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Some configurations of 3D woven composites are known to be susceptible to 

processing induced damage in the form of microcracks that develop in the polymer 
matrix during curing. The microcracking is believed to originate from high residual 
stresses that develop due to a significant mismatch in the coefficients of thermal 
expansion between the constituent materials. In this paper, we investigate the 
applicability of several commonly used stress-based failure criteria for glassy polymers 
– the von Mises, the Bauwens (Drucker-Prager), the parabolic stress, and the dilatational 
strain energy density. We study the microcracking phenomenon on the example of the 
one-to-one orthogonal configuration of the epoxy matrix/carbon fiber 3D woven 
composites. This configuration is characterized by the high level of the through-
thickness reinforcement which appears to exacerbate the matrix damage. 

The investigation is based on a high-fidelity mesoscale finite element model of an 
orthogonally reinforced 3D woven composite. We simulate the material’s response to 
the uniform temperature drop from the curing to room temperature and compare the 
results of the simulation with the X-ray computed microtomography. We conclude that 
the curing induced matrix failure is well predicted by the parabolic stress criterion with 
a proper choice of the material constants. Initiation and propagation of this failure are 
simulated via sequential deactivation of the elements exceeding the allowable 
equivalent stress. 

 
 

 
The advantages of 3D woven composites over the traditional 2D woven composite 

laminates include continuous reinforcement in all three dimensions, high strength and 
fatigue resistance under multiaxial loading. However, some 3D woven composite 
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material systems are known to be susceptible to curing induced matrix microcracking 
during manufacturing. Figure 1 shows microcracks that developed in a 3D woven 
carbon/epoxy composite with the reinforcement configuration studied in this paper. 
Based on the observations, we assume that the major factor in process-induced 
microcracking of woven composites is the residual stress due to mismatch of the thermal 
expansion coefficients (CTEs) between carbon fibers and epoxy matrix that develops 
when completely cured matrix cools from the curing to room temperature. 

 
 

 
 

Figure 1. X-ray computed microtomography image of a 3D woven composite with  
one-to-one orthogonal reinforcement showing microcracks in the matrix due to curing 

 
This paper presents a finite element analysis study to quantify the residual stresses 

due to cooling after curing in the one-to-one orthogonally reinforced 3D woven 
composite. The finite element model for the analysis was developed following the 
procedure detailed in [1]. We compare the numerically predicted failure areas based on 
several commonly used failure criteria with X-ray computed microtomography data to 
investigate the applicability of these criteria to the composite system in question. We 
assume that the residual stresses responsible for the microcracking arise solely due to 
the mismatch in CTEs between the matrix and the tows, and ignore the chemical 
shrinkage contribution as suggested in [2]. In addition, we simulate progressive damage 
via sequential deactivation of elements exceeding allowable stresses. The temperature 
dependent thermo-mechanical properties of the RTM6 epoxy resin reported in [2] are 
used. The reinforcement tows are assigned the effective properties of IM7 carbon fiber 
bundles embedded in the resin matrix, see homogenization approaches presented in [3], 
[4] and [5].  

We begin our presentation with the discussion of the four commonly used stress-
based failure criteria considered for damage initiation predictions. In the next section, 
we outline our approach to preparation of the mesoscale finite element model and 
assignment of the temperature-dependent material properties. We then present the 
results of the simulation of cooling after curing in the absence of damage propagation. 
In the same section, we compare the processing-induced stress concentrations with the 
damage observations obtained using the X-ray computed microtomography performed 
on the actual composite specimen of the same configuration. Later, we simulate the 
initiation and propagation of damage via the sequential deactivation of elements 
exceeding the allowable stresses. In the final section, we present the conclusions of this 
research. 
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The criteria considered in this paper for damage initiation predictions in 3D woven 

composites with epoxy matrix include the von Mises, dilatational energy, parabolic and 
Bauwens (Drucker-Prager). They are formulated as follows. 

 criterion assumes that the material will not yield if the equivalent stress 
calculated as    is below the 
critical value: 

 
  (1) 

 
where  are the principal stresses. In our simulations, we use the critical value 

 chosen based on the measurements reported in [2]. 
 criterion is based on the energy required for crack initiation by 

void nucleation. Assuming linear material behavior, the stress energy density is 
calculated as 

