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This paper presents a high-fidelity multiscale framework to simulate the mechanical behavior of 

ceramic matrix composites (CMCs), accounting for the complex micromorphology captured using 

detailed material characterization. First, high-resolution micrographs are obtained for the specific 

carbon fiber silicon-carbide-nitride matrix (C/SiNC) CMC to characterize the variability of the 

architectural features and manufacturing-induced defects at the microscale. An image processing 

algorithm is then used to precisely estimate the size and distribution of all subscale features and 

defects from the micrographs. The information is then used to generate a three-dimensional 

stochastic representative volume element (SRVE) to reconstruct microscale constituents accounting 

for the variability. Last, the generated SRVEs are simulated using the high-fidelity generalized 

method of cells (HFGMC) micromechanics theory to investigate the effects of defects on the elastic 

properties of C/SiNC CMCs. 

I- Introduction 

Ceramic matrix composites (CMCs) possess characteristics such as lightweight, high strength 

and toughness, high-temperature capabilities, and controlled failure under loading.  They are used 

in various applications involving harsh environments such as engine hot-section components [1- 

2]. However, the inherent capabilities of CMCs are not fully exploited due to a lack of complete 

understanding of the material performance under critical mechanical and environmental loading 

environments. Property scatter is notionally caused by variability in processing related parameters 

such as constituent volume fractions, tow spacing, shape and size, porosity, etc. The size, 

distribution, and morphology of defects such as voids at different length scale significantly impact 

their strength and toughness [3- 4], thus highlighting the need for exhaustive material 

characterization and quantification of these defects.  

Several authors have quantified the effects of defects in CMCs using experimental microscopy 

techniques. Gowayed et al. provided an overview of flaws in SiC/SiNC CMCs using optical 

microscopy; the authors categorized the flaws into different categories such as inter- and intrayarn 

defects [5]. A simple analytical model was also used to investigate the effects of material defects 

on the elastic properties of two systems of SiC/SiC and one oxide/oxide CMCs. The elastic 

properties were shown to deteriorate with increasing volume fraction (VF) of defects. Puglia et al. 

provided an overview of the quantification of defects in the T300C/SiC CMC material system [6]. 

Santhosh et al. used thermography scanning images to characterize and quantify porosity in CG-

NicalonTM/SiNC CMCs [7]. More recently, they used spheroidal inclusions with a 

micromechanics-based progressive damage model to predict the effects of porosity on the elastic 

properties for CG-Nicalon/SiNC CMCs [8]. Their results showed a more significant knockdown 

in the through-thickness modulus compared to the in-plane modulus.   

While analytical and semi-empirical models can predict the homogenized properties of CMCs, 

they cannot capture the critical load transfer characteristics and damage mechanisms at lower 

length scales, which can lead to unreliable strength and life cycle predictions. CMCs typically 

exhibit damage at multiple length scales in the form of intertow and intratow matrix microcracks, 

fiber-matrix interfacial debonding, and progressive fiber failure. Moreover, defects in the 

individual constituents create additional complexities in the accurate modeling and analysis of 
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CMCs. Therefore, it is essential to develop accurate models linking the constituent properties and 

subscale features to CMC response under thermomechanical loading.  

To date, there is no multiscale framework that can accurately capture the uncertainty in the 

predicted response while accounting for the architectural features and the actual shape and 

distribution of defects in CMCs. In addition to accurate physics-based models, such a methodology 

will heavily rely on systematic consideration of the most relevant, scale-dependent variability and 

its propagation across the length scales within the multiscale modeling framework.  Therefore, it 

is essential to define statistically equivalent representative volume elements (SRVEs) that can 

precisely capture the microstructural variability and the processing-induced flaws. Although large-

sized SRVEs can help capture the critical subscale features and variability, the resulting 

computational cost limits their use within a multiscale framework. As a result, existing approaches 

are limited to idealized microscale RVEs [9-11], making it difficult to accurately capture the 

effects of defects and variability at higher length scales. 

