carbonization at 500  10oC

Sucrose  Carbon 

Processing at 1600oC and 1700oC

SiO2+3C SiC+2CO

ZrO2 +B2O3+5C ZrB2+5CO

Cf-SiC+ZrB2 mini-composite 

Carbon fiber 

Fig. 1 Flow chart for the synthesis of carbon-fiber-reinforced

SiC ? ZrB2 mini-composites using soft-solution approach Fig. 2 Thermal analyses curve for the ZrB2 precursor powder
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reduction reaction of zirconia ? boria is about 52.27%

between 1,200 �C and 1,620 �C. For a stoichiometric

mixture of zirconia ? boria ? carbon, the mass loss due to

carbothermal reduction as per Eq. 5 should be 55.37%. The

inflection at 720 �C is due to the continuous decomposition

of zirconium oxychloride to amorphous zirconia and

crystallization of amorphous zirconia to tetragonal zirconia

[16]. The inflection in DTG curve at 1,400 �C is due to

carbothermal reduction of zirconia ? boria. The TG curve

shows considerable mass loss whereas the DTA curve

exhibits a weak endothermic peak at 490 �C; these are

attributed to evaporation of bonded water from zirconium

oxychloride and decomposition of boric acid. The endo-

thermic peak at 1,220 �C indicates the onset of ZrB2 for-

mation. Two endothermic peaks are observed when

carbothermal reduction leads to formation of pure ZrB2.

The endothermic peak at 1,442 �C is due to carbothermal

reduction of ZrO2 ? B2O3 resulting in formation of ZrB2

[17] and that at 1,642 �C can be attributed to the formation

of ZrC.

Thermal analysis curves of SiC ? 20% ZrB2 green

powder are shown in Fig. 3. TG curve shows that (i) mass

loss begins at 100 �C and continues up to 1,200 �C, (ii)

there is rapid mass loss between 1,227 �C and 1,627 �C,

and (iii) the mass loss is negligible beyond 1,627 �C. TG

analysis shows that considerable mass loss (5%) occurs up

to 500 �C and this is due to the evaporation of bonded

water and carbonization of sucrose. The mass loss associ-

ated with the reduction reaction of silica and zirconia is

about 54.5% between 1,227 �C and 1,627 �C (TG curve).

The DTG curve shows two inflections at 500 �C and at

1,521 �C. The inflection at 500 �C is due to the carbon-

ization of sucrose, and decomposition of zirconium oxy-

chloride and boric acid. The inflection at 1,521 �C is due to

carbothermal reduction of silica and zirconia ? boria

as shown by Eqs. 4 and 5 [17]. However, in case of

SiC ? ZrB2 precursor, only one inflection is observed at

high temperature which indicates that both the oxides are

reduced almost simultaneously. The endothermic peak at

1,181 �C indicates the onset of carbothermal reduction.

The TG and the DTA curves show that considerable mass

loss occurs at 1,521 �C coupled with an endothermic peak

due to carbothermal reduction of silica ? zirconia ? boria

to form SiC ? ZrB2. The TG curve of SiC ? ZrB2 pre-

cursor shows that the temperature for the formation of

carbides gets shifted toward higher values relative to that

for the ZrB2 precursor.

Thermodynamically, carbothermal reduction of silica

occurs at 1,515 �C and that of zirconia ? boria occurs at

1,497 �C, where the standard free energy changes (DG0)

for both the reactions are negative [18]. This shows that

carbothermal reduction of ZrO2 ? B2O3 occurs at lower

temperature compared to reduction of SiO2 to give SiC. In

this approach, SiO2 gets transformed to SiC readily due to

its amorphous nature making the latter to be the predomi-

nant phase in the product mixture at 1,521 �C; but sub-

stantial amounts of m-ZrO2 and t-ZrO2 remain present with

the transformed ZrB2. In general, the energy required to

prepare borides (from B2O3), relative to the corresponding

carbides, is greater per mass of boride product as a result of

reducing the corresponding metal oxide in addition to

reducing the required amount of B2O3 [19]. The endo-

thermic peak at 1,581 �C can be attributed to the formation

of ZrC [20]. The estimated values of mass loss and the

temperatures suggest that carbothermal reduction can get

completed at 1,500\T[1,800 �C for the powder mixtures.

With this aim, two different temperatures of 1,600 �C and

1,700 �C have been selected to determine the influence of

temperature on the properties of the mini-composites.

