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Abstract 

In this paper, effect of in situ grown boron nitride nanotubes (BNNTs) and preparation 

temperature on mechanical behavior of PIP (Precursor Infiltration and Pyrolysis) 

SiC/SiC minicomposites under monotonic and compliance tensile is investigated. In situ 

BNNTs are grown on the surface of SiC fibers using ball milling – annealing process. 

Composite elastic modulus, tensile strength, fracture strain, tangent modulus, and 

loading/unloading inverse tangent modulus (ITM) are obtained and adopted to 

characterize the mechanical properties of the composites. Microstructures of in situ 

grown BNNTs and tensile fracture surfaces are observed under scanning electronic 

microscopic (SEM). For SiC/SiC minicomposites with BNNTs, the elastic modulus, 

tensile strength, and fracture strain are all lower than those of SiC/SiC minicomposites 

without BNNTs, mainly due to high preparation temperature and the oxidation of the 

PyC interphase during the annealing process. Tensile stress-strain curves of SiC/SiC 

minicomposites with and without BNNTs are predicted using the developed 

micromechanical constitutive model. The predicted results agreed with experimental 

data. This work will provide guidance for predicting the service life of SiCf/SiC 

composite materials and may enable these materials to become a backbone for thermal 

structure systems in aerospace applications. 

Keywords: Ceramic-matrix composites (CMCs); Boron nitride nanotubes (BNNTs); 

Mechanical behavior; Precursor Infiltration and Pyrolysis (PIP).
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1. Introduction 

Continuous silicon carbide fiber reinforced silicon carbide ceramic matrix 

composites (SiC/SiC CMCs) have the advantages of low density, high temperature 

resistance, oxidation resistance, high specific strength, and high specific modulus, and 

have become an important candidate material for the hot-section components of next 

generation high-performance aero-engine [[1]-[4]]. The introduction of fiber and the 

design of fiber/matrix interface can stimulate the energy consumption mechanism such 

as interfacial debonding and crack deflection and endow the material with non-brittle 

fracture characteristics [[5]]. However, on the one hand, the matrix between fibers, 

between fiber bundles and between layers is brittle ceramics and difficult to be 

strengthened and toughened by the energy consumption mechanism in micron scale; on 

the other hand, the crack initiation threshold in the matrix is low, and the crack 

propagation cannot be hindered, which ultimately limits the mechanical properties of 

the material. Therefore, as the weak region in the material, the micro region of matrix 

needs to be strengthened and toughened in a finer scale to improve its properties. Boron 

nitride nanotubes (BNNTs) have excellent mechanical, chemical and thermal stability. 

The oxidation resistance temperature is up to 900 oC. The introduction of BNNTs into 

the material, as the second reinforcement in addition to the microfiber, can improve the 

mechanical properties of the matrix by strengthening and toughening the micro area 

matrix in the nano scale, and finally realize the optimization of the overall properties of 

the material [[6]-[8]]. 

Many researchers performed experimental and theoretical investigations on the 

mechanical behavior of ceramic or CMCs with BNNTs. Bansal et al. [[9], [10]] firstly 

introduced BNNTs into ceramic materials to prepare BNNTs reinforced barium calcium 

aluminosilicate (BACS) glass. Experimental results showed that the room temperature 

bending strength and fracture toughness of the glass increased by 90% and 35% 

respectively after adding 4 wt% BNNTs, which verified the strengthening and 

toughening effect of BNNTs. Based on the experimental results, Bansal et al [[9], [10]] 
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analyzed that the debonding and pull-out mechanism of BNNTs is similar to the 

strengthening and toughening mechanism of fiber or whisker, which may be the reason 

for the improvement of glass strength and toughness. Huang et al. [[11]] studied the 

BNNTs reinforced Al2O3 and Si3N4 composites. The results showed that the Vickers 

hardness of Al2O3 increased from 17.3 to 19.1 GPa when the content of BNNTs 

increased to 0.5 wt%, and the hardness decreased to 14.5 GPa when the content of 

BNNTs increased to 2.5 wt%. The Young’s modulus decreased with the content of 

BNNTs increased. The Vickers hardness and Young’s modulus of Si3N4 decreased with 

the increase of BNNTs content. However, the high temperature plastic deformation 

ability of the two ceramics was greatly improved after the introduction of BNNTs. Hurst 

