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Abstract

The macro- and micro-mechanics of large scale bridging in SIC/MAS-L composites were assessed by tensile testing
of DEN specimens with in situ LRM measurements. The macromechanical behavior was analyzed in terms of crack
growth resistance and bridging laws using an elastic displacement correction approach. A dedicated Raman calibration
curve was established for the specific composite fiber, which served in the transformation of wavenumber shifts collected
from bridging fibers in the composite to bridging strain, and to stress via the elastic modulus of the fibers. Bridging
strain profiles were established along the ligament of the specimen and their shape was discussed in conjunction with
local notch effects. Actual bridging strain values up to 0.8% were calculated which compared well with their macrome-
chanical counterparts within the intact-fiber regime. The individual contributions of intact and pulled-out fibers to the
total fracture behavior of the composite were distinguished and are discussed in the article.
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1. Introduction the types of reinforcement, continuous ceramic
fibers provide a ceramic with the greatest increase
The development of ceramic composites in fracture toughness and damage resistance. The
reinforced by particulates, whiskers or fibers over- enhanced damage resistance and increased fracture
comes the fundamental problem of inherent brittle- toughness of continuous fiber-reinforced ceramic
ness that has been limiting the use of monolithic matrix composites (CFCCSs) is due to their inherent
ceramics in structural engineering applications for ability to effectively redistribute stresses around
many years. It is now well established that, of all holes, notches and cracks, a phenomenon which
stems from the development of shielding forces in
the process zone around the crack tip.
* Corresponding author. Teh:30-261-096-5277; fax+30- With the exception of Class Il composne frap-
261-096-5223. ture, where the process zone consists of multiple
E-mail address: cdassios@mech.upatras.gr (K.G. Dassios). unordered shear matrix microcracks in front of the
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crack tip, fracture in the vast mgjority of CFCCs
is associated with the formation and propagation
of macrocracks (Class | and Class |1 fracture) [1].
The corresponding process zone consists of two
parts. the so-called bridging zone with fiber bridg-
ing and pull-out developing within the macrocrack
and a matrix cracking process zone ahead the mac-
rocrack. The increase in fracture resistance is a
result of severa energy-dissipating mechanisms
acting in the two zones. In the matrix process zone,
a complex set of phenomena such as matrix
microcracking, fiber/matrix interfacial debonding
and transformation toughening may take place con-
currently. In the bridging zone, the cracked matrix
is bridged by intact and/or failed fibers, which
debond, dlip and pull-out. The role of the bridging
zone in the fracture resistance of the composite is
of particular importance as the bridging fibers carry
a significant portion of the applied load, hence
resisting further crack opening.

When the dimensions of the bridging zone are
comparable to any specimen dimension—a
phenomenon known as large scale bridging (L SB)
encountered in most CFCCs—the well established
rising crack growth resistance with increasing
crack extension behavior of the composite (R-
curve) is a material-extrinsic property which
depends upon specimen geometry and dimensions
[2,3]. Under LSB conditions, the fracture behavior
of CFCCs is preferably characterized by means of
a bridging law, a local correlation between the
stresses devel oping in the fibers within the bridging
zone (bridging stresses) and the crack opening dis-
placement (COD), i.e. the local opening of the
crack flanks. The bridging law concept is a meas-
ure of the crack closure traction normalized to the
local geometrical and dimensional characteristics
of the material and, as such, has been proposed to
serve as a basic, intrinsic, materia law [4]. A num-
ber of studies have focused on the measurement
of macromechanical bridging laws for composite
materials mainly through the calculation of the
bridging stress from the R-curve behavior of the
material [4-11]. Rouby and colleagues [12] pro-
posed a straightforward procedure for the macro-
mechanical evaluation of bridging stresses and
bridging laws in double-edge notch (DEN) com-
posite specimens based on the deconvolution of the

load-displacement behavior into an intact/bridging
fiber and a pull-out fiber contribution.

While the macromechanical quantification of
bridging stresses and laws in CFCCs has been
studied intensively over the last years, our knowl-
edge of the micro-mechanisms active in the bridg-
ing zones of such materials is still very limited;
for example, currently, there do not exist measured
values of the loads or stresses carried by bridging
fibers at the microscale. The current limitation
arises mainly from the fact that macromechanical
testing can, by definition, only provide information
on the composite as a “closed system” where the
contributions of the different phases of the com-
posite to the total recorded behavior cannot be
valued independently except through the use of
specific assumptions. Most current theoretical
models, phenomenological or anaytical, suffer
from lack of experimental verification and, hence,
can only provide semi-quantitative estimates of the
actual performance. As aresult, the current macro-
mechanically established bridging stresses and
laws for various composite materials have over-
looked the effects of active internal micro-mech-
anisms, such as variations within the reinforcing
phase, interphasial/interfacial effects, inhomogen-
eities in volume fraction and porosity, interactions
between the composite phases, and other factors
that can bias the calculated bridging stresses. The
development of straightforward techniques that
quantify the individual contribution of the reinforc-
ing phase in the overal composite behavior, that
provide a comprehensive understanding of the true
bridging loads and stresses active within the bridg-
ing zone, and that validate the current macromech-
anical models and findings, appears to be a
unique need.

