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Coupled in situmicro-X-ray computed tomography and volumetric digital image correlation (V-DIC) strainmea-
surements of expanding plug tests revealed the three-dimensional, microstructure-dependent mechanisms be-
hind strain localization, damage initiation and stress redistribution in braided SiC/SiC composites. Hoop strain
varied significantly through the composite thickness and was highest at regions of tow crossover; at higher
loads, tow fracture initiated at these locations, and sample rupture propagated axially by connecting points of
tow overlap. Finally, strain measurements after the failure of a tow on the interior surface quantified the three-
dimensional stress redistribution mechanisms and damage tolerance of the SiC/SiC composite.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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While SiC fiber-reinforced, SiC matrix ceramic matrix composites
(SiC/SiC CMCs) have attracted great interest for their superior strength
and toughness at elevated temperatures, their intrinsically brittle con-
stituents can fracture suddenly and unpredictably. The composite's me-
chanical behavior is strongly influenced by irregularities in the
microstructure, including porosity, nonuniform tow-tow contact and
variation in tow size, placement and orientation [1,2]. These defects
often lead to failure initiation within the sample interior, which hinders
direct observation and quantification of the damage mechanisms. Even
in caseswhen failure initiates at a visible surface feature, full-field defor-
mationmeasurements of the exterior surfaces (i.e., 3D digital image cor-
relation; 3D-DIC) [3] are insufficient as the response still depends on the
concealed, underlying structure. To unravel the complex failure mecha-
nisms of CMCs, it is therefore desirable to obtain simultaneous three-di-
mensional strain and microstructural measurements of internal
features before, during and after damage initiation.

Unfortunately, this is not feasible with conventional experimental
approaches, so the effects of microstructural variation have been stud-
ied with “virtual experiments” using finite element simulations of
experimentally-measured or statistically generated composite geome-
tries [4,5]. Computational results are commonly compared to surface
strain and damage maps obtained by 3D-DIC [3,4], but it remains
ier Ltd. All rights reserved.
unclear if the models accurately capture the internal behavior of thick
composites, or for complex geometries with inaccessible surfaces. This
concern is particularly valid for tubular nuclear cladding geometries,
which commonly fail due to hoop stress on the internal surface. There-
fore, newmeasurement techniques are required to truly validate virtual
experiments.

Several test methods have been developed to evaluate the hoop
strength of cylindrical samples, including internal pressurization via hy-
draulic fluid [6,7], or, more commonly, compression of an elastomeric
insert in an “expandingplug” test [8,9]. Radial deformation ur is typically
measured on the external surface at select locations via dilatometer,
which can be converted to hoop strain εθθ andhoop stressσθθ by the iso-
tropic thick-walled cylinder equations,

ur ¼ Pir
E r2o−r2i
� � 1−νð Þr2i þ

1þ νð Þr2i r2o
r2

� �
ð1Þ
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where r is the radial coordinate, ri and ro are the internal and outside
radii of the cylinder, E and ν are the stiffness and Poisson's ratio of the
cylinder, and Pi is the internal pressure. However, due to the anisotropic
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mechanical properties and heterogeneous microstructure of SiC/SiC
CMCs as well as small number of composite layers [10], it is unclear if
the through-thickness deformation profile predicted by the isotropic
thick-walled cylinder equations remains valid; this is a key question
that can be answered with volumetric deformation measurements.

One promising technique is coupled in situ micro-X-ray Computed
Tomography (μXCT) and Volumetric Digital Image Correlation (V-DIC)
testing, which has been widely used to reveal with ~10 μm resolution
the otherwise-inaccessible internal deformation/failure mechanisms of
porous bone, foams and particle-reinforced composites [11–14]. Recent
work by the authors have demonstrated that the contrast between fi-
bers, pores and other microstructural features in dense fiber-reinforced
polymer composites enables robust and highly sensitive V-DIC mea-
surements of internal elasto-plastic deformation and microstructure-
controlled buckling mechanisms [15]. The ability to correlate tomo-
grams of polymer composites implies that similar measurement capa-
bilities can be achieved for CMCs, especially in light of recent XCT
measurements of microstructure and damage in SiC/SiC CMCs [16,17].
Indeed, coupled XCT/V-DIC techniques have recently been used as a
benchmark for finite element simulations of deformation and damage
in SiC/SiC CMCs [18,19].

