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Abstract 7 

The mechanical failure of three-dimensional (3D) 4-step braided SiCf/SiC composites, 8 

processed by precursor infiltration pyrolysis, has been studied under flexural loading to 9 

investigate the condition at failure. The investigation integrated the advantages of 10 

continuous data acquisition by optical imaging and 3D reconstruction of internal 11 

structure in X-CT imaging, for in situ investigation of microstructure-related failure 12 

mechanisms. Optical imaging with digital image correlation acquired the surface 13 

displacements. X-ray computed tomographs, obtained in situ, were analysed by digital 14 

volume correlation to measure the 3D displacement fields. Image subtraction, informed 15 

by the 3D displacements, was used to detect and visualize crack development. 16 

Curvature measurement, via the displacement fields, monitored the change in effective 17 

flexural modulus. The observed failure modes included matrix cracking, inter- and 18 

intra-bundle debonding and fibre breakage. Tensile cracks were arrested by the 19 
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heterogeneous microstructure, and the ultimate failure under flexural loading was due 1 

to multiple cracking in compression. 2 
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1. Introduction 6 

For more than twenty years, ceramic matrix composites (CMCs) have been considered 7 

as a potential replacement for metallic alloys in aerospace applications [1,2]. Especially 8 

for high-temperature components in the aircraft engines, it is vital for materials to retain 9 

good mechanical properties under extreme temperatures and chemically corrosive 10 

environments [3]. SiCf/SiC composites have attracted much attention due to their non-11 

brittle behaviour, high specific strength, creep resistance and oxidation resistance [4]. 12 

The use of SiCf/SiC composites for aircraft engines has progressed from the exhaust 13 

components to shrouds/seals, combustors, stators/vanes, and finally to the most 14 

demanding application of rotors and blades [5]. To take maximum advantage of the 15 

performance of SiCf/SiC composites in engineering structures, continuous fibre bundles 16 

(scale 0.1–1 mm) are usually braided in custom-designed 3D patterns. 3D 4-step 17 

braided patterns have been developed due to their light weight and excellent structural 18 

integrity and mechanical properties [6–8]. The fibre bundles are oriented to follow the 19 

primary load paths expected in the designed component to maximize its stiffness and 20 



strength, and are interlocked to prevent catastrophic separation when damaged. The 1 

mechanical behaviours of SiCf/SiC composites have been studied both at room and 2 

elevated temperatures, and general reviews of their properties, including monotonic 3 

tension, fatigue and creep behaviour are given in [5,9]. 4 

SiC fibres are usually coated by chemical vapor deposition (CVD) with BN or PyC and 5 

may have a protective layer of either SiC or Si3N4 [10]. The SiC matrix can be obtained 6 

by one or more of the following: chemical vapor infiltration (CVI) [11], reactive melt 7 

infiltration (RMI) [12], polymer impregnation and pyrolysis (PIP) [13], slurry 8 

infiltration (SI) and the nano-infiltration and transient eutectic phase (NITE) method 9 

[14]. Two primary SiCf/SiC fabrication routes are currently used to produce complex-10 

shaped components for aerospace engines, with microstructures capable of reliable 11 

structural operation for long times at elevated temperatures, one was developed under 12 

the NASA Enabling Propulsion Materials (EPM) Program [15] and the other was 13 

developed and demonstrated by General Electric [12]. Both routes use the CVI and RMI 14 

methods. However, the excess silicon that remains in the matrix produced in the final 15 

silicon infiltration step intrinsically limits the CMCs upper-use temperature to 1250°C 16 

[16]. To solve this problem, a PIP or CVI-PIP approach has been adopted recently. The 17 

PIP method has the advantages of lower pyrolysis temperature, low cost, and a 18 

homogeneous ceramic matrix, and it is suitable for large-scale component fabrication 19 

[17]. However, SiCf/SiC composites fabricated by PIP usually have a relatively high 20 

total porosity (10-15%), and it is important to understand how this porosity affects the 21 

mechanical properties. Recently, 3D SiCf/SiC composites prepared via PIP have been 22 



studied to investigate the effect of heat treatment and interface phases on their 1 

mechanical properties at ambient [18,19] and high temperatures, including creep 2 

[20,21]. These studies have shown that a suitable heat treatment temperature (1400°C) 3 

and interface thickness (0.1 μm) can improve mechanical properties such as flexural 4 

strength and fracture toughness significantly. Composites prepared by PIP using such 5 

optimized parameters also exhibited excellent tensile and creep behaviours at room and 6 

elevated temperatures. Local effects such as the fibre directionality have also been 7 

investigated in [22], as has the influence of film cooling holes at 1350°C in air [23]. 8 

