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Bridging the gap between modeling and analysis for 3D woven composites using Digital Volume Correlation

Woven composites can be considered as in a so-called deformed configuration with respect to a reference one that represents the theoretical arrangement of the textile (usually easily accessible through virtual modelling). A displacement field capable of relating these different representations must exist. As formulated, the problem is close to that encountered in Digital Volume Correlation. Here the building blocks for constructing such a framework are presented, along with some examples.

Introduction

Composite materials are becoming essential in many applications, particularly 3D woven composites. These consist of yarns (reinforcement phase) woven in a chosen pattern and held together by a resin (matrix). The growing interest in these materials has generated a strong demand for appropriate characterization methods, accurate simulations and adapted non-destructive testing (NDT) techniques. However, these analyses tend to be performed independently of each other. One reason is that each procedure uses a different set of textile descriptors. Some are appropriate statistical descriptors for the NDT extracted from tomographic (CT) images, others are finite element meshes (FE) for performing simulations or even virtual models (CAD) for the design of new architectures. Examples of such often used descriptors are illustrated in Figure 1. As a result, the analyses cannot (completely) benefit from each other's results. This can limit the confrontation between real (experimental) data and modelling (or numerical simulations).

Yet all these analyses share an intrinsic notion of the material: the weaving pattern. It is thanks to this characteristic common to all textile descriptors that it is possible to ensure the digital continuity of information. This research presents a novel application of Digital Volume Correlation [START_REF] Bay | Methods and applications of digital volume correlation[END_REF] for the comparative analysis between manufactured 3D woven composites and their theoretical representation. This is obtained by retrieving the displacement field relating both configurations. The advantages of such an approach are many. First, the acquired volumes can be numerically re-arranged into a more convenient representation, such as warp and weft orientations being fully orthogonal (if that is what the model imposes). Second, weaving anomalies such as missing yarns or loops can be readily identified since the analysis is performed relative to the ideal configuration. Finally, the full field deformation measurement (w.r.t. the theoretical model) can be exploited for giving insights into the manufacturing process or even as a predictive tool for mechanical analysis. 

Methods

Correlation procedure

DVC is a widely used technique used for obtaining the (non-rigid) transformation that registers pairs of volumes. Thus, for a reference image 𝑓(𝒙) and a test image 𝑔(𝒙), the minimization of the norm 𝐿 2 of residuals 𝜂 = 𝑓(𝒙) -𝑔(𝒙 + 𝒖(𝒙)) ⋅ 𝑣 1 (𝒙) -𝑣 0 (𝒙) [START_REF] Bay | Methods and applications of digital volume correlation[END_REF] finds the displacement field 𝒖(𝒙) as well as intensity level corrections 𝑣 0 (𝒙) and 𝑣 1 (𝒙).

The continuous transformation defined by 𝒖(𝒙) implicitly includes an assumption of invariant topology between the analyzed volumes (i.e. the yarns are assumed to be organized in the same fashion). On the other hand, the corrections 𝑣 0 (𝒙) and 𝑣 1 (𝒙) explain all extrinsic phenomena to such a hypothesis. The first group of phenomena is related to weaving anomalies, such as missing yarns or loops. In addition, these corrections explain tomographic reconstruction errors, such as ring artefacts or cupping artefacts (due to beam hardening).

In addition, since the problem is ill-posed, the displacement field can be restricted to a space of lower dimensionality in order to obtain a better conditioning. A global variational formulation [START_REF] Leclerc | Voxel-Scale Digital Volume Correlation[END_REF] is used to represent the correction fields 𝒖(𝒙), 𝑣 0 (𝒙) and 𝑣 1 (𝒙). As such, any field 𝑤(𝒙) will be expressed as a function of the degrees of freedom {𝒂} associated with it:

𝑤(𝒙) ≈ ∑𝑎 𝑖 𝜙 𝑖 (𝒙) (2) 
Mendoza, Schneider, Parra, Obert & Roux This decomposition is used to describe the fields 𝒖(𝒙), 𝑣 0 (𝒙) and 𝑣 1 (𝒙) using the kinematic bases 𝜙 𝑖 (𝒙) taken from the Finite Element (FE) framework. Finally, regularization techniques are used to better condition the problem, as well as to reduce measurement uncertainty. Thus, the displacement field is regularized by penalizing the "distance" between the estimated displacement field and that corresponding to the solution of a homogeneous elastic problem. This distance is known as the equilibrium gap [START_REF] Claire | A finite element formulation to identify damage fields: the equilibrium gap method[END_REF]. Similarly, the correction fields for intensity levels are penalized by the quadratic norm of their Laplacian. This strategy can be seen as a set of filters that locally dampen steep gradients so as to ensure smooth and differentiable fields.

Multiresolution isotropic approach

One of the most important challenges for DVC in the present case is the hierarchy of information for this type of material. For example, the analysis of the relative displacement between textiles can be performed at the scale of the sample (macro-scale) as well as at the scale of the yarns (meso-scale). It is therefore necessary to use an approach capable of progressively evolving from a global and coarse vision towards one capable of managing the fine details.

