Journal of the European Ceramic Society 20 (2000) 2261-2273

Bridging stresses and R-curves in ceramic/metal composites
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Abstract

Incorporation of metal into brittle ceramics results in an increase in fracture toughness, which can lead to an increase in strength,
reliability and thermal shock resistance of the composite compared to monolithic ceramics. The basic material specific property,
which controls the enhancement of the mechanical properties, is the bridging stress relation of the metal reinforcements. This
relation was calculated from measured profiles of loaded cracks (COD) for fiber reinforced model composites and interpenetrating
network composites in the system Al,O3/Al. Results are compared with directly measured bridging stress relations for the model
materials. The bridging relations are further used to model the R-curve behavior of the composites which are compared with
experimentally measured ones. Limitations of the applied procedure are discussed as well as the influence of specimen geometry and
flaw size. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The application of ceramic materials as structural
components is often limited by their brittleness. During
the last decades, different toughening mechanisms have
been discovered or developed, like transformation
toughening, microcracking, whisker, platelet or ceramic
fiber reinforcement and the incorporation of ductile
metallic phases.!=® As an example, experimental work on
the latter case revealed clearly enhanced toughnesses of
the composites compared to monolithic ceramics.”!! In
addition, also other properties like strength, reliability
and thermal shock resistance could be increased.”.!>!3

The reason for the enhanced mechanical properties of
a ceramic/metal composite is the ability of ductile metal
ligaments to bridge an advancing crack in the material
and to exert crack closure stresses on the crack
wake.*!1.14 The magnitude of these stresses is based
upon a stress strain relation of the metal ligaments
which is influenced by the properties of the reinforcing
metal itself and the constraint (i.e. ligament diameter,
orientation and interface properties/debonding). The
shape of a crack in a component finally determines the
distribution of bridging stresses along the crack faces,
which in turn determines the toughness. The shape,
however, is dependent on the actual crack length, the
specimen and loading geometry, the bridging relation
itself, and also on matrix toughness and initial flaw size.
Thus, toughness is an individual property which varies
from case to case. The material specific bridging rela-
tion, which is necessary to be able to predict material
behavior is, however, difficult to determine experimen-
tally or theoretically.

Much work has been done during the last decades
which contributes to our current understanding of rein-
forcement of ceramics by ductile inclusions.*7-8:11.14-26
Many of these studies point out the central importance
of the bridging stress relation, and efforts have been
made to model or deduce this relation from direct or
indirect measurements. Also its influence on toughness
has been discussed and modeled. Some overview has
been described elsewhere. !

The calculations, which will be presented in this
paper, explicitly consider the interdependence of brid-
ging stresses, crack profiles (COD) and R-curves. A
method proposed by Fett will be applied, which is based
on the weight function method by Biickner.!!-?7-28 It is
used to calculate bridging relations from COD mea-
surements, and also to calculate R-curves from known
or assumed bridging relations. Modeled results are
compared with experimental results which have been
obtained on Al-fiber and Al-network reinforced Al,O3
composites. Deviations will be discussed with respect to
thermal stresses and experimental limitations. The
influence of specimen geometry and initial flaw size on
R-curve behavior will also be discussed.

2. Experimental

Two types of ceramic/metal composites were used for
the experimental work: one being a model material with
unidirectional Al-fibers of 340 and 130 um diameter in
an Al,O; matrix, of which results for the 340 pm and
partly for the 130 pm fibers have been presented pre-
viously,'! and the other one being a composite with an
interpenetrating network microstructure of Al and
Al,O; with the metal ligament diameter in the order of
1 um. Details of the specimen preparation have been
described elsewhere”311-2° and will only briefly be out-
lined below. Also the experimental procedures for mea-
suring R-curves, crack opening displacements and
bridging stresses can be found in more detail in Ref. 11.