Figure 4 shows the XRD pattern of the composite

powders which are carbothermally reduced at temperatures

of 1,600 �C and 1,700 �C. The XRD results confirm the

formation of b-SiC and ZrB2 as the primary phases in the

product. Figure 4a and b show peaks of both ZrB2 and ZrC.

The presence of additional phase ZrC in the final powder,

prepared from ZrO2 ? B2O3 ? C system, indicates that

the precursors are deficient in boron oxide content at higher

temperatures. The boron oxide deficiency probably results

from the high volatile nature of boron oxide. These

observations are in agreement with the earlier results of

TG-DTA, which indicated that high temperature is suitable

for the reduction of untreated ZrO2 to form ZrC. In XRD

pattern of ZrO2 ? B2O3 ? SiO2 reaction mixture, as

shown in Fig. 4c, SiC and relatively low-intensity ZrB2

peaks are present together with that for the additional phase

of ZrC. In case of pure ZrB2 powder, there is no significant

change in crystallite size (i.e., 84 nm) at different reduction
Fig. 3 Thermal analyses curve for the SiC ? 20% ZrB2 precursor

powder
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temperatures. But in presence of SiC, the crystallite size of

both ZrB2 and SiC are 21.7 and 23.3 nm, respectively. The

finer grain size can be explained by the fact that ZrB2 grains

are surrounded by SiC phase. This leads to the conclusion

that formation of SiC hinders grain growth of ZrB2. This

will be useful in ultra-high temperature applications, as the

grain-growth inhibitor would improve the material’s sta-

bility at elevated temperature [6]. The small crystallite sizes

and low temperatures to complete carbothermal reduction

are indicative of the fine scale mixing of the reactants in the

precursors. The initial solution allows homogeneous

molecular level mixing of the ingredients and the crystal-

lites of the product nucleate from amorphous phases.

Figures 5 and 6 show the XRD patterns of the mini-

composites processed at 1,600 �C and 1,700 �C. The XRD

patterns of the mini-composites exhibit peaks correspond-

ing to b-SiC, ZrB2, and ZrC phases together with minor

peaks of graphite originating from the fiber. There is no

trace of any unreacted SiO2 or ZrO2 in the diffraction

patterns. The peak intensities for ZrB2 increase with

increase in ZrB2 content in the matrix. The crystallite sizes

of SiC and ZrB2 in the mini-composites are presented in

Table 2. The crystallite sizes of SiC and ZrB2 in the mini-

composites are found to be in the range of 20–40 nm.

Crystallite size of SiC increased with decreased amount of

SiC while the crystallite size of ZrB2 decreased with

increasing amount of ZrB2 in the matrix. Crystallite sizes

of both the phases increase with carbothermal reduction

temperature. The presence of the fibers and the second

phase are considered to hinder the growth of crystallites in

the composites.

A typical microstructure of the composite prepared at

1,600 �C is shown in Fig. 7a, which indicates that the

fibers are uniformly embedded in a densified matrix

Fig. 4 XRD patterns of powders (a) ZrB2 at 1,600 �C, (b) ZrB2 at

1,700 �C, and (c) SiC ? ZrB2 at 1,600 �C

Fig. 5 XRD patterns of Cf–SiC mini-composites with (a) 5% ZrB2,

(b) 10% ZrB2, (c) 15% ZrB2, and (d) 20% ZrB2 processed at 1,600 �C

Fig. 6 XRD patterns of Cf–SiC mini-composites with (a) 5% ZrB2,

(b) 10% ZrB2, (c) 15% ZrB2, and (d) 20% ZrB2 processed at 1,700 �C

Table 2 Crystallite sizes of SiC and ZrB2 in the mini-composites at

different processing temperatures

Composition (wt%) Crystallite size (nm)

Carbothermal reduction temperature

1,600 �C 1,700 �C

SiC ZrB2 SiC ZrB2

SiC ? 5% ZrB2 24.8 30.1 25.4 35.5

SiC ? 10% ZrB2 24.4 26.0 24.3 31.4

SiC ? 15% ZrB2 23.7 24.8 24.0 29.5

SiC ? 20% ZrB2 22.0 23.3 23.1 26.3

The crystallite sizes of the SiC and ZrB2 phases were calculated using

the Scherrer equation, Dhkl = Kk/bcosh, where K is a constant whose

value is approximately 0.931, k is the wavelength of X-ray, b is the

width of the peak in degree (2h) at � of maximum intensity, and h is

the Bragg angle
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retaining their original shapes. The composites prepared at

the temperature of 1,700 �C exhibit microstructure as

shown in Fig. 7b, similar to that in Fig. 7a, and this

observation infers that the employed fabrication process is

suitable for the preparation of the mini-composites. A few

fine cracks are found at fiber–matrix interface and some

fiber damage (marked with black arrows) occurs during the

process of fabrication, as shown in Fig. 7b. Figure 7b thus

exhibits that the fibers in the composite, prepared at

1,700 �C, are in indirect contact with the matrix as revealed

by the fiber–matrix interface. There exists evidence [20]

that at temperatures above 1,650 �C, carbon fiber reacts

with ZrO2 to form ZrC at the interface of the fiber–matrix.

