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Abstract Theoretical micromechanical analysis of
bridged crack development at chevron-notch tip of three-
point bend specimens has been applied to determine the
crack resistance curve for a composite made of a glass
matrix reinforced by continuous Nicalon® fibres. Fracture
toughness (Kjc) values were determined using the chevron-
notch technique at room temperature. The theoretical pre-
dictions were based on micromechanical analysis
exploiting weight functions. Detailed FEM analysis using
the ANSYS package was applied to determine numerically
the weight functions for orthotropic materials. Appropriate
bridging models for the theoretical prediction of the
R-curve behaviour typical of the investigated composite
were applied together with the weight functions. Experi-
mental observations confirmed the theoretical calculations.
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Introduction

The development of flaw-tolerant fibre-reinforced ceramic
and glass matrix composites in the last 20 years has
resulted in a family of structural materials exhibiting quasi-
ductile fracture behaviour in addition to other beneficial
properties like oxidation resistance and high-temperature
capability [1]. A fundamental requisite for these compos-
ites to be useful at high temperatures is the retention of a
weak fibre/matrix interface, which is responsible for their
flaw-tolerant behaviour [1-4].

In ceramics and glasses reinforced by ceramic fibres,
elastic fibre bridging and fibre pull-out mechanisms mainly
cause deformation energy dissipation and toughness
increase. Both these toughening mechanisms increase to
some extent behind the crack tip along the process zone
wake [5, 6]. As a consequence, the crack growth resistance
rises as the crack propagates and leaves the wake. The
R-curve behaviour results from the presence of unbroken
ligaments in the wake of the propagating crack, which
exerts closure tractions along the crack surfaces. In these
materials, it is difficult to define the intrinsic fracture
toughness (e.g. Kjc) as a single material parameter due to
the increasing crack growth resistance curve [5]. For fur-
ther development of fibre-reinforced brittle matrix
composites an exact method of fracture resistance quanti-
fication is needed, which is relevant also for the assessment
of the possible structural degradation of the materials in
service.

The most often used and standardized bend specimen
geometries, the chevron-notch beam (CNB) and single
edge notch beam (SENB), have been compared [7, 8].
Based on fractographic observations, differences in failure
micromechanisms in both specimen geometries have been
identified as shown schematically in Fig. 1. For the SENB
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Fig. 1 Schematics of failure micromechanisms of composite for
SENB specimen having a straight notch (a), and CNB specimen with
chevron notch (b)

specimens (Fig. 1a) a mixed fracture mode was observed.
Just below the notch root the propagation of minor cracks
along the low-energy interfaces occurred. Fracture was not
entirely confined to the propagation of a single crack.
Mixed-mode crack caused increased deformation energy
dissipation and thus the higher fracture toughness values
when compared with the specimens with chevron notch [7].
For CNB specimens (Fig. 1b), the failure initiates in a
relatively small volume near the chevron-notch tip and the
condition for crack propagation, without premature local-
ization near fibre/matrix interfaces, is more advantageous.
For these specimens, the crack trajectory is controlled by
the chevron-notch geometry keeping its plane, at least at
the stage when data for fracture toughness determination
are sampled. The crack-tip-driving force is higher than in
case of SENB test. It is an important feature of the chev-
ron-notch test that the conditions for unstable crack
propagation are formed from the running crack. This is
confirmed by the load-deflection curves, since the traces
exhibit no sharp maximum.

The fracture initiation in CNB specimens is thus con-
nected with a comparably lower probability, than for SENB

specimen, that the major crack tip will meet a weak
matrix—fibre interface and change the trajectory along the
interface. In SENB specimens, due to a larger “process
zone”, some microcracks perpendicular to the major crack,
i.e. along fibre-matrix interfaces, may be initiated. The
total deformation energy will be thus higher and an over-
estimation of fracture toughness occurs. In addition, by
using SENB specimens, it is not possible to obtain the
crack resistance curve by unloading—loading technique
and/or other approaches due to premature localization of
the crack along the fibre/matrix interface. The chevron-
notch technique is thus the only one capable of determining
at least one single value from the crack resistance curve
[7]. It seems that, combining the experimental determina-
tion of the fracture toughness value with the calculation of
the crack resistance curve could lead to a clear description
of the fracture behaviour of the investigated material and
provide a means for its further optimization.