In this work, a high-fidelity multiscale framework is used to capture the effects of 

microstructural variability on the effective response of CMCs. First, material characterization 

studies are conducted on a carbon fiber silicon-carbide-nitride matrix (C/SiNC) CMC to 

investigate the architectural and geometric variability and manufacturing flaws at multiple length 

scales. This is particularly important since the specific CMC’s microscopy data is not readily 

available in the published literature. A generic three-dimensional (3D) microstructure generation 

algorithm is developed to explicitly model the individual constituent phases and defects based on 

a range of characterization data. A recently developed reformulated high-fidelity generalized 

method of cells (HFGMC) theory [12] is used to simulate the 3D microscale SRVEs and 

investigate the stochasticity in the predicted output properties of interest. The reformulated theory 

requires a significantly reduced number of unknowns to solve the SRVE boundary value problem, 

resulting in decreased computational cost. The methodology is also integrated with existing 

parallelization schemes and high-performance computing (HPC) architectures to simulate large-

sized SRVEs, with significantly increased computational efficiency. This framework is then used 

to investigate the effects of intratow porosity defects on the predicted elastic properties of C/SiNC 

CMCs. 

II- Multiscale structure and defects characterization 

In a previous investigation by the authors [13], the defects in C/SiNC CMCs were characterized 

using several microscopy and image processing techniques. Microscopy techniques such as 

scanning electron microscope (SEM) and confocal laser scanning microscope (LSM) were used to 

quantify flaws such as interlaminar debonding, denuded matrix defects, open or intertow porosity, 

shrinkage cracks, and intratow porosity in the as-received coupons. Figure 1 illustrates the material 

features and flaws obtained from the LSM at the micro- and mesoscales. Mesoscale defects such 

as open porosity and denuded matrix (cross over defects) “i” are shown in Fig. 1(a). Open porosity 

defects that have a favored direction (transverse) and shape (elliptical) act as a bridging mechanism 

between adjacent tows; see “ii” in Fig 1(b). At the microscale, intratow porosity “iii”, which has 

favored location, distribution, and shape, is shown in Fig. 1(c). High-resolution SEM micrographs 

were used for further characterization of the variability in material architecture and as-produced 

flaws. 

 

 

Fig. 1. C/SiNC CMC micrographs: (a) Denuded matrix defects at 5x magnification; (b) 

open porosity defects at 10x magnification; (c) intratow porosity defects at 50x 

magnification 

(b) (c) (a) 
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Different ceramic phases such as SiNC matrix and other ceramic particles were observed; see 

(*a) and (*b) in Fig. 2(a). Fiber arrangement, size, misalignment, and even distributions of the 

ceramic phases in intra- and intertow regions can be seen in Fig. 2(b). Figure 2(c) shows an 

example of a fiber-matrix interface damage “c” and Si-rich ceramic phases in intratow regions 

(*d). Furthermore, it is possible to estimate the fiber circular cross-section and hexagonal fiber 

close packing structure from the micrographs in Fig. 2. 

An image processing algorithm based on the image segmentation process was used to identify 

constituent volumes and defects from several microscopy graphs and quantify the uncertainty in 

architectural parameters such as fiber size and volume fraction, inter- and intratow spacing, and 

inter- and intratow void size, distribution and volume fractions. The obtained data was then used 

to build probability distribution functions (PDFs) for the corresponding input parameters. The 

readers are referred to [13] for additional details. 

 

(a)                                                   (b)                                                        (c) 

Fig. 2. C/SiNC CMC micrographs: (a) different ceramic phases in intertow regions “*a” 

and “*b”; (b) fibers arrangement, size, and misalignment; (c) matrix-fiber interface 

damage “c” and Si-rich zones “*d” 

III- A three-dimensional stochastic RVE generation 

The detailed variability results are used to estimate key properties such as inter- and intratow 

porosity VF, fiber VF, fiber radii and intratow spacing distributions, and average tow size, and the 

information is used as inputs to generate the C/SiNC CMC SRVEs [13]. At the macroscale, the 

generated SRVE is assumed as a material point with periodic boundary conditions (PBCs). 