[[12]] verified the feasibility of in-situ growth of BNNTs in SiC fiber bundles and SiC 

fiber preforms and confirmed the strengthening effect of BNNTs on the mechanical 

properties of SiC/SiC composites. Using B powder, B2O3 powder, N2 and NH3 as raw 

materials, BNNTs were successfully grown on the surface and inside of fiber bundles 

and fiber preforms by CVD method. The introduction of BNNTs into the fibers of 

SiC/SiC composites can reduce the number of crack initiation in the matrix and 

eventually improve the tensile strength. The modeling of mechanical properties is a 

prerequisite for the further development and application of PIP SiC/SiC composite. Li et 

al. [[13], [14]] developed a micromechanical constitutive model to predict the 

monotonic and cyclic tensile behavior of unidirectional, cross-ply, and 2D plain-woven 

CMCs. Li [[15]] analyzed the effect of stochastic loading on tensile behavior of 

different CMCs. Li [[16]] developed a time-dependent tensile constitutive model to 

predict the tensile stress-strain curves considering time-dependent interface damage and 

fibers fracture. Up until now, it has not been studied the effects of the preparation 

temperature of BNNTs on the mechanical properties of SiC/SiC composites. 

The objective of this paper is to fabricate the SiC/SiC minicomposites with and 

without BNNTs. The mechanical behavior of SiC/SiC with, without BNNTs and the 

preparation temperature is investigated under monotonic and compliance tensile loading. 

Microstructures of BNNTs are observed under the scanning electronic microscopic 

(SEM), and the tensile damage and fracture process are analyzed and related with micro 
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damage mechanisms insider of composites. A micromechanical constitutive relationship 

is developed to predict the nonlinear mechanical behavior of SiC/SiC minicomposites. 

The composite’s tangent modulus and unloading and reloading inverse tangent modulus 

(ITM) are calculated and analyzed to characterize the tensile damage behavior of the 

composites. The composite’s tensile strength, fracture strain, tangent modulus, 

loading/unloading ITMs are compared between SiC/SiC minicomposites with and 

without BNNTs. 

2. Materials and experimental procedures 

To develop the in situ BNNTs on the surface of SiC fiber, mixed powder of B 

powder, MgO powder and Fe2O3 powder with mass ratio of 2:1:1 was prepared. The 

precursor powder with uniform dispersion and smaller particle size was obtained by 

planetary ball mill milling for 100 h, and then spread evenly to the porcelain boat. The 

SiC fiber bundles with a PyC interface layer were wound on the porcelain boat covered 

with a layer of precursor powder, and then annealed in a tubular furnace at 

approximately 1300 oC, as shown in Fig. 1. In the early stage, Ar was used as the 

protective atmosphere. When the temperature was raised to approximately 1300 oC, 

NH3 was used as the nitrogen source, and the annealing time was 120 min. After 

annealing, it is cooled down to room temperature. For comparison, the same SiC fiber 

bundles were wound on the porcelain boat without precursor powder and annealed 

accordingly. After the sample was taken out, it was found that the surface of fiber 

bundles with precursor powder in the porcelain boat became white, while the surface of 

fiber bundles without precursor powder had no obvious change. Then, the matrix of the 

two treated fiber bundles was densified by PIP process. Polycarbosilane (PCS) was used 

as raw material, and the weight gain was less than 1% after three PIP processes. Table 1 

listed the general properties of SiC/SiC mincomposites with and without BNNTs. 

Table 1. General properties of SiC/SiC minicomposites 

Type of sample Porosity Density Fiber volume content Fiber orientation 

SiC/PyC/SiC  ≤ 10 % ≤ 2.5 g/cm3 45 % Unidirectional 
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SiC/PyC/BNNTs/SiC  ≤ 8 % ≤ 2.6 g/cm3 45 % Unidirectional 

 

Fig. 1. Schematic of fabrication of BNNTs using ball milling – annealing method. 