 
  (2) 

 
where  is the Young’s modulus and  is the Poisson’s ratio of the material. This 
criterion can be re-written as 

 
 , (3) 

 
where  is the hydrostatic stress, and  is the value of 
hydrostatic stress that corresponds to the critical energy density required for cavitation. 
The approaches to determine this value include the poker chip experiments [6]–[8], the 
constrained tube method [9], [10] and evaluation of  from uniaxial tensile tests 
[10]. We use the value  based on the estimate  for 
RTM6 epoxy provided in [11]. 

 criterion was utilized in [12] based on the description provided in 
[13]. It combines the first and the second invariants of stress as 

 
  (4) 

 
The material parameters  and  are found from mechanical testing of the material. 
Asp et al. [11] provide failure stresses for RTM6 in tension and compression as 

 and . Based on these values we obtain  and 
. 

 criterion uses a linear combination of von Mises and 
hydrostatic stress to predict failure [13]: 

 
   (5) 
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Based on tension and compression results provided in [11], the material parameters are 
chosen as  and . 

 
We focus on the one-to-one orthogonally reinforced composite panel consisting of 

ten layers of warp and weft tows with a through-thickness binder tow as can be seen in 
Figure 1 and Figure 2. The panel thickness is 4.1mm, and the in-plane dimensions of 
the unit cell are 5.1x5.1mm. The geometry of the unit cell is generated based on the 
fabric mechanics simulations performed using DFMA software developed by Wang et 
al. [14]-[16]. In the simulations, the process starts with generating an initial pattern of 
the reinforcement architecture based on the weave pattern, the number of tows, their 
areas and spacing, see Figure 2a. The tows in the initial pattern (represented by single 
cylindrical fibers each) are then subdivided into sub-tows and subjected to tensile forces. 
The relaxation of these forces mimics the weaving process of the 3D woven 
reinforcement. For better accuracy, the number of sub-tows can be increased and 
relaxed multiple times until a realistic reinforcement geometry is achieved.  

 
 

  
(a) (b) 

 
Figure 2. (a) Weave pattern of the one-to-one orthogonal reinforcement architecture (DFMA); (b) finite 

element mesh of the composite unit cell (shown: reinforcement without the matrix) 

 
The FE mesh of the composite’s unit cell (UC) is developed using a custom 

MATLAB script based on the DFMA results and imported into the commercial FEA 
software MSC Marc Mentat, see [1], [17] for details. Periodic boundary conditions are 
prescribed on the external lateral surfaces of the UC to preserve the material continuity 
on the macroscale. There is no periodicity in the thickness direction because the entire 
panel thickness is represented by the UC. All model preparation steps are performed 
automatically within the MSC Mentat software using a custom Python script. At the 
completion of the script, the user is presented with a ready-to-run model. 

The matrix phase (fully cured HEXCEL RTM6 epoxy resin) is simulated as a linear 
isotropic material with constant Poisson’s ratio , and temperature dependent 
Young’s modulus and thermal expansion coefficient [2]: 
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  (6) 
 

  (7) 
 

where , , ,  
are the material parameters, and  is the temperature in . 

The tows consist of 12K IM7 carbon fibers impregnated with RTM6 epoxy. The 
volume fraction of fibers within the tows is set to 80%. Based on the fiber properties 
provided in [18] and the resin properties 

 given in Table 2 of [2], the following properties of the tow are obtained: 

. Note that the properties of the matrix in the tows 
change during curing with temperature, see formulas 6 and 7. However, due to low 
volume fraction and Young’s modulus of the matrix (compared to the carbon fibers) 
these changes will result in insignificant variations of the homogenized properties of the 
tows, so in the numerical simulations the properties of the tows are assumed to be 
temperature independent. 

 
 

 
Numerical simulations of cooling after curing of the composite were performed to 

predict the development of the residual stresses. It was assumed that the material is fully 
cured and stress-free in the beginning of the simulation at the curing temperature 

. The entire UC is then cooled uniformly from curing to room temperature by 
prescribing a temperature drop of  over 40 steps. 