These studies indicated these local effects have a stronger influence on dynamic and 9 

long-term properties than static and short-term properties. 10 

Macroscopic tests are useful to assess the average properties of composites and are an 11 

important data source for engineering applications. For deeper understanding it is vital 12 

to observe how the damage initiates and propagates during mechanical tests. Digital 13 

image correlation (DIC) is a non-contact optical technique to acquire in situ information 14 

of the surface displacement and strain fields. It has been widely used in mechanical 15 

testing of ceramic composites. For instance, DIC has been used to identify the locations 16 

of cracks and measure crack opening displacement profiles in SiCf/SiC composites 17 

during tension tests [24]. Observations of the local deformations were used to study the 18 

influence of weave architecture in tensile loading of SiO2f/SiO2 composites [25]. It has 19 

been applied to capture the evolution of displacement and strain fields of 3D needle-20 

punched C/SiC composites during three-point bending tests [26], and to investigate the 21 

non-uniform strains of a 2.5D woven SiO2f/SiO2 composites in tension [27]. The tensile 22 



behaviours of notched SiCf/SiC and Al2O3f /Al2O3-SiO2 composites have been 1 

examined [28,29] and damage mechanisms of a 2D braided SiCf/SiC tube were studied 2 

at the tow scale under tensile loading [30]. 3 

For CMCs with complex 3D braided structures, surface investigation methods are 4 

insufficient to investigate failure mechanisms that are related to the internal 5 

microstructures. X-ray computed tomography (X-CT) can provide volumetric 6 

information on the microstructure of complex materials and has been applied in 7 

qualitative examinations of the porosity and microstructures of a range of CMCs 8 

[17,31–33]. In situ studies allow damage evolution to be observed, and can support the 9 

use of image-based simulations to understand the effects of microstructure on crack 10 

initiation [34,35]. In situ X-CT has been used to characterize damage development 11 

within CMCs including Cf/C-SiC, SiCf/SiC and Cf/SiC under compressive [36], tensile 12 

[3,37], flexural [38] and fatigue loading [39]. Digital volume correlation (DVC) 13 

analysis, applied to in situ X-CT data, uses the inherent features of the microstructure 14 

to measure the 3D displacements and strains [40]. Post-processing of the data can also 15 

allow discontinuities such as cracks to be detected from the local residual differences 16 

between the reference and deformed volumes [41], and then to extract networks of 17 

cracks within complex initial architectures [42]. Coupled in situ X-CT and DVC 18 

analysis has been utilized to investigate the microstructure-dependent damage 19 

mechanisms in braided SiCf/SiC composite tubes under tensile and compressive 20 

loading [43,44], and some studies that have also applied DVC and X-CT to flexural 21 



loading, such as carbon/epoxy [45] and C/C-SiC composites [46]. No such studies have 1 

been conducted on 3D braided SiC/SiC composites under flexural loading. 2 

In this paper, 3-point bend flexure tests of two similar types of 3D 4-step braided 3 

SiCf/SiC composites, produced by precursor infiltration pyrolysis, have been observed 4 

in situ using optical and X-CT imaging, and analysed by image correlation. The 5 

objective of this study is to investigate the 3D deformation characteristics and the 6 

initiation and propagation of damage within the microstructure of SiC/PyC/SiC 7 

composites under flexural loading. This knowledge can provide guidance for the 8 

optimization of processes in material preparation. Additionally, the study contributes to 9 

the development of image-based methods to quantify damage on the macroscopic scale 10 

that may facilitate real-time monitoring of these materials in engineering applications. 11 

2. Materials and experiments 12 

2.1 Materials and Specimens 13 

Two batches of specimens were studied; both were 3D 4-step braided SiCf/SiC 14 

composites fabricated by the precursor infiltration pyrolysis (PIP) process. The first 15 

batch of composite specimens (Series 1, a total of 4 specimens), with an approximate 16 

size of 80 mm×10 mm×3.75 mm was tested at room temperature, with observation by 17 

single-camera DIC. The other batch of composite specimens (Series 2, a total of 4 18 

specimens) had approximate dimensions of 45 mm×5 mm×3.5 mm and was tested at 19 

room temperature with observation by in situ X-CT for DVC analysis.  20 



The two batches were fabricated by similar methods (Table 1). The Series 1 and Series 1 

2 specimens utilized KD-I and KD-Ⅱ SiC fibres respectively, with the KD-Ⅱ fibres 2 

being of higher strength and stiffness. The KD-I fibres have high oxygen content (12 3 

wt%–13 wt%), and exhibit greater variation of mechanical properties and lower 4 

thermal stability [47]. The KD-Ⅱ fibres have significantly reduced oxygen content (only 5 

about 1 wt%), and can maintain high tensile strength and modulus below 1500℃ under 6 

an inert atmosphere [48]. In both batches, a pyrolytic carbon (PyC) layer was first 7 

deposited on the fibre preform using Propylene (C3H6) at 850°C and 2 kPa for 10 h. 8 

The SiC matrix was prepared by the PIP route, with the coated fibre preform infiltrated 9 

by LPVCS or 50 wt% PCS/xylene solution under vacuum for 2 h. After drying, the 10 

preform was pyrolysised above 1000℃ for 1 h under a protective Ar atmosphere. The 11 

PIP process was repeated until the weight increase of the composite in a cycle was less 12 

than 1%. 13 

2.2 Flexural loading with DIC (Series 1 Composite) 14 

3-point bend flexure tests with span to thickness ratio of ~20 and ~16 were conducted 15 

on specimens of the Series 1 composite in an electronic universal testing machine 16 

(WDW-100) with a force measurement range of ±100 kN, at a cross-head speed of 0.5 17 

mm/min [49][50]. Single-camera DIC was used in the tests with the span to thickness 18 

ratio of 20, in which one side of the specimen was sprayed with white and black paint 19 

to produce uniform, random speckles and a CCD camera (1280×1024 pixels) with a 20 

lens (focal length 35 mm) recorded images at a frame rate of 7 fps, with a 10 µm pixel 21 



size (i.e. field of view ~13×10 mm). The experimental setup for the flexural tests with 1 