Chemical reaction between fiber and matrix leads to the

degradation of fiber properties with the surface of the fiber

changing from groove marked to exfoliation, which influ-

ences the fracture process of the composites. This phe-

nomenon may be attributed to the observed discrepancy in

mechanical behavior of the mini-composites prepared at

1,600 �C and 1,700 �C.

Figure 8a shows the microstructure of the matrix of the

Cf–SiC ? 20% ZrB2 mini-composite which shows fine

grains of the different phases distributed over the matrix;

Fig. 8b shows the corresponding back-scattered image. The

microstructure in Fig. 8b shows that ZrB2 (white phase)

phase is well dispersed with SiC (dark phase) in the matrix.

ZrB2/ZrC phases are found to gather together to form large

agglomerates, and in these agglomerates, the particle size

of ZrB2/ZrC is large (Table 2). The crystallite sizes of the

synthesized matrix are in the range of 10–100 nm but

usually exhibit agglomerated particle morphology with

sizes ranging between 1 and 2 lm. In addition, large

number of fine-grained crystallites of ZrB2/ZrC are found

distributed at the fiber–matrix interface in the composites,

which indicates that carbon fiber reacts with ZrO2 and then

forms ZrC at the fiber–matrix interface.

Mechanical properties of unidirectional Cf–SiC ? ZrB2

mini-composites are presented in Table 3. Examination of

the density data given in this table indicates that density of

the composites increases with increase in the volume

fraction of second phase (ZrB2) in line with natural

expectations, because this phase possesses higher density

than that of SiC [11]. The relative density of the compos-

ites decreases with increasing percentage of ZrB2. This

might be due to the increase of viscosity with increase in

the percentage of second phase which strongly suppresses

the impregnation of solutions during processing. Porosity,

on the other hand, increases with decrease in the volume

Fig. 7 ESEM image of carbon-

fiber-reinforced SiC ? 20%

ZrB2 mini-composites

processed a at 1,600 �C and

b at 1,700 �C

Fig. 8 a ESEM image of the

matrix after processing and

b corresponding backscattered

SEM image of selected area of

the matrix
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fraction of SiC. It can be further observed that the mini-

composites, prepared at 1,700 �C exhibit comparatively

poorer densification. The tensile strength and fracture

energy are 269 ± 36 MPa and 0.38 ± 0.05 MJ/m3,

respectively for Cf–SiC ? 20% ZrB2 mini-composites

prepared at 1,600 �C, while, tensile strength and fracture

energy for the mini-composites are 186 ± 42 MPa and

0.19 ± 0.03 MJ/m3, respectively when prepared at

1,700 �C. However, strength reduction is observed with

increase in temperature for the carbothermal reduction i.e.,

from 1,600 �C to 1,700 �C.

It is well known that mechanical properties of fiber-

reinforced ceramic composites depend not only on the

properties of the fiber and the matrix or the processing

conditions, but also on the characteristics of the fiber–

matrix interface which play a major role in controlling the

properties of these composites. In order to obtain high-

performance ceramic matrix composites, desirable inter-

facial bonding is necessary to resist catastrophic failure

caused by the matrix cracking through fiber bridging and

pullout [21, 22]. Since similar matrices and processing

conditions except for reduction temperatures are used for

the preparation of all the composites, it is reasonable to

assume that the discrepancy in mechanical properties

resulting from the variation in reduction temperatures can

be explained by the differences originating from the fiber–

matrix interface, which depend primarily on the employed

reduction temperature in this study.

Figure 9 shows typical tensile stress–strain curves of

Cf–SiC ? ZrB2 mini-composites processed at 1,600 �C.

