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Abstract

Cracking of preceramic polymers during pyrolysis under highly-constrained conditions is examined by X-ray computed tomography of fine glass microtubes containing
the pyrolyzing material. The microtubes represent model geometries that mimic the
long channels between fibers during production of ceramic composites by precursor
impregnation and pyrolysis. Complementary fracture mechanics analyses of interface
cracking and crack kinking are used to glean insights into the conditions under which
periodic alternating cracks form. A key finding is that alternating cracks are an inherent
feature of constrained pyrolysis. This feature is attributable in large part to the high energy
release rates for interface cracks to kink into the pyrolyzing material under the hydrostatic tension developed during pyrolysis. It also requires interfaces with toughness
comparable to that of the pyrolyzing material, to prevent large-scale interface separation. The results further indicate the need for small uniform spaces for pyrolysis within
fiber preforms in order to produce networks of fine periodic pyrolysis cracks; these
networks in turn facilitate impregnation and pyrolysis in subsequent processing cycles.
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Introduction
While in principle SiC-SiC composites can be made by impregnation of fiber preforms

with a preceramic polymer followed by pyrolysis to form a polymer derived ceramic (PDC)
matrix, the full potential of this process has yet to be exploited 1–14 . The outstanding challenges stem from the fact that the volumetric yield of commercially-available SiC-based
precursors is only about 30% 7 and thus the polymer impregnation and pyrolysis (PIP) process must be repeated multiple times in order to achieve a relative density approaching
unity 2,4–6,12,14 . Moreover, the efficacy of impregnation and hence additional densification
on successive cycles relies on the presence of a network of contiguous cracks generated in
prior cycles; isolated pores or cracks cannot be filled with the precursor and thus remain
permanently unfilled 14 . The present study addresses one aspect of this challenge: developing a mechanistic understanding of the nature of crack formation during constrained
pyrolysis.
In addition to contiguity of the crack network, two other characteristics are important
in the creation of matrices with good mechanical integrity. The first pertains to the size
scale of cracks produced during pyrolysis. To maximize matrix strength, small flaws are
naturally preferred over large flaws. Furthermore, the efficiency of PDC crystallization is
expected to increase with the number density of shrinkage cracks, since networks of fine
pyrolysis cracks facilitate egress of crystallization decomposition products 10 . The second
involves uniformity of the channels through which the precursor material must flow during subsequent impregnations. Large variations in channel size are more likely to lead to
development of non-uniform flow fronts and to formation of trapped pores 8,15–21 . Collectively these considerations point to the need for development of a contiguous, fine-scale,
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and uniform network of pyrolysis cracks on the first PIP cycle.
From a mechanics perspective the formation of pyrolysis cracks can be viewed in terms
of a progressively increasing strain misfit between the evolving pyrolysis product and the
embedded fibers along with changes in stiffness and toughness of the pyrolysis product.
The crack patterns that emerge are controlled by the energy release rates (ERRs) of competing cracking modes coupled with the spatial and size distributions of flaws. The ERRs,
in turn, are dictated by the nature and the magnitude of constraint imposed by the fibers
on the shrinking matrix.
For example, in regions where fibers are closely packed and unable to move freely, the
level of constraint on the matrix is highest; here pyrolysis begins under a state of essentially
hydrostatic tension. In contrast, in regions between woven fiber cloths in 2D composites,
the constraints are limited to those acting in-plane; a thin layer of matrix material that
traverses an interply region is essentially unconstrained in the through-thickness direction
and therefore experiences a state of in-plane biaxial tension during pyrolysis. The degree of
constraint in regions where fiber packing is irregular is more complex. Here the stresses are
affected by the degree to which fibers are able to move laterally to accommodate the evolving strain misfit which in turn is affected by longer-range patterns of fiber packing and
matrix shrinkage. Furthermore, the resulting relaxation in matrix stresses is expected to be
spatially non-uniform because of the inherently non-uniform geometry of matrix pockets
within irregularly-packed fiber clusters. The crack patterns that emerge can therefore be
geometrically complex and difficult to predict.
Significant progress in the understanding of pyrolysis cracking in unidirectional fiber
beds has been made through in situ X-ray computed tomography (XCT) 7,22 . Specifically,
studies on systems comprising commercial SiC fibers and SiC precursors have led to the
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creation of a taxonomy of crack types and their temporal hierarchy. The key features of the
taxonomy follow.
Primary cracks – the ones that form first in a local matrix region – nucleate predominantly from putative interface flaws and evolve in one of three ways. In the first, an interface flaw kinks into the matrix and, provided there is sufficient distance to fibers bounding
the matrix crack, the matrix crack eventually turns, runs perpendicular to the fiber axis
until impinging on the surrounding fibers, and then arrests (Fig. 1(A)). These are perimural
cracks. They are the least desirable from the perspective of crack contiguity and subsequent re-impregnation. In the second, an interface flaw again kinks into the matrix and
impinges on surrounding fibers. But, in contrast to the first case, the matrix crack deflects
into the interface and extends a characteristic distance along that interface before kinking
back into the matrix. The process repeats, resulting in a periodic alternating crack (Fig.
1(B)). In the third scenario, an interface flaw again kinks into the matrix; but before reaching the bounding fibers, the matrix crack curves back in the opposite direction. The process
repeats, resulting in a periodic wavy crack (Fig. 1(C)).
Alternating and wavy cracks are not entirely distinct from one another; an alternating
crack may grow some distance before morphing into a wavy crack, or vice-versa. Because
of their geometric similarities and their characteristic periodicity, the two crack types are
grouped as one, notably alternating/wavy (or A/W). Furthermore, a perimural crack can
be viewed as a degenerate alternating crack in the sense that it fails to grow past the first
half-wavelength of what would otherwise be an alternating crack. These commonalities
suggest a common underlying mechanics that dictates crack evolution.
Upon further pyrolysis, additional cracks may form in regions that already contain primary cracks. These cracks, referred to as secondary, tertiary or quaternary (depending
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on their temporal hierarchy), are contiguous with the primary crack network. Mesoscale
cracks, including long longitudinal cracks and interface cracks, are also obtained occasionally.
The present article features an experimental XCT study of cracking during pyrolysis of a
SiC precursor polymer contained within fine microtubes. The microtubes are either circular
or rectangular in cross-section and have characteristic dimensions that span a range relevant to fiber composites (ca. 10–100 µm). The motivation for using microtubes is three-fold.
The first is the recognition that non-uniform distributions of fibers and non-uniform movement of those fibers produce ill-defined distributions in stresses during pyrolysis within
fiber beds. This problem is obviated by use of uniform, stationary microtubes. Second,
experiments on microtubes allow systematic investigation of the effects of both size and
shape of the confined space within which pyrolysis occurs on the ensuing crack patterns.
Third, the microtubes are essentially rigid (at least in the early stages of pyrolysis) and thus
the constraints they impose on the precursor remain fixed.
The experimental study is augmented by fracture mechanics analyses of ERRs for cracks
under pertinent constraint conditions. The analyses combine analytical models of ERRs for
interface cracks in the short-crack domain and at steady state as well as finite element calculations of ERRs of cracks that kink out of an interface between a pyrolyzing matrix and
an adjoining rigid boundary. The overarching goal of the work is to shed new light on the
nature of pyrolysis cracking and the factors that govern development of desirable crack
morphologies.
2