2.1. Specimen preparation

In both types of composites, the porous ceramic pre-
forms were produced from slip cast Al,O3; bodies. The
(99.9% pure) Al reinforcements were gas pressure infil-
trated at 1050 °C. The fibers in the model materials were
unidirectional and equispaced with a spacing equivalent
to the fiber diameter (340 and 130 pum, respectively).
Two to three layers of fibers were placed on top of each
other, leading to a metal volume fraction after careful
grinding of approximately 13 vol%. The grain size of
the Al,Oz matrix in these materials (Ceralox HPA 0.5)
was approximately 3 um. For the interpenetrating net-
work microstructures, the porosity of the preforms was
controlled by partial sintering, leading to a final metal
volume fraction of 25 vol% after infiltration. The
matrix grain size for these materials (Alcoa CT 2000
SG) as well as the metal ligament diameter was in the
order of 1 pm.

2.2. R-curves

R-curves were measured using compact tension speci-
mens. They were prepared from the composite materials
by cutting and grinding. The dimensions of the speci-
mens were chosen according to ASTM standard?® with
a specimen width, W, of 40 mm for the fiber composites
and 20 mm for the network composites. The shorter
width of the network materials was sufficient due to
very short R-curves. The specimen thickness of all spe-
cimens was chosen between 1.8 and 3 mm, which is
permitted to be much smaller than proposed in the
standard because ceramics meet the requirements for
plane strain conditions also for thin plates due to their
very high yield stress. For the model materials the fibers
were oriented perpendicular to the plane of crack
extension. Precracks were grown from notches and
Vickers indents into the specimens by gentle loading,
and the precrack was backsawed as close as possible to
the crack front in order to shorten the bridged crack
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Fig. 1. AFM images of a bridged crack in an Al,O3/Al network composite. The section scan demonstrates the principle of COD measurement.

length before starting the experiment. For the network
materials, the instability of crack growth, however,
required rather long precracks of approx. 1 mm.
R-curves were measured with a stiff piezoelectric-dri-
ven double cantilever testing device (see also Ref. 11).
The critical load for crack extension was recorded by
an integrated load cell and the actual crack length
was measured with an optical microscope. The fracture
toughness was finally calculated according to Ref. 30.

2.3. Crack opening displacements

The compact tension specimens from the R-curve
measurements were also used to determine the crack
opening displacements (COD). The specimens were fixed
at a load slightly below the critical load for crack exten-
sion (approx. 90%). The reduced load was necessary to
avoid any slow crack growth during the measurement.
While the fiber materials were fixed with a wedge, the
network materials could be held in a miniature tensile
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Fig. 2. Illustration of (a) specimen configuration for measuring brid-
ging stress relations and (b) geometric relations and stresses of a
cracked component.

device (Kamrath and Weiss, Germany), where also part
of the crack growth was performed. To measure the
COD, an atomic force microscope (dimension 3000,
Digital Instruments, USA) was used, which provided an
excellent resolution. Scans with a size of 1x1 up to 5x5
um? were recorded at the specimen surface along the
crack. The scanner was calibrated in lateral direction
using a gauged 200 nm grating (Nanosensors, Dr. Olaf
Walter GmbH, Germany). The crack opening between
opposite located crack walls was determined from
sections through topographical images of the specimen,
which were placed parallel to the load line of the
specimen (mode I). Fig. 1 shows an example of such a
measurement in the Al,O3;/Al network microstructure.

2.4. Bridging stresses

The fiber reinforced model composite materials facili-
tated measurement of the bridging stress relation
directly in a tensile test. Specially designed tensile bars
of 24x10x2 mm?* were provided with a through the
thickness matrix crack and carefully tested in tension,
using the previously described R-curve device. An addi-
tional inductive displacement pick-up was mounted at
the loading points above the specimen to monitor the
actual crack opening. The applied force was measured
by the integrated load cell. After specimen fracture, the
nominal metal fraction in the cracked section was
determined and the force displacement curve was recal-
culated and plotted as fiber bridging stress (oy,) versus
half crack opening (x). An illustration of the specimen
geometry is given in Fig. 2(a). Measuring the bridging
relation for the interpenetrating network material by the
same method failed because the tiny ligaments had
already failed during the precracking procedure.
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Fig. 3. Schematic of modelling principles.
3. Modeling

