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ABSTRACT. An in situ experimental technique is described that allows high resolution,
high sensitivity determination of displacements and full-field strains during high tempera- .4
ture mechanical testing. The technique is used to investigate elevated temperature crack
growth in SiC/Nicalonf composites. At 1150”C, the reinforcing fibers have a higher creep
susceptibility than the matrix. Fiber creep leads to relaxation of crack bridging tractions,
resulting in subcritical crack growth. Differential image analysis is used to measure the
crack opening displacement profile u(x) of an advancing, bridged crack. With appropriate
modeling, such data can be used to determine the traction law, from which the mechanics
of cracking and failure may be determined.
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Fiber reinforcement has been demonstrated to be an effective means of toughening
intrinsically brittle materials, such as ceramics and intermetallics. A principal source of
the improved toughness is crack bridging by fibers left intact in the wake of an advancing
crack [1,2]. If crack bridging is the primary toughening mechanism, the force/displace-
ment behavior of the bridging fibers determines the crack shielding. The mechanics of
cracking and failure can be determined fully provided the magnitude and distribution of
the crack bridging tractions are known [3]. When the bridging zone is large relative to the
size and spacing of the bridging elements, the discrete tractions may be approximated as a
continuous closure pressure acting on the crack faces. Numerous models have been devel- ?
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oped expressing the crack bridging tractions as a function, p(u), of the crack opening
displacement, u(x), at a position, x, in the crack wake. Cox and Marshall [3] have devel-
oped a method for deducing the function p(u) from experimental measurements of the
crack opening profile u(x) of a single crack. For an assessment of both the functional form
and quantitative validity of bridged crack models for brittle-matrix composites, precise
crack opening profile measurements are needed. However, few such measurements have
been reported.

Analysis of bridging tractions from crack opening profiles requires an accuracy in
displacement measurements of- 1% of the opening at the notch root or the crack
mouth [3]. For a composite such as A1203/SiCw loaded to the critical applied stress inten-
sity, the maximum opening of a crack of length 100 ym may ‘beon the order of 1 pm. The
required measurement accuracy is then -10 nm. This is beyond the limits of conventional
techniques for strain and displacement measurement, but within the capabilities of
stereoscope [4,51or related automated displacement mapping techniques [6,71based upon
differential image analysis. The present article addresses the need for critical measure-
ments of crack opening profiles during mechanical testing of ceramic composites by
describing an experimental technique that allows quantitative measurement of crack
opening displacement profiles for bridged cracks in brittle-matrix composites.

At high temperatures, crack-bridging tractions may be affected by one or more of
the following: (1) creep of the composite constituents, (2) viscous deformation of inter-
phase layers, grain boundary phases or matrices with glassy phases, (3) relief of residual
stresses resulting from thermal expansion mismatch, and (4) environmental attack, for
example, oxidation of the fiber-matrix interface. Although modelling must account for
the temperature and time dependence of the crack opening profile, understanding the
mechanics of crack growth and failure remains a question of determining the crack
bridging tractions from measurements of u(x).

The purpose of this work is to develop a high temperature test system that is
capable of providing optical images of suitable quality for differential image correlation
and thence to provide u(x) data of sufficient resolution for use with bridged-crack models
accounting for temperature-dependent and time-dependent crack growth in CMCS. The
test system described in this work is used to investigate an important damage mechanism
for high temperature ceramic composites, where crack growth occurs owing to a system-
atic degradation of bridging tractions with creep relaxation of crack bridging fibers.

In this work, crack growth studies are performed with SiC/Nicalonf composites.
Analysis of images acquired at 1150°C show that multiple cracking occurs upon mono-
tonic loading. However, with constant applied load, stable growth of a single dominant
crack is observed, with propagation to failure. Degradation of the bridging tractions is
characterized by measuring crack opening displacement profiles as a function of time.
Although the materials studied are woven composites, the measured bridging zones are
large relative to the size and spacing of the crack bridging elements. Therefore, the crack
bridging tractions can be con~dered as a continuous closure pressure, and the measured
profiles provide data for bridging parameter evaluation using models such as those cited
above.