In this work, coupled μXCT and V-DIC approaches are applied to in
situ expanding plug tests of triaxially-braided SiC/SiC composite clad-
ding tubes produced by a CVI process (provided by General Atomics).
These specimens were in the as-fabricated condition (showing surface
roughness caused by the underlying fiber architecture), and were not
smoothed or polished. The composite specimens featured an axial
height of 12.5 mm, an outer radius of 5.5 mm and a nominal wall thick-
ness of 1.2mmwith 3 layers of braided tows. The fiber architecture was
selected to provide similar strengths in axial and hoop directions, and
resulted in a composite elasticmodulus of 190 GPa in the hoop direction
[7]. Using a custom loading stage (Fig. 1a), an incompressible Shore 95A
polyurethane plug [20] was axially compressed within the sample to
perform an expanding plug test; radial dilation of the plug loaded the
interior surface of the specimen, contributing to deformation and failure
by hoop stress.
Fig. 1. Coupled μXCT and V-DIC setup. (a) Experimental apparatus, showing in situ
expanding plug loading stage. (b–c) Representative in situ tomograms after (b) sub-
critical tow failure on exterior surface (highlighted by arrow) at 2400 N, and (c) after
failure at 2630 N. The rubber plug and aluminum indenter are hidden to show interior
composite microstructure. Scale bars in (b–c): 3 mm.
Tomograms with 500 × 500 × 500 voxels and voxel resolution of
15.6 μm were acquired throughout the deformation of four composite
samples (XRadia MicroXCT-200). While the field of view for each scan
was only 7.8 mm in diameter, overlapping XCT scans recorded the me-
chanical response of the entire specimen at each load increment
(Fig. 1b–c). Representative in situ reconstructions are shown in Fig.
1b–c after failure of a single tow at 2400 N and after specimen fracture
at 2630 N, which clearly illustrate prominent microstructural features
such as tow geometry and large voids (N50 μm), as well as matrix
microcracks and fracture surfaces. Tomograms were smoothed with a
3D Gaussian filter before correlation with commercial V-DIC software
(Vic-Volume, Correlated Solutions), which removed noise and has
been shown to improve image correlation accuracy [21,22]. In this
way, the volumetric mechanical response and damage mechanisms
(e.g., matrix microcracking, tow failure, etc.) could be related to the un-
derlying composite microstructure, and key questions about (1) the va-
lidity of homogeneous thick-wall cylinder elasticity assumptions, (2)
tow failure mechanisms, and (3) stress redistribution could be
answered.

Representative V-DIC results are presented in Fig. 2, which shows
the hoop stress on the interior and exterior surfaces of the composite
at various loads before specimen fracture at 2950 N. Evidenced by
prominent strain concentrations, it is clear that mechanical response is
strongly regulated bymicrostructure. In the pre-damage loading regime
up to 2500 N, we observed localized strain concentrations of
εθθ=0.25−0.35% that corresponded to tow crossovers on both the in-
terior and exterior surfaces. These regions naturally exhibit the highest
stress/strain response, as they distribute load between overlapping
tows [23]. Strain away from contact regions was somewhat lower,
εθθ=0.15%, and even negative at some locations; highly heterogeneous
and locally negative strains have been observed in both surface DIC
measurements and associated finite element simulations of stochastic
woven CMCs, and are attributed tomicrostructural variation anddefects
[24]. Some strain concentrations on the interior surface (one of which is
marked by inset in Fig. 2c)were proximate to the location of tow failure
at 2700 N, potentially indicating that failure initiated from these inter-
tow contacts.

The hoop strain distributions on the interior and exterior surfaces
were not strongly related; that is, the regions with highest deformation
varied through the thickness. Rather, the location of strain concentra-
tions was governed by the immediate tow architecture rather than
more distant microstructural features. This was particularly true in the
elastic loading regime before microstructural damage, as inferred from
strain maps at 2100 and 2500 N (b and c in Fig. 2). A notable exception
to this trend occurred after tow failure on the interior surface, which
produced a large stress redistribution to tows on the exterior surface
(Fig. 2d). Therefore, surface strain measurements were only indicative
of large interior damage but were not sensitive to elastic strains on
the interior surface.