Modeling was performed in two main ways: (1) brid-
ging stress relations (op(u)) were calculated from mea-
sured crack opening displacements (u(x,a)), and (2)
crack opening displacements (u(x,a)) and R-curves
(Kr(a)) were calculated from bridging stress relations
(obe(u)). This is schematically illustrated in Fig. 3, while
Fig. 2(b) shows the basic geometry and stresses in a
cracked specimen. The calculations are based on a the-
oretical approach by Fett?” who uses the weight func-
tion method by Biickner?® to correlate bridging stresses,
crack opening displacements and R-curves in ceramics.
The theoretical background has been extensively descri-
bed in Refs. 11 and 31, so that only the basic relations
will be outlined below.

3.1. Determination of bridging stresses

Based on a relation by Rice,3? the crack opening dis-
placement can be related to the stresses along the crack
by the following equation:!!-?’

a

1 @
u(x, d) = EJ o(x. a/)]o ¢, d)

'[Gappl(x,) + Ubr(x/)]dx’da/ (1)

with E’=E for plane stress and E'= E/(1-v?) for plane
strain (£ is Young’s modulus, v is Poisson’s ratio), u, x
and a as illustrated in Fig. 2(b) and o,y being the
externally applied stress and oy, being the bridging
stress distribution. The function g(x,a) is a geometry
dependent weight function, which is known and repor-
ted for many geometries.3*3* Since the bridging stresses
generally act in the opposite direction to the applied
stresses, they tend to reduce the crack opening u(x,a)
compared to a material without bridging stresses. The
inner integral over the applied stresses in Eq. (1) can be
replaced by a function of the applied stress intensity at
the given crack length a, K,ppi(a), which can easily be
determined from the applied load during the measure-
ment.!" So knowing K,,pi(a) and measuring the crack
opening displacement u(x,a), Eq. (1) can be used to cal-
culate the corresponding distribution of bridging stresses.
Combining oy,(x) and the measured crack profile u(x,a),
the general bridging stress vs crack opening relation,
opr(u), can be determined.

Solving Eq. (1) for the unknown bridging stresses,
however, causes severe mathematical difficulties,
because it formally requires a differentiation of the
measured crack profile. Since u(x,a) is always subjected
to measuring errors, these errors will be enhanced and,
in the worst case, lead to a highly oscillating and non-
physical bridging stress distribution. Another problem
is the fact that the crack profile in general is not parti-
cularly sensitive to local variations in bridging stresses.
Smoothing the profile before starting the calculation is
difficult, because the type of smoothing can significantly
alter the resulting bridging stresses. Also smoothing of
the calculated bridging stress distribution by a regular-
ization method'!**?> did not work in all cases. To the
experience of the authors, the most reliable method is to
limit the shape and the degree of freedom of the expec-
ted bridging stress distribution to a minimum and to
optimize its parameters according to the measured crack
profile. This method, of course, requires a physical or
engineering idea of how the bridging relation will look
like in principal. In our case, a linear increase of the
bridging stress with crack opening up to a maximum
stress, followed by a linear decrease until ligament frac-
ture, was chosen. This was done on the basis of experi-
mental results, which have previously been published on
the 340 and 130 pum Al-fiber model materials.!! The
complete bridging relations, measured from the initial
opening of the crack up to the final ligament failure
clearly revealed this general shape of the bridging rela-
tion. So Eq. (1) was solved from right to left, and the
error compared to the measured crack profile was
minimized by optimizing the position and magnitude of
the maximum bridging stress and the crack opening at
fiber fracture.