DIC is shown in Fig. 1a. DIC analysis of a region of interest (ROI), measuring 12.2 2 

mm×3.3 mm used the software VIC-2D (Correlated Solutions), with an image subset 3 

(correlation domain) dimension of 29×29 pixels and step size (correlation point spacing) 4 

of 5 pixels. The image at a preload of 20 N was the reference, and rigid body movements 5 

were removed relative to a reference point chosen within the ROI. 6 

2.3 Flexural loading with in situ X-CT and DVC (Series 2 Composite) 7 

3-point bend flexure tests of the Series 2 composite with 20 mm span (i.e. span to 8 

thickness ratio of ~6) were performed using a Deben CT5000 loading rig (5 kN load 9 

capacity, glassy carbon loading pins) that was designed for in situ X-CT. The 10 

experimental system for flexural tests with in situ X-CT is shown in Fig. 1b. Two 11 

specimens were first tested with continuous monotonic loading (0.2 mm/min) to obtain 12 

the load-displacement behaviour, based on which the loads for subsequent in situ 13 

observations were selected. The loading rig was mounted on the rotational stage of an 14 

Xradia 510 Versa X-ray microscope. Two specimens were each observed by X-CT at a 15 

pre-load of 30 N and then at progressively higher loads. This was increased between 16 

observations using a cross-head speed of 0.2 mm/min, and tomographs were recorded 17 

at fixed cross-head displacements. The microscope was operated at an X-ray energy of 18 

80 keV and power of 7 W, with 0.4× objective to obtain an image voxel size of 7.2 µm 19 

with 1× binning of the 2048 × 2048 camera. Each scan of 1601 projections, recorded 20 

over a 360° rotation with 40 s exposure per projection, required 19 h 15 min. The 21 



tomography reconstruction used the Zeiss software. Before image processing in Avizo 1 

Fire software and DVC analysis with LaVision Davis software, the reconstructed 2 

images were cropped to 1700×630×850 voxels (i.e. 12.2×4.5×6.1 mm) and resampled 3 

from 32 bit to 8 bit using FiJi/ImageJ1. 4 

The DVC analysis used the tomograph at 30 N pre-load as the reference. The DVC 5 

analyses were conducted using the same parameters for each loading step, with an initial 6 

subset size (correlation domain) of 192×192×192 voxels (75% overlap, 1 pass, i.e. 7 

correlation step size 48 voxels), then 96×96×96 voxels (75% overlap, 2 passes), and 8 

finally 48×48×48 voxels (75% overlap, 2 passes, i.e. correlation step size 12 voxels). 9 

Rigid body movements, relative to a fixed reference point, were removed.  10 

Pores in the X-CT images have similar contrast with cracks, and as pores and cracks 11 

are usually connected, it is difficult to extract and visualize the cracks by threshold-12 

based image segmentation methods. Furthermore, cracks with narrow opening have low 13 

contrast and can be difficult to observe clearly in X-CT images. Image subtraction has 14 

been applied to address this, by a novel approach that is informed by the DVC 15 

measurements. A detailed introduction to this method can be found in reference [42]. 16 

Briefly, the deformed images are transformed into the configuration of the reference 17 

image, according to the local transformation field measured by DVC, and image 18 

subtraction is conducted within the reference configuration. Newly created features, 19 
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such as cracks, can then be highlighted within the subtraction results (referred to as 1 

subtracted images), as the contrast from the initial microstructural features, such as 2 

pores and pre-existing cracks, is removed. This method was used to visualize the 3 

development of damage. In the present work, the displacement field measured by DaVis 4 

software was imported into an in-house code CMV3D to perform image subtraction 5 

[Chateau,Strain,2018]. 6 

3. Results 7 

3.1 Series 1 Composite (Flexural loading with DIC) 8 

The nominal tensile stress, !, and strain, #, were calculated using standard Euler 9 

beam theory [49] from the load-displacement data and the nominal stress-strain curves 10 

of four Series 1 specimens (1-1 – 1-4) are shown in Fig. 2a. The experimental conditions 11 

and measured mechanical properties of the Series 1 specimens are summarised in Table 12 

2. Specimens 1-1 and 1-2 were tested with span to thickness ratio of 20 (the results are 13 

presented in the form of solid lines), and specimens 1-3 and 1-4 were tested with span 14 

to thickness ratio of 16 (the results are presented as dash dot lines). The apparent elastic 15 

modulus obtained in the linear region (tangent modulus) varies between specimens and 16 

is of the order of 80 to 90 GPa. Fig. 2b shows optical images of the four Series 1 17 

specimens (1-1 – 1-4) captured at their peak loads. More severe debonding can be 18 

observed in the shorter span specimens 1-3 and 1-4 compared with the longer span 19 

specimens 1-1 and 1-2. The measured flexural strength is slightly greater in the 20 

specimens with the higher span to thickness ratio. 21 



As the general flexural behaviour and damage evolution is similar in all specimens only 1 

a detailed analysis of specimen 1-1 will be presented. The nominal tensile stress-strain 2 

curve of specimen 1-1 is reproduced in Fig 3a, where points are identified that 3 

correspond to: a) the start of the nonlinear stage; b) the occurrence of interlayer 4 

debonding; c) the peak load; and d) the post-failure condition. This specimen shows 5 

linear behaviour below 450 MPa, then some nonlinearity before the maximum stress 6 