Cracking and damage can be significantly affected by oxidation occurring at the
fiber/matrix interface. Studies of these effects are beyond the scope of this paper, and al
testing reported here is done in an argon atmosphere to avoid interracial degradation.



STRAIN MEASUREMENTS VIA DIFFERENTIAL IMAGE CORRELATION

Image Accmisition and Analysis

Strain measurement using differential image analysis requires high quality images
of the specimen surface contrast during various stages of a test procedure. Sensitive
measurements of surface strains are made through comparison of a pair of optical micro-
graphs, one taken before a change in the material takes place (the reference) and the other
taken after. For example, a pair of micrographs may be taken before and after specimen
loading, or the micrographs may be from different times of a constant load creep experi-
ment. Strains or crack openings are measured by determining the relative changes in posi-
tion of surface contrast features. The relative displacements maybe measured by
comparing pairs of micrographs using a stereoviewer, in which in-plane displacements are
perceived as changes in height [4,5]. Stereoimaging takes advantage of the exceptional
sensitivity of the human visual system to small changes in apparent depth [4,5]. A crack
appears as a sharp ledge viewed from above. Quantitative displacement measurements are
made by comparison of the perceived surface profile with a calibrated traveling spot [8].
Since the observed features are essentially unchanged from one image to the next, other
than in precise position, the accuracy of measurement exceeds the point-to-point resolu-
tion of the microscope used to record the images [@. Relative displacements of *5 pm
can be determined on high quality optical micrographs. This corresponds to a displace-
ment sensitivity of- 100 nm on micrographs of only 50x magnification, that is, over a
field of view of -2 mm on the sample.

Manual methods of differential image analysis (stereoscope) suffer from being
tedious; considerable time can be spent analyzing displacements or strains from a single
pair of micrographs. Furthermore, only the displacements parallel to the axis of the
stereoviewer are measured. To obtain the orthogonal component of the relative displace-
ment required for accurate determination of shear strains, both micrographs must be
rotated exactly 90°, and the displacements must be measured from precisely the same
reference position. Such limitations can be alleviated by automating the differential image
analysis through digital image processing techniques [6,7J making use of cross-correlation
procedures. In addition to improving the speed at which measurements maybe obtained,
automated image correlation is a powerful technique for determination of shear strains, as
both components of the in-plane displacement are measured simultaneously. In this
work, manual stereoscopic image analysis is used, as displacements are sought only in one
direction, and only a small number of measurements are made per pair of micrographs.

Specimen Prellaration

The strain measurement technique relies on imaging contrast that occurs on the
surface of the specimen. A specimen surface with a dense, random distribution of highly
contrasting features is ideal. In many cases, sufficient contrast exists naturally on the
specimen surface. Material inhomogeneity or the microstructure can provide useful
contrast. A highly polished sample is not always optimal. For instance, with the compos-
ites discussed in the following part of this paper, a highly polished surface shows large,
matrix-rich regions with no contrast. Strain measurements cannot be obtained from such
regions. In other materials, the scale of the microstructure or other natural features
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providing contrast is too fine (or, possibly too coarse) to provide useful contrast at the
desired magnification. In such cases, intentional contamination, surface decoration, or
even fine scratching of the specimen surface can be introduced. For accurate strain
measurement during high temperature testing, the features providing contrast must be
thermally stable. The specimen surface must be flat (relative to the depth of field of the
viewing instrument at the given magnification) so that the area over which measurements
are to be made is in focus, and stays in focus with deformation of the specimen.

EXPERIMENTAL APPARATUS

The apparatus developed for quantitative investigation of high temperature crack
growth has four independent systems to allow: (1) acquisition of high resolution images;
(2) precise control of loading, deformation, and fracture; (3) accurate temperature control;
and (4) atmosphere control. The system is built around a standard benchtop-sized servo-
hydraulic test frame with associated electronics (servo-controller and signal conditioners).
Images are acquired using an optical microscope attached to a high-stiffness, three-axis ‘
positioning system. To control vibrations transmitted from the surroundings, the loading
system and optical microscope are rigidly fixed to a common plate and attached to a large
mass sitting on pneumatic isolators. A means of securing the camera assembly was
devised so that inserting and removing polaroid film does not disturb positioning or focal
conditions, while still allowing fine adjustments of the microscope for initial focussing.