For all calculations, the weight function g(x,a) for the
CT-specimen was calculated in accordance with
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Fett.3*!! The measured Young’s moduli were 396 and
263 GPa for the monolithic Al,O3; and the network
composite, respectively. For the model composites,
Young’s modulus was estimated by the rule of mixture,
E=(1-fmet) EaLo, T fmet Eal, With Eo;=72 GPa and a
metal fiber fraction of fie=0.13. Poisson’s ratio was
taken as v=0.25 to correct Young’s modulus for plane
strain according to E' = E/(1-v?).

3.2. Determination of R-curves

By applying the weight function method, one can
calculate the increase in fracture toughness for a given
crack length, a, when the distribution of bridging stres-
ses along the crack, oy, (x), is known. Then, the tough-
ness or R-curve can be calculated according to Eq. (2),
where the crack tip toughness is set equal to the intrinsic
toughness, Kj, of the composite.!!

a

Ki(@) = Kio — jog(x, )b ()dx 5

Starting with a physically plausible (or measured)
bridging stress relation, oy,.(u), the stress distribution
along the crack, op(x), must first be determined for
each individual crack length, geometry and Kjo. There-
fore, a self consistent crack profile, u(x,a), has to be
determined from Eq. (1). In that case, o (x') is written
as op(u(x',a)) and o,pp, as before, is replaced by a
function of K,ppi(a). In that case the latter is equal to
Kr(a) as defined by Eq. (2) (for details see Ref. 11). The
resulting equation can be solved iteratively, starting
from a square root shaped COD without bridging
stresses, which finally converges towards the equili-
brium COD, u(x,a), and bridging stress distribution,
opr(x). Kgr is then calculated point by point, using dif-
ferent crack length a.

4. Results
4.1. Crack path

Fig. 1 shows an AFM image of the surface of an
Al,O3/Al composite with an interpenetrating network
microstructure. While the flat and faceted shaped Al,O;
grains are clearly visible, the Al phase appears more
rough and somewhat deeper due to polishing. The
image clearly shows the presence of metal ligaments,
bridging the crack in the material. Those ligaments are
deeper compared to the surrounding, unaffected metal
pockets because they plastically deform and neck in
order to bridge the gap between opposing crack walls.
For the fiber reinforced model materials, the bridging
ligaments were not visible in the AFM images, because
they are surrounded with Al,O; matrix and are located

below the surface. The crack path which was followed
and measured on the Al,O; surface meandered mainly
along the grain boundaries in Al;Os.

Even though the bridging sites are at discrete loca-
tions along the crack faces, because of the considerable
thickness of the specimens, the close spacing of bridging
sites and the high stiffness of the ceramic matrix we
regarded the bridging stresses as if they were con-
tinuously distributed. Because of the high matrix stiff-
ness, we also neglected possible surface effects, which,
from an unpublished work by Gdken et al. on materials
with comparable dimensions and elastic properties,
showed to be at least an order of magnitude smaller
than the resolution in crack opening achieved with the
AFM. This resolution, however, is difficult to quantify.
While the nominal resolution of the AFM for the eva-
luation of topographical sections is as small as 2 nm for
1x1 pum? scans, defining the edges of a crack is some-
times difficult due to rough surfaces or damaged edges
and the limited curvature of the needle tip (about 10 nm
radius). From our experience, we estimate that the
resolution which can be achieved is in the order of 20
nm for half crack opening displacements below 100 nm
and may be up to 50 nm for large COD’s of >1 pm.

4.2. Correlation of COD, bridging stresses and R-curves

Using the techniques described in the previous sec-
tions, CODs were measured for the fiber and for the
network composites. Fig. 4 shows such a measurement
for the Al,O3;/Al composite with the interpenetrating
network microstructure. Also shown in this figure is the
theoretical crack profile after Eq. (1) for the applied
stress intensity of 4.2 MPa,/m (upper solid line, no
bridging stresses) and the near tip square root shaped
profile for an intrinsic toughness of Kjg=2.4 MPa,/m
(lower solid line). As can be seen in Fig. 4, the measured
COD remains well below the K, displacements due to
the presence of bridging stresses. Also shown in this
figure are fitted profiles (labeled ®-®) to the measured
COD, which were determined using different boundary
conditions for the bridging stress relation. They will be
explained in the discussion. An example for a COD
measurement in the 340 um Al-fiber material is given
elsewhere.!!