The fabricated SiC/SiC minicomposites with and without BNNTs were cut into the 

specimens with dimensions of 50 mm in total length, as shown in Fig. 2. Monotonic and 

cyclic compliance tensile tests were conducted on MTS Insight electrical tensile testing 

machine (MTS Systems Corp., Minneapolis, MN, USA), as shown in Fig. 3. Tensile 

tests were conducted under displacement control with the loading rate of 0.01 mm/min. 

 

Fig. 2. Schematic of tensile specimens of SiC/SiC composites with and without BNNTs 
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Fig. 3. Schematic of testing machine and tensile specimen. 

3. Micromechanical constitutive model 

Nonlinear behavior of mini-CMCs under tensile loading is mainly attributed to 

multiple micro damage mechanisms in the fiber, the matrix, and the interface between the 

fiber and the matrix [[16]-[18]]. Tensile nonlinear behavior of mini-CMCs can be divided 

into three main stages based on the internal damage state, including: 

⚫ Stage I, the linear-elastic region. 

⚫ Stage II, the nonlinear region due to micro damages. 

⚫ Stage III, the secondary linear and final fracture region due to gradual fiber 

fracture. 

In this section, a micromechanical constitutive relationship of the three stages 

mentioned above is developed and related with micro damage state inside of 

mini-CMCs. 

3.1. Stage  

In Stage I, there is no damages occurred in mini-CMCs, and the linear-elastic 

stress-strain relationship is, 
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where  is the applied stress, and Ec is the composite’s elastic modulus. 

3.2. Stage II 

When multiple micro damage mechanisms occur in the mini-CMCs, the nonlinear 

stress-strain relationship is, 
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where Vf and Vm are the volume of the fiber and the matrix, Ef is the modulus of the 

fiber, τi is the shear stress at the interface, rf is the fiber radius, ld and lc are the length of 

the debonding and the space between the cracking in the matrix, f and c are the axial 

thermal expansional coefficient of the fiber and the composite, and T is the 

temperature difference between testing and fabricated temperature. Curtin [[19]] 

developed a stochastic model to analysis matrix stochastic cracking inside of CMCs, 

and the relationship between matrix crack spacing and applied stress can be determined 

by Eq. (3). Gao et al. [[20]] developed a fracture mechanical approach to determine the 

interface debonding length when matrix crack propagates to the interface, and the 

relationship between the interface debonding length and the applied stress can be 

determined by Eq. (4). 

1

m
c sat

R

1 exp

m

l l



−
     = − −  

     
       (3) 

2

f m m f f m m f
d d2

f c i c i

1

2 2

r V E r rV E E
l

V E E

 
   

   
= − − +   

  
     (4) 

where lsat is the saturation length of matrix cracking, m is the stress carried by the 

matrix, R is the characteristic stress for cracking in the matrix, and ζd is the debonding 

energy at the interface. 

During damage Stage II, a new damage parameter of interface debonding ratio is, 
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3.3. Stage III 

Upon approaching saturation of the cracking in the matrix, fibers gradually fracture 

inside of the composite. Considering fiber’s failure, the stress-strain relationship at the 

Stage III is, 
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where Φ is the intact fiber stress. The Global Load Sharing (GLS) criterion is adopted to 

determine the stress distribution between the intact and failure fibers [[21]] 

( ) i
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2
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=  − +        (7) 

where <L> is the average fiber pullout length, P is the fiber’s failure probability. 

f 1

fc

1 exp

m

P


+   = − − 
   

        (8) 

where σfc is the fiber characteristic strength, and mf is the fiber Weibull modulus. 

4. Results and discussions  

In this section, experimental monotonic and compliance tensile behavior of 

SiC/SiC minicomposites with and without BNNTs are conducted. The mechanical 

properties of composite’s Young’s modulus, fracture strength, and failure strain are 

obtained. The cyclic loading/unloading inverse tangent modulus (ITM) corresponding 

to different tensile peak stresses are analyzed. The fracture surfaces of the SiC/SiC 

minicomposites with and without BNNTs are analyzed under SEM. Using the 

developed micromechanical constitutive model, the tensile properties of the SiC/SiC 

minicomposites with and without BNNTs are also predicted.  
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4.1 Monitonic and cyclic loading/unloading tensile of SiC/SiC minicomposites with 

and without BNNTs 

Fig. 4 shows the monotonic tensile stress-strain curves of SiC/SiC minicomposite 

with and without BNNTs. Tensile stress-strain curves exhibited obvious nonlinear 

mechanical behavior due to the internal damage evolution. Table 2 and 3 listed the 

tensile mechanical properties of SiC/SiC minicomposites with and without BNNTs. 