While the mechanical testing of full composites
provides representative data on their properties and
their macroscopical performance when used in
structures, diffraction and spectroscopic techniques
can provide information on the micromechanics
that govern the load transferring mechanisms, the
stress singularities and their fracture behavior. The
high spatial resolutions and large penetration
depths associated with laser raman microscopy
(LRM) have established this technique as the only
experimental method to date for assessing the
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micromechanics of deformation of ceramic fibers
at the microscale. LRM enables the determination
of stresses and strains in fibers with a spatial resol-
ution of 1 um and can be used to directly measure
important micromechanical parameters that have
traditionally been obtained using indirect and
experimentally delicate methods. The principle of
the LRM technique, the Raman effect, is associated
with the inelastic scattering of light by the mol-
ecules of a material. The Raman spectrum contains
characteristic peaks at frequencies corresponding
to the specific vibrational modes of the scattering
molecules in the material. The application of a
mechanical or thermal strain field, leads to the
alteration of interatomic distances between the
molecules and, hence, to a change in their
vibrational modes [13], an effect which appearsin
the Raman signal in the form of wavenumber shifts
of the characteristic vibrational frequencies from
their stress-free position. The Raman effect is
particularly apparent in crystalline materials that
immediately transfer the macroscopically applied
stress to the atomic bonds. Most reinforcing fibers
are crystalline and, therefore, have been found to
exhibit this effect. The wavenumber shifts of
Raman peaks from the stress-free value are indica
tive of the mechanical response of fibers to exter-
nally applied deformation. Owing to the shape of
the interatomic bond well, a tensile strain field
causes the Raman peaks to shift to lower waven-
umbers, whereas compressive strain has the
opposite effect. The LRM technique has been suc-
cessfully applied in the past for micro-strain
measurements in model carbon/epoxy [14-16] and
aramid/apoxy composites [17-19], as well as in
real systems such as SiC/Osumilite glass ceramic
composites [20].

In this study, the LRM technique is applied for
the in situ quantification of strain in SiC fibers in
the bridging zone developing during the testing of
DEN SIC/MAS-L specimens. Initialy, the magni-
tude of Raman wavenumber shifts of the fibers
from their stressfree position was calibrated
against externally applied strain by loading indi-
vidual SiC fibers extracted from the composite in
axia tension in order to derive the fiber-specific
Raman calibration curve. The inverse methodol ogy
was applied for the evaluation of bridging strain in

the composite: the frequency shifts in the Raman
spectra collected from bridging fibers that were
present between matrix macrocracks during testing
were converted to strain via the established cali-
bration curve.

The scope of this study is to demonstrate the
potential of the LRM technique when applied in
full CFCCs, especialy for the in situ assessment
of deformation in the reinforcing phase. It also
aims to provide a rea measure of strains and
stresses developing within the bridging fibers dur-
ing fracture of a SICIMAS-L composite and to
demonstrate differences between experimentally
determined bridging strains at the microscale and
values derived from macromechanical models
based on the analysis of the R-curve behavior of
CFCCs [21,22].

2. Background
2.1. Fiber bridging of macrocracks

The mechanical behavior of a fiber-bridged
crack has been studied extensively in the past [23—
26]. The Class | fracture characteristics (formation
and development of a single macrocrack) of a
brittleematrix  fiber-reinforced composite are
presented in the |oad—displacement (F—d) behavior
of Fig. la, whereas the mechanical processes
occurring during testing are schematically depicted
in Fig. 1b. During theinitial loading stages, revers-
ible mechanical phenomena occur within the com-
posite (region O—A in Fig. 1a, stage 2 in Fig. 1b).
The first matrix crack (point A in Fig. 1a) triggers
the appearance of the bridging zone while cracking
evolves (region A—B in Fig. 1a, stage 3 in Fig.
1b) until the macrocrack has fully devel oped, span-
ning the total width of the specimen (point B in
Fig. 1a, stage 4 in Fig. 1b). Beyond this stage, fib-
ers start failing within the volume of the composite
and the load-carrying capacity of the remaining
fibers decreases until a critical number of fibers
have failed (point C in Fig. 1a). Failed fibers
undergo pull-out and an additional contribution to
the recorded load arises, owing to friction at the
fiber/matrix interface (region B—D in Fig. 1a,
stage 5 in Fig. 1b). Under the global load-sharing
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(a) Load—displacement (F—d) curve typical of Class | composite fracture and deconvolution of the curve into fiber and matrix

contributions. (b) Schematic overview of the main fracture processes in the composite.