A disadvantage of the chevron-notch specimen geom-
etry is the lack of an analytical solution for the stress
intensity factor under different loading conditions.
Bluhm’s slice model [9] allows one to calculate the
compliance and hence the geometry correction factor
needed to calculate an averaged stress intensity factor for
a CNB specimen using an available solution for a
straight-through crack under the same loading conditions.
To capture the effect of closure tractions acting along the
bridged crack surfaces a weight-function-based approach
was employed [9] to study the contribution of such
tractions on the magnitude of the stress intensity at the
crack tip in testing geometries with straight-through
cracks. To apply a similar approach to the R-curves of
macrocrack determined from chevron-notched specimen
tests, a solution for the stress intensity factor resulting
from the direct loading of the crack surfaces is needed.
Bluhm’s slice model relies on the knowledge of the so-
called shear transfer coefficient that has to be determined
by comparing experimental or numerical results with the
analytical results which are based on an available ana-
lytical solution for a straight-through crack under the
same loading. Since such a solution for a bridged crack
with a general relationship between the bridging stresses
and crack-opening displacement does not exist, Bluhm’s
method cannot be used to obtain the stress intensity factor
resulting from the direct loading of the crack surfaces for
a chevron-notched specimen.

However, a solution has been presented for an iso-
tropic specimen using 3D FEM analysis [10, 11] where
numerical results for the stress intensity caused by a unit
load for a range of notch geometries were obtained. That
procedure enabled to set up an analytical form of the
weight function h(p,a) by fitting numerical data by the
function
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Fig. 2 Geometry of the F
chevron-notch three-point bend
specimen
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where o = a/W, p = (x—ag)/(a—ag) are dimensional
parameters, see Fig. 2, and the coefficients A,, can be
found in Ref. [11].

The most fundamental issues in the modelling of
bridged crack growth and the overall specimen response
are the bridging law, which determines the relationship
between the bridging stresses and the crack-opening dis-
placement, and an estimate of overall elastic properties of
the composite. In our previous study [12] the overall elastic
properties, deduced from the elastic properties of matrix
and fibres under the assumption of perfect bonding at the
fibre/matrix interface, and a simple bridging law, which
assumes that fibres fracture at the crack mid-plane, led to a
calculated three times lower specimen deflection in com-
parison to experimental data. This result suggests that the
elastic moduli in the bending plane are reduced due to a
limited transfer of load from the matrix to the fibres and
due to matrix microcracking. Further, in accordance with
experimental data, the fibres fracture within the matrix
rather than at bridged faces of the matrix crack, thereby
leading to frictionally constrained fibre pull-out.

A similar approach was adopted [13] to consider trans-
versally isotropic specimens with the symmetry axis
perpendicular to the notch plane. The main effort was
exerted on modelling the bridged crack in the chevron-
notched three-point bend specimen. The crack resistance

v,

=)

Fr2 crack

curves and other characteristics have been calculated for
selected values of Weibull modulus, strength of reinforcing
fibres, and frictional shear stress, respectively.

The aim of the paper is the summarization of theoretical
and experimental data on crack resistance behaviour
obtained on borosilicate glass matrix composite reinforced
with continuous SiC (Nicalon®) unidirectional fibres. The
selected key results of the modelling and calculation pro-
cedures are analysed in connection with experimental data
on the composite fracture behaviour.

Material and experimental techniques

A commercially produced unidirectional SiC Nicalon®
(NL202) fibre-reinforced borosilicate (DURAN®) glass
matrix composite was used for the investigation. Infor-
mation on the composite constituents is given in Table 1.
The composite was prepared by the sol—gel-slurry method
[14]. The density of the composite was 2.4 g/lcm® and its
fibre volume fraction 0.4. Fairly regular fibre distribution
and the absence of porosity were found by microstructural
investigations, as shown in Fig. 3 [15]. The samples were
received in the form of rectangular test bars of nominal
dimensions 4.5 x 3.8 x 100 mm®.