Therefore, fiber misalignment is neglected in the current work. The algorithm also models all the 

composite constituents, such as fiber, matrix, interphase layers, and inter- and intratow defects. 

Accurate representations of porosity in the generated SRVEs, considering their favored location, 

distribution, direction, shape, and VF, are considered. For instance, a geometry of eight fibers 

surrounded by a matrix in a domain size of 100 x 100 x 60 structured orthogonal grid is shown in 

Fig. 3. Figure 3(a) shows a 2D view of the SRVE where the fiber arrangements, intratow spacing, 

and the PBCs are evident across the four boundaries. Figure 3(b) shows a 3D view of the fiber in 

the SRVE, where fiber misalignments are neglected, and fiber periodicity can easily be detected 

across the SRVE corners. Figure (4) shows the distribution and shape of intratow voids, based on 

intratow voids characterization variability results. From the characterization results, the favored 

locations of intratow voids are located on the fiber/matrix interfaces, between the fibers within 

fiber close-packing regions, and randomly distributed in the matrix domain [13]. The generated 

intratow voids show these favored locations such as in fiber close-packing regions (see “i” in Fig. 

4(a)), randomly selected voids in the matrix regions (see “ii” in Fig. 4(a)), and void coalescence at 

the fiber-matrix interface (see “iii” in Fig. 4(b)). Note that only the matrix regions are affected by 

the intratow voids. The resulting SRVE shows excellent correlations with the C/SiNC CMC 

micrographs. 
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(a) (b) 

Fig. 3 Example of an SRVE with 100x100x60 grid size domain and eight fibers surrounded 

by matrix, (a) a two-dimensional view of the generated SRVE, and (b) a three-dimensional 

view of the generated SRVE 

  
(a) (b) 

Fig. 4 Example of introducing intratow voids in the generated SRVE with favored 

location, distribution, and shape (a) a 2D view showing voids in fiber close-packing regions 

“i” and randomly distributed in the matrix domain “ii”, and (b) a 3D view showing void 

coalescence at the fiber-matrix interface “iii” 

IV- High fidelity generalized method of cells (HFGMC) 

The elastic simulations of the microscale SRVEs are carried out using an efficient 

implementation of the HFGMC theory developed by the authors [12]. The HFGMC employs 

second-order displacement field expressions instead of the first-order displacement field 

expressions in the generalized method of cells (GMC), thereby accounting for the normal-shear 

coupling and resulting in an accurate simulation of stress and strain fields within the SRVE [14].  

In the HFGMC formulation, the material is represented by a triply periodic repeated volume 

element (RVE), as shown in Fig. 5(a). The RVE is discretized into cuboid-shaped volumes, termed 

as subcells, each with a specific constituent material. Fig. 5(b) shows each subcell is assigned an 

index (𝛼, 𝛽, 𝛾), where the indices 𝛼 = 1,2 … , 𝑁𝛼 , 𝛽 = 1,2 … , 𝑁𝛽, and 𝛾 = 1,2 … , 𝑁𝛾 span the 

RVE along the three orthogonal axes, 𝑦1, 𝑦2 𝑎𝑛𝑑 𝑦3. The local subcell strain components are given 

as 

𝜀𝑖𝑗 = 𝜀𝑖̅𝑗(𝒙) +  𝜀𝑖𝑗
′ (𝒙, 𝒚) (1) 

where 𝜀𝑖̅𝑗(𝒙) is the homogenized/effective strain field at a macroscopic point 𝒙, and 𝜀𝑖𝑗
′ (𝒙, 𝒚) is 

the fluctuating strain field at the microscopic point 𝒚. The fluctuating strain field is derived from 

the fluctuating subcell displacement field approximated using second-order polynomial expansion 

as: 

𝑢′𝑖
(𝛼,𝛽,𝛾)