The mini-composites exhibit linear stress–strain behavior

when ZrB2 is more than 5% indicating progressive rather

than catastrophic failure. Figure 10 shows the stress–strain

curves of Cf–SiC ? ZrB2 composites processed at

1,700 �C; stress decreases rapidly after the point of maxi-

mum load for these composites possessing 5 and 10%

ZrB2, but for mini-composites containing greater than 10%

ZrB2, the failure is gradual. In both the cases (Figs. 9, 10),

it can be seen that the mini-composites with ZrB2 more

than 5%, extended elastic deformation is noted at the

Table 3 Mechanical properties of Cf–SiC ? ZrB2 mini-composites processed at 1,600 �C and 1,700 �C

Composition Theoretical

density (g/cm3)

Bulk density

(g/cm3)

Relative

density (%)

Failure

load (N)

Tensile

strength (MPa)

Fracture energy

(MJ/m3)

Weibull

modulus (m)

At 1,600 �C

SiC ? 5% ZrB2 1.94 1.67 85.6 96 155 ± 40 0.043 ± 0.01 3.7

SiC ? 10% ZrB2 2.13 1.72 80.8 118 245 ± 28 0.278 ± 0.05 8.2

SiC ? 15% ZrB2 2.24 1.77 79.0 124 247 ± 25 0.290 ± 0.11 9.3

SiC ? 20% ZrB2 2.30 1.78 77.4 141 269 ± 36 0.380 ± 0.05 7.3

At 1700 �C

SiC ? 5% ZrB2 1.94 1.74 89.2 88 147 ± 35 0.09 ± 0.05 3.9

SiC ? 10% ZrB2 2.13 1.76 82.6 88 181 ± 17 0.23 ± 0.03 9.8

SiC ? 15% ZrB2 2.24 1.76 79.0 90 184 ± 24 0.18 ± 0.01 6.9

SiC ? 20% ZrB2 2.30 1.78 77.4 91 186 ± 42 0.19 ± 0.03 4.3

Fig. 9 Stress–strain curves of Cf–SiC ? ZrB2 mini-composites with

addition of ZrB2 from 5 to 20%, processed at 1,600 �C

Fig. 10 Stress–strain curves of Cf–SiC ? ZrB2 mini-composites

with addition of ZrB2 from 5 to 20%, processed at 1,700 �C
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beginning. Beyond the elastic limit, the applied load results

in uniform plastic deformation till the maximum load is

reached, after which load drops with increasing displace-

ment, and finally forms a long tail due to fiber de-bonding

and their pullout. The observed increase in strength infers

that load can still be transferred effectively from matrix to

carbon fiber, assuming its interfacial bond strength between

fiber and matrix to be appropriate. The cracking of the

matrix occurs under tensile load and the width of the

observed cracks increases with increase in the applied load

together with de-bonding and pull-out of the fibers from the

matrix. Figure 11 shows the variation in strength with

increasing temperature as well as with amount of the sec-

ond phase. However, as compared to composites prepared

at 1,600 �C, the composites prepared at 1,700 �C exhibit

poorer mechanical properties in spite of failure mode

bearing the signature of tough material; this may be

rationalized on the basis that the interface bonding is strong

enough to effectively transfer load from matrix to the

fibers. The variation of tensile strength of the composites is

mainly controlled by alteration of the interfacial bond

strength between fiber and matrix [23]. The damage of

fibers, processed at high temperatures, is due to lower

interfacial bond strength which in turn leads to strength

degradation of composites.

Typical Weibull plots for strength of the carbon fiber

reinforced SiC ?20% ZrB2 composites processed at two

different reduction temperatures are shown in Fig. 12.

Weibull shape parameter indicates the degree of scatter

associated with the estimated average strength; a smaller

shape parameter indicates larger scatter in strength. The

value of Weibull modulus (m) = 3.7 indicates that higher

scatter is associated with strength values of SiC ? 5%

ZrB2 mini-composite. Weibull shape parameters in axial

direction show different values of m, irrespective of the

carbon fiber, matrix, and the strength levels. This result

indicates that tensile strength obtained using a constant

gauge length can be generalized as a measure for the fiber

strength, depending on the matrix microstructure.

Figure 13a shows the morphology of the fracture sur-

faces for the composites processed at 1,600 �C; long fiber

pullout is frequently observed, which indicates moderately

weak interfacial bond strength. This suggests that no

chemical reaction has taken place between the carbon

fibers and the matrix at 1,600 �C to cause any fiber deg-

radation. On fracture, the matrix, which is porous and

cracked, gets disintegrated leaving the fibers exposed. As

indicated in Fig. 13b, the mini-composites prepared at the

higher temperature (1,700 �C) show tapered fibers. How-

ever, in this case, fiber pullout length is observed to be

smaller, and matrix is revealed in between the fibers. It may

be inferred that the fiber–matrix interfacial bonding for the

composites prepared at 1,600 �C is desirable in comparison

to that for the composites prepared at 1,700 �C. This

phenomenon could be responsible for the better mechanical

properties of the mini-composites processed at 1,600 �C.