From all COD measurements on the different materi-
als, the bridging stress distributions were calculated and,
respecting the metal volume fractions, transformed into
material specific bridging relations, oy, (), of the metal
ligaments. A bridging relation for interlocking matrix
grains could also be calculated for a monolithic alu-
mina. The calculated results are plotted in Fig 5 toge-
ther with experimental bridging relations obtained for
the model materials. The experimental curves show
initially a fairly linear rising part up to a maximum
stress of around 90 MPa, before they decrease to zero
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Fig. 5. Measured and calculated bridging stress relations of metal ligaments and ceramic grains (dashed lines: calculated from COD).

stress at fiber fracture (outside the plot of Fig. 5) at a
crack opening roughly in the order of the fiber diameter
itself. This was already determined in Ref. 11. Also
visible is the fact that the bridging relation is shifted to
smaller displacements for the smaller fiber diameters.
The general shape of the bridging relation as experimen-
tally obtained was also used for calculating the bridging
stresses from COD measurements, as mentioned in Sec-

tion 3.1. All relevant results of the experimental mea-
surements and the modeling are summarized in Table 1.

The limit up to which the bridging stress relation can
be calculated is given by the largest crack opening
achieved during the COD measurement. In ceramics and
ceramic composites, even for long crack lengths, this
hardly exceeds a few micron. For the model materials,
the maximum half crack openings were 2.2 and 1.7 pym
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for the 340 and 130 um fiber materials, respectively, and
the calculated bridging stresses resulted to be completely
within the linear region of the bridging stress relation.
For the network material, the complete bridging rela-
tion, including the decreasing part of the curve, could be
calculated (® in Fig. 5). Additional boundary conditions
were introduced to calculate the bridging relations
labeled @ and ®@. This will be discussed in Section 5.
Using the averaged experimentally determined brid-
ging relations of the model materials and the calculated
one for the network material, R-curves were generated
for these materials. They are plotted in comparison to
experimental R-curves in Fig. 6. It turned out that for
the model materials, grain bridging of the ceramic
matrix had to be included into the bridging relation in
order to account for the toughness increase at short
crack length. The presence of such bridges is a well
known phenomenon?*3¢ and was also obvious from a
measured R-curve in a monolithic alumina of the same
type, which clearly showed an R-curve behavior (see

Table 1

Fig. 6). While the R-curves of the model materials are
continuously rising, still being far away from their pla-
teau values, the rising part of the R-curve in the net-
work material was not resolved, because the required
starting crack length was too long. Only the plateau
toughness could be measured in that case. This is not
specific to the used CT-specimen configuration, but is a
common and general problem also with other specimen
configurations or testing methods.

This also leads to the problem that the starting value
of the R-curves (Kjg) can not be determined from the R-
curve measurements because of the finite starting crack
length. Instead, Kj, was estimated from the near tip
profiles of the COD measurements. For the model
materials, this toughness was determined to be approxi-
mately 2.4 MPa,/m, while for the network material it
turned out to be in the order of 3.2 MPa,/m.

The algorithm for calculating R-curves from bridging
stress relations was further used to demonstrate the
influence of specimen geometry and initial crack length

Comparison of measured and calculated bridging stress relations in Al,O;/Al

Material Method Initial slope Max. stress Crack opening (2u) Crack opening (2u)
(MPa/pm) (MPa) at max. stress (pm) at lig. failure (um)
340 um Al fiber Experiment 32.1+5.7 90+8 11.7£3.1 202446
calculated from COD 27.9 (60)
130 pm Al fiber Experiment 53.5+£16.0 92+14 5.2+1.2 95+14
calculated from COD 47.0 81) - -
1 pm Al network Calculated from COD 73.4 72 1.9 2.1
8 —
7 130 pm Al ’
E L
* /
=6 1 um Al Sttty
CCL“ L e
*
2 5 &?‘): 7~
= Jeyen s o ~“~~340 ym Al
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Fig. 6. Measured R-curves (symbols) and calculated R-curves (lines) for Al,O3/Al composites and monolithic Al,O3.