principle, each fiber failure is followed by a uni-
form redistribution of the remaining load to the
surviving fibers. As the portion of load that corre-
sponds to each intact fiber is greater after the redis-
tribution, more failures are induced and the process
evolves until all fibers have failed (point D in Fig.
1a). Beyond this stage, the load carried by the com-
posite corresponds entirely to interphasial friction
due to pull-out of the failed fibers (region D—X
in Fig. 1a, stage 6 in Fig. 1b). With increasing dis-
placement, the fiber ends that were originaly
located at various statistical locations inside the
composite are sequentially disengaged from the
matrix until, eventually, the composite separatesin
to two parts.

In summary, the main mechanisms typical of
Class | composite behavior are, in order of appear-
ance: linear elastic composite behavior (O—A),
linear elastic fiber behavior (A—B), crack bridging
by intact and pulled-out fibers (B—D) and purely
frictiona bridging due pull-out of the failed fibers

(D—X). Accordingly, the corresponding F—d curve
of the compositeisthe sum of threeindividual con-
tributions (Fig. 1a8): A limited contribution corre-
sponding to the load carried during the early load-
ing stages by the fibers and the brittle matrix, a
contribution corresponding to the load carried by
the surviving fibers—which can be assumed ident-
ical to that of a fiber bundle where load is carried
by a large number of fibers acting independently
and a contribution corresponding to friction by
fiber pull-out.

2.2. Calculation of crack opening

In extension controlled tests, the externaly
applied energy is consumed in reversible and irre-
versible phenomena and, accordingly, the total dis-
placement is equal to the sum of a linear and a
non-linear contribution. In Class-l fracture, the
non-linear part of the total displacement corre-
sponds exclusively to crack opening, i.e. separation
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of the opposite sides of the macrocrack which, in
turn, is always associated with the presence of a
bridging zone. For example, in the regime beyond
the fully developed macrocrack (beyond point B in
Fig. 1a), the load carried by a DEN specimen is
equal to that carried by the bridging (either intact
or failed) fibers, F,,. Hence, the crack opening can
be calculated by subtracting the elastic displace-
ment of the system from the total recorded dis-
placement, d. If D, is the initial slope of the meas-
ured load—displacement curve, the crack opening,
e(d), is obtained from the instantaneous load—dis-
placement pairs (F,d) through:

od) = a0 @

0

Fig. 2 is a graphical illustration of the elastic dis-
placement correction corresponding to Eq. (1).

2.3. Crack growth resistance curve and bridging
stresses

Accepting that non-linear contributions to the
measured displacement stem directly from the
presence of the bridging zone, the bridging work
that contributes to the increase of crack opening

\ - Load: F(d)
-

N

Load

N

Measured displacement, d
Crack opening, e

Fig. 2. Conversion of the measured |oad—displacement curve
to a bridging load—crack opening curve using elastic displace-
ment correction.

resistance can be calculated as the area under the
bridging stress vs. crack opening curve (Fig. 3):

° Fbr(e)

Hw—200) % @

AR = AG = j
In Eq. (2), t is the specimen thickness, «, is the
notch width and t-(w—2a,) represents the area of
the bridging zone, i.e. the cross-section of the
bridged ligament of the specimen. Accordingly, the
integrand in EQ. (2) represents the nominal bridg-
ing stress, oy, (€).
Fbr(e)
t-(W—20x0) &)

Eg. (3) represents the directly measured (red)
bridging law.

Or (e) =

3. Materials, specimens and testing

The material used in this study is a laminated
cross-ply SIC/MAS-L composite processed by
EADS (ex-Aérospatiale, France). The reinforcing
SiC fibers are grade Nicalon NL 202 with a chemi-
cal composition in weight concentration terms of
56.6% Si, 31.7% C and 11.7% O. The main proper-
ties of the SiC—Nicalon fiber, as reported by the
manufacturer, Nippon Carbon Co. Ltd., are
presented in Table 1.

R(e,)+AR(e,)

Crack growth
resistance, R

Bridging stress, o,

Crack opening, e

Fig. 3. DEN specimens: evaluation of the R-curve from the
bridging load—crack opening curve.
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Table 1

Typical properties of silicon carbide—grade Nicalon NL202 fibers

Property Vaue
Filament diameter (um) 1214
Tensile strength (GPa) 3.0
Tensile modulus (GPa) 220
Failure strain (%) 14
Weibull modulus (25 mm g.l.) 3
Density (g/cm?®) 255

Coefficient of thermal expansion (10-6-°C~?%)
Specific heat (Jg~1-°C™?)