The specimen is heated with a compact, custom-built furnace with a flat Kanthal
heating element designed to allow viewing of the specimen while minimizing thermal
gradients. The furnace includes a quartz window which is partially mirrored to reflect
much of the radiant energy. Sample temperature is determined with attached thermocou-
ples. The loading system includes water-cooled grips. The optical microscope incorpo-
rates a custom coaxial light source with a fiber-optic cable and high intensity xenon lamp.
The resulting intense illumination overpowers the thermal radiation of the sample,
providing high quality images with consistent contrast, regardless of temperature. The
current system includes an enclosure so that testing may be done in air or with a slight
overpressure of inert gas, although there are no technical barriers to more elaborate atmo-
sphere control. The ability to control the test environment can be a significant advantage
over in situ techniques making use of a scanning electron microscope, in which all testing
is done in vacuum, because high temperature failure mechanisms involving environmental
degradation may be directly investigated.

In examining potential sources of error, the magnification uniformity for this
system has been analyzed over the available magnification range of 6.3 to 32x. Analysis
of control micrographs, in which the only change made is the position of the imaging
system, shows that with positioning errors as large as 100 ~m (relative to the sample
surface), errors in the measured strains are well below the measurement resolution.

HIGH TEMPERATURE CRACK GROWTH IN SiC/NICALONf COMPOSITES

At high temperature, brittle matrix composites are subject to a variety of cracking
and damage modes, some depending on the relative creep susceptibilities of the fiber and



matrix [9,10]. In many ceramic composites, fine-grained fibers exhibit creep behavior
while the matrix remains elastic at service temperatures. Such materials are susceptible to
crack growth at high temperature owing to an interactive process involving fiber creep and
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matrix cracking. Creep relaxation of bridging fibers leads to crack propagation as the
shielding effect is reduced and stress transfer to the matrix occurs. With crack propaga-
tion, new fibers are brought into the bridging zone and fiber stresses increase, advancing
creep relaxation effects [11]. Materials exhibiting this behavior include SiC/ Nicalonf
composites such as those used in this work.

Experimental work reported by Henager and Jones [12] showed that under
constant load conditions, steady-state cracking is observed with SiC/Nicalonf composites
at 1100”C. The reported crack growth rates were calculated on the basis of compliance
change, assuming all changes were entirely due to crack growth. However, compliance
changes continuously with relaxation of bridging tractions even in the absence of crack
propagation. The in situ technique described above is used to investigate time-dependent
crack growth in SiC/Nicalonf composites at 1150°C. The technique allows direct
measurement of crack length and crack opening displacement profiles, so that changes
may be directly correlated with test parameters: the load, temperature, and time.

Materials and S~ecimen Pre~aration

Nicalon reinforced CVI &SiC composites (E.I. Dupont de Nemours & Co., Inc., A-
Wilmington, DE), with reinforcement in the form of plain weave 0/90° cloth layers, were
tested. The reinforcements have a carbon-rich coating, providing a weak interface in the
composite. The as-supplied eight-ply composites were approximately 3.5 mm thick.
Compact-tension (CT) specimens were machined from a 200-by 200-mm plate in accor-
dance with ASTM Test Method for Measurement of Fatigue Crack Growth Rates (E 647),
with specimen dimensions of W = 31.75 mm and B = 3.00 mm. The specimens were
notched to a depth of 13.40 mm (a/w= 0.42), with a half chevron notch present 2.24 mm
farther into the material. A Knoop indent (5 kg applied load) was placed at the tip of the
chevron notched region to facilitate further the initiation of a sharp crack. The sample
surfaces were ground flat to a 25-yin finish. Additional specimen polishing was not done,
as it reduces the density of contrast features useful for image correlation.

