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ABSTRACT A multi-disciplinary project combines experiments and theory to build high-fidelity virtual tests of composite materials.  The virtual test is assembled via a “pipeline” running through a number of collaborating institutions.  Key experimental challenges are acquiring 3D data that reveal the random microstructure and damage events at high temperatures in the interior of the composite with very high resolution (~ 1 (m).  Key theoretical challenges include representing the stochastic characteristics of the 3D microstructure, modeling the failure events that evolve within it, and developing efficient methods for executing large ensembles of stochastic virtual tests. To begin, 3D images of 3D woven ceramic composites are captured by x-ray (CT on a synchrotron beamline. The statistics of the shape and positioning of the fiber tows in the 3D architecture are used to calibrate a generator that creates virtual specimens that are individually distinct but share the statistical characteristics of measured specimens.  Failure of the virtual specimens is simulated by advanced computational methods, revealing the complete failure sequence of multiple interacting crack types.  Validation of the analytical methods is performed by comparing with data captured at 1500(C and above, using digital image correlation or (CT to track damage evolution. 

INTRODUCTION
One role of a virtual test, as its name suggests, is to replace a real engineering test by a computer simulation.  Ideally, the simulation would predict engineering properties ab initio with sufficient fidelity that the real test becomes unnecessary.  More realistically, a virtual test calibrated by a few real tests will reduce, perhaps by an order of magnitude or more, the matrix of real tests needed to ensure safe use of a material 1[]
.

Of equal interest is the possibility that a virtual test can function as a tool for optimizing material design 2[]
.  Indeed, a virtual test can yield much richer information about the correlation between the microstructure of a material and its performance than is easily available from experiments: in the virtual test, we have full knowledge of the microstructure and its effect on the details of failure mechanisms, whereas in the real test, such effects are often concealed in the interior of the specimen.

Virtual tests are of special value for high temperature materials, e.g., the current generation of integral textile ceramic matrix composites 3[]
 with potential use temperatures ranging up to 1500ºC.  While mechanisms of failure in composites that act at room temperature can be determined quite readily either by modern 3D imaging or by destructive sectioning following interruption of tests, mechanisms acting at high temperatures are much more difficult to probe.  The virtual test offers the possibility of probing details of damage mechanisms for different temperature and loading histories using simulations coupled to relatively simple surface observations on real specimens.  Nevertheless, advancing test methods applicable to high temperatures remains critical: the proven fidelity of a virtual test can never exceed the ability to identify the mechanisms that must be modeled by direct experimentation.

In the case of virtual tests for continuous-fiber composites, including composites reinforced by laminated unidirectional fiber plies and textile preforms, the high resolution now available in 3D imaging systems is yielding details of the stochastic variability of plies and fiber tows and even of the spatial distribution of the individual fibers that populate the plies and tows; certain characteristics of textile geometry and tow deformation have been measured 
 ADDIN EN.CITE 
[4-6]
, as well as porosity 7[]
 and its changes during processing steps 
 ADDIN EN.CITE 
[7, 8]
.  In recent work, fiber tows are made to stand out by imaging composites with partially formed matrices 9[]
.  This allows detailed analysis of the statistics of geometrical variability in the fiber reinforcement.  The geometrical variability of fiber deployment is a source of scatter in composite performance 
 ADDIN EN.CITE 
[10-15]
.

In the remainder of this article, the sequential steps of constructing a virtual test are described.

THE STOCHASTIC CHARACTERISTICS OF TEXTILE COMPOSITES

The details of fiber tow shape in textile composite specimens somewhat larger than but comparable in size to a single unit cell (several mm) can be determined most satisfactorily using micron-resolution X-ray computed tomography ((CT) in a high-flux synchrotron beamline.  Avoiding the difficulty of reconstructing 3D domains from 2D images of serial sections in micro-toming techniques, (CT data reveal comprehensive geometrical information on the fiber tow scale.  Information at even smaller scales, down to 1 (m, concerning matrix voids, individual fibers, and fiber coatings can also be extracted but image artefacts can compromise interpretation.  Typical images of a 3D woven carbon/SiC composite are shown in Fig. 1.  (This material was fabricated with only enough matrix to rigidify the structure, which simplified identifying tow domains 9[]
.)
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Figure 1.  (CT of a carbon/SiC woven composite, consisting of fiber tows coated by a thin layer of matrix material.  (a) Image slices.  (b) Re-constructed 3D image.  

Fiber positioning variations can be decomposed into non-stochastic, periodic variations associated with the nominal periodicity in the textile architecture and stochastic deviations, which vary randomly though the fabric.  A convenient and intuitively appealing treatment of the deviation divides it in turn into a superposition of “short-range” and “long-range” deviations.  The short-range deviations are those arising within a unit cell, referred to the center-of-mass of the unit cell, while the long-range deviations are the displacements of the centers-of-mass of unit cells over gauges much greater than the unit cell 9[]
.