3.9 (25-500 °C)
0.71 (25 °C) 1.17 (500 °C)

The glass—ceramic matrix contains MgO, Al,Os,
SiO, and LiO, and is made via the sol—gel route.
Plates of 2.0 and 3.0 mm thickness with 8 and 12
plies respectively were produced via hot pressing.
The laminae were stacked together in a symmetric
[0-90°],s and [0—90°] 4 orientation for the 2.0 and
3.0 mm thick plate, respectively. The effective vol-
ume fraction of the fibers in the loading direction
is 0.17 [12], whereas the matrix stiffness (75 GPa)
and failure strain are lower than the corresponding
values for the fiber and hence cracks appear first
in the matrix.

Double edge notch specimens of 2.0 and 3.0 mm
thickness were machined from the corresponding
composite plates using a 150 pm thick diamond
disk so that the external plieswere oriented parallel
to the tensile direction (0°). Typical double edge
notch specimens used in this study are presented
schematically in Fig. 4. Specimens with 0.4, 0.5
and 0.6 initial notch-to-width ratios were produced
using a diamond disk of the same thickness, while
the specimen width, W, was 12 mm for the 2 mm
thick specimens and 10 mm for the 3 mm thick
specimens.

Mechanical testing under monotonic tensile
loading conditions was performed in extension
control on an MTSO 858 servo-hydraulic tabletop
equipped with a 25 kN load cell under a constant
cross-head velocity of 0.01 mm/min. Displacement
was measured directly on the specimens by fixing
an MTSO axia extensometer (gauge length 25
mm) to one side. A typical load—displacement
curve obtained for a 3 mm thickness specimen with
an initial notch-to-width ratio of 0.5 is presented
in Fig. 5. In thisfigure, the hollow circles represent
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Fig. 4. Dimensiona characteristics of the DEN C/C speci-
mens (nominal values).

the experimental data, whereas the solid lines are
theoretical predictions of the matrix (M), fiber (F)
and pull-out (P) contributions to the total recorded
behavior. For the matrix and fiber, the behavior has
been approximated using 2-parameter Weibull dis-
tributions, whereas the pull-out contribution was a
modified Weibull function. A regression of the
sum of the three contributions was performed
under the chi-square reduction criterion on the
basis of the analysis presented in [27,28], where
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Fig. 5. Typical load—displacement curve for a DEN specimen
under monotonic tensile loading.

the fundamental s of using Weibull statistics to ana-
lytically predict the bridging contributions of intact
and pull-out fibers are discussed. The predicted
behavior (thick solid line in Fig. 5) approximates
well the experimental data and a Weibull modulus
of 2.7 was estimated for the fibers, which is
accordance with other studies [29,30].

4. Experimental procedure for in situ Raman
measur ements

4.1. Spectroscopic setup

A schematic of the complete experimental setup
used for the direct in situ measurement of bridging
stresses during composite testing is presented in
Fig. 6. The spectroscopic system consists of a
newly developed compact Remote Raman Micro-
scope (Galiotis et a., “ReRaM System I11") with
an integrated Argon-ion laser source. The mono-
chromatic excitation radiation has a wavelength of
514.5 nm. The Raman microscope is attached to a
3-D trandational stage with step-motion ability of
1 um in each direction positioned in front of the
MTSO mechanical testing frame. Both frame and
microscope rest on a vibration-free table. The
monochromatic laser radiation is polarized in the
direction of the loading axis, paralel aso to the

Fig. 6. The ReRaM/mechanical testing setup (Gdliotis et a.,
“ReRaM System I11”). 1 and 2. Vibration-free tables, 3. Spec-
trometer, 4. Aperture control, 5. Frequency window selection,
6. Fiber optic alignment receptor, 7. CCD detector, 8. CCD data
acquisition, 9. Argon-ion laser source, 10. Laser power control,
11. Raman microscope, 12. Objective lens, 13. XYZ micro-
trandational stage, 14. Collection output, 15. Collection fiber
optic, 16. Video recorder (a) and display (b), 17. Observation
light source, 18. MTS Servo-hydraulic frame, 19. Raman spec-
tra processing.

orientation of the bridging fibers (0°). High-per-
formance polarization-preserving fiber optics are
used to collect and transfer the Raman signa to
the remote spectrometer (SPEXC 1000M Single
Monaochromator). Using an objective lens with a
x50 magnification power, a laser spot of 4-5 um
in diameter is achieved which corresponds to ca
1/3 of the diameter of the target fiber. At that spot
size level, an incident laser power of 2.6 mW and
an integration time of 20 s were found to be the
optimal combination of parameters for use with the
specific fiber as they do not produce loca thermal
energy accumulation on the fiber surface; a process
which can lead to undesirable shifts in the Raman
signal. These values were selected following a
parametric investigation of the effect of laser
power and integration time to the stress-free pos-
ition of the Raman line of the SiC fiber.
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4.2. Raman calibration curve for the SC-
Nicalon fiber

Raman spectra were initially obtained from indi-
vidual as-received SiC—Nicalon fibers originating
from a tow (Nippon Carbon Co. Ltd., Japan), as
well as from stress-free mono-filaments extracted
from a composite using an alcohol dispersion tech-
nigue. The spectra show two prominent bands at
1350 and 1675 cm~* which correspond, respect-
ively, to the A, and E,, modes of graphite in the
fibers. Typical spectra of the asreceived and
extracted fibers are shown in Fig. 7.