The chevron-notched beam (CNB) technique was
employed for fracture toughness determination; the speci-
men geometry is shown in Fig. 2. Chevron notches with
top angles of 90° were cut using a thin diamond wheel. A
three-point bending test (with span of 16 mm) at a constant
cross-head speed of 0.1 mm/min was employed. Traces of
load versus deflection were recorded and the maximum

Table 1 Properties of the glass matrix, SiC fibres and composite [14, 15]

Density Young’s modulus Poisson’s ratio Thermal exp. coeff. Tensile strength
(g/em?) (GPa) - K™ (MPa)
DURAN® Glass 2.23 63 0.22 3.25 x 10° 60
Fibre SiC Nicalon® 2.55 198 0.20 3.0 x 10° 2750
Composite 2.40 118 0.21 3.1 x 10° 600-700
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Fig. 3 Microstructure of the composite formed by borosilicate glass
matrix reinforced by unidirectional fibres, section perpendicular to
fibres, SEM

force was determined from each trace. The fracture
toughness value was calculated from the maximum load
(Fmax) and the corresponding minimum value of geomet-
rical compliance function (Y;.,) using the equation

Y @)
where B and W are dimensions of samples (Fig. 2). The
calculation of the function Y} for chevron-notch bend bars
was based on the use of Bluhm’s slice model [9]. The
procedure used for the purposes of this investigation has
been described elsewhere [16]. The chevron-notch depth aq
was measured from optical micrographs of fractured
specimens.

The acoustic emission technique (AE) was used during
the tests. Traces of cumulative number of counts (AE
events) were obtained in the same time scale as the load
versus time plots. This technique allows for an accurate
detection of the microcrack initiation at the chevron notch,
which occurs when a sharp increase in the number of AE
events is observed. Valid measurements for computing Kijc
are those in which the increase of AE events coincides with
the end of the linear part of the force versus time trace, as
explained below.

An important supporting technique, scanning electron
microscopy (SEM) was used to investigate fracture
surfaces.

in

Kic =

Finite element modelling and calculations

The 3D FEM mesh for the chevron-notched specimen was
generated in the finite element system ANSYS as only one-
quarter of the specimen, see Fig. 4. A combination of
quadratic isoparametric and quarter-point elements is used.
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Fig. 4 3D FEM mesh used when modelling the chevron-notched
specimen

To simulate the stress field singularity at the crack tip
quarter-point elements in the shape of collapsed pentahe-
dron with 15 nodes were used at the crack front. Further,
a modification of this element was also used—namely
pentahedron with 13 nodes.

The stress intensity factor was estimated from an
extrapolation of crack-opening displacement. Due to the
overall composite anisotropy the general relation was
applied:

2
K =1lim( Ly/"u |, (3)
r—0 r

where K is a vector with the stress intensity components
Ky, Ky and Kyyp (in this order), u = (u, v, w) is a vector with
the displacement components on the crack faces and L is
Barnett-Lothe’s tensor. Supposing an orthotropic material
the Barnett-Lothe’s tensor was calculated [12] and led to
following solution

1 21
. 4
r—0 alle r v ( )

K = —lim

The bridging stress gives rise to the bridging stress
intensity factor, Ky, and as a result, the local stress
intensity Kyip = Kpappi — K acting in the very crack tip
is lower than the remote applied stress intensity Kpypp.

During the stable crack growth the local stress intensity
Kiiip 1s kept equal to the critical orthotropic stress intensity
factor Kjcm for matrix cracking in the direction perpen-
dicular to the direction of fibres, which follows as [17]:

Kicm =Km\/IM(1 —cr), (5)
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where K, is the fracture toughness of the matrix, v, and v
denote Poisson’s ratio of the matrix and the composite,
respectively. A is a dimensionless factor that characterizes
the orthotropy. According to Tada et al. [18], quoting
results of Sih et al. [19], the value of this factor can be
calculated using Eq. A = (1 —v3;)/CE;, which, for the
composite considered, gives the value A ~0.92. The factor
(1 — ¢¢) accounts for the reduction in length of the edge of
the matrix crack due to the presence of the aligned fibres.