(flexural strength, 650 MPa) is reached. Optical images recorded during the testing of 7 

specimen 1-1 (Fig. 3b – e) show that as the load increased, damage was first observed 8 

to occur near to the tensile surface, opposite the loading pin (Fig. 3b, !=446 MPa, point 9 

a of Fig. 3a). The second failure mode was interlayer debonding near the loading pin 10 

on the compressive surface (Fig. 3c, !=613 MPa, point b of Fig. 3a). The debonding 11 

developed further at the compressive surface, causing surface extrusion and buckling 12 

(Fig. 3d, !=648 MPa, point c of Fig. 3a). The debonding then extended towards the 13 

tensile side (Fig. 3e, after failure, point d of Fig. 3a) until the specimen lost the ability 14 

to carry a higher load, which lead to a dramatic drop of the load in the macroscopic 15 

curve.  16 

Displacements fields were measured in the XY plane by DIC, and maps of the 17 

component parallel to the loading direction (Y direction), are shown in Fig. 4. They 18 

generally exhibit the typical patterns of three-point bending, with the bending centred 19 

at the position of the loading pin (X=5.1 mm), which is marked by black dotted lines. 20 

For a beam in flexure with a high span-to-thickness ratio, the normal stress 21 

perpendicular to the cross section (#!!) is dominant. The strain fields were calculated 22 



from the full field displacements using a centred 3-point differentiation scheme, and 1 

Fig. 5 maps the evolution of the #!! component with increasing flexural stress within 2 

the ROI. The strain distribution was initially almost uniform (Fig. 5a), with tensile and 3 

compressive strains roughly symmetric (i.e. across the expected location of the elastic 4 

neutral axis). As the flexural stress increased, the tensile and compressive strains 5 

increased in magnitude (Fig. 5b and c). As the tensile stress reached 450 MPa, 6 

significant local strain concentrations developed at the tensile surface (Fig. 5d), and 7 

became extremely inhomogeneous as the tensile stress reached 643 MPa (Fig. 5f).   8 

Fig. 5g shows the position of the neutral axis with increasing applied flexural stress. In 9 

flexure, to maintain static equilibrium, the neutral axis is closer to the surface with 10 

higher elastic modulus. It is initially 0.12±0.07 mm below the centre line of the 11 

specimen, which is consistent with the tensile elastic modulus of braided composites 12 

being higher than the compressive elastic modulus [51]. The neutral axis moved across 13 

the centre line as the flexural stress increased, indicating increased compliance at the 14 

lower tensile surface due to damage, and it was located 0.24±0.06 mm above the centre 15 

line when the stress reached 300 MPa. Obvious damage occurred on the compressive 16 

side (Fig. 3c) when the stress was 643 MPa, and the neutral axis returned towards the 17 

centre line due to the increased compliance of the damaged compressive region.  18 

According to Euler theory for a slender, homogeneous and linear elastic beam, the 19 

elastic modulus can be obtained from the radius of curvature, $, which is related to the 20 

bending moment, M, elastic modulus, E and second moment of area, I, (Eq. 1) via the 21 



linear gradient of tensile strain across the beam. This provides a method to estimate the 1 

effective elastic modulus, directly from the DIC observations; the small movement of 2 

the neutral axis relative to the centre line, due to inhomogeneous elastic properties, is 3 

neglected. To reduce the effect of DIC errors, the average strain at the mid-span was 4 

obtained from the relative displacement change, ∆& , between two YZ planes 5 

symmetrically located on either side of upper loading pin and separated by a gauge 6 

length, '" , of 4 mm. Over this distance, the bending moment is within 95% of its 7 

maximum.  8 

  (1) 9 

The strains, normalized by M/I, are shown in Fig. 6a, with a linear best fit applied. Its 10 

gradient provides the effective elastic modulus, which is presented in Fig. 6b as a 11 

function of the applied stress. The DIC-obtained elastic modulus for specimen 1-1 at 12 

low stress was 97.9±1.1 GPa. It did not change significantly until 450 MPa, when 13 

visible damage appeared on the tensile surface (Fig. 3a). Here the elastic modulus 14 

reduced to 86.4±0.7 GPa, and then declined to 56.5±1.7 GPa at 643 MPa with the 15 

occurrence of the mass of damage at the compressive surface (Fig. 3c). The same trend 16 

is observed in the modulus that was calculated from the local gradient of the nominal 17 

stress/strain (labelled as ‘Experimental Curve (tangent modulus)’), but this shows a 18 

lower initial modulus of 91.9±0.8 GPa. The secant modulus (i.e. gradient from the 19 

origin to points on the stress-strain curve) is close to the tangent modulus. Specimen 1-20 
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2 was analysed in the same manner, and showed a similar decline in modulus with 1 

applied stress from a lower initial value of 78.2±0.5 GPa.  2 

3.2 Series 2 Composite (Flexural loading with in situ X-CT and DVC) 3 

Load vs displacement data for specimens of the Series 2 composite are shown in Fig. 4 

7. Due to the shorter span, a progressive quasi-brittle failure was observed after the peak 5 

load was attained. The average flexural strength was 709±34 MPa. From the tests on 6 

specimens 2-1 (strength 685.2 MPa) and 2-2 (strength 763.3 MPa), loads were selected 7 

for the in situ X-CT scans of specimens 2-3 and 2-4, as indicated by circles. The load 8 

dropped by a small degree (less than 15%) during each scan. Specimen 2-3 was scanned 9 

at 30, 1100, 1250, 1447 N (peak load, strength 677.5 MPa) and at 1033 N after the peak 10 

load. These are labelled in sequence (Fig. 7) as scanning steps 0 to 4. Specimen 2-4 was 11 

scanned at the loads of 30, 600 and 1100 N and then at 606 N after the peak load of 12 