Although the bands appear in the same position
for both as-received and extracted fibers, the sig-
nificant line-broadening in the spectrum of the as-
received fiber as compared to the sharper and much
better defined lines obtained from the extracted
fiber suggests that the fibers in the composite have
undergone significant graphitization, apparently
during hot-pressing of the plates. The graphitiz-
ation level of carbon-containing fibers is directly
associated with their mechanical properties—for
example, a higher graphitization level corresponds
to a higher elastic modulus. Given this fact, and in
order to derive a Raman calibration curve that will
representatively translate wavenumber shifts of
fibers in the composite into strain, calibration was
performed on SiC mono-filaments extracted from
the composite instead of the as-received fibers.

Single extracted fibers of length of ca. 30 mm
were bonded to conventional paper “window” tabs
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Fig. 7. Raman spectra obtained from stress-free SiIC—Nicaon
fibers: () asreceived condition and (b) extracted from the
SIC/MAS-L composite.

that provide an effective gauge length of 10 mm
and were tested in monotonic axial tension on a
custom micro-extension base. The fibers were sub-
jected to monotonic displacement that was applied
sequentially with a step of 20 um or an equivalent
strain step of 0.2%. Using the spectroscopic setup
presented in the previous section, three Raman
spectra were collected at each extension level on
the same position on the fiber at the middle of the
gauge length. The dependence of the 1350 cm™?
band position on tensile strain is presented in Fig.
8. A linear relation between the 1350 cm~* band
position and the fiber strain is observed and the
shift rate is 7.5 cm™? per percent of applied strain
with a standard deviation of 0.29 cm~2. Fiber fail-
ure occurred at approximately 1.3% applied strain.

4.3. In situ Raman measurements

During monatonic tensile testing of double edge
notched SIC/MAS-L specimens, the outer surface
of the specimen (0° ply) was constantly monitored
through the Raman microscope by using a low
magnification (x4) lens focusing along the liga
ment between the notches. Shortly after the appli-
cation of load, matrix microcracks form and

Wavenumber shift, Av [cm™]

T A A il L
0.0 02 04 06 038 1.0 12

Fibre strain [%]

Fig. 8. The strain-based Raman calibration curve obtained for
a graphitized SiC—Nicalon fiber extracted from the composite.
The y-axis represents the difference of the 1350 cm~? band pos-
ition from its stress-free value. Hollow circles represent experi-
mental data, whereas the solid line represents the linear fit to
the data.
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develop at both notch roots at random vertical pos-
itions. The microcracks are oriented normal to the
direction of loading and, with increasing load,
propagate within the matrix towards the facing
notch. The phenomenon evolves until a critica
crack density is established where the different
paths of adjacent microcracks merge to form a
dominant, fully developed macrocrack that spans
the width of the ligament. Upon the formation of
a fully developed macrocrack, the remaining
microcracks do not propagate further. In the bridg-
ing zone, bridging fibers stretch, fail in the matrix
and pull-out. The bridging phenomenon is parti-
cularly prominent for the materia tested in this
study. The pull-out contribution was a so extensive
owing to a weak fiber/matrix interface. The fully
developed macrocrack reveals a vast amount of
bridging fibers on the external surface of the com-
posite, which serve as collection sites for the
Raman microprobe. A microscope picture of the
bridging zone obtained during testing gives an
impression of the extent of bridging (Fig. 9).

After the development of the dominant mac-
rocrack and the appearance of bridging, the exten-
sion-controlled procedure was systematicaly
paused (extension hold) and the Raman spectra
were collected from individua fibers within the
bridging zone (Fig. 9c) by increasing the resolution
of the microscope to a x50 magnification in order
to accurately focus the Raman microprobe on the
surface of a single fiber. At each extension level,
the spectra were collected on 100 bridging fibers
at equally spaced locations along the ligament. For
each fiber, three spectra were collected on different
positions along its length in order to obtain a stat-
istical measure of the measurement.