⚫ For SiC/SiC minicomposite with BNNTs, four specimens were tensile tested to 

fracture, and the composite’s tensile elastic modulus was Ec = 71, 70.2, 71.5, 

and 83.5 GPa, respectively, the composite’s tensile strength was UTS = 262.8, 

258.3, 253.5, and 268.1 MPa, respectively, and the corresponding fracture 

strain was εf = 0.374, 0.366, 0.383, and 0.366%, respectively. The average 

composite elastic modulus was approximately Ec = 74 GPa with the standard 

deviation of 5.47 GPa. The average tensile strength was approximately UTS = 

260.6 MPa with the standard deviation of 5.4 MPa. The average composite 

tensile fracture strain was approximately εf = 0.372% with the standard 

deviation of 0.007%. 

⚫ For SiC/SiC minicomposites without BNNTs, four specimens were tensile 

tested to fracture, and the composite’s tensile elastic modulus was Ec = 90.2, 

92.4, 95.9, and 92.1 GPa, respectively, the composite’s tensile strength was 

UTS = 485.6, 502.6, 482.9, and 507.8 MPa, respectively, and the 

corresponding tensile fracture strain was εf = 0.658, 0.683, 0.642, 0.648%, 

respectively. The average composite’s elastic modulus was approximately Ec = 

92.6 GPa with the standard deviation of 2 GPa. The average composite’s 

tensile strength was approximately UTS = 494.7 MPa with the standard 

deviation of 10.7 MPa. The average composite’s tensile fracture strain was 

approximately εf = 0.657% with the standard deviation of 0.015%. 
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Fig. 4. Monotonic tensile stress-strain curves of SiC/SiC minicomposites (a) with BNNTs; and (b) without BNNTs 

 

Table 2. Monotonic tensile properties of SiC/SiC minicomposites with BNNTs 

Specimen Elastic modulus/(GPa) Tensile strength/(MPa) Fracture strain/(%) 

#1 71 262.8 0.374 

#2 70.2 258.3 0.366 

#3 71.5 253.5 0.383 

#4 83.5 268.1 0.366 

Average value 74 260.6 0.372 

Standard deviation 5.47 5.4 0.007 

 

Table 3. Monotonic tensile properties of SiC/SiC minicomposites without BNNTs 

Specimen Elastic modulus/(GPa) Tensile strength/(MPa) Fracture strain/(%) 

#1 90.2 485.6 0.658 

#2 92.4 502.6 0.683 

#3 95.9 482.9 0.642 

#4 92.1 507.8 0.648 

Average value 92.6 494.7 0.657 

Standard deviation 2 10.7 0.015 

 

It can be found that the composite’s elastic modulus, tensile strength, and fracture 

strain of SiC/SiC minicomposites with BNNTs are all less than those of SiC/SiC 

minicomposites without BNNTs. The degradation of the mechanical properties of 

SiC/SiC minicomposites with BNNTs is mainly attributed to the annealing at 1300 oC. 

In order to show the effect of annealing at 1300 oC on composite’s mechanical 

properties. The SiC/SiC composite without BNNTs were also heat-treated at 1300 oC. 
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Fig. 5 shows the typical tensile stress-strain curve. The composite’s tensile strength was 

approximately UTS = 163 MPa, and the corresponding fracture strain was 

approximately εf = 0.31%. It can be found that after heat-treatment at 1300 oC, the 

mechanical properties of the SiC/SiC minicomposite degraded rapidly and were less 

than the values of SiC/SiC minicomposite with BNNTs. 
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Fig. 5. Tensile stress-strain curve of SiC/SiC minicomposite after heat-treatment at 1300 oC 

. 

Fig. 6 shows the compliance tensile behavior of SiC/SiC minicomposite with and 

without BNNTs. Three specimens were conducted to the cyclic loading/unloading tests. 