VIRTUAL SPECIMEN GENERATION.

The art of formulating reconstruction algorithms or geometry generators for stochastic heterogeneous materials and related problems in statistical physics has a long history, mostly in the study of polycrystalline alloys (e.g., 16[, 17]
.  Textiles contrast with alloys in that they comprise long, continuous fiber bundles of essentially infinite aspect ratio, interlaced in complex but systematic patterns, a fact that calls for specialized algorithms in a virtual specimen generator, quite different in nature to those developed for statistically isotropic multi-phase materials (e.g., 18[]
 and references therein).

The simplest geometry generator for a textile directly exploits the linear continuity of tows: a Markov Chain formulation generates fluctuations in any tow cross-sectional characteristic by marching systematically along the tow’s length (Fig. 2) 19[]
.  The key element of the Markov Chain is the Probability Transition Matrix (PTM), which determines the deviation and correlation length of any variable.  The PTM is calibrated against measured statistical data, thus guaranteeing that the virtual specimens possess the same statistics as the real specimens that have been imaged.  The Markov Chain formulation is very efficient and physically appropriate for the textile reconstruction problem, provided the dominant correlations are those along a tow, with correlations between tows relatively weak.  It can be adapted to generate tows with 3D structure (Fig. 3) 20[]
.
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Figure 2.  A (CT image yields statistics that are matched by generated virtual specimens.  In this schematic, the generated tow structure at the left of the collage represents tows by 1D loci, suitable for use in the Binary Model 
 ADDIN EN.CITE 
[19, 21]
.
As it is described above, the Markov Chain formulation provides a purely empirical approach to virtual specimen generation: it simply matches statistical data from experiment.  Models of the mechanics of fiber tow or preform deformation, which have been the basis for most other attempts to generate realistic geometric models of textiles, are not used.  There is therefore no risk of errors flowing from uncertainty in the constitutive laws assumed to characterize such deformation, or in misrepresentation of the conditions during which preform fabrication or handling are carried out, including loading boundary conditions or the presence or absence of lubricating agents.  The preform is analyzed as it is, in its final disposition.

However, an empirical approach has the disadvantage that the effects of changing processing conditions cannot be predicted.  Such predictions are the province of mechanical models.  An attractive future development will link mechanical modeling of preform deformation to empirical statistics, using the rich data content of detailed 3D measurements to calibrate and validate the mechanical model.  The Markov Chain method may remain a useful tool within the linked super-model.
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Figure 3.  The textile reinforcement of one virtual specimen generated with 3D tow representations using the Markov Chain method 20[]
, showing (a) warp tows only  and  (b) warp and weft tows together.  Tow shapes possess a combination of non-stochastic periodic variations (crimp features, etc.) and non-periodic stochastic deviations.

OBSERVATIONS OF DAMAGE.

The properties (strength, etc.) of a composite’s constituent materials and their interfaces are generally unknown at high temperature.  Phase properties cannot be calibrated by simple material tests, because the strength of different phases when they are juxtaposed at nm and (m scales is not represented by tests on large specimens of each phase isolated as a monolithic material.  Tests are required on the composite materials themselves, executed at expected use conditions (i.e., temperatures of 1500ºC and higher), with sufficient resolution of mechanisms to enable the deduction of local material properties that control the mechanism.  Direct observation of mechanisms is also critical to choosing correct formulations for simulations.

Measurements made at high temperature are the only faithful source of the details of failure. If a test specimen is cooled to an experimentally convenient 25°C for examination, the cooling itself introduces thermal strains of the order of at least 0.1–0.5% depending on composition and cooling rate, which can change the cracking patterns present before such cracks can be measured.

An apparatus was recently reported for acquiring 3D images via (CT of a specimen loaded in tension or compression at temperatures of up to ~1700°C in inert or oxidizing atmospheres (Fig. 4) 22[]
.  Current maximum spatial resolution is 0.65 (m/voxel, yielding rich data on microstructure down to the fiber scale and (m-scale local failure mechanisms.  Key data include variations of the opening displacements of fiber breaks and matrix microcracks as a function of load.