Materials and Methods
Microtubes: The experiments were performed using either borosilicate or quartz mi-

crotubes (VitroTubes™). Several microtube geometries were employed.
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The borosili-

cate microtubes were rectangular in cross-section with nominal inner dimensions of either 100µm×1000µm, 50µm×1000µm, 40µm×400µm, 30µm×300µm, 20µm×200µm, or
10µm×100µm. The quartz microtubes were cylindrical with nominal inner diameters of
either 50µm or 100µm. The tubes were filled with a mixture of allylhydridopolycarbosilane (AHPCS) (SMP-10, Starfire® Systems) and 0.2 wt% dicumyl peroxide (DP). Tube filling was accomplished by inserting the microtubes into a beaker with the precursor; filling
occurred by capillary imbibition. In total, over 70 individual microtubes were imaged and
analyzed.
The specimens were imaged with XCT at the hard X-ray beamline 8.3.2 at the Advanced
Light Source (ALS) at Lawrence Berkeley National Laboratory. Imaging was performed
ex situ (post-pyrolysis) at high resolution for one group of specimens and in situ (during
pyrolysis) for another.
Ex situ imaging: Specimens imaged ex situ had been pre-cured at 120°C for 2h and
then pyrolyzed to a peak temperature of 500°C in a tube furnace under flowing argon. The
temperature profile was: ambient to 250°C at 2°C/min, 250°C to 500°C at 1°C/min, 500°C
to ambient at -5°C/min. For handling and imaging purposes, one end of each pyrolyzed
microtube specimen was embedded within a tiny (≈ 3mm diameter sphere) piece of clay
and the opposite end was then manually inserted into a large quartz tube (0.9mm inner
diameter) until the clay jammed at the end of the large tube. The large tubes containing the
microtube specimens were then mounted on the rotary stage for XCT imaging. Imaging
was performed in multilayer mode using 17 keV light with a PCO edge camera and 20x
lens. The field of view for one scan was 0.83mm by 0.83mm by 0.70mm and the voxel edge
length was 0.32µm. A total of 1025 radiographs each with 300-500 ms exposure time were
collected. For some specimens, multiple scans were taken along the axial direction of the
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microtube; the resulting ”tiles” were then combined into a single, longer, 3D dataset.
In situ imaging: In situ XCT imaging was performed on two collections of filled microtubes contained within larger quartz tubes with a 1.5mm inner diameter. The microtubes
had been manually inserted into the larger quartz tubes using tweezers prior to capillary
imbibition with the precursor. Thus, the precursor material filled spaces both within and
between the microtubes. The encased and precursor-filled collections of microtubes were
imaged inside the high-temperature testing rig 3,23,24 used in our previous study 7 . Flowing
argon was passed through the chamber at a rate of 20g/h. The specimens were heated to
about 700°C over the course of about 12h. The temperature profile was: ambient to ≈130°C
at 2°C/min, ≈2h hold, ≈130°C to ≈250°C at ≈2°C/min, ≈250°C to ≈700°C at ≈1°C/min.
This profile is similar to that recommended by the precursor manufacturer (Starfire® Systems 25 ); slight variations are due to limitations in calibration precision and temperature
control.
XCT images were collected continuously during the entire pyrolysis cycle with each
complete scan taking on average 18 min. The reported scan temperatures are the averages
of programmed values taken at 1 min intervals. The highest temperatures at which these
specimens were characterized (ca. 600-700°C) correspond to the scans taken immediately
before the borosilicate tubes lost their structural integrity. The current focus of this work is
on pyrolysis cracking that initiates well below these temperatures (typically 350–530°C).
Imaging was performed in white light mode with a PCO edge camera and a 10x lens.
The field of view volumes were 1.5mm by 1.5mm by 1.3mm(experiment 1) and 1.6mm by
1.6mm by 1.4mm(experiment 2); the corresponding voxel edge lengths were 0.58µm and
0.63µm. A total of 2049 radiographs each with 170-480 ms exposure time were collected.
Reconstruction and analysis: Tomographic slices were reconstructed using TomoPy 26 .
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The 4D in situ XCT data were parsed (microtube by microtube) using a custom Python
package ”sampleslicer” to crop, align and rotate each individual microtube and ultimately
create 4D hyperstacks for enhanced data exploration and analysis* . Some microtube
datasets were too large to be stored as TIF 4D hyperstacks and were instead explored via 3D
stacks (2D space + time or 3D space). All radiographs, reconstructed tomographic slices,
and parsed 4D datasets are published 27 on the Materials Data Facility 28,29 . The data were
analyzed manually using ImageJ† while 3D visualizations were rendered in Dragonfly 3.6‡ .
The initiation temperatures and the half-wavelengths of A/W cracks were measured
using procedures similar to those employed in our previous study on fiber beds 7 . Crack
initiation temperatures were determined by examining image stacks taken at progressively
lower temperatures until the crack of interest was no longer visible. Crack initiation was
characterized by the temperature at which the first signs of the crack were evident.
Half-wavelengths of alternating cracks were measured from the start of the fiber-matrix
interface crack through the end of the trans-matrix crack that kinked from the interface
(indicated on Fig. 1(B)). For wavy cracks, half-wavelengths were measured from the peak
to the adjacent trough of the crack (Fig. 1(C)). These parameters were then correlated with
a characteristic dimension of the cross-section within which the crack was contained: the
inner diameter for the cylindrical tubes and the minor internal width for the rectangular
tubes, both measured from transverse cross-sections. Comparisons of these results with
those in the fiber beds are also presented. For the latter, the characteristic dimension was
archived version of the ”sampleslicer” package (Python 2.7) used in this work is provided 27 on
the Materials Data Facility. An updated version of the ”sampleslicer” package, ”sampleslicer-1.0.0”,
has been developed for Python 3 and includes detailed updated documentation. It is available at
https://doi.org/10.5281/zenodo.5523256.
† Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http:// imagej.nih.gov/ij/, 1997-2016
‡ Object Research Systems (ORS) Inc, Montreal, Canada, 2018; http://www.theobjects.com/dragonfly
* An
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√
taken to be An where An is the transverse cross-sectional area of the matrix containing the
crack 7 .
Mechanics of pyrolysis cracking: ERRs of near-interface cracks and kinked cracks were
computed by finite element analyses (FEA). For limiting cases of very short and very long
interface cracks, the computed results were checked against those from analytical solutions.
The material in the FEA was modelled as a rectangular plane-strain domain of height,
h, and half-length 100h, and attached top and bottom to very stiff blocks. Near-interface
cracks of length a from one edge were inserted at a distance 0.01h below the top interface.
Crack lengths were varied over the range 2a/h= 0.1–20. Kink cracks, when required, were
added to the end of the interface crack. The kink crack length was 0.1h and the kink angle was varied over the range φ = 0°- 75°. The edge from which the crack emerged was
constrained against motion parallel to the crack plane while the two interfaces between
the shrinking material and the constraining blocks were constrained against motion both
parallel and perpendicular to the crack plane.
Extensive mesh sensitivity studies were performed. The meshes used to generate the
results presented here utilized more than 500,000 elements: well beyond that needed for
convergence while still allowing reasonably short analysis times.
The material Young’s modulus was taken to be 10 kPa and its Poisson’s ratio was either
0.2, 0.33 or 0.4. A linear misfit strain of θ = 0.001 was then generated within the shrinking
material. (Because of the subsequent normalizations, the absolute values of matrix modulus and misfit strain are inconsequential.) Energy release rates and mode I and mode II
stress intensity factors, K I and K I I , were calculated using the J-integral method in Abaqus.
The mode mixity was characterized by the phase angle, ψ = tan−1 (K I I /K I ).
9