1597 N (strength 707.6 MPa). The scanning steps are labelled similarly.  13 

A 3D visualization of specimen 2-3, scanned at step 4 (i.e. after the peak load) is shown 14 

in Fig. 8a with representative 2D slices in the orthogonal XY (Fig. 8b) and YZ (Fig. 8c) 15 

planes, indicated by red and green traces respectively (the XZ slice is approximately 16 

0.35 mm from the compressive surface). The loading pin location on the upper 17 

compressive surface is marked by black dotted lines. There are only a few small cracks 18 

(indicated by red arrows in the Fig. 8a) at the tensile side, but there is a mass of long 19 

cracks, parallel to the directions of fibre bundles, close to the compressive surface. Its 20 

development is illustrated in more detail in Fig. 9a, which shows the same vertical XY 21 



section at different loads, with zoomed images of local regions (marked by red dotted 1 

boxes). There was no visible damage near the compressive surface before 1250 N (step 2 

2). At the peak load (step 3, 1447 N), fibre breakage occurred in the fibre bundles closest 3 

to the loading pin. This damage is indicated by yellow arrows in Fig. 9a, which can also 4 

be seen in Fig. 8c. Transverse cracks between and within fibre bundles were found in 5 

the vicinity of these broken fibre bundles, which are indicated by blue and green arrows 6 

respectively in Fig. 9a. These transverse cracks, stemming from interfacial debonding, 7 

propagated along the direction of fibre bundles. As the load increased, further intra-8 

bundle cracking developed, and the damaged region increased in size until final failure 9 

of the specimen. A series of horizontal YZ slices at different loads, at the same location 10 

close to tensile surface (about 0.07 mm), are shown in Fig. 9b. Some small surface 11 

cracks initiated in the matrix region, on either side of the loading point (indicated by 12 

red arrows in the Fig. 9b), when the load reached 1100 N (step 1). The specimen 13 

porosity is low in the surface regions [see Supplementary information]. As the load 14 

increased, the number of matrix cracks increased, as shown by the increase in the 15 

number of red arrows. Moreover, they propagated into fibre bundles, which are 16 

indicated by the yellow arrows in Fig. 9b. However, these cracks did not continue to 17 

propagate deeper into the specimen and remained close to the tensile surface. A similar 18 

pattern of damage was observed in specimen 2-4. 19 

Example displacement fields, relative to the preload (step 0) that were obtained by DVC 20 

analysis at 1100 N (step 1) and at the peak load (step 3, 1447 N), are shown in Fig. 10 21 

for specimen 2-3. They confirm the quasi-uniform bending of the specimen before 22 



failure, and also show the effect of damage on the specimen’s deformation. The 3D 1 

maximum principal strain fields for specimen 2-3 are shown in Fig. 11a at different 2 

loads. At 1100 N (step 1) and 1250 N (step 2), the strain distribution generally 3 

corresponds to the periodic mesoscopic structure of the composite, and a small number 4 

of strain concentrations emerge on the upper and lower surfaces. At peak load (step 3, 5 

1447 N), a major strain concentration develops at the compressive surface, indicating a 6 

discontinuity in the displacement field due to damage. In the corresponding subtracted 7 

images (Fig. 11b), the formation of a small number of new cracks (labelled in dark red) 8 

can be seen from 1100 N at the tensile side. These do not propagate significantly with 9 

increasing load. Cracks that were aligned to the direction of fibre bundles have been 10 

labeled in green. They developed from 1100 N on the compressive surface, close to the 11 

contact of the upper loading pin, and then extended to one side of the pin into a mass 12 

of damage with increasing load. The image subtraction result for specimen 2-4 after 13 

failure (step 3) is also shown in Fig. 11c, and it exhibits a similar pattern of damage. 14 

The axial strains (#!!) in the vicinity of the loading pin were calculated using the net 15 

X-displacements between the two Y-Z planes that were located on either side with a 16 

distance of 4 mm (centred at X=6.1 mm). Over this distance, the bending moment is 17 

within 20% of its maximum value; the distance was chosen to reduce uncertainties from 18 

the heterogeneity of the displacement field. The strain (normalized by M/I, where M is 19 

obtained for the maximum load at the start of the X-CT scan), is mapped in Fig. 12 at 20 

different applied loads for specimen 2-3. It is quite constant in the Z-direction, 21 

confirming the uniform bending. The neutral axis is above the centre line at step1 and 22 



step2 (Fig. 12a and b), indicating increased compliance at the lower tensile surface due 1 

to damage. Obvious damage occurred at the compressive side at step 3 and developed 2 

gradually at step 4, which resulted in movement of the neutral axis towards the tensile 3 

side (as shown in Fig. 12c and d). The variation, with Y, of the normalized strains, 4 

averaged in the Z-direction, is shown for specimen 2-3 in Fig. 13a, and the effective 5 

elastic modulus was estimated from the gradient as before. The modulus was almost 6 

constant prior to the peak load (131.4±1.7 GPa at step 1 and 125.4±1.2 GPa at step 2), 7 