2268 O. Raddatz et al. | Journal of the European Ceramic Society 20 (2000) 2261-2273

Griffith

N WA, OO N
T

Toughness Kg [MPaym]

—t
1

o

3-Pt.-Bending (h=4mm) .

,,\ specimen
end effect

Ko=2.5 MPavym, E’=350 GPa, a;=1 mm 0

50 . :
Opr

40 Fivpa)

30 F

20 F .

10 F

u [nm] \

0 300 600
1 1 1

o

1

2 3

Bridged Crack Length Aa [mm]

Fig. 7. Calculated R-curves demonstrating the influence of specimen geometry.

aOZ1OIJm

N WA~ O OO N O

Toughness Kg [MPavm]

—

Kio=2.5 MPaVm, E'=350 GPa, a,=1 mm o

50 T T
Obr

40 [MPa]

30

20 .

10 | -
. u [nm]

0 300 600
1 1 ]

o

2 4 6
Bridged Crack Length Aa [mm]

8 10

Fig. 8. Calculated R-curves demonstrating the influence of initial flaw size and the presence of unstable R-curves for small flaw sizes.

on R-curve behavior. For this purpose, a simple brid-
ging relation, increasing linearly from zero to a max-
imum average stress of 50 MPa at a half crack opening
of 300 nm, followed by a linear decrease to zero stress at
a half crack opening of 600 nm, was assumed. The
resulting R-curves for a bending, compact tension and
infinite specimen under uniform tension (Griffith geo-

metry) are plotted in Fig 7. The corresponding weight
functions are reported in Ref. 34. The influence of initial
crack length or flaw size is demonstrated for the Griffith
geometry in Fig 8. The R-curves show a pronounced
maximum and instability for small flaw sizes. Details on
those results will be explained and commented on in the
discussion.
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5. Discussion

The results demonstrate that CODs, R-curves and
bridging stresses can be correlated with the applied
algorithms. Bridging relations were calculated from
COD measurements, and R-curves were calculated from
bridging relations. Regarding the calculated bridging
stress relations, the results are in very good agreement
with experimentally measured bridging relations for the
model materials. This also confirms the result which was
previously given for the 340 pm model material in Ref.
11, where the bridging relation was determined using a
more general approach for the shape of the bridging
relation and applying a regularization method. The
observed linearity for the initial part of the curves was
also reported in earlier works®!4?° and the maximum
fiber stress lies well above the bulk strength of pure
aluminum due to the constraint. Due to some debond-
ing during the fracture process (see e.g. fracture image
in Fig. 5), the stress increase was not as high as reported
e.g. in Refs. 8 and 14. As already proposed by Ashby et
al.,'* the bridging stress relation is shifted to lower
values of displacements for smaller ligament diameters.
This might be explained by a higher constraint and a
smaller metal volume which can plastically deform and
bridge the crack. While the crack opening at fiber frac-
ture seems to scale directly with fiber diameter (d), the
linear rising slope of the measured bridging relations
seems to scale more with a factor of 1,/d. The mechanism
which controls the initial part of the bridging stress
relation is not yet understood, and no theoretical model
can be offered at this point neither for the initial linear
part of the curve nor for the linear decreasing part. It is
also unclear if plastic deformation is already involved in
the initial part of the curves, or if the behavior is fully
elastic. Pure elasticity would require unexpected long
debond lengths of many times the fiber diameter in
order to explain the measured slopes. An approach,
how such long debond length might develop under the
given constraint due to thermal mismatch stresses is
given elsewhere.’” The decreasing part of the curves is,
however, expected to occur due to a severe necking of
the ligaments down to fracture.