The local stress intensity factor Ki;, can be calculated by
means of the weight function A(x, a) [9] from:

Kltip - Klappl - Klbr = /h(xv a) [O-appl ()C) - O-br(x)} dxa
0

(6)

where a is the crack length, o,,,:(x) denotes the traction
along the prospective crack plane in uncracked component
and the weight function h(x, a) is, in the current
configuration, the stress intensity factor K(a) resulting
from the line load acting along a line behind the crack tip.
To obtain numerically the weight function from FEM
calculations, a similar approach as presented in Ref. [11]
was adopted. The line load P was applied to the crack face
in such a way that P/b(x), where b(x) is the local width of
the wake of the crack, and x is defined as in Fig. 2, was
kept constant. By applying such a line load to the crack
surfaces over the region ay < x < a, the value of the
weight function at an arbitrary position x was calculated
from

K(a)
h = . 7
(x ) a) P / b (X) ( )
The total displacements of the crack surface

0 = Oapp1 + Opr (nOte that Jy - o) can be derived from
prior knowledge of the weight function from the integral
equation:

a

d(x) =— a“bc/ h(x,a’)

X

a’

X /h(x’7a') [Gappt (X') — a0 (0(x))dx'] pdd’. (8)

0

The stress intensity factors describing the R-curve
behaviour were obtained by the following manner: (i) the
total crack-opening displacements have to be found from
the solution of the integral Eq. 8, (ii) the bridging stress
distribution oy,(x) = o, (d(x)) is thus obtained and the
associated bridging stress intensity factor Ky, results from
Eq. 6 as

@ Springer

a

Kir = /h(x, a)op(x)dx, 9)

0

(iii)) finally, the crack-tip stress intensity factor
Kiip = Kiappt — Kipr is calculated and set equal to the
critical orthotropic stress intensity factor Kjcy

Kiip = Kicm. (10)

Instead of extracting an analytical form of the weight
function from FEM results and solving Egs. 8-10, a
modified approach was chosen [13]. This approach is based
on numerical data obtained from the FEM analysis, which
were used as an input for a recurrent procedure designed in
the system MAPLE to solve numerically the problem
described. The procedure requires considering two sets of
loading in the FEM modelling [13]:

(1) The specimen was loaded by unit force F causing
three-point bending, see Fig. 2, and vupp = app1/2
was calculated for a range of crack-notch geometries.

(2) The specimen was loaded by the line force P,
uniformly distributed along the local width of the
wake of the crack b(x) with Py/b(x) = 1 and acting at
the distance @ — x from the crack tip. vy, = 0y,/2 was
calculated for a wide range of crack-notch geometries
[13]. In both calculations it was assumed that the stress
intensity factor K was constant along the crack front,
and its magnitude was taken as the average over those
calculated at each position along the crack front. The
results were recorded into files which were used as
input files for recurrent calculations performed in the
system MAPLE [13]. The aim of recurrent calcula-
tions in the system MAPLE was to find the loading
force F and the total displacement of the upper crack
face under the condition that Ky;, = Kicm.

Fracture performance of the composite

To introduce the composite fracture behaviour, Fig. 5
shows a typical load deflection trace obtained during the
three-point bend test of the chevron-notched specimen. The
acoustic emission technique indicated that individual mi-
crofracture events started at about one-third of the
maximum load, as demonstrated by a beginning of smooth
increase (marked by arrow (i) in Fig. 5) in the cumulative
number of AE events. It is the stage where slope change on
the load-deflection curve occurred being caused by
increased presence of microcracks in the glass matrix. The
change in slope is marked by the dashed linear regression
lines 1 and 2. The analysis of deflection traces indicated
that crack developed at about two-third of maximum load
at the chevron-notch tip (marked by arrow (ii) in Fig. 5),
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Fig. 5 Load-deflection trace obtained during bend test of chevron-
notch specimen at room temperature

and it propagated in a controlled manner up to maximum
load after which unstable fracture occurred (arrow (iii)).

At two-third level of the maximum load rapid increase
in the AE signal occurred (marked by arrow (ii) in Fig. 5).
This increase of AE events and similar increase in later
stages of specimen loading are so high that crack propa-
gation through the glass matrix and fibre/matrix debonding
and fracture are thought to be responsible for this signifi-
cant effect, as discussed in a paper [20]. A detailed analysis
of the trace in Fig. 5 indicates that deviation from linearity
occurs at this stage (arrow (ii)). An increase in the number
of AE events observed at the end of the increasing part of
the load-deflection traces (arrow (iii) in Fig. 5) indicates
that the actual cracks have been developed at the chevron-
notch tip. In these cases, the measurements of Kjc can be
taken as valid, since the unstable fracture (at maximum
force) occurs from a propagating crack perpendicular to the
fibre axis [20].