and then decreased significantly with increasing applied cross-head displacement. The 8 

volume fraction of cracks, obtained by dividing the number of crack voxels identified 9 

in the image subtraction results of Fig. 11b, by the number of voxels in the ROI, 10 

increased simultaneously with the decrease in modulus (Fig. 13b). Similar behaviour 11 

was observed also for specimen 2-4, which had a modulus of 133.5±6.3 GPa (step 1) 12 

and 131.9±8.6 GPa (step 2) before significant damage was detected. 13 

3.3 Discussion 14 

The effective elastic modulus obtained for the Series 1 composite using DIC 15 

measurement of the specimen curvature agrees well with that derived from the load-16 

displacement data (Fig. 6b), using either local gradient or secant (the latter is more 17 

analogous to the DIC measurement); flexural specimens with long span have high 18 

compliance so the displacement contribution from the loading rig is small, and a span-19 

to-thickness ratio greater than 16 is recommended [49] for property measurement. The 20 

short span used in the testing of the Series 2 composites, which is imposed by the 21 



requirements of in situ X-CT, is shorter than the standard recommendation for reliable 1 

modulus measurements [49][50]. The effective moduli for both Series 1 and Series 2 2 

composites, obtained by DIC and DVC analysis of displacement fields, assume isotopic 3 

and uniform properties and may therefore only provide approximate values. 4 

Nonetheless, the analysis allow the effect of mechanical damage on the specimen 5 

compliance to be monitored through its effect on curvature. This method has been 6 

applied successfully in flexural tests of polymer composites [52], C/C-SiC composites 7 

[46], and alumina-alumina composites [53]. Moreover, this approach, which provided 8 

data also on the position of the neutral axis, has potential use as a means to verify 9 

numerical simulations of damage development. 10 

The higher effective modulus of the Series 2 composite compared to the Series 1 11 

material, obtained prior to the development of visible damage, is consistent with the 12 

higher stiffness of the KD-Ⅱ SiC fibres [47][48]. This is also consistent with the 13 

observation in [54] that SiC fibres significantly affect the flexural properties of SiC/SiC 14 

composites. However, differences may also arise from development of the matrix via 15 

PIP with alternative precursors (Table 1). The distinction of bending strength between 16 

specimens 1-1, 1-2 and 1-3, 1-4 may be due to different span to thickness ratios. A 17 

relatively small span thickness ratio can encourage shear failure [49], which can be also 18 

indicated by the more extensive debonding damage observed in specimens 1-3 and 1-4 19 

in Fig. 2b. The effective flexural modulus difference between Series 1 is quite 20 

significant. This may be due to a larger property variations of KD-I fibres [54], but also 21 

may arise from heterogeneity of the braided composite microstructure (such as the pores) 22 



and the small thickness of the test specimens, which limits the strained volume. 1 

Significant variations in elastic modulus have also been reported in tensile testing of 2 

similar materials [51].  3 

In both the Series 1 and Series 2 composite materials, damage first initiated on the 4 

tensile side, but the final failure coincided with the development of a great number of 5 

transverse cracks on the compressive side (Fig. 3, Fig. 9). The cracks on the tensile side 6 

formed due to the normal tensile stress, which exceeded the strength of the SiC matrix 7 

[55][56]. These cracks propagated from the matrix into the fibre bundles, and then 8 

arrested. Their development, which increases the compliance of the damaged region, 9 

has a small but measurable effect on the effective modulus of the specimen and the 10 

position of its neutral axis. 11 

The damage modes on the compressive side are more complex, but similar in both 12 

Series 1 and Series 2 composites. Schematic diagrams of the dominant damage at peak 13 

load and after failure are shown in Fig. 14. Blue arrows represent the position of the 14 

upper loading pin, and red ellipses represent fibre bundles. At the compressive side, the 15 

local stress concentration in the region in direct contact with the loading pin resulted in 16 

matrix cracking, and the transverse compression caused shear fracture within the nearby 17 

fibre bundles. Similar phenomena were observed during 3-point bend flexure testing of 18 

3D five-directional braided composites [45]. This damage is quite localized beneath the 19 

loading pin. More significantly, the high longitudinal compressive stress caused 20 

debonding of the interfaces between the fibre bundles and matrix, and also within fibre 21 



bundles, such that an increasing number of transverse cracks developed in the damaged 1 

fibre bundles with increasing load (Fig. 9). Such debonding damage, also described as 2 

delamination, has been observed in an alumina-alumina ceramic-matrix composite [53],  3 

SiC/SiC composites [57] and other 3D woven composites [58] under flexural loading. 4 

This damage significantly increased the compliance of the compressive region of the 5 

specimen. The ultimate failure of both composites resulted from damage that extended 6 

from the compressive to the tensile surface, until the specimen became unstable and 7 

was unable to sustain the applied flexural stress. Although damage at the tensile surface 8 

occurred first, and this corresponded to the onset of nonlinearity of the macroscopic 9 

curve, it did not account for the complete loss of the loading capacity of the specimen.  10 

The conditions after failure can be observed more clearly using scanning electric 11 

microscopy (SEM). Fig. 15a shows SEM images of the fracture surface of specimen 2-12 

1. Conspicuous fibre pull-out occurred on the tensile side, while no such phenomenon 13 

was observed on the compressive side. Moreover, the fracture surfaces of the fibres on 14 

the tensile side are perpendicular to the fibre axis direction, while most of the fracture 15 

surfaces of the fibres on the compressive side are inclined to the fibre axis direction. 16 