5. Results and discussion
5.1. Macromechanical analysis

The bridging stressis calculated as a function of
crack opening directly from the bridging load using
Eg. (3) and is presented in Fig. 10 for DEN speci-
mens with three different notch-to-width ratios and
for two distinct specimen thicknesses. As discussed
in a previous section, the macroscopical bridging

Fig. 9. Large scale bridging in SIC/MAS-L composite: In situ
microscopical damage observation during testing. Magnifi-
cations: (a) matrix microcracking during the early fracture
stages, (b) fiber bridging and pull-out and (c) typical resolution
window of the LRM measurements.
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Fig. 10. SIC/MAS-L composite: Directly measured bridging
laws for different notch dimensions.

stress is composed of two individual contributions,
namely stress carried by (a) intact bridging fibers
and (b) failed fibers through friction at the inter-
face.

The dataiin Fig. 10 imply that the magnitude of
bridging stresses depends on specimen thickness.
The 3 mm thick specimen attains a maximum
bridging stress value of 175 MPa, whereas the cor-
responding value for the 2 mm thick specimens is
of the order of 150 MPa. For the thinner speci-
mens, no apparent relation is noted between the
maximum bridging stress and the notch length. On
the other hand, a relation between notch length and
the shape of the bridging law is apparent. In parti-
cular, the bridging stress profile decays more rap-
idly in specimens with higher notch-to-width ratios
compared to those with larger ligament cross-sec-
tional areas.

The rising part of the bridging profile corre-
sponding to the development of the macrocrack is
smoother for thinner specimens in contrast to the
behavior of thicker specimens, where the mac-
rocrack appears to occur shortly after first matrix
cracking. Accordingly, the maximum bridging
stress is attained at larger crack openings for thin-
ner specimens. The contribution of intact fibers to
the measured bridging stress profile is confined to
the same crack opening regime of 0-0.12 mm for
al the specimens, whereas a well-defined pull-out

regime commences beyond that crack opening.
Given the fact that the specimen length is fixed,
then, the level of strain experienced by the fibers
within the bridging zone is the same at each crack
opening, independent of the specimen geometry.
Thus, the transition point from intact-to-pull-out
fiber bridging is expected to be the same for all
the specimens.

The energy consumed by the bridging zone as
resistance to further crack opening is calculated for
each crack opening increment using Eq. (2) and
the findings are summarized in Fig. 11 which
presents the total crack growth resistance R which
is the sum of the initial crack growth resistance
R, and bridging contribution AR. For the
SIC/IMAS-L composite, the initial crack growth
resistance is very small (0.1-0.2 kJ/m?, [12]) due
to the very brittle glass—ceramic matrix and it is
not visible in the scale of Fig. 11. The slopes of
the R-curves decrease at a crack opening of 0.12
mm manifesting the higher crack growth resistance
potential of the intact fibers as compared to the
failed fibers undergoing pull-out.

5.2. LRM measurements
The Raman spectra were analyzed in terms of

wavenumber shifts of the 1350 cm~?* band position
from its stress-free position. The exact position of
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Fig.11. SIC/MAS-L composite: Crack growth resistance
curves for different thickness and notch lengths.
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the stress-free 1350 cm~* band was determined
after the end of the test, while the specimen was
stress-free, by collecting 50 Raman spectra on the
free standing tips of equal in number pulled-out
fibers. The standard deviation of the stress-free
position of the 1350 cm~* band, 0.38 cm™?, rep-
resents the accuracy of the Raman measurements.
The wavenumber shifts were converted to fiber
strain using the Raman calibration curve (Fig. 8).
These calculated strains correspond to net loca
strains that individual fibers in the bridging zone
are subject to during testing. On the other hand,
the strain measured by the extensometer
(symmetrically positioned around the notch) is the
sum of two components. (i) the notched/bridging
zone and (ii) the un-notched region of the com-
posite within the 25 mm gauge length. As dis-
cussed in a previous section, after the development
of the macrocrack, the source of any non-linear
displacement emanates only from crack opening
within the bridging zone, whereas the un-notched
region of the composite within the 25 mm gauge
length displaces linearly. One could then evaluate
a nominal macromechanical bridging zone strain
through the elastic correction of the recorded strain
in a manner similar to that followed for the calcu-
lation of crack opening (Eg. (1)). This provides a
basis for comparing the macromechanical against
the micromechanical behavior, i.e. the recorded
mechanical strain against the actual bridging strain
obtained via LRM-probing of single bridging fib-
ers.