Comparison of the interior and exterior strain profiles revealed that
the interior surface displayed several minor hoop strain peaks away
from tow-contact regions, but these were not apparent on the exterior
surface. This was probably caused by boundary conditions imposed by
the expanding plug. For instance, variation in local plug-composite con-
tact stress as the elastomer conformed to the interior surface could pro-
duce highly three-dimensional and irregular loading conditions. Local
loading effects were dissipated through the composite thickness via
St. Venant's principle, resulting in a “cleaner” strain distribution that
only showed strain concentrations at inter-tow contacts. It is possible
that grinding of the interior surface to remove tow roughness or the ad-
dition of an inner monolithic SiC layer could produce a more uniform
stress distribution.

Although it was clear that the microstructure contributed to elevat-
ed strains at the tow overlaps, why did failure initiate at the particular
location? How did failure propagate from the damaged tow? Detailed
inspection of the tow architecture in Fig. 3 identified a large inter-tow



Fig. 2.V-DIC computed hoop strain εθθ on interior (top) and exterior (bottom) surface. (a) Tomogram at 0 N load, with tows outlined in black. (b–d) εθθmeasurements acquiredwithin the
elastic regime at (b) 2100 N and (c) 2500 N, and (d) after interior tow failure at 2730 N, which appears as levels of high strain. The specimen failed completely at 2950 N. Prominent strain
concentrations at 2500 N are highlighted by inset.
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spacing of 0.86 mm at the point of failure initiation, which was 25–60%
larger than in similar regions. Based on this, we could expect an in-
creased length of biased tow that was not supported by underlyingma-
terial. The radial pressure exerted by the elastomeric plug resulted in
the maximum bending moment at the tow overlap, analogous to the
stress distribution on a cantilever beam (Fig. 3b). In this scenario, the
maximum principal stress – the relevant failure criteria for brittle SiC
constituents –would occur at the root of the biased tow, which was in-
deed where tow failure occurred. This natural stress concentration was
enhanced by the increased unsupported length and by load transfer at
the tow contacts. Although the small specimen size restricted the num-
ber of tow-spacing measurements, these results suggested that tow
Fig. 3. Tow failure is regulated by microstructural variation. (a) Measurements of inter-
tow spacing. The tow fracture pattern (evident as region of large hoop strain in Fig. 2) is
traced in red for clarity. (b) Schematic of biased tow failure mechanism. (c) Fracture
pattern on interior surface (different specimen), showing biased tow failure at overlap
with axial tows (red arrows) and other biased tows (blue arrows). (d) Schematic of
fracture and microcrack paths visible in (c), showing alignment with tow overlaps
(highlighted in red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
spacingmust be tightly controlled to produce a uniformmechanical re-
sponse. Further experiments are required to quantify the specific contri-
bution of tow spacing to failure compared to other defects such as
porosity, tow misorientation and variable matrix thickness.

Analysis of the fracture surface of a different specimen (Fig. 3c) con-
firmed that this fracture mechanism prevailed along the entire interior
surface. The jagged fracture path along the interior surface connected
nearly all points of contact with underlying axial or biased tows (Fig.
3d). In each of the four samples, the fracture path was constrained be-
tween two axial tows, and the cracks never bridged an axial tow on
the interior surface to propagate laterally; this indicated that the axial
tows fully arrested and/or deflected the propagating cracks, and that
failurewas dominated by hoop stress. In addition, the fractured samples
exhibited microcracks parallel to the final fracture surface (Fig. 3c–d)
with similar crack deflection characteristics. While it could not be con-
firmedwhether these cracks formed before, during or after sample rup-
ture, SEM and XCT measurements revealed that the supplemental
microcracks only appeared within 3 mm of the final fracture surface,
suggesting that their initiation was closely related to the fracture pro-
cess. Therefore, it was believed that the elevated hoop stresses that con-
tributed to sample rupture also created parallel microcracks through a
crack bridging mechanism.