3

Experimental Measurements and Observations
To contextualize the current observations on the microtubes, we begin by highlighting

features found within beds of BN-coated SiC fibers (from our previous study) 7,22 . Representative images of an alternating crack are reproduced in Fig. 2(A) 7 . The 3D rendering
(on the left) depicts the cracks that had formed up to the temperature indicated (519°C).
The transverse cross-section (top right) shows the size and geometry of the matrix region
within which the cracks reside while the longitudinal section shows the alternating nature
of the crack. Here the alternating crack is the first to form (i.e. the primary crack); the
transverse cracks form at later stages of pyrolysis (i.e. secondary cracks).
Complementary experiments performed in the course of the current study using the
same preceramic polymer within unidirectional beds of uncoated SiC fibers also revealed
the presence of alternating/wavy cracks (Fig. 2(B)) and perimural primary cracks within
the matrix * . The presence or absence of the BN coating does not appear to be consequential in the context of pyrolysis cracking, suggesting that the mechanics of pyrolysis cracking depends primarily on the toughnesses of the pyrolyzing precursor and the interface it
forms with the surrounding material. We surmise that the precursor adheres similarly to
both coated and uncoated fibers, and that the normal interface stresses developed during
pyrolysis are insufficient to break the BN-SiC interface in the coated fiber beds.
In addition to voids formed by pyrolysis cracks at elevated temperatures, occasional
pre-pyrolysis voids in the form of bubbles were also observed in the specimens. Some
of these bubbles were observed in room temperature scans and likely formed due to a
combination of non-uniform wetting/impregnation of the polymer and off-gassing of the
* The corresponding
ity 28,29 .

datasets and experimental details are available online 30 on the Materials Data Facil-
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polymer prior to pyrolysis. Bubbles can also form due to off-gassing during low temperature crosslinking of the polymer. Similar bubbles were also observed occasionally in the
microtube specimens, appearing both within the polymer and along polymer-microtube
interfaces.
Pyrolysis cracks within the microtube specimens appear in a variety of geometries, including both the alternating and wavy primary crack geometries observed in fiber beds.
Several representative images of these cracks are shown in Fig. 2 (C-D) (ex situ scans) and
Figs. 3, 4, and 5 (in situ scans) and are discussed further below.
Cylindrical microtubes: Longitudinal diametral sections of cylindrical tubes imaged ex
situ (Fig. 2(C)) show examples of: (i) a primary alternating crack in a 100µm diameter tube
(left image) and (ii) a primary wavy crack in a 50µm diameter tube (right image). These
primary cracks span nearly the entire cross-sectional area as they propagate along the tube
axis. They are accompanied by secondary cracks.
Insights into growth directions of alternating cracks are gleaned from time-sequences
of in situ images. Notably, the image sequences in Fig. 3(A and B) confirm the direction
of crack growth that had previously been inferred solely on the basis of crack shape and
an understanding of the mechanics of alternating cracks 31,32 . That is, interface cracks are
expected to kink into the precursor material at a low angle and curve towards the tube
axis normal before impinging on the opposite wall. This inferred sequence of events is
consistent with the current observations.
In some cases, interface cracks that spawn alternating cracks are very long (>10x the
microtube diameter) and reside over a small arc segment of the polymer-tube interface.
A fully-developed alternating crack emanating from one such interface crack (in a 50µmdiameter tube) is shown in Fig. 3(B). An incipient alternating crack emanating from another
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interface crack (in a 100µm-diameter tube) is shown in Fig. 3(D). The latter example illustrates that, when the interface crack preceding the alternating crack is sufficiently long, the
opening displacement of the kinked crack can grow to several times the tube diameter. In
this case, longitudinal shrinkage over a significant length is accommodated by a single segment of a crack, leading to the large opening displacements. Such cracks, if present within
a fiber preform, would be undesirable from the perspective of subsequent impregnation.
In other cases, interface cracks extend long distances, going beyond the imaged field
of view, and extend around nearly the entire circumference of the tube. In yet others,
isolated transverse cracks form in material segments that remain at least partially attached