Fig. 12 represents the macromechanically
derived bridging stress as a function of nomina
bridging strain obtained for a specimen of t = 2
mm and 2o0,/W = 0.5. The testing procedure was
interrupted at four displacement levelsto allow for
in situ LRM scanning along the bridging zone; the
loci of the LRM measurements are demonstrated
by the transient load relaxations corresponding to
the cross-head extension-hold procedure. The
strain values obtained at each step via the Raman
microprobe are presented in Fig. 13. Strain tend-
ency profiles along the ligament are provided by
fitting the data with cubic spline regressions (solid
lines). The dashed lines in Fig. 13 correspond to
the upper standard deviation band of the measure-
ments, a value obtained by the addition of one stan-
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Fig. 12. Mechanica testing of SIC/IMAS-L composite: Typi-
cal macromechanical behavior and loci of in situ LRM measure-
ments (dashed lines, steps 1-4).

dard deviation to the mean fiber strain calculated
at each acquisition step. It must be noted that the
statistics performed a each acquisition step
involved only the data in the range of 0.1-0.9 nor-
malized position along the ligament (plateau data)
and did not include the data with zero strain values
(the significance of these values is discussed in the
following). The scatter of multiple measurements
performed on different locations along the same
fiber falls within the standard deviation of the
stress-free position of the 1350 cm~! band (0.38
cm™?) indicating that the strain is distributed uni-
formly along the scanned length of the fibers.
The first LRM-acquisition step (Fig. 13a) was
performed at the onset of the fully developed mac-
rocrack where the separation of the crack flanks
was gtill small and all the fibers were still intact.
At this stage, a few negative strain values were
captured by the Raman microprobe. This com-
pressive behavior of distinct fibers during the early
fracture stages results from non-uniform load shar-
ing between available fibers, a situation which
arises from local microstructural imperfections and
leaves certain filaments inactive and hence till
subject to their residua strain state. In other words,
the measured compressive strains stem from those
fibers that have not yet assumed the externaly
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Fig. 13. (8—(d). In situ LRM strain probing on bridging fibers in SIC/IMAS-L composite (t = 2 mm, 2¢,/W = 0.5). Hollow circles

represent results from individua fibers, solid squares represent load-free fibers, full lines are spline regressions to the data, whereas
dashed lines correspond to the upper standard deviation band strain attained at each acquisition step. LRM strain remains uniform
within a region of 0.1-0.9 normalized position along the ligament marked by dash-dot lines.

applied deformation and still carry the compressive
strain due to fiber/matrix therma expansion mis-
match effects during composite fabrication. Asdis-
cussed in [31], the difference between the thermal
expansion coefficients of the matrix and the fiber
in the longitudina direction (2.1 x 1075 °C~* and
3.9x 1076 °C™1, respectively) givesriseto residual
therma strains on the fibers of —0.18% in the
longitudinal direction. In this study, the Raman
probe captured residual strains of the order of ca.
—0.13%. As the composite is loaded further, all
the fibers assume the externally applied defor-
mation and residual deformations merge in the
total behavior. The second LRM-acquisition step

(Fig. 13b) corresponds to a composite state where
a number of fibers have failed either within the
matrix—resulting thus in a pull-out contribution—
or between the crack flanks, leading to a mechan-
icaly inactive fiber with zero strain. The number
of failed fibers increases successively in the third
and fourth acquisition steps.

Information on the integrity of the fiber, as well
as the type of failure that it has undergone (either
within the matrix or along the exposed length), is
provided by the magnitude of the LRM strain. Zero
LRM strain values appearing with increasing fre-
guency in the region 0.1-0.9 normalized position
aong the ligament at the third and fourth acqui-
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sition steps correspond to fibers that are load free
and do not contribute to the composite behavior.
These fibers have failed either between the crack
flanks or inside the matrix within short distances
from the crack flank (small pull-out lengths) and
have pull-out completely. In either case, 2% of the
captured fibers within the bridging zone are load-
free in the third step, whereas this percentage rises
to 11% at the fourth step. Additionally, fibers with
non-zero LRM strains that are lower than the
spline-plateau value of the specific acquisition step
correspond to those that have failed near the crack
flank resulting in pull-out tractions that are lower
than the tractions produced by fibers with higher
pull-out lengths. By an examination of Fig. 13a—
d, it is observed that fiber strain relaxes in the
vicinity of the notch roots, more specifically within
the regions of 0-0.1 and 0.9-1.0 normalized pos-
ition along the ligament. This effect can be attri-
buted to stress concentration gradients that develop
locally around the notch tip and lead to premature
fiber failures thus creating a “strain build-up”
effect in the measured profiles. Strain is uniformly
distributed along the region of 0.1-0.9 normalized
position on the ligament.

A comparison between the macromechanical
strain of the SICIMAS-L composite and the strain
of individual fibers within the bridging zone is
presented in Fig. 14, where the spline-plateau
strain (hollow circles) and upper standard deviation
band strain (solid squares) on bridging fibers are
plotted as a function of nominal macromechanical
bridging zone strain for each LRM-acquisition
step. The solid line represents the 1:1 behavior,
whereas the dotted lines correspond to the typical
error associated with the LRM measurements,
equal to the standard deviation of the stress-free
position of the 1350 cm~* band. The x-axis values
of Fig. 14 were obtained from the macromechan-
ical bridging stress vs. nomina bridging strain
curve (Fig. 12) as the abscissas corresponding to
each LRM-acquisition step. Also plotted in both
the axes of Fig. 14 is the specific fiber failure
strain, Eqiuwe = 1.3%, observed during the cali-
bration of the 1350 cm™! band position with
respect to the applied strain.