These observations indicate that the fibres on the tensile side fractured under tensile 17 

loading, while the fibres on the compressive side fail by shearing or buckling. Obvious 18 

matrix cracking and interfacial debonding can be observed within fibre bundles on both 19 

sides. Fig. 15b shows SEM images of the side surface of specimen 2-3 (the red arrow 20 

represents the position of the loading pin). Fracture modes including matrix cracking, 21 



interfacial debonding and fibre breakage all occurred on the compressive side. The 1 

observation of cracks on the tensile side is also consistent with the X- CT observations.   2 

The distribution and pattern of damage development, which was indicated by optical 3 

surface observations in the Series 1 composite, was verified by in situ X-CT of the 4 

Series 2 composite. In both materials, damage initiated first at the tensile surface and 5 

was arrested by the braided structure. The maximum flexural stress was limited by 6 

compressive failure, which occurred close to the central pin of the three-point loaded 7 

specimen. Flexural failure was thus affected by the specimen test method, and flexural 8 

strength measured in this manner should not be considered as a material property. This 9 

observation in both materials and specimen geometries indicates a common problem 10 

for flexural testing of 3D braided ceramic composites. 11 

In the flexural testing of the two composites, both the long span and short span 12 

specimens showed similar behaviour. This can be related to the relatively low interfacial 13 

debonding strength [59][60]. The interfacial debonding strength can notably influence 14 

the flexural properties of SiC/SiC composites, particularly when subject to cyclic 15 

loading [61], so it is necessary to pay close attention to this property when preparing 16 

this type of composite. 17 

4. Conclusion 18 

Flexural tests of two different 3D braided ceramic fibre composites, with silicon carbide 19 

matrices manufactured by PIP with different precursors and types of SiC fibres have 20 



been studied. In situ quantitative study, using image correlation in 2D and/or 3D, 1 

provides insight into the sequence of damage processes that lead to failure. The 2 

effective elastic modulus can be obtained by analysis of the specimen curvature using 3 

image correlation, applied to in situ optical and X-ray tomography images. The change 4 

in this modulus provides a measure of the effects of mechanical damage within the 5 

microstructure. In both composites, tensile damage occurs first by matrix cracking. 6 

However, the ultimate failure of the specimen at the flexural strength occurs after the 7 

propagation of a mass of inter- and intra-fibre bundle cracking that initiates in the region 8 

of maximum compressive stress close to the loading pin. The flexural strength obtained 9 

in such tests is therefore not a material parameter, but can depend on the specimen and 10 

test geometry.  11 
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Figures Captions 17 

 Fig. 1 Experimental setup for: a) flexural tests with DIC; b) flexural tests with in situ X-CT  18 

Fig. 2 a) Nominal stress vs strain curves of four Series 1 specimens (1-1–1-4) (the curves of different 19 

span to thickness ratios are presented as solid lines and dash dot lines respectively); b) optical images of 20 

four Series 1 specimens (1-1–1-4) captured at their peak loads.  21 



   Fig. 3 a) The nominal tensile stress-strain curve of specimen 1-1 (points a, b, c, d correspond to the start 1 

of the nonlinear stage, the occurrence of the interlayer debonding, the peak load and the post-failure 2 

condition); Example optical images recorded during flexural testing of Series 1 specimen 1-1 at 3 

increasing flexural stress: b) tensile cracking (450 MPa); c) interlayer debonding near the upper 4 

compressive surface (613 MPa); d) surface extrusion and buckling near the compressive surface (648 5 

MPa); e) propagation of interlayer debonding to the lower tensile surface (after failure at 593 MPa). 6 

Fig. 4 Evolution of the Y-direction displacement fields with increasing load: a) 100 MPa to f) 643 MPa 7 

for Series 1 specimen 1-1. 8 

Fig. 5 Evolution of the !!! strain field with increasing load: a)-f); g) the positions of the neutral axis at 9 

different loads (averages of positions where !!! = 0, measured between X = 3.1 mm and X = 7.1 mm) 10 

Fig. 6 a) Normalized strains (!!! "
#) along the direction of thickness (Y) for Series 1 specimen 1-1; b) 11 

elastic modulus calculated for specimens 1-1 and 1-2, using DIC and the gradient or secant of the stress-12 

strain relationship obtained via the load vs cross-head displacement data (‘Experimental curve’). 13 

Fig. 7 Cross-head displacement vs load data for the flexural tests of the Series 2 composite. Specimens 14 

2-1 and 2-2 were loaded continuously, and specimens 2-3 and 2-4 were tested with interrupted loading 15 

for in situ examination by X-CT at the numbered points (scanning steps). 16 

Fig. 8 a) 3D reconstruction of Series 2 specimen 2-3, imaged by X-CT at step 4 (1033 N, after peak load).  17 

Cracks are indicated with red arrows; 2D slices through this volume are shown in b) XY and c) XZ planes, 18 

which are labelled as red and green respectively in a) 19 

Fig. 9 2D slices of Series 2 specimen 2-3, imaged by X-CT at increasing loads to failure (steps 0 to 4): 20 

a) vertical XY slices; b) horizontal XZ slices close to the tensile surface (the position of the loading pin is 21 

marked by a black dashed line). The arrows identify the development of damage – see text for details. 22 