For SiC/SiC with BNNTs, under tensile loading, the specimen was unloading at the 

peak stresses of max = 75, 125, and 175 MPa to the valley stress of min = 20 MPa, 

respectively, and then loading to final fracture. For SiC/SiC without BNNTs, under 

tensile loading, the specimen was unloading at different peak stresses of max = 150, 250, 

and 350 MPa to the valley stress of min = 20 MPa, and then tensile to final fracture. 

⚫ For SiC/SiC minicomposite with BNNTs, the unloading and reloading 

hysteresis loops exhibited non-closure appearance at peak and valley stress, 

and there is almost no permanent strain. However, for SiC/SiC minicomposite 

without BNNTs, the unloading and reloading hysteresis loops exhibited 

closure at the valley stress and non-closure at the peak stress, and there is clear 

permanent strain [[22]]. 

⚫ For SiC/SiC minicomposite with BNNTs, the peak strains at the peak stresses 

of max = 75, 125, and 175 MPa were εc = 0.096, 0.158, and 0.225%, and the 
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composite tensile fracture occurred at the stress of UTS = 288.7 MPa with the 

fracture strain of εf = 0.42%. 

⚫ For SiC/SiC minicomposite without BNNTs, the peak strains at the peak 

stresses of max = 150, 250, and 350 MPa were εc = 0.199, 0.361, and 0.523%, 

and the composite tensile fracture occurred at the stress of UTS = 524 MPa 

with the fracture strain of εf = 0.86%. 

 

Fig. 6. Cyclic compliance tensile curves of SiC/SiC minicomposites (a) with BNNTs; and (b) without BNNTs 

 

Fig.s 7 and 8 show the loading and unloading inverse tangent modulus (ITM) 

versus applied stress curves of SiC/SiC minicomposites with and without BNNTs. 

⚫ For SiC/SiC minicomposite with BNNTs, the loading ITM increased with 

increasing applied stress and then remained constant. However, when the peak 

stress increased from max = 75 to 175 MPa, the constant ITM decreased from 

12.6 TPa-1 to 12.1 TPa-1. The unloading ITM increased with decreasing 

applied stress to the constant value. When the peak stress increased from max 

= 75 to 175 MPa, the constant ITM increased from 10.8 TPa-1 to 11.2 TPa-1. 

⚫ For SiC/SiC minicomposite without BNNTs, the loading ITM increased with 

increasing applied stress and then remained constant. However, when the peak 

stress increased from max = 150 to 350 MPa, the constant ITM decreased 

from 13.6 TPa-1 to 13.2 TPa-1. The unloading ITM increased with decreasing 

applied stress to the constant value. When the peak stress increased from max 

= 150 to 350 MPa, the constant ITM increased from 10.8 TPa-1 to 12.3 TPa-1. 
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Fig. 7. (a) Loading ITM; and (b) unloading ITM versus applied stress curves of SiC/SiC minicomposite with BNNTs 

for different peak stresses of max = 75, 125, and 175 MPa 

 

Fig. 8. (a) Loading ITM; and (b) unloading ITM versus applied stress curves of SiC/SiC minicomposite without 

BNNTs for different peak stresses of max = 150, 250, and 350 MPa 

4.2 Original and fracture surface observation of SiC/SiC minicomposites with and 

without BNNTs under SEM 

Using ball milling – annealing process, the in situ BNNTs were grown on the 

surface of SiC fibers. Fig. 9 shows the microstructure of the surface of SiC fibers with 

BNNTs under SEM. It can be found that the BNNTs were successfully grown on the 

surface of SiC fibers, and the grown was compact and evenly covered on the fibers’ 

surface. 
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Fig. 9. Microstructure observation on surface of SiC fibers with BNNTs under SEM 

The element analysis was performed for the SiC fibers’ surface, as shown in Fig. 

10. It was found that B and N are the main elements on the surface, in addition, a small 

amount of Fe and Mg also existed. Table 4 shows the ratio of different elements, 

including: B, N, Si, C, O, Mg, and Fe. 