The typical fracture surface morphology showing well-
developed fibre pull-out mechanism can be observed in the
SEM image of Fig. 6a. Compared to SENB specimen with
straight notch a very regular distribution of fibres can be
seen. Fracture surface morphology of separate fibres broken
during tensile tests usually exhibit three stages of micro-
crack development, i.e. mirror, mist and hackle [1, 21]. This
was not the case when fibres cracked after extensive pull-
out, however [21]. This difference in fracture surface
morphology can be assigned to good interfacial bond
between matrix and fibre and to the constraint imposed by
the rigid surrounding matrix which leads to fracture
nucleation inside the fibre and development of the first stage
of fracture, i.e. mirror formation. In chevron-notched
specimen fracture surfaces, only some fibres exhibited the
fracture morphology typical of free fibres under tensile
loads (see the fibre in the bottom left area in Fig. 6b).

Fig. 6 Typical fracture surface morphology of the chevron-notch
specimens (a) and detail of fracture surface of fibres after pull-out,
SEM (b)

Results of fracture toughness determination for a set of
specimens of the same geometry are shown in a rank
probability diagram in Fig. 7. The individual values are

spread in intervals from 23.6 to 26.6 MPa m'?.
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Fig. 7 Rank probability diagram of fracture toughness values
determined by means of chevron-notch technique
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Numerical results

The calculations were carried out considering the value of
the critical orthotropic stress intensity factor of the matrix
Kicm = 0.7 MPa m'? [8]. The specimen width was
W = 4.5 mm and the notch depth was ay = 1.8 mm. The
main point of the analysis was to determine theoretically
the R-curve for the specified material and specimen
geometry and to predict unstable fracture. Based upon the
recurrent calculations [12] it was possible to find out how
the applied force F has to be increased in order to keep the
crack propagation in stable regime and, correspondingly, to
calculate the appropriate stress intensity factor

Klappl(F7 Aa) = KIC + KIbr<F; Aa) (] 1)

The values of the stress intensity in Eq. 11 can be
identified with the crack growth resistance Kr and plotted
as a function of crack length a. The stress intensity factor
for different constant loading forces, Kiapp1, can be plotted
as a function of crack length a as well. Unstable fracture
occurs at a specified point of the Kjg—Aa curve, called
Kiinst» where the corresponding Ki,pp; curve is tangential to
the Kir curve:

5KIapp1 _ dKIR

Kiappt = KR, 5a = da (12)

F=const

Selected results are presented in Figs. 8 and 9, where the
effect of the characteristic fibre strength oq interface
frictional shear stress T and the Weibull modulus m is also
demonstrated.

In Fig. 8 the effect of the characteristic fibre strength
oor i1s demonstrated while keeping the interface frictional
shear stress and the Weibull modulus constant. All cal-
culations were performed for the microcracking zone
present as well as for microcracking suppressed. Figure 8
shows three crack growth resistance curves Kir calculated
for three values of the characteristic fibre strength oy,
while the other parameters are kept constant as indicated
in the figure legend. It can be seen that Ky,,,; curves are
tangential to the Kz curves at points Ky, € (25;35)
MPa m'”? for the microcrack zone present, and at points
Kiinse € (30:40) MPa m'? for microcracking suppressed.
Corresponding values of the critical loading force F.,;
range from 285 N to 353 N for the microcracked com-
posite and from 278 N to 358 N for microcracking
suppressed.

In a similar fashion Fig. 9 shows the effect of Weibull
modulus while keeping the fibre strength oo¢ and frictional
shear stress constant (Fig. 9a) and the effect of the interface
frictional shear stress t while keeping the characteristic
fibre strength oo and the Weibull modulus constant
(Fig. 9b). Both figures supply the crack resistance curves
for the microcracking zone present, as this mechanism has

@ Springer
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Fig. 8 Crack growth resistance curves Kjg—Aa for several values of
the characteristic fibre strength o, supposing 1 = 6 MPa, m = 5.3,
and development of Kij,p,p, corresponding to different applied loads for
(a) saturated microcracked zone being considered, (b) microcracking
suppressed

been proved by the change in the slope of linear parts of
load-deflection traces.