to the tube wall, as illustrated in Fig. 3(C). Upon further pyrolysis, the material segments
continue to detach from the tube walls and shrink away from the original location of the
transverse crack, leading to large opening displacements. This, too, is undesirable.
One additional aspect of cracking pertains to stability. In cases like the ones shown in
Figs. 3(A) and (B), alternating cracks evolve over 3 XCT time steps; these times correspond
to a temperature change of about 30°C. This observation indicates that crack growth is stable in the early stages and therefore requires an increased misfit strain in order to continue.
Rectangular microtubes: Pyrolysis cracks within the rectangular tubes exhibit patterns
and variations that are similar to those of the cylindrical tubes, with a few salient differences. Alternating cracks, when present, exhibit varying levels of development and periodicity. At one end of the spectrum, an alternating crack with nearly-perfect periodicity and
occasional secondary longitudinal cracks along the tube center is shown in Fig. 2(D) (for a
10µm×100µm tube). Here the images consist of a 3D rendering and three cross-sections: (i)
a transverse section (perpendicular to the tube axis), (ii) a major longitudinal section (parallel to the broad face and long edge of the rectangular tube), and (iii) a minor longitudinal
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section (parallel to the narrow face and short edge of the rectangular tube). The alternating
nature of the crack is evident in the minor longitudinal section. The high degree of periodicity indicates that the primary crack had nucleated at a single location and advanced
progressively along the tube axis. Another notable feature of this alternating crack is that
it spans the entire transverse cross-sectional area of the rectangular tube as it propagates.
Additional examples of alternating cracks, showing varying levels of periodicity and
spanned transverse cross-sectional area, appear in Fig. 4(A, B, E, F) (all 10µm×100µm
tubes) and Fig. 5. Of all of the rectangular tubes imaged in situ, only one (Fig. 4(E))
showed an alternating crack traversing the entire major length of the rectangular tube as
in Fig. 2(D). The majority of A/W cracks in rectangular tubes propagate along the tube
axis in regions near the minor edges of the tube (Figs. 4(A, B, F), 5(B,C)). These cracks
span the entire minor length as viewed in minor longitudinal sections near minor edges,
but only extend a short distance away from the minor edges in the direction of the major
length of the rectangular cross-section (e.g., consider Figs. 5(B and C) in which sections (vi)
show alternating cracks and sections (v) do not). We surmise that alternating cracks are
most often observed near the minor edges because, presumably, the degree of constraint
on shrinkage is greatest. Some exceptions exist – for example in Fig. 5(A)(v) and (B)(i)
where alternating cracks appear in other regions within the tube.
In other cases ”scallop”-shaped cracks appear in the major longitudinal sections (Figs.
4(D, F, G) and 5(A)). These cracks appear to originate at the edges, follow a curved (nearlycircular) trajectory as they move inwards, and end along the edge from which they originated. The process repeats, thereby producing the scalloped appearance. In some cases
(Figs. 4(F) and 5(A)(iii)), alternating/wavy cracks are observed within the matrix regions
isolated by scallop-shaped cracks. Yet other cases reveal random mud cracks with varying
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levels of periodicity or interface cracks that span the entire field-of-view (e.g., in the first
minor longitudinal section in Fig. 4(C)).
Initiation temperatures and half-wavelengths: The initiation temperatures for primary A/W cracks in the microtubes generally decrease with the size of the space containing the pyrolyzing material (Fig. 6(A)). In the finest tubes (10µm), the initiation temperature is about 500°C. Although comparable values are obtained in similarly-sized spaces in
fiber beds, the effects of increasing size are more pronounced in the fiber beds than in the
tubes. For example, cracking typically initiates at about 300°C in 30µm-sized regions in the
fiber beds and at about 400°C in the same-sized regions within the tubes. Cylindrical tubes
and rectangular tubes yield comparable results.
Despite differences in initiation temperatures, the half-wavelengths of A/W cracks in
the microtubes and in the fiber beds follow the same trends (Fig. 6 (B)). Specifically, they
are approximately proportional to the size of the matrix regions in which the cracks are
contained, with a proportionality constant of about 2–4. In addition, the degrees of variation in both initiation temperatures and half-wavelengths in the microtubes are similar to
those found in fiber beds.
4