The calculated bridging relation for the network
material, however, is unexpected. Since the ligament
diameter is in the order of only 1 um, it is not probable
that the reinforcements exhibit their maximum stress at
a half crack opening of roughly 1 pm and then drasti-
cally drop their stress to zero (dashed line in Fig. 5
labeled @). From the experimental results on the fiber
materials and observations of fracture surfaces it seems
as if (for the limited debonding observed in Al,O3/Al
composites) fibers can be expected to bridge a crack up
to crack openings which are in the order of the size of
the ligament diameter. Considering that some ligaments
of the network might easily have diameters up to 2 um,

it can be reasonable to have bridging stresses up to a
half crack opening of 1 um, as calculated. The max-
imum stress, however, is expected at an elongation of
only some percent of the (average) ligament diameter
(roughly 5% from the fiber experiments). To check the
influence of other, more probable bridging relations on
the fitting procedure of the COD, we forced the pro-
gram to (1) locate the maximum bridging stress at
©=0.05 pm and (2) locate the maximum bridging stress
at u=0.05 um and limit the presence of bridging stresses
up to 2 u=1.0 um. The resulting bridging relations and
fits for the COD are plotted as dotted lines in Figs. 4
and 5 and are labeled @ and ®, respectively. The result
for the original, unrestricted fit, is given as the dashed
line ®. The bridging relations, representing the best
possible fits on the measured COD under the given
boundary conditions, are quite different. While fixing
the position of the stress maximum to u#=0.05 pum
slightly rises the stress magnitude to around 90 MPa but
keeps the crack opening at ligament failure almost
unchanged (¥=1.2 pum), limiting also the position of
ligament failure increases the stress magnitude to a
maximum of 360 MPa (outside the range of Fig. 5, not
plotted). The corresponding fit of the COD naturally
becomes worse, from a very good fit for the unrestricted
solution to an obvious discrepancy for the most limited
solution. The average deviation <Awu> of the calcu-
lated half crack opening displacement u(x;); at the
positions x; to the measured N data points ©(X;)measured

ul 2
Z[u(xi)measured — u(X)g]

< Au>= = v 3)

increases at the same time from 28 to 90 nm. The
deviation becomes even more pronounced when only
the bridging part, uy.(x), of the COD is plotted (Fig. 9).
So the ‘‘restricted” solutions (@ and ®) are certainly
beyond possible measuring errors of the COD, and the
original bridging stress relation (®) really seems to be
more or less the best result to be obtained. Now what
can then be a reason for the unexpected result? There is
still one uncertainty in the measurement which can not
be avoided: the influence of decreasing the applied load
in order to obtain a stable crack configuration for the
measurement. It is unknown how the bridging stresses
react, and if their distribution might be significantly
altered. The surprisingly low deviation of the COD from
the applied COD close to the crack tip might for exam-
ple be due to disproportionate relaxation of bridging
stresses in that region or even crack opening stresses due
to loosen matrix grains which felt into the crack. Finally
one has to consider, that the network represents a vari-
ety of ligament diameters and orientations along the
crack, resulting in individual bridging relations along
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displacements for different bridging relations (symbols: measured from COD).

the crack, which might not be summarized and averaged
in the same way as for the uniform model materials.

Another point, which has not been taken into
account, is the influence of thermal mismatch stresses.
They result from a thermal expansion mismatch
between the matrix and the ligaments during processing.
Because of the strong interfacial bonding in the system
Al,O3/Al and the resulting constraint, such stresses can
be significant (up to several hundred MPa) as has been
reported for the network materials.’® Anyway, such
stresses were neglected in the present study for the cal-
culation of bridging stress, assuming zero bridging stress
at zero crack opening, although some earlier theoretical
studies suggested that they have to be added on top of
the bridging relation.? Instead the authors believe, that
such stresses will not influence the bridging stresses in
the crack wake, because the intersection of the liga-
ments with the crack will release the constraint and lead
to a relaxation of the mismatch stresses (inducing some
yielding in the ligaments). The experimental bridging
stress measurements also support this view, because low
stresses were required for the onset of crack opening.
Evaluation of the experiments for stresses below 20
MPa is, however, difficult due to overlapping settlement
of the device.