 

 

Fig. 10. Element analysis of SiC fiber with BNNTs. 
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Table 4. Ratio of different elements of SiC fiber with BNNTs 

Element B N Si C O Mg Fe 

Weight % 39.1 30.5 12.5 11.5 5.3 0.6 0.5 

 

Fig.s 11 and 12 show the fracture morphology of SiC/SiC minicomposites with 

and without BNNTs. For SiC/SiC minicomposite with BNNTs, the pullout length of the 

SiC fiber was short, and the fracture surface was planar. There is no obvious PyC 

interphase on the SiC fibers’ surface. During the annealing at approximately 1300 oC, 

the PyC interphase may oxidize with O2. Without the interphase, the composite exhibited 

low tensile fracture strength and failure strain. For SiC/SiC minicomposite without 

BNNTs, the PyC interface existed on the surface of SiC fibers with the thickness of 

approximately 150 – 200 nm. The interphase plays function of load transfer between the 

fiber and the matrix and leads to long fiber’s pullout length. The mechanical properties 

of SiC/SiC minicomposite without BNNTs is better than that of SiC/SiC minicomposite 

with BNNTs. To illustrate the effect of annealing at elevated temperature on 

composite’s mechanical properties, Fig. 13 shows the fracture morphology of SiC/SiC 

minicomposite after heat-treatment at 1300 oC. It can be found that the fracture surface 

of the composite was planar, and few fiber’s pullout appeared. 
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Fig. 11. Fracture morphology of SiC/SiC minicomposite with BNNTs. 

 

Fig. 12. Fracture morphology of SiC/SiC minicomposite without BNNTs. 
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Fig. 13. Fracture morphology of SiC/SiC minicomposite after heat-treatment at 1300 oC. 

4.3 Experimental comparisons 

Under tensile loading, nonlinear behavior appears for the SiC/SiC minicomposite 

with and without BNNTs. In the section 3, a micromechanical constitutive relationship 

is developed considering different damage mechanisms occurred in the composites 

under tensile loading. The nonlinear stress-strain curves of SiC/SiC minicomposite with 

and without BNNTs can be predicted using the developed constitutive models. The 

evolution of broken fiber fraction versus applied strain can also be predicted. 

Fig. 14 shows experimental and predicted tensile stress-strain curves and broken 

fiber fraction versus strain curves of SiC/SiC minicomposite with BNNTs. Considering 

multiple micro damage mechanisms of matrix fragmentation, interface debonding, and 

fiber fragmentation, the predicted tensile stress-strain curves agreed with experimental 

data. Under tensile loading, fibers’ failure occurred at applied strain of approximately εc 

= 0.15%; and approached tensile fracture, the broken fiber fraction lied in the range of P 

= 0.35 – 0.48%. 
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Fig. 15 shows experimental and predicted composite’s tangent modulus versus 

applied stress curves of SiC/SiC minicomposite with BNNTs. With increasing tensile 

stress, the composite’s tangent modulus decreased from approximately EP = 82 to 52 

GPa. 

 

 

Fig. 14. Experimental and predicted tensile stress-strain curves and broken fiber fraction versus applied strain curves 

of SiC/SiC minicomposites with BNNTs. 
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Fig. 15. Experimental and predicted composite’s tangent modulus versus applied stress curves of SiC/SiC 

minicomposite with BNNTs. 

 

Fig. 16 shows experimental and predicted tensile stress-strain curves and broken 

fiber fraction versus applied strain curves of SiC/SiC minicomposite without BNNTs. 

Considering multiple damage mechanisms of matrix fragmentation, interface debonding, 

and fiber fragmentation, the predicted tensile stress-strain curves agreed with 

experimental data. Under tensile loading, fibers’ failure occurred at applied strain of 

approximately εc = 0.15%, and approached tensile fracture, the broken fiber fraction lied 

in the range of P = 1.6 – 2.2%. 

Fig. 17 shows experimental and predicted composite’s tangent modulus versus 

applied stress curves of SiC/SiC minicomposite without BNNTs. With increasing 

tensile stress, the composite’s tangent modulus decreased from approximately EP = 93 

to 50.2 GPa. 
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Fig. 16. Experimental and predicted tensile stress-strain curves and broken fiber fraction versus applied strain curves 

of SiC/SiC minicomposites without BNNTs. 