A pertinent review of the available creep data for CVD SiC and Nicalon fibers is
given by E1-Azab and Ghoniem [13]. Using data reported by Gulden and Driscoll [14],
who measured the creep characteristics of CVD SiC, and the results of DiCarlo and
Morscher [15], who measured creep strains for Nicalon fibers over the temperature range
1000”C to 1500”C, the relative creep rates of the composite constituents are compared. At
a temperature of 1150”C, the creep rate of Nicalon fibers is more than five orders of
magnitude greater than that of CVD SiC. Therefore, in this work, creep effects are consid-
ered only for the bridging .fibers.

Test Procedures

Specimens were precracked at room temperature by fatigue loading at 5 Hz, at a
stress intensity range of ztK = 10.6 MPam 1’2and an R ratio of 0.1. Sharp cracks initiated
at the tip of the Knoop indent, growing approximately half the distance to the end of the
chevron notch. The samples were unloaded before heating to the test temperature of
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1150°C. Precracking and testing were done in a flowing argon atmosphere to minimize
environmental effects (interracial oxidation). Examination of the fracture surfaces after
failure (Fig. 1) shows substantial fiber pullout and no evidence of fiber/matrix interface
degradation (i.e. Si02 formation).

.

FIG. 1 — Fracture surface of SiC/Nicalonf composite showing substan-
tial fiber pullout and no evidence of interracial oxidation following sub-
critical crack growth to failure at 1150°C.

Observations and measurements made during testing of a single specimen areas
follows. The specimen was held at an applied stress intensity of 0.1 MPaml’2 while
heating to 1150°C. After stabilizing at the desired test temperature, reference micrographs
were obtained before the load was increased monotonically. Loading was interrupted at 350
and 700 N for image acquisition. The load was held at 700 N to acquire images over
-200 min. The specimen was then loaded to 800 N and held for over 110 h, until failure
occurred with creep crack growth. All optical images were obtained at 30x magnification.

RESULTS AND DISCUSSION

The ability to map displacements with high precision allowed detection of damage
that would not have been observable by direct imaging. An example is shown in Fig. 2.
With monotonic loading to 350 N (less than half the maximum precracking load, KaPP
-5.0 MPaml’2), partial opening of the fatigue precrack was observed (see Fig. la).
Continued loading, above the precracking load, to 800 N (K,PP-13.3 MPam*’2) caused

———



subcritical growth of the initial crack. Secondary cracks developed to the sides of the
main crack, indicating the distributed nature of the damage occurring with monotonic
loading (Fig. 2b). While holding at constant load, the main crack continued to open and
extend, presumably because of creep relaxation of crack bridging fibers (Fig. 2c,d). It is
important to note that (at this magnification), the secondary cracks, and significant
portions of the main crack, could not be observed in individual micrographs as the resolu-
tion is insufficient. Even on high magnification images of highly polished specimens,
cracks such as those indicated here are difficult to detect because they are often within the
interracial coating on fibers aligned with the crack growth direction. Such cracks were
detected and measured only through differential image analysis, in which a crack appears
as a discontinuity in the differential displacement of contrast features.

The orientations of surface ply fiber tows are indicated in Fig. 2a (0° tows are
parallel to the loading axis). A pore resulting from incomplete infiltration during CVD
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(a) (b)

(c) (d)

FIG. 2 — Evolution of damage with loading at 1150°C: (a) partial opening
of the fatigue precrack at 350 N, (b) crack extension and secondary cracking
observed immediately upon loading to 800 N, and after holding at constant
load for (c) 706 min and (d) 4232 min. Width of field = 3.61 mm.