Mechanics of Interface Cracking and Crack Kinking
Some insights into the mechanics of pyrolysis cracking are gleaned from analyses of

ERRs of interface cracks under hydrostatic tensile loading. Two limiting cases are considered. In the first, a small putative crack of length 2a is assumed to be present between a
compliant shrinking material and an essentially rigid container (the latter being representative of the conditions during the early stages of pyrolysis). It follows that, during pyrolysis, the material experiences a state of hydrostatic tension, σh . Under these conditions
the interface ERR, Gint , is essentially one-half the value that would be obtained in a large
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homogeneous body of the shrinking material with the same crack loaded in hydrostatic
tension:
Gint =

(1 − ν2 )σh2 πa
2E

(1)

where E is its Young’s modulus and ν is its Poisson’s ratio. Assuming the shrinking material is elastic, the stress within it is σh = θE/(1 − 2ν) where θ is the linear misfit (shrinkage)
strain. Combining this result with Eqn. 1 yields:

Gint
π (1 − ν2 )
=
Eθ 2 a
2(1 − 2ν)2

(2)

(Strictly this result is exact only when the material is incompressible, i.e. ν = 0.5. Otherwise,
for ν < 0.5, the result is modified by a numerical factor that is solely a function of ν. The
solution for the latter case is presented in the Appendix. It shows that the result in Eqn. 1
is accurate to within 9% over the range 0.2 ≤ ν ≤ 0.5.)
The second scenario involves growth of a long interface plane-strain crack along one of
the broad internal faces within a rectangular tube under steady-state conditions, as illustrated in Fig 7(A). Far ahead of the crack tip the material is in a state of hydrostatic tension
and its strain energy density (per unit volume) is SED = 3Eθ 2 /2(1 − 2ν). Deep in the crack
wake the constraint normal to the crack plane is lost and hence the material (still attached
to the opposite face) is in a state of biaxial tension. The magnitude of the biaxial stress is
σb = θE/(1 − ν) and the corresponding strain energy density is SED = Eθ 2 /(1 − ν). Once
the crack length is much greater than the thickness h of the shrinking material, the ERR
attains a steady state. The steady state ERR is obtained from the difference in strain energy
in an element of thickness δa and volume per depth of hδa ahead of the crack tip and the
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strain energy in a volume element of the same size deep in the crack wake, normalized by
the crack area per unit depth, δa. The result is

Gss
(1 + ν )
=
.
2
2(1 − 2ν)(1 − ν)
Eθ h

(3)