 

 

Fig. 17. Experimental and predicted composite’s tangent modulus versus applied stress curves of SiC/SiC 

minicomposite without BNNTs. 
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5. Conclusions 

In this paper, the SiC/SiC minicomposites with and without BNNTs were 

fabricated by using the PIP method. Effect of in situ grown BNNTs on monotonic 

tensile and compliance tensile behavior was analyzed. Mechanical properties of 

composite’s elastic modulus, tensile strength, and fracture strain under tensile loading 

were obtained. Under cyclic compliance tensile, the ITMs for different peak stresses 

were also analyzed. After tensile fracture, the specimens were observed under SEM to 

reveal internal damage mechanisms. Experimental tensile stress-strain curves, broken 

fiber fraction, and composite’s tangent modulus were predicted using the developed 

micromechanical constitutive model. 

⚫ Under monotonic tensile loading, for SiC/SiC minicomposite with BNNTs, the 

average composite tensile elastic modulus was approximately Ec = 74 GPa, the 

average composite tensile strength was approximately UTS = 260.6 MPa, and 

the composite’s fracture strain lied in the range between εf = 0.366 and 0.383%; 

for the SiC/SiC minicomposites without BNNTs, the average composite’s 

tensile elastic modulus was approximately Ec = 92.6 GPa, the average 

composite tensile strength was approximately UTS = 494.7 MPa, and the 

tensile fracture strain lied in the range between εf = 0.642 and 0.683%. 

⚫ The SiC/SiC composite without BNNTs were heat-treated at 1300 oC. The 

composite’s tensile strength was approximately UTS = 163 MPa, and the 

corresponding fracture strain was approximately εf = 0.31%. It can be found 

that after heat-treatment at 1300 oC, the mechanical properties of the SiC/SiC 

minicomposite degraded rapidly and were less than the values of SiC/SiC 

minicomposite with BNNTs. 

⚫ Under compliance tensile loading, for SiC/SiC minicomposite with and without 

BNNTs, the loading ITM increased with increasing applied stress and then 

remained constant. The unloading ITM increased with decreasing applied stress 

to the constant value. 

⚫ At the fracture surface, for SiC/SiC minicomposite with BNNTs, the pullout 
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length of the SiC fiber was short. There was no obvious PyC interphase on the 

SiC fibers’ surface. For SiC/SiC minicomposite without BNNTs, the PyC 

interface existed on the surface of SiC fibers with the thickness of 

approximately 150~200 nm. For the SiC/SiC minicomposite after 

heat-treatment at 1300 oC, the fracture surface of the composite was planar, and 

few fiber’s pullout appeared. 
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Table captions 

Table 1. General properties of SiC/SiC minicomposites. 

Table 2. Monotonic tensile properties of SiC/SiC minicomposites with BNNTs. 

Table 3. Monotonic tensile properties of SiC/SiC minicomposites without BNNTs. 

Table 4. Ratio of different elements of SiC fiber with BNNTs. 
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Table 1 

Type of sample Porosity Density Fiber volume content Fiber orientation 

SiC/PyC/SiC  ≤ 10 % ≤ 2.5 g/cm3 45 % Unidirectional 

SiC/PyC/BNNTs/SiC  ≤ 8 % ≤ 2.6 g/cm3 45 % Unidirectional 
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Table 2 

Specimen Elastic modulus/(GPa) Tensile strength/(MPa) Fracture strain/(%) 

#1 71 262.8 0.374 

#2 70.2 258.3 0.366 

#3 71.5 253.5 0.383 

#4 83.5 268.1 0.366 

Average value 74 260.6 0.372 

Standard deviation 5.47 5.4 0.007 
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Table 3 

Specimen Elastic 

modulus/(GPa) 

Tensile 

strength/(MPa) 

Fracture strain/(%) 

#1 90.2 485.6 0.658 

#2 92.4 502.6 0.683 

#3 95.9 482.9 0.642 

#4 92.1 507.8 0.648 

Average value 92.6 494.7 0.657 

Standard deviation 2 10.7 0.015 
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Table 4 

Element B N Si C O Mg Fe 

Weight % 39.1 30.5 12.5 11.5 5.3 0.6 0.5 
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Fig. captions 

Fig. 1. Schematic of fabrication of BNNTs using ball milling – annealing method. 