.



processing is also noted. The precrack initiated within a matrix-rich region between tows
and deflected at the edge of a 0° tow. Secondary cracking during monotonic loading
(Fig. 2b) occurred parallel to the fibers within 90° tows. The main crack extended perpen-
dicular to the 0° fibers, eventually linking up with one of the secondary cracks. The crack
paths appear to correlate with geometrical features of the fiber architecture visible in the
surface ply. However, far-field deformations indicate that cracks illustrated in Fig. 2 are
present as through-thickness features, rather than as surface cracks. Furthermore,
although the overall 0°/900 orientation of fiber tows is maintained, the individual plies are
randomly offset relative to one another, so that 0° tows in one ply may be aligned with 0°
tows, 90° tows, matrix-rich regions, or pores in other plies. A developing crack encoun-
ters microstructural features other than those noted on the specimen surface. Therefore,
the overall crack growth is not correlated with any particular microstructural feature noted
in the outermost ply of the composite.

Crack opening displacements measured at various points along the main and
secondary cracks immediately following monotonic loading to 800 N are shown in Fig. 3.
The measured crack profiles are qualitatively consistent with expectations for bridged
edge and center cracks. More importantly, the crack opening displacement at the notch
root is more than double that measured anywhere along either of the side cracks. Stress in
the bridging fibers is proportional to the local crack opening displacement, and the rate of
creep will, therefore, be greater for bridging fibers at the notch root. Growth of the crack
emanating from the notch root occurs while attendant changes in the secondary cracks are
not observed.

FIG. 3 — Crack opening displacements measured immediately after
loading to 800 N at 1150°C. Width of field = 3.61 mm.
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To investigate the effects of fiber creep independently of crack growth, the initial
loading of the specimen was interrupted at a level (700 N) just below that used for
precracking. Atthisload, bridging fibers werelikely to bestressed above thecreep
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threshold, so that creep relaxation would occur while holding at constant load. Moreover,
slight degradation of the bridging tractions could occur without attaining a critical condi-
tion for crack advance. Crack opening displacement profiles were determined from

.

micrographs taken immediately after the loading interruption and after holding at constant
load for 184 min. The results are plotted in Fig. 4. Changes in the crack opening of
<0.5 pm were resolved. Although the crack tip position remained unchanged over this
time period, the crack opening increased with time, the largest changes occurring nearest
the notch in which the bridging tractions were highest and the fibers were most susceptible
to creep.

Similar measurements were made while holding at 800-N load. Changes in the
crack opening displacement profile and the crack length were characterized over a period
of- 110 h, at which point matrix crack propagation occurred unstably across the remainder
of the specimen. The results are summarized in Fig. 5. The profile measurements show a
continuously increasing crack opening displacement, again owing to stress relaxation in
the bridging fibers. Crack growth occurred intermittently, presumably because of local
variations in the crack resistance with material heterogeneity (matrix-rich regions and
local variations in the fiber volume fraction). Measurements such as those plotted in T
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FIG. 4 — Evolution of the crack opening displacement profile with creep
relaxation of bridging fibers, under constant load conditions at 700 N.
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FIG. 5 — Evolution of the crack opening displacement profile with creep
relaxation of bridging fibers, under constant load conditions at 800 N. Re-
laxation of bridging stresses leads to subcritical crack propagation.

Fig. 5, obtained as a function of temperature and time, provide u(x) data for direct compar-
ison to theoretical predictions of crack growth at high temperature.

CONCLUSIONS

An in situ technique permitting high resolution, high sensitivity strain measure-
ments during elevated temperature mechanical testing of brittle-matrix composites is
discussed. The technique has general utility for investigation of damage and failure mech-
anisms for high temperature, high performance structural materials. The technique is
applied to study crack growth in a ceramic composite at 1150°C, in which the reinforcing
fibers are subject to creep. Crack opening displacements are determined as a function of
position behind the crack tip, providing data for a direct evaluation of the mechanics of
crack bridging at high temperature. At constant applied load, crack growth can be corre-
lated with degradation of the crack-bridging tractions, measured as an increased crack
opening displacement along the length of the bridged crack. Such data can be used with
appropriate models to determine the traction law during various stages of crack growth.
The measurements and observations presented demonstrate the utility of this technique for
investigation of high temperature crack growth and failure mechanisms for CMCS.
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