The steady-state ERR, plotted on Fig. 7(B), is sensitive to the Poisson’s ratio, especially in
the domain ν > 0.3. Effects of crack length on the ERR of interface cracks, obtained by
FEA, are presented in normalized form, Gint /Ehθ 2 , in Fig. 8. Gss values are also indicated.
The plots reveal two features. First, the computed ERRs are consistent with the predictions of the analytical solutions in the limits of short cracks (2a/h << 1) and long cracks
(2a/h >> 1), affirming the correctness of the analytical solutions. Second, Gint reaches a
peak value greater than Gss before decreasing and asymptotically approaching steady-state.
For example, for ν = 0.4, the peak value of Gint , obtained at 2a/h ≈ 1, is about 20% higher
than Gss . The difference diminishes with decreasing Poisson’s ratio, dropping to about 3%
for ν = 0.2.
The results indicate three behavioral domains with respect to interface cracking, dictated by the initial flaw size; the three domains are labelled i, ii, and iii on Fig. 8 for the
case of ν = 0.4. If the initiating flaw were very short (in domain i), the flaw would grow
unstably without bound once the misfit strain reached a critical value (i.e. that necessary
for Gint to reach the interface toughness Γi ). Unstable growth would occur because Gint
would always be greater than Γi during subsequent growth. If, instead, the initiating flaw
were of intermediate length (in domain ii), the flaw would initially grow unstably but arrest after a finite amount of extension (i.e. that needed for Gint to drop back down to Γi ).
The crack would then grow stably with increasing misfit strain. Finally, if the initiating
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flaw were long (in domain iii, wherein Gint decreases monotonically with crack growth
and asymptotically approaches steady-state), the flaw would grow stably with increasing
misfit strain. The results also suggest that the flaws most likely to first reach criticality are
those in the intermediate size range, typically 0.5 ≤ 2a/h ≤ 3.
Crack kinking is more complex. Variations in the kink ERR, Gkink , and mode mixity,
ψ, are plotted against kink angle, φ, over a wide range of interface crack lengths (2a/h =
0.2–20) and for two values of Poisson’s ratio (ν = 0.2, 0.33) in Fig. 9. In all cases, Gkink
attains a peak at a kink angle that depends somewhat on ν. For ν = 0.33, the peaks are
obtained at φ ≈ 20–30°; these angles depend only weakly on a/h. For ν = 0.2, the peaks are
obtained at somewhat higher kink angles, φ ≈ 35–45°; these, again, depend only weakly
on a/h. Furthermore, in all cases, the kink angles that produce the peak values of Gkink
also produce phase angles ψ ≈ 0°(as expected). Perhaps the most significant finding here
is that the peak values of Gkink always exceed Gint . The implication is that, if the interface
toughness Γi at the pertinent phase angle were the same as the mode I matrix toughness
Γm , kinking would always be predicted to occur.
5

Discussion and Implications
To briefly summarize the key findings, pyrolysis cracking in the microtubes follows one