It is proposed to use (Gaussian) image pyramids as a multiresolution strategy. This method uses the results obtained on a lower resolution image to guide the processing on a higher resolution image. Thus, the coarsest levels help to capture larger displacements, which are refined successively at each new level of resolution.

Moreover, when it comes to displacements, it is important to acknowledge the notion of (geometric) anisotropy related to cross sections of the yarn. Although initially approximately circular in shape, the manufacturing process flattened them (into elongated ellipses) in the final textile. Thus, a geometric transformation gives a more isotropic image in which the yarn cross sections are closer to a circular shape. This ensures the same weighting to displacements of similar amplitudes in different directions.

In summary, the isotropic multiresolution approach first removes anisotropy with an appropriate scale factor per axis, and then builds Gaussian pyramids from the isotropic images. Thus, the calculations are performed on the isotropic levels of the pyramid (the results can be extrapolated to the anisotropic case if necessary). DVC is applied at each pyramid level and lower levels provide initialization for the higher levels.

Finally, this method reinforces the preservation of topology, which makes it really robust and efficient numerically because it speeds up the calculations and improves the conditioning of the problem.

Correlation framework

Finally, the only remaining step in order to fully establish the correlation framework is to find an intermediate representation for all textile descriptors. The chosen representation is that of the voxel (i.e. an image). Although these descriptors are widely different, and even different natures (continuous or discrete), they can all be projected (interpolated) to a regular structured discrete space, an image. Moreover, the values that are attributed to these new voxels are taken according to the structure to which they belong. This may produce volumes with as many gray levels as there are phases in the material. Here, the analysis considers only two phases: the yarns and the resin. It should be noted that this step of "translating" descriptors does not result in any loss of information overall. It is possible at any time to retrieve the original information corresponding to a given voxel and vice versa. Then the isotropic multiresolution approach is applied between the two entities (images) and the displacement fields and corrections of the gray levels are used to carry out the dialogue.

Results

The available descriptors are a pair of tomographic images and a FE mesh. All these entities correspond to the same weaving pattern.

First, the pair of tomographic volumes is analyzed by the isotropic multiresolution approach in order to find their "metric differences". These differences quantify the displacements (and deformations) required to transform the test volume into the reference volume. Here, the reference configuration is chosen randomly. Moreover, this displacement vector field can be manipulated to obtain relative strains between the studied samples (Figure 2a). These relative strains do not represent a true deformation of the material, but a virtual deformation with respect to another configuration (that of reference).

Then, the calculated fields (𝒖, 𝑣 0 , 𝑣 1 ) can be analyzed separately to identify "topological differences". These last ones correspond to all that the field of continuous displacement cannot solve. In this case, it reveals some intentionally missing yarns extracted during the manufacture of the samples. Thus, the analysis of the differences between residuals 𝜂 -𝜂 𝑢 , where 𝜂 𝑢 represents the residuals related to the displacement field only 𝜂 𝑢 = 𝑓(𝒙) -𝑔(𝒙 + 𝒖(𝒙))

(1)

prominently shows the answer given only by the intensity level corrections. In this way, it is possible to identify the two related three-dimensional structures that represent the missing yarns (Figure 2b). The signature of the missing yarns is evident in (a) the "metric differences", as well as in (b) the "topological differences" between the analyzed CT volumes. Now that the dialogue is possible between the tomographic volumes, it is necessary to integrate the virtual model. The procedure is carried out between one of the tomographic volumes and the voxel volume obtained from the discretization of the FE mesh. For this case, the tomographic volume is chosen as reference. This choice makes it possible to adapt the (theoretical) model onto this particular realization (Figure 3). Thus, the segmentation and especially, the identification of the yarns becomes easily accessible. Finally, since the link between the two tomographic volumes has already been realized in the previous step, the dialogue is now possible between all the textile descriptors involved. 

Conclusions

The use of Digital Volume Correlation for the dialogue between various textile descriptors was presented. This technique, applied to 3D woven composites, is based on the key concept of conservation of the topology. It measures "metric differences" and "topological differences" between pairs of descriptors. The former quantify yarn deformations in the samples studied, while the latter deal with weaving anomalies, such as missing loops and yarns. These measurements can then be used to extract indicators, both quantitative (relative strains) and qualitative (images of residuals).

Finally, the technique allows the use of a single topological description from the design of the composite up to its manufacturing. For example, the quantitative feedback of weaving deformations can be related to other manufacturing parameters. The technique can also be used as a tool for non-destructive testing in which "metric differences" (above a certain threshold) associated with relevant "topological differences" can be used to detect and identify weaving anomalies.
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 1 Figure 1: Different textiles descriptors for a composite: CAD model (arrangement of yarns), high resolution CT image and FE mesh (yarns and resin).

  Figure 2:The signature of the missing yarns is evident in (a) the "metric differences", as well as in (b) the "topological differences" between the analyzed CT volumes.
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 2 Figure 2: Example of adapting a FE mesh to a CT image.