Fig. 2. Schematic of tensile specimens of SiC/SiC composites with and without BNNTs. 

Fig. 3. Schematic of testing machine and tensile specimen. 

Fig. 4. Monotonic tensile stress-strain curves of SiC/SiC minicomposites (a) with BNNTs; and (b) 

without BNNTs.\ 

Fig. 5. Tensile stress-strain curve of SiC/SiC minicomposite after heat-treatment at 

1300 oC. 

Fig. 6. Cyclic compliance tensile curves of SiC/SiC minicomposites (a) with BNNTs; and (b) 

without BNNTs. 

Fig. 7. (a) Loading ITM; and (b) unloading ITM versus applied stress curves of SiC/SiC 

minicomposite with BNNTs for different peak stresses of 75, 125, and 175 MPa. 

Fig. 8. (a) Loading ITM; and (b) unloading ITM versus applied stress curves of SiC/SiC 

minicomposite without BNNTs for different peak stresses of 150, 250, and 350 MPa. 

Fig. 9. Microstructure observation on surface of SiC fibers with BNNTs under SEM 

Fig. 10. Element analysis of SiC fiber with BNNTs 

Fig. 11. Fracture morphology of SiC/SiC minicomposite with BNNTs. 

Fig. 12. Fracture morphology of SiC/SiC minicomposite without BNNTs. 

Fig. 13. Fracture morphology of SiC/SiC minicomposite after heat-treatment at 1300 oC. 

Fig. 14. Experimental and predicted tensile stress-strain curves and broken fibers fraction versus 

applied strain curves of SiC/SiC minicomposites with BNNTs. 

Fig. 15. Experimental and predicted composite tangent modulus versus applied stress curves of 

SiC/SiC minicomposite with BNNTs. 

Fig. 16. Experimental and predicted tensile stress-strain curves and broken fibers fraction versus 

applied strain curves of SiC/SiC minicomposites without BNNTs. 
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Fig. 17. Experimental and predicted composite tangent modulus versus applied stress curves of 

SiC/SiC minicomposite without BNNTs. 



Figures

Figure 1

Sc he matic of fabrication of BNN Ts using ball mill ing anneal ing method.



Figure 2

Schematic of tensi le sp e c imens of SiC/S iC co mposites with and without BNNTs.

Figure 3

Schematic of testing machine and tensile speci men.



Figure 4

Monotonic tensile stress-strain curves of SiC/SiC minicomposites (a) with BNNTs; and (b) without
BNNTs.\

Figure 5

Tensile stress-strain curve of SiC/SiC minicomposite after heat-treatment at 1300 oC.



Figure 6

Cyclic compliance tensile curves of SiC/SiC minicomposites (a) with BNNTs; and (b) without BNNTs.

Figure 7

(a) Loading ITM; and (b) unloading ITM versus applied stress curves of SiC/SiC minicomposite with
BNNTs for different peak stresses of 75, 125, and 175 MPa.



Figure 8

(a) Loading ITM; and (b) unloading ITM versus applied stress curves of SiC/SiC minicomposite without
BNNTs for different peak stresses of 150, 250, and 350 MPa.

Figure 9

M icrostructure observation on surface of SiC �bers with BN NT s under SEM



Figure 10

Element analysis of S iC �ber with BNNTs



Figure 11

Fracture morphology of SiC/SiC minicomposite with BNNTs.



Figure 12

Fracture morphology of SiC/SiC minicomposite without BNNTs.



Figure 13

Fracture morphology of SiC/SiC minicomposite after heat-treatment at 1300 oC.



Figure 14

Experimental and predicted tensile stress-strain curves and broken �bers fraction versus applied strain
curves of SiC/SiC minicomposites with BNNTs.



Figure 15

Experimental and predicted composite tangent modulus versus applied stress curves of SiC/SiC
minicomposite with BNNTs.



Figure 16

Experimental and predicted tensile stress-strain curves and broken �bers fraction versus applied strain
curves of SiC/SiC minicomposites without BNNTs.



Figure 17

Experimental and predicted composite tangent modulus versus applied stress curves of SiC/SiC
minicomposite without BNNTs.