of three behavioral patterns. When the toughness of the interface between the pyrolyzing
precursor and the containing material is low, shrinkage is accommodated by long interface cracks and widely-spaced matrix cracks with large opening displacements. The size
scale of these cracks and their non-uniformity are undesirable. When, instead, the interface
toughness is relatively high (i.e., comparable to the toughness of the pyrolyzing matrix material) and the space in which the precursor material is present is highly constrained – as it
is in cylindrical tubes and near the short edges of rectangular tubes – a network of periodic,
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fine A/W cracks often form first during pyrolysis. This is probably the most desirable scenario. Among the three crack variants – alternating, hybrid alternating/wavy, and wavy
– alternating cracks are most prevalent in the microtubes. The propensity for formation of
irregular, less periodic, crack patterns increases when the constraint on pyrolysis is lower
(i.e. away from the short edges in rectangular tubes) or the interfaces are weak.
Pyrolysis cracking in the microtubes is similar to that in the fiber beds. One notable difference is that, for comparable sizes of space, the temperatures at which pyrolysis cracks
initiate in the fiber beds are generally lower than those within the microtubes. The differences are attributable to the geometric inhomogeneity of the pyrolyzing material within
the fiber beds and hence the inhomogeneity of the shrinkage stresses. That is, although
the composite as a whole experiences hydrostatic tension, the local stresses are invariably
higher in some regions and lower in others, a consequence of the irregular fiber distributions. The more heavily-stressed regions are presumably the ones at which primary cracks
first form.
The dimensions of A/W cracks, characterized by their half-wavelengths, scale with the
size h of matrix regions containing those cracks. This derives from the fact that the peak
values of ERR for both interface cracking and crack kinking occur at intermediate crack
lengths, typically of order h. The size distribution of these cracks is therefore expected to
be governed by the size distribution of the local spaces containing the pyrolyzing material.
The variations in initiation temperatures and half-wavelengths at a given tube size appear comparable to those in the fiber beds. This observation is contrary to the expectation
at the outset that pyrolysis cracking within the microtubes should evolve in a more reproducible manner than in the fiber beds. It suggests, instead, that the initiation temperature
and half-wavelength variations are due to variations in local properties of materials and
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interfaces.
The origins of alternating cracks are founded in part in the propensity for kinking of
interface cracks into the adjacent pyrolyzing material. The mechanics analyses show that,
under sufficiently high constraint and with large elastic mismatch between the phases,
the peak ERRs for crack kinking always exceed those for continued interface cracking.
Whether an interface crack would continue to grow along the interface or kink would be
dictated by the pertinent toughnesses. As noted previously, if the matrix toughness and
interface toughness were comparable to one another, kinking would always be predicted
to occur. Otherwise, determination of whether kinking would occur would be based on
comparisons of the peak values of Gkink with material toughness Γm and of Gint with Γi at
the appropriate mode mixity.
The formation of alternating cracks depends on not only kinking of interface cracks
into the pyrolyzing material but also on subsequent deflection of the resulting cracks into
neighboring interfaces in order for the cycle to continue. Otherwise, terminal perimural
cracks would ensue. Although poorly understood, this termination must be dictated, in
general, by the mechanics of a curved crack impinging on an interface at an unspecified
angle under the prevailing stresses in combination with the pertinent elastic properties
and toughnesses.
The fact that cracking frequently occurs over a finite (though narrow) temperature
range indicates that crack growth is stable in the early stages of crack evolution. This
observation is consistent with the predictions from the mechanics analysis. That is, the
ERRs for both interface cracks and kinked cracks reach a peak at an intermediate interface
crack length (of order h) before decreasing and approaching steady-state. Although the
difference between the peak value of Gint and Gss is relatively small, growth of long cracks
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(approaching steady state) is predicted to occur stably over a range of misfit strain.
The results lead to suggestions for processing strategies for producing contiguous, uniform networks of pyrolysis cracks. In composites with woven 2D fiber architectures, the
size distribution of matrix pockets is inherently broad 33 . Within the tows these spaces are
comparable to the fiber diameter (about 10 µm). In the intertow regions where the tows
cross one another, the spaces are considerably larger (several tens of µm). In the regions
between the woven layers, the spaces are the most non-uniform; regions where tows make
intimate contact can be as small as about 10 µm while regions of “disregistry” between
adjacent layers can be hundreds of µm. The effects are exacerbated in composites with 3D
architectures. For instance, in orthogonal weaves, prismatic matrix pockets with dimensions exceeding 1 mm are common 34,35 . One specific strategy for creating more uniform
pore distributions involves use of SiC particles with dimensions comparable to the fiber
diameter to fill the larger spaces between the tows and between the layers. The utility of
this approach has been demonstrated in oxide composites 34 .
6

Conclusions
Alternating/wavy cracks are inherent features of constrained pyrolysis within high

aspect-ratio channels. They have been observed in all cases studied, including quartz and
borosilicate microtubes with circular and rectangular cross-sections, and coated and uncoated unidirectional fiber beds. Their formation is contingent on the interface toughness
between the pyrolyzing material and the constraining material being comparable to the
toughness of the pyrolyzing material; weak interfaces lead to long interface cracks. It is
also contingent on kinking of short interface cracks into the pyrolyzing material. The high
ERRs of kinked cracks relative to the ERRs of interface cracks support the notion that kinking itself is an inherent feature of constrained pyrolysis.
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The emerging understanding of the mechanics of pyrolysis cracking suggests potential
processing strategies for producing contiguous, uniform networks of pyrolysis cracks on
the first PIP cycle. Such networks would enable impregnation and further matrix densification in subsequent PIP cycles.
A

Appendix: Energy Release Rates for Near-Interface Cracks
For a crack of length 2a located a small distance, δ, from an interface with a stiff material

(i.e. δ << 2a), the energy release rate is

G=

(1 − ν2 )(K2I + K2I I )
E

(4)

where K I and K I I are the mode I and mode II stress intensity factors, respectively, and are
given by 36

√

iγ ie

K I + iK I I = qKe δ = qσ πa(1 + 2ie)e

iγ



where K is a complex stress intensity factor, K = K1 + iK2 , i =

δ
2a

√

ie
(5)

−1 and σ is the uniform

stress transverse to the crack in the absence of the crack; this stress component is equivalent to the hydrostatic stress generated by shrinkage in a volume of material surrounded
completely by rigid material. The other parameters are

1
ln
e=
2π



1−β
1+β


(6)

and
r
q=

1 − β2
2
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(7)

where β is the second Dundurs’ parameter

1 − 2ν
2(1 − ν )

β=

(8)

and γ is a real valued function of β which must be found numerically 36 . Because the
constraining material is essentially rigid, the first Dundurs’ parameter is unity. The square
of the magnitude of the stress intensities is

K2I + K2I I = (K I + iK I I )(K I − iK I I )

(9)

This leads to

K2I

+ K2I I

2 2

= q σ πa(1 + 2ie)e

iγ



δ
2a

ie

(1 − 2ie)e

iγ



δ
2a

−ie

= q2 σ2 πa(1 + 4e2 )

(10)

Combining 4 with 6, 7, 8, and 10 yields

f ( β)(1 − ν2 )σ2 πa
2E

G=

(11)

where
"

1
f ( β ) ≡ (1 − β ) 1 + 2
π
2




ln

1−β
1+β

2 #
(12)

As shown by 36 , the ERR in Eqs. 11 and 12 is independent of the distance between the crack
and the interface (provided the distance is small) and is also the ERR when the crack is on
the interface.
When the material is incompressible, ν = 0.5, β = 0 and f ( β) = 1, and Eqs. 11 and 12