= 𝑊𝑖(000)
(𝛼,𝛽,𝛾)

+ 𝑦̅1
(𝛼)

𝑊𝑖(100)
(𝛼,𝛽,𝛾)

+ +𝑦̅2
(𝛽)

𝑊𝑖(010)
(𝛼,𝛽,𝛾)

 +𝑦̅3
(𝛾)

𝑊𝑖(001)
(𝛼,𝛽,𝛾)

+

1

2
(3𝑦̅1

(𝛼)2
−

ℎ𝛼
2

4
) 𝑊𝑖(200)

(𝛼,𝛽,𝛾)
 +

1

2
(3𝑦̅2

(𝛽)2
−

ℎ𝛽
2

4
) 𝑊𝑖(020)

(𝛼,𝛽,𝛾)
 +

1

2
(3𝑦̅3

(𝛾)2
−

ℎ𝛾
2

4
) 𝑊𝑖(002)

(𝛼,𝛽,𝛾)
 

(2) 
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where 𝑊𝑖(𝑙𝑚𝑛)
(𝛼,𝛽,𝛾)

 are the unknown micro-variables associated with each subcell, 𝑦̅1
(𝛼), 𝑦̅2

(𝛽)and 

𝑦̅3
(𝛾) represent the local coordinates of the subcell, and  ℎ𝛼, ℎ𝛽 and ℎ𝛾 are the subcell dimensions. 

  

(a)                  (b) 

Fig. 5 (a) A triply periodic repeated volume element (RVE) representing the 

microstructure and (b) one of its subcells with indices (𝜶, 𝜷, 𝜸). 

In the efficient reformulation [12,15], the micro variables are replaced by the surface averaged 

displacement vectors of each subcell as unknowns. The replacement is accomplished by enforcing 

the continuity of surface averaged displacements at the boundary between every subcell. 

Additionally, PBC is imposed on the subcell surfaces and at the edge of the SRVE. This 

reformulation reduces the number of unknowns per subcells from 21 to 9, thereby significantly 

improving computational efficiency. The necessary continuity and boundary conditions lead to a 

system of linear equations given by 

𝑲𝑼 = 𝒇 (3) 

where the matrix 𝑲, and vector 𝒇 are a function of the constituent elastic material properties and 

the effective SRVE strains, and 𝑼 is the vector of the unknown surface averaged displacements. 

In the efficient implementation of the HFGMC, the matrix 𝑲, and vector 𝒇 are represented using 

the sparse matrix representation. The solution for 𝑼 vector is found using linear equation solvers 

for sparse matrices. Sparse matrix implementation significantly improves computational 

efficiency, making it possible to analyze complex microstructures at high mesh resolutions. 

Further reduction in computation time is made possible using parallel processors in a high-

performance computer (HPC). More details on the sparse matrix implementation and parallel 

processing integration can be found in Ref. [12].  

The components of the homogenized stress field 𝝈̅ of the SRVE are determined by performing 

a volume average of the local subcell stress field. The homogenized stiffness matrix 𝑪∗ of the 

SRVE can then be estimated from the global constitutive relationship given by 

𝝈̅ =  𝑪∗𝜺̅ (4) 

Six independent elastic strain computations are required to estimate the homogenized stiffness 

matrix.  In the first elastic computation, the macroscopic strain vector 𝜀 ̅ is chosen such that the 

first component (𝜀1̅1) has a value of one, and the other components are zeros. The resulting 

macroscopic stress vector is the first column of the homogenized stiffness matrix. The other five 

columns of the stiffness matrix are estimated using a similar manner. More details on the 

formulation and the estimation of effective composite properties can be found in [16]. 

V- Microstructural analysis 

In this work, 400 stochastic SRVEs, each generated with 13 fibers, ~49.59 % fiber VF, and a 

domain grid size of 105x105x13, were used. The first 100 SRVEs accounted for 0 % intratow 

porosity VF while the remaining 300 accounted for 1%, 2%, and 3% porosity VFs. The domain 

grid size of the SRVE without porosity was adjusted as 105x105x3 to save the computational cost. 