Figure 3 presents numerically predicted distributions of the equivalent stresses in 
the cross-section of the middle of the binder tow perpendicular to the weft direction. It 
can be seen that von Mises stress criterion (the corresponding distribution is given in 
panel (c)) predicts damage on the convex surfaces of the binder tow while the actual 
composite contains microcracks on the concave sides. It is also evident that Bauwens 
criterion (panel (d)) significantly overpredicts the extent of damage showing the entire 
resin volume to be above the critical value. Both parabolic (panel (e)) and dilatational 
energy (panel (f)) criteria appear to correctly predict the locations of the damaged 
regions within the unit cell. It appears that the actual damaged area is larger than what 
is predicted by the parabolic criterion but smaller than what is predicted by the 
dilatational energy criterion. Therefore, it is difficult to say definitively which of the two 
(parabolic stress or dilatational energy) is a better choice. Note that propagation of 
damage is not included in this section, which might have affected the predictions. On 
one hand, cracks when formed would alleviate the stress concentrations on the 
constituent materials’ interfaces and limit the extent of further damage to the 
surrounding matrix. At the same time the crack fronts may produce very high stress 
concentrations which might result in rapid propagation of the cracks through the 
composite thickness. In the next section, we investigate progressive damage modeled 
via sequential element deactivation based on the parabolic failure criterion. Note that 
application of the dilatational energy criterion is presented elsewhere [19]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Figure 3. Distribution of the equivalent stresses in the matrix of the UC after cooling: (a) slice location 
within the UC; (b) microtomography image; (c) von Mises; (d) Bauwens; (e) parabolic criterion with 
coefficients based on [11]; (f) dilatational energy criterion. The colormap ranges from blue (zero) to 

yellow with regions above critical value shown in black 

 
 
 

 
In this section, we model the propagation of damage in the composite during 

cooling after curing via deactivation of the elements exceeding the allowable 
parabolic stress. The damaged unit cell is shown in Figure 4. From the comparison of 
the stress concentration result (Figure 4c) with the simulation of damage propagation 
(Figure 4d) it appears that crack fronts indeed produce very high stress concentrations 
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as was hypothesized in the previous section. This in turn leads to a greater extent of the 
damage compared to the results without element deactivation. 
 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 4. Propagation of damage in the 3D woven composite predicted using the parabolic stress 

criterion (coefficients based on [11]): (a) slice location within the UC; (b) microtomography image; 
(c) concentrations of the equivalent parabolic stress in an uncracked material (areas of stress above 

critical are shown in black); (d) cracked regions (shown in black) predicted using sequential element 
deactivation 

 
 

 
Numerical modeling of the matrix microcracking in 3D woven composites during 

cooling after curing is performed using Finite Element Analysis. It was hypothesized in 
previous publications that the phenomenon arises as a result of high residual stresses 
that develop due to the mismatch in the coefficients of thermal expansion between the 
epoxy matrix and carbon fibers. This study was performed on the 3D woven composite 
with a high level of through-thickness reinforcement – the so-called one-to-one 
orthogonal architecture – which has been observed to be susceptible to matrix 
microcracking.  

Four commonly used failure criteria for epoxies – von Mises, parabolic, Bauwens 
and dilatational energy density – were investigated for their capability to predict 
processing-induced damage initiation and propagation in 3D woven composites. The 
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predicted damage in the studied composite unit cell was compared with the X-ray 
computed microtomography data obtained from the actual composite specimen having 
the same reinforcement architecture and subjected to the same processing conditions. In 
addition, progressive damage was modeled via sequential element deactivation based 
on the parabolic stress failure criterion. The comparison of the numerical and 
experimental results indicated that the parabolic criterion might be the best choice for 
the analyzed composite system.  

We conclude that the matrix microcracking phenomenon observed in 3D woven 
composites can be successfully modeled using the mesoscale FEA as presented in this 
paper, provided an appropriate failure criterion is chosen for the epoxy matrix. The 
approach discussed in this publication can be used to gauge the potential susceptibility 
of new 3D woven composite architectures before manufacturing, which could cut the 
R&D costs for the US composite manufacturers. 
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