Examinations of the fracture surfaces of mini-composites

processed at 1,700 �C indicate damage of the carbon fibers

as the primary mode resulting in lower strength.

The brittle behavior of the mini-composites, prepared at

temperatures above 1,600 �C, is considered to be mainly
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Fig. 11 Variation of tensile strength of Cf–SiC ? ZrB2 mini-com-

posites with percentage of ZrB2 at two different temperatures

Fig. 12 Estimation of Weibull

modulus of Cf–SiC ? 20%

ZrB2 mini-composites

processed a at 1,600 �C and

b at 1,700 �C (R = Linear

regression and Ps = Survival

probability)
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due to strengthening of fiber–matrix interface bonding and

degradation of the fibers. It is considered that increase in

carbothermal reduction temperature promotes diffusion,

which degrades the fibers, and strengthens the fiber–matrix

interfacial bonding. The effective load carried by fibers

depends primarily on their strength and effective area. In

Cf–SiO2–ZrO2–B2O3 system, carbon fiber reacts with ZrO2

and forms ZrC phase, which leads to stronger interface

between fiber and matrix at exposure to high temperature

[19]. Irrespective of higher degradation of the fibers in the

composites prepared at 1,700 �C compared to that pro-

cessed at 1,600 �C, it is proposed that the decrease in

tensile strength of the composites processed at 1,700 �C is

predominantly governed by the strong bonding at the fiber–

matrix interface.

Conclusions

Solution-based processing has been used to achieve fine-

scale (nanometer-level) mixing of reactants. This method

not only lowers the reaction temperature, shortens the

soaking time and assists to synthesize ultra fine powders,

but also proves to be economical and energy saving.

Increase in the driving force arising from amorphous nature

of the green powder is considered to be the major reason

behind the merits of this process. The process avoids the

use of expensive starting materials. The small crystallite

sizes, fine particle distribution, and low temperatures to

complete carbothermal reductions are indicative of the

fine-scale mixing of the reactants in the precursors. This

method can be extended to synthesize other metal carbides

and borides.

Carbon-fiber-reinforced SiC ? ZrB2 composites have

been prepared by the developed soft-solution approach.

The X-ray diffraction of the powders and the composites

confirms that b-SiC and ZrB2 form as the matrix phase.

However, this reaction would result in the formation of ZrC

in addition to ZrB2 and SiC because of considerable loss of

boron oxide from the system at above 1,000 �C. Examin-

ations of the cross-section of the mini-composite shows

homogeneous distribution of fibers in the matrix of the

mini-composite. The addition of second phase (5–20%

ZrB2) to the matrix improves the strength of the mini-

composites. Mini-composites processed at 1,600 �C pos-

sess higher density.

The prepared mini-composites exhibit nearly linear

stress–strain behavior when mixed with ZrB2 amounting to

more than 10%. It is known that suitable fiber–matrix

interfacial bonding is desirable for effective transfer of load

from matrix to fibers. The composite processed at 1,600 �C

exhibit improved mechanical properties, attributed to

desirable degree of fiber–matrix interfacial bonding

resulting from the formation of the carbon fiber–matrix

interphase such as ZrC. However, composites processed at

temperatures above 1,600 �C show degraded mechanical

properties, which can be rationalized on the basis of the

strongly bonded fiber–matrix interface as well as degra-

dation of the fibers. Further, the differences in tensile

strength and fracture energy between Cf–SiC ? ZrB2

composites produced at two different temperatures are

attributed to differences in their microstructures and reac-

tion of residual oxides with the fiber. The fiber–matrix

bonding due to possible reactions between residual zirconia

and the fiber leads to degraded mechanical properties at

high processing temperatures.

Weibull statistics support that tensile strength obtained

from specimens having constant gauge length can be

generalized as a measure of the fiber strength depending on

the matrix microstructure. Multiple impregnations and in

situ matrix formation have been found to be effective for

the development of mini-composites with pseudo-ductile

characteristics. The SEM examinations reveal fiber pull-out

on the fracture surface of the mini-composites. Investiga-

tion of the mechanical properties of the mini-composites at

higher temperatures are in progress.

Fig. 13 Fracture surfaces of

Cf–SiC ? 20% ZrB2 mini-

composites processed a at

1,600 �C and b at 1,700 �C
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