A close agreement between the macromechan-
ica and LRM results is apparent for the first three
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Fig. 14. Large scale bridging: Comparison of macromechan-
icaly derived results to actual behavior of fibers in the
microscale.

acquisition steps in contrast to the last acquisition
step where a wide divergence is noted. The
observed behavior can be rationalized by consider-
ing the relative contributions of bridging due to
intact fibers and that due to pull-out fibers: while
most of the probed fibers are load-carrying up to
the third acquisition step, the opposite holds for the
fourth step where most of the fibers undergo pull-
out. Hence, the nominal macromechanical bridging
zone strain value of 2.6% attained at the fourth
acquisition step does not correspond to the actual
fiber elongation but only to the crack flank separ-
ation, constrained by friction at the fiber—matrix
interface.

The upper standard deviation band of LRM
strain reaches a saturation value of ca. 0.8% at the
third acquisition step where the system transits to
pure pull-out. This saturation effect is expected
since the pull-out mechanism cannot lead to an
increase in fiber strain. On the other hand, the fact
that the upper standard deviation band of fiber
strain measured within the macrocrack is 38% less
than the fiber failure strain (1.3%) in conjunction
with the observation that the majority of fibers fails
within their embedded length (evidenced by the
small number of zero-strain fibers at the fourth
acquisition step) leads to the conclusion that the
failure scenario of fibersin the composite is greatly
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different to that of free-standing fibers. While the
latter tend to fail solely due to their surface flaw
distribution, the failure of fibers embedded in the
composite seems to be strongly affected also by
fiber/matrix interactions as, for example, friction
aong the interface. This observation is, in practical
terms, an experimental demonstration of the weak-
est link statistics that govern the failure of fiber-
reinforced brittle-matrix composites.

A measure of the bridging stress carried by
intact and pull-out fibers can be obtained by muilti-
plying the measured Raman strains with the fibers
elastic modulus, 220 GPa. The stress values corre-
sponding to the upper standard deviation bands for
the 4 LRM-acquisition steps are in increasing step
order: 440, 850, 1738 and 1958 GPa, respectively.
These values are much higher than the macrome-
chanical bridging stresses of 133, 100, 66 and 34
MPa calculated as the ordinates corresponding to
each LRM-acquisition step in Fig. 12. The differ-
enceisinherent to the procedure used for the deter-
mination of macromechanical bridging stress
where the composite is treated as a closed sys-
tem—neglecting even the volume fraction of the
fibers in the composite—and, hence, fails to dis-
tinguish between the contributions of failed and
intact fibers. In fact, similar to a fiber bundle test,
the decreasing part in the load—displacement curve
(Fig. 5) after the maximum load corresponds to a
decrease in composite strength due to incremental
fiber failure. On the other hand, the LRM technique
can distinguish between the fibers that have sur-
vived and those that have failed between the crack
flanks. The non-zero LRM strains measured in this
study originate from individual fibers which have
not failed between the crack flanks. These fibers
behave linear elastically up to failure and carry a
monotonically increasing load during the tensile
test. It is still, however, questionable whether LRM
can independently distinguish between the intact
fibers and the fibers that undergo pull-out. The
answer to this question is currently under investi-
gation and will, hopefully, be deat with in a
future publication.

6. Conclusions

In this study, the LRM technique was applied
for direct in situ quantification of strains acting on
distinct bridging fibers during the monotonic ten-
sile loading of a SIC/MAS-L composite with
intense LSB characteristics. Using a newly
developed ultra-high precision remote Raman
microscope integrated with a mechanical testing
frame, bridging strain profiles were calculated at
four different loading stages during composite
fracture by scanning the bridging zone along the
notched ligament of the specimen with the Raman
microprobe. The established profiles exhibited a
strain plateau spanning 80% of the ligament in
symmetric distances from the notch root, while
they indicated a strain build-up effect in the vicin-
ity of the notch root. The Raman strains were com-
pared to the nomina values of macromechanical
bridging zone strain calculated through an elastic
correction approach of the measured strain. Within
the Weibull fiber failure regime, measured strains
were in good agreement with the macromechanical
bridging strain of the composite proving that, fol-
lowing the development of a dominant macrocrack,
the composite fracture is governed by independent
fiber action and incremental fiber failure. In
accordance with the weakest link statistical nature
of fracture governing the Class | composite of this
study, the plateau value of the measured strains
was less than the fiber failure strain indicating that
the fiber failures occur mostly along their embed-
ded length at locations dictated by their specific
surface flaw distribution.
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