Fig. 10 Displacement fields (mm) of Series 2 specimen 2-3 in three directions, measured by DVC of X-1 

CT images, at: a) 1100 N (step 1) and b) at peak load (step 3, 1447 N) 2 

Fig. 11 Comparison of: a) 3D maximum principal strain fields at different loads, and b) visualizations 3 

from image subtraction at corresponding loads (steps 1 to 4, Series 2 specimen 2-3); c) image subtraction 4 

visualisation for Series 2 specimen 2-4 after failure (step 3) 5 

Fig. 12 The fields of normalized strain (!$$$ % · 109⁄ ) at X-CT scanning steps 1 to 4, averaged across 6 

specimen thickness (Z). 7 

Fig. 13 a) Normalized strains (!!! "
#) along the direction of thickness (Y) for Series 2 specimen 2-3; b) 8 

Effective elastic modulus, obtained by DVC analysis of the strain gradient, and the volume fraction of 9 

cracks for Series 2 specimens 2-3 and 2-4 at each X-CT scanning step. 10 

Fig. 14 Schematic diagrams of various damage modes at peak load and after failure 11 

Fig. 15 SEM images of the Series 2 composite: a) the fracture surface of specimen 2-1; b) the side surface 12 

of specimen 2-3 (the red arrow represents the position of the loading pin) 13 

Tables 14 

Table 1 Main parameters with respect to the two batches of specimens 15 

 
Diameter 
of fibres 
/μm 

Elastic 
modulus 
(fibres) 
/GPa 

Tensile 
Strength 
(fibres) 
/GPa 

Matrix 
precursor 

Density 
(composite) 
/g/cm3 

Braided 
angle/° 

Series 1 ～12.5 170-180 1.8-2.0 LPVCS ～2.16 ～25 

Series 2 ～10-12 250-270 2.5-2.7 PCS/xylene ～2.09 ～25 

 16 
 17 
 18 
 19 



 1 

Table 2 Experimental conditions and measured mechanical properties of Series 1 specimens 2 

Specimen 
Span to thickness 

ratio 
Elastic modulus 

/GPa 
Flexural strength 

/MPa 
1-1 

20 
91.9 ± 0.8 650 

1-2 78.2 ± 0.5 563 
1-3 

16 
73.4 ± 0.3 412 

1-4 80.0 ± 0.5 521 
 3 

































Porosity Characterization 1 

X-CT images at the pre-load of 30 N were used to calculate the total porosity, observe 2 

the pores structure and study the pores distribution. Due to the different density and 3 

chemistry, the gray levels of different constituents due to X-ray attenuation vary in the 4 

reconstruction within the range of 0-255. Pores with relatively low gray levels can be 5 

separated from other solid phases by applying a contrast threshold, in this case using 6 

tools in the Avizo software. The effect of this threshold on the total measured porosity 7 

is shown in Fig. 1a. There is a region with low threshold sensitivity within the range 8 

between 115-125, and a threshold of 120 was chosen to extract the visible pores. Fig. 9 

1b shows a binary image obtained through this threshold operation. 10 

 11 



Fig. 1 The process of pore segmentation: a) effect of greyscale threshold [image range 0-255] on total 1 

measured porosity; b) segmentation result of an XY slice at a threshold of 120. 2 

Fig. 2 provides 3D visualization with respect to structure and distribution of pores. The 3 

total porosity fraction (10.89%) was calculated from the volume of all pores, relative to 4 

the total volume. Fig. 1b and Fig. 2a show two types of pores, inter-bundle macro pores 5 

and intra-bundle micro pores. Macro pores are mostly connected, though some isolated 6 

macro pores (i.e. no visible connection) can also be identified (Fig. 2b). The micro pores 7 

(Fig. 2c) were obtained by subtracting the image of the macro pores from that of all 8 

pores. Micro pores have high aspect ratio and are mostly parallel to the axial direction 9 

of fibres. Fig. 2d shows the 3D morphology of pores together with the solid phases. It 10 

is difficult to reliably segment the micro pores within the fibre bundles due to limited 11 

image resolution. However, the micro pores account for only a minority of total porosity, 12 

about 1.66%. Therefore, the measurement of the total porosity is considered reliable. 13 



 1 

Fig. 2 3D visualization of pores: a) total pores; b)macro pores; c)micro pores; d)with fibre undles and 2 

matrix (BUAA Composite, Specimen 2-3) 3 

Area fraction profiles to assess the variation of total pores, macro pores and micro pores 4 

as a function of the slice number in the three directions (XY, XZ and YZ slices) are shown 5 

in Fig. 3. The total porosity and macro porosity exhibit a significant periodic fluctuation 6 

in the XY and XZ slices, related to the mesoscopic braided structure of the specimen. It 7 

is notable that the porosity is quite low near the sample surfaces. In the YZ slices (i.e. 8 

along the specimen length), the porosity fluctuates aperiodically within a small range. 9 

For the micro pores, there is no obvious regularity in the distribution of all three 10 

directions (Fig. 17 e-g). This is due to the random distribution of fibres in the fibre 11 

bundles and the insufficient resolution of micro pores. 12 



 1 

Fig. 3 Area fraction profiles as a function of the slice number in the three directions: a) XY slices; b) XZ 2 

slices c) YZ slices; d) micro pores in the XY slices; e) micro pores in the XZ slices; f) micro pores in the 3 

YZ slices 4 