22

reduce to the expected result
G=

(1 − ν2 )σ2 πa
2E

(13)

Otherwise, when ν 6= 0.5, f ( β) deviates only slightly from unity; for example, for ν = 0.2,
f ( β) = 0.913. Thus over the entire realistic range of Poisson’s ratios the result in 13 is
accurate to within less than 10%.
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Figure 1: Primary cracks that form during matrix pyrolysis within unidirectional fiber beds
usually nucleate from putative interface flaws. They include (A) perimural cracks, (B)
alternating cracks and (C) wavy cracks. Half-wavelengths of alternating and wavy cracks
are indicated in (B) and (C).
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A: Coated fiber bed

B: Uncoated fiber beds
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Figure 2: 2D tomographic sections and 3D renderings of fiber beds and microtubes during
and after pyrolysis. (A) Alternating and semi-perimural cracks are evident in a bed of
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BN-coated Hi-NicalonTM Type-S SiC fibers. In the three-dimensional rendering, fibers are
semi-transparent blue, pyrolysis cracks are shown on a red-yellow scale that indicates initiation temperature, and matrix material is transparent. The transverse section (top right)
shows the area, An , spanned by the alternating crack and the longitudinal section (bottom
right) shows the profile of the alternating crack. (Reprinted from Larson & Zok 7 with permission from Elsevier.) (B) A/W cracks are also formed in beds of uncoated Hi-NicalonTM
Type-S SiC fibers imaged at room temperature after complete pyrolysis to a maximum
temperature of 1085°C. (C) Analogous alternating crack (left image, 100µm diameter) and
wavy crack (center and right, 50µm diameter) are obtained in cylindrical tubes (both imaged ex situ). (D) An alternating crack with nearly perfect periodicity traverses the entire
cross section of a 10µm×100µm microtube (imaged ex situ). In (A), (C), and (D) colored
lines on orthogonal views indicate intersectionality of perpendicular planes.
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Figure 3: Pyrolysis cracks in (A-C) 50µm-diameter and (D) 100µm-diameter microtubes
(imaged in situ). (A) The image sequence shows propagation of an alternating crack followed by formation of transverse cracks. (B) An alternating crack spawns from a long
interface crack, and is followed by formation of transverse cracks at higher temperatures.
(C) The image sequence shows propagation of a long interface crack around the circumference of the tube and initiation and opening of a transverse crack to a very large opening
displacement. (D) An incipient alternating crack spawns from a long interface crack. Longitudinal shrinkage of the matrix segment next to the long interface crack leads to a large
opening displacement. Colored lines on orthogonal views indicate intersectionality of perpendicular planes in the 3D image data. In (A) and (B), red arrows indicate the position of
the crack tip.
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Figure 4: Pyrolysis cracks in 10µm×100µm microtubes illustrate the range of crack geometries (imaged in situ). Colored lines on orthogonal views indicate intersectionality of perpendicular planes in the 3D image data. Alternating cracks are visible in (A) and (E) along
nearly the entire length of the tube in the minor longitudinal sections. Purple boxes in (B)
indicate locations of alternating cracks. Purple boxes in (F) indicate locations of alternating cracks, including some that formed within matrix regions isolated by scallop-shaped
cracks.
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Figure 5: Pyrolysis in larger rectangular microtubes (20µm×200µm to 100µm×1000µm)
leads to A/W, scallop, interface, and irregular ”mud” cracks (imaged in situ). Colored
lines on orthogonal views indicate intersectionality of perpendicular planes. Purple boxes
in (A)(iii,v,vii) indicate locations of alternating cracks, and those in (A)(iii), in particular,
indicate alternating cracks that formed within matrix regions isolated by scallop-shaped
cracks.
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Figure 6: (A) Initiation temperatures for primary A/W cracks generally decrease with increasing matrix size, although the effects are more pronounced in the fiber beds than in either set of microtubes. The lines represent logarithmic fits to data for rectangular tubes and
for fiber beds (B) The wavelengths of A/W cracks are approximately proportional to the
size of matrix pockets in coated fiber beds and in cylindrical and rectangular microtubes.
Results for the coated fiber bed are reproduced from Larson & Zok 7 with permission from
Elsevier.
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Figure 7: (A) Schematic of plane-strain interface crack with hydrostatic tension ahead of
the crack front and biaxial tension in its wake. (B) The ERR for the interface crack at steady
state is sensitive to Poisson’s ratio.
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Figure 8: FEA results reveal the nature of transients of ERRs for interface cracks in rectangular tubes. The initial parts are consistent with the analytical predictions for the short
crack limit. These are followed by peaks and gradual reductions as steady-state conditions
are approached. (ERRs in the short crack limit include the correction term f ( β) defined in
the Appendix.)
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Figure 9: (A, B) The peak kink ERR invariably exceeds the interface ERR for all crack
lengths. (C, D) The mode mixity on the right side of the interface crack (illustrated in the
inset in (A)) is always positive (ψ >0°). The kink angle needed to produce ψ =0°coincides
closely with the kink angle corresponding to the peak kink ERR.
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