With new insight into the mechanisms of subcritical tow failure, we
now seek to understand the redistribution of stress arounddamaged re-
gions. The damage observed in Fig. 3 was constrained to the interior
layer, leaving two intact layers of load-bearing tows outside the dam-
aged region. Analysis of the hoop strain in two regions before and
after tow fracture revealed complex deformation and nonuniform stress
redistribution behavior (Fig. 4). Before tow fracture, the average strain
in regions “b” and “c” at 2100N closely resembled the theoretical profile
predicted by Eqs. (1–3) (dashed line in Fig. 4b–c), yet the two regions
demonstrated unique variations in hoop strain on the interior surface.
At 2100 N, region “b” exhibited a range from εθθ2.5%=0.02% to
εθθ97.5%=0.23% (strains at 2.5th and 97.5th percentiles) on the interior sur-
face, compared to a range of εθθ2.5%=−0.10% to εθθ97.5%=0.35% in region
“c”. The large variation in region “c” was indicative of widespread
microcracking, as crack opening displacements would create large
pseudo-strains and simultaneously unload adjacent material to create
small strains.

After tow fracture at 2730 N, the hoop strain evolved differently in
the two regions, supporting a conclusion of anisotropic stress redistri-
bution. In both regions, the average (through-thickness) hoop strain in-
creased to a value of εθθavg=0.163%, which constituted a relatively larger



Fig. 4. Stress redistribution associatedwith tow failure. (a) Tomogram of specimen 4 after
failure of interior tow. (b–c) V-DIC measured through-thickness hoop strain at loads
before and after tow failure corresponding to regions (b) to right and (c) beneath failed
tow. Dark colored lines represent mean strain response, while colored bands
encapsulate 95% of strain measurements. Data is compared to theoretical hoop strain at
2100 N via thick-wall cylinder equations (dashed line). Radial thicknesses of the two
regions are different due to microstructural variation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

241B.P. Croom et al. / Scripta Materialia 130 (2017) 238–241
increase in region “c” than in region “b” and suggested that stress was
preferentially redistributed axially rather than radially. The average
strain increased uniformly through the thickness in region “c”, which
maintained a deformation gradient consistent with Eqs. (1–3). In con-
trast, the average strain increased preferentially on the outside of region
“b”, resulting in a uniform strain distribution that varied little with radi-
al position. As a result, both the average and maximum values of εθθ on
the interior surface were higher in region “c” than in region “b”, and
these values in region “c” approached the critical fracture strain for indi-
vidual tows [25]. Subsequent loading to 2950 N resulted in fracture
propagation along the axial direction, consistent with this analysis.

In conclusion, coupled XCT/V-DIC measurements of in situ
expanding plug tests provided unprecedented access to the internal de-
formation and failure mechanisms of SiC/SiC composites. This new ex-
perimental technique achieved quantitative tow-level strain
measurements, which were cross-referenced to high-resolution 3D
microstructural images to elucidate the processing-microstructure-de-
formation-failure relationships of as-fabricated braided SiC/SiC compos-
ites. These measurements revealed key differences between internal
and external deformation trends, and found that surface-based mea-
surements only rarely corresponded to internal strain distributions.
Rather, the strain distribution and failure of the braided composite
was most strongly predicted by the local tow architecture. Comparison
between strain distributions, composite microstructure and failure
mechanisms confirmed that large local tow spacing increased peak
strain at adjacent inter-tow contacts and facilitated composite failure,
which implies that tight control of tow alignment is necessary for
good composite-level mechanical properties. These novel measure-
ments revealed that tow failure at inter-tow contacts was the primary
damage mechanism for this particular braided tow architecture, which
was facilitated by load transfer between tows and stress distributions
analogous to cantilever beams. Based on these measurements, tow
spacing is believed to strongly influence the failure properties of braided
SiC/SiC composites.

Finally, the current technique provides meaningful one-to-one com-
parison for FE simulations of statistically-generated composite models,
and is therefore anticipated to be an essential tool for model validation.
The coupled XCT/V-DIC approach successfully captured the nonlinear
deformation, damage, stress redistribution and failure characteristics
of braided CMCs, which is the central objective of virtual experiments.
Since tow failure initiated on the sample interior, and V-DIC measure-
ments suggested that exterior measurements were not sensitive to in-
ternal deformation and damage, these results prove that surface-based
measurements (as from 3D-DIC, etc.) are insufficient experimental
benchmarks for the simulations. Although results were only demon-
strated for four samples, and further testing is required to assess the
robustness of V-DIC measurements, the results indicate that three-di-
mensional XCT-based measurements are suitable and essential to
validate FE models for thick, multi-ply composites.
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