Data for a monotonic tension test of angle interlock carbon-SiC woven composite specimens reveal different mechanisms of failure operating at 25°C and 1700(C (Fig. 5).  At the lower resolution (1.3(m/voxel) used in these images, individual carbon fibers were not resolved.  Nevertheless, the fiber tows are clearly distinguished from the matrix, which consists of a thin brighter layer of CVI SiC coating each tow and a polymer-derived SiC filling the remaining occupied space.  During initial loading at both temperatures, cracks formed in the matrix normal to the loading direction at positions where the matrix lay over a transverse fiber tow.  With increasing load, the cracks grew through the transverse tows until they met an underlying axial tow (at loads in the range ~40 N to 70 N), where they were deflected.  At 25°C this deflection involved formation of multiple splitting cracks (Fig. 5a), which progressed incrementally along the centers of the axial tows as the load was increased to the peak value of 150 N.  Above 1600°C, the deflection of the crack at each tow involved a single crack that grew along the edge of the axial fiber tows as the load increased to 120 N (Fig. 5b), whereupon there was a large load drop.  By influencing the access of ambient gas to the internal reinforcing fibers, differences in crack paths such as these could have a large effect on subsequent high-temperature oxidation damage.
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Figure 4.  Internal damage in a C-SiC composite with textile-based carbon fiber reinforcements under tensile load at (a) 25°C and (b) 1600°C.
RAPID COMPUTATION OF MULTIPLE DISCRETE DAMAGE EVENTS

A critical element of high-fidelity simulations of failure is the ability to introduce new cracks during the execution of a simulation at locations and with orientation that are determined by the current local stress or strain fields.  A major contribution to virtual test development has been the new formulation of finite elements (extended finite element method or X-FEM and others) that achieve this objective 
 ADDIN EN.CITE 
[23-27]
.

The augmented finite element method (A-FEM) 28[]
 has achieved detailed representations of generic multi-crack configurations and particularly high computational efficiency.  Key attributes include: breakable elements that allow cracks to be introduced across which cohesive tractions exist, following a prescribed nonlinear fracture law; and correct treatment of discontinuities in cohesive tractions that arise when a crack birfurcates (Fig. 6).

By its efficient treatment of multiple cracking events and other advanced numerical methods, the A-FEM achieves very high computational speed for typical nonlinear fracture problems 28[]
.  Computational speed is essential in a virtual test strategy that seeks to address stochastic variability.
MONTE CARLO METHODS VS. PROBABILISTIC THEORIES.

The Monte Carlo method using ensembles of stochastic virtual specimens provides the closest analogue of a real test matrix: a statistically significant number of virtual specimens are subjected to the same virtual test (or matrix of tests) and engineering predictions are deduced from the mean and scatter in the outcomes 29[, 30]
.  Each specimen in the tested ensemble is one instance of a random microstructure that has been constructed by feeding pseudo-random numbers into calibrated distribution functions (a Monte Carlo procedure).  The variance of the microstructure in the ensemble of virtual specimens is a major source of variance in predictions.  With trivial modification, the load can also be made random, e.g., to simulate random overloads in a duty cycle.
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Figure 5.  In the reformulated A-FEM, a single element can split multiple times, accommodating crack bifurcation or coalescence events.  The cracks can follow pre-existing material boundaries or other paths determined by local stress conditions.  Regardless of the number of cracks, the global degrees of freedom and the elemental equilibrium equation maintain the same structure as that of a regular element.  (The examples shown in this figure do not exhaust all possible combinations of intercepts of cracks with the element boundaries.)

Once a stochastic virtual specimen generator has been developed and constitutive laws have been calibrated, executing a Monte Carlo analysis is straightforward.  Simulations are executed in sequence and predicted metrics (strength, strain to failure, etc.) are analyzed using the same statistical methods used to analyze real tests.

The computational expense of Monte Carlo analysis can be high.  The uncertainty in a predicted mean property, such as the expected strength in a distribution of strengths, will fall as the number of computed cases N rises.  If ( denotes the uncertainty in a predicted mean property normalized by the width of the distribution of the property, ( ( N-1/2.  For example, if strength is predicted to have a deviance of 10%, then determining the mean strength to 1% accuracy requires 100 simulations.

If the virtual test is used in materials design, a design optimization study addressing the statistics of failure might require computing the effects of 102 – 104 different material or architectural parameters.  To establish reasonably accurate trends in mean strength, 104 – 106 virtual tests must be executed.  For the computational time to remain within one week (106 seconds) for a relatively wide search, a single virtual test should execute in 1 sec, to order of magnitude.  Current execution times for multiple crack evolution leading to ultimate failure in a single virtual test are at least two orders of magnitude higher than this.

Probabilistic models offer computational efficiency and the possibility of accurate predictions of rare events.  In a probabilistic theory, instead of tracking damage evolution through a particular microstructure, one tracks the evolution of a probability distribution P(X) for a damage variable X through time or elapsed fatigue cycles.  Because P(X) can be represented numerically with arbitrary precision over all values of X, accuracy in predicting the tails of the distribution is at least possible.  However, is it not assured: accuracy also demands that the probabilistic theory incorporate a faithful representation of the details of the influence of the stochastic microstructure on the evolution of P(X), which remains a topic of research.
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