With decreasing value of the Weibull modulus (Fig. 9a)
the ordinate of the tangent point corresponding to the
initiation of unstable fracture increases from Ky, ~35
MPa m'” for m = 5.3 to Kyjng ~45 MPa m"? for m = 3.5
for the microcracked composite present. For microcracking
suppressed the values corresponding to unstable fracture
initiation are on the level from Ky &~ 35 MPa m'?
Kiinse & 40 MPa m'?form = 5.3 to Kjjnse & 57 MPa m'”?
for m = 3.5 [13]. The corresponding values of the critical
loading force F_, range from 353 N to 433 N for the mi-
crocracked composite. The effect of the Weibull modulus m
upon the Kjr curve clearly follows from the bridging law.
Apparently, with decreasing m, the average distance from the
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Fig. 9 Crack growth resistance curves Kjg—Aa for several values of
the Weibull modulus m, supposing aof = 2750 MPa, 7 = 6 MPa (a),
and for several values of the frictional shear stress 7, supposing
aor = 2750 MPa, m = 5.3 (b), both with developments of Kyppi;
saturated microcracked zone being considered

fibre failure position to the crack plane increases, thus pro-
moting the stress transferred by the broken fibres.

Figure 9b demonstrates the effect of the varying frictional
shear stress T upon crack growth resistance curves. Though
the higher frictional shear stress leads to the higher bridging
stress at lower crack face displacement, the average distance
from the fibre failure position to the crack plane decreases
with increasing t because the tensile stress in the fibres builds
up faster and, as a consequence, the bridged zone length
decreases and the resulting bridging effect is reduced. With
decreasing value of the frictional shear stress the ordinate of
the tangent point corresponding to the inception of unstable
fracture increases from Ky & 30 MPa m'?fort = 8MPa
to King & 40 MPa m"? for t = 4MPa. Corresponding
values of the critical loading force F; range from 336 N to
493 N.
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Fig. 10 Calculated load-deflection curves for two combinations of
frictional shear stress T and Weibull modulus m, the characteristic
fibre strength being the same (saturated microcracked zone being
supposed), and comparison with experimentally determined curve

To confirm the numerical results the force-deflection
curves have been calculated. The calculation has been
carried out for the tested geometry of CNB specimen.
Arising from literature data [22, 23] two levels of frictional
stress have been applied with the characteristic fibre
strength being on the level of oo = 2750 MPa. The cal-
culated curves of loading force, F, on the specimen
deflection, p, have been plotted and compared with the
measured one, see Fig. 10. Quite good agreement has been
found, e.g. in the linear elastic part corresponding to matrix
microcracking the slopes of linear regression curves (1 and
2) are the same for the measured and calculated curve up to
departure from the linearity. The calculations of the load-
deflection curves are physically meaningful up to the
maximum loading force. Beyond this point, fracture
becomes unstable and a quasi-static analysis does not hold
any longer.

Conclusion

The work has demonstrated that the chevron-notched
specimen technique can be a reliable method to assess
fracture behaviour in brittle matrix composites reinforced
by continuous fibres which are typical by increasing crack
resistance curve. The fracture toughness (Kjc) values
determined using the chevron-notched specimen technique
on the composite investigated (having a mean value of
24.6 MPa m"?) are comparable to data in the literature
obtained in similar materials [24]. In comparison with other
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methods, the chevron-notch technique offers high accuracy
for Kjc determination because more reproducible condi-
tions for crack initiation are assured.

Crack resistance curves for crack growth in the chevron-
notched three-point bending specimen made of the glass
matrix composite reinforced by SiC Nicalon® fibres were
computed using a weight-function approach supplemented
by the bridging model. This model follows from the
assumption of large fibre slip lengths adjacent to the crack
faces, whereas the fibre strength follows the Weibull sta-
tistics. As the side product of R-curve computations a
relationship between the loading force and the specimen
deflection was obtained for a range of micromechanical
parameters such as the frictional shear stress, the charac-
teristic fibre strength and the Weibull modulus describing a
distribution in the fibre tensile strength values. Theoretical
predictions of critical load and stress intensity factor at the
start of unstable fracture were found to be in acceptable
agreement with experimental data. The developed com-
putational analysis seems to provide an efficient tool for
designing new brittle matrix composites reinforced by long
brittle fibres.
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