The elastic properties of the individual microscale constituents are listed in Table (1). Figure 6(a) 

shows the effects of 3% VF of intratow porosity on the longitudinal elastic modulus of the material, 

where the mean value of the longitudinal modulus deteriorates by ~8%. The effects of 3% VF of 

intratow porosity on the transverse Young’s modulus are shown in Fig. 6(b), where the mean value 

decreased by 14.92%. The effect of intratow porosity is more significant along the transverse 

direction due to the void’s location and distribution and its abundant presence within the matrix 

constituent. 

Subcell 
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Table 1. C/SiC CMC elastic properties [17- 18] 

 𝑬𝟏𝟏 (GPa) 𝑬𝟐𝟐 (GPa) 𝒗𝟏𝟐 𝒗𝟐𝟑 𝑮𝟏𝟐 (GPa) 

T300  

Carbon fibers 
231 22 0.3 0.35 15 

SiC Matrix 415 415 0.17 0.17 177.35 

 

  

                               (a)                              (b) 

Fig. 6 Effects of 3% VF of intratow porosity on the elastic moduli of the material; (a) 

longitudinal Young’s modulus; (b) transverse Young’s modulus 

Figure (7) shows the effect of intratow porosity with different VF (1%, 2%, and 3%) on various 

elastic moduli. Figure 7(a) shows the decrease in mean longitudinal Young’s modulus values with 

increased porosity VF. The error bar at each VF indicates the predicted standard deviation from 

stochastic HFGMC simulations. The transverse Young’s modulus also decreases with an increase 

in porosity VF, as shown in Fig. 7(b). Likewise, the transverse shear modulus decreased by 15.72 

%, with an increase in the porosity VF, as shown in Fig. 7(c). 

Consequently, the effect of increasing porosity VF is more dominant in the out-of-plane 

direction than in the in-plane direction. Moreover, the transverse normal and shear moduli have a 

larger standard deviation compared to the longitudinal modulus. This can be attributed to the 

location and distribution of the more prominent voids near the fiber-matrix interface. Since the 

interface plays a crucial role in the load transfer characteristics, the effect of porosity on the 

modulus is more significant along the transverse normal and shear direction. While the present 

effort is limited to elastic analysis, the incorporation of damage models in future studies will allow 

for microcracks to initiate in the matrix regions with high-stress concentrations due to such 

porosity defects. 

 
                            (a)                                          (b)                                               (c) 

Fig. 7 Effects of intratow porosity density on the elastic moduli of the material such as; (a) 

longitudinal Young’s modulus; (b) transverse shear modulus; (c) transverse Young’s 

modulus 

VI- Conclusions 

In this work, a high-fidelity multiscale framework was used to predict the mechanical 

properties of ceramic matrix composites (CMCs) while accounting for the complex 

micromorphology captured from a detailed material characterization study. High-resolution 

micrographs obtained from scanning electron microscopy (SEM) and laser scanning microscopy 

(LSM) techniques were used to investigate the defects and variability in C/SiNC CMCs. Defects 

such as intratow porosity, intertow open porosity, and mesoscale defects such as denuded matrix, 

interlaminar separation were observed.  
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A three-dimensional stochastic representative volume element (SRVE) was generated to 

accurately represent the architectural features and defects based on the microscale characterization 

results. The developed SRVE precisely accounts for the favored location of defects and their 

distribution, shape, and volume fractions. The generated SRVEs show an excellent match with the 

experimental micrographs. Last, a parallelized version of the reformulated high-fidelity 

generalized method of cells (HFGMC) was used to efficiently simulate the SRVEs and investigate 

the effects of microscale (intratow) defects on the elastic properties of C/SiNC CMCs. The 

deterioration in elastic properties was prominent in the out of plane direction due to the location 

and distribution of intratow porosity defects primarily near the fiber-matrix interface region. 
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