Regarding the R-curves for the three discussed brid-
ging relations of the network material, the originally
obtained bridging relation again gives a rather unlikely
result (dashed line, ®). While the plateau value of the R-
curve is rather well predicted, the increase of the R-
curve over a distance of more than 2 mm was not found
experimentally. Although the rising part of the R-curve

could not be measured experimentally, the plateau
toughness was already reached after less than 1 mm of
crack growth. Other investigations on comparable
materials using shorter initial crack length reveal a
length of the R-curve of only 300 um.*>4! So the other
bridging relations, which are thought to be more realis-
tic, also seem to give a much better estimation of the R-
curve (dotted lines, @ and ®), although a direct com-
parison for the first mm of crack growth is not possible.
The R-curves for the model materials on the other hand
are reasonably well predicted but somewhat under-
estimated by the calculation from the measured bridging
relation. They clearly reveal that the large size of the
metal ligaments significantly influences the toughness
only for long crack length and large crack openings,
respectively.

The fact that the initial toughness in the network
material was found to be higher than that in the model
materials might be explained by the higher metal volume
fraction (25 compared to 13 vol%) and the inter-
connected microstructure of the metal. Although the
influence of a second phase on Kjq is not yet understood,
micrographs revealed that the crack tip in the network
materials was always located in the metal phase, which
can be thought to increase Kjo. The presence of sig-
nificant thermal mismatch stresses ahead of the crack tip
(compressive in the matrix) might also have an effect.

The influence of specimen geometry on the R-curves,
as demonstrated in Fig. 7, can be quite dominant,
although the bridging relations are identical. This was
also reported by other authors.?>#>~#* The reason is due
to the increasing rotational part on the loading of the
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Fig. 10. Development of crack opening displacement and bridging stress distribution for flaw sizes of 10 um and 5 pm in Griffith geometry.

crack compared to pure tension when moving from a
Griffith geometry to a bending bar. Thus the crack
shape is different, being further opened with increasing
rotation and leading to higher bridging stresses for the
given case. So the toughness can be significantly over-
estimated with a laboratory testing method compared to
its appearance in reality.

The influence of initial crack size ag, corresponding to
the flaw size in a real component, becomes particularly
interesting (Fig. 8). As could be demonstrated, the R-
curve can significantly rise above the plateau level for
short initial crack length, and develop a point of
instability in crack shape and toughness. This behavior
has also been reported and referred to as “‘snap-back
softening” in the context of concretes**7 and was also
reported by Erdogan and Joseph*® and by Cox and
Marshall on considering strength and fatigue.**=>! The
reason for the different behavior compared to a config-
uration with a large a is again the difference in crack
shape and corresponding bridging stress distribution
(Fig. 10). For short ay, the crack becomes fully bridged,
with high bridging stresses acting over a long distance
along the crack. Only when the first fiber exceeds its
maximum stress (i.e. the half crack opening exceeds 300
nm), the crack is not supported with a continuously
increasing bridging stress any more. The crack profile
then changes significantly and a kind of chain reaction
starts, leading to the failure of a large number of liga-
ments. For example, in Fig. 10a it can be seen that, for
the case of ay=10 pum, the crack opens only slightly
(<300 um) to a crack elongation of up to~6.5 mm.
The corresponding distribution of bridging stresses is
plotted in Fig. 10b, showing high bridging stresses act-
ing along the whole crack length. Increasing the crack
length by only a small increment Aa, the crack changes
its shape completely. The crack opens much wider, and
all ligaments where the opening exceeds u=600 nm
break. So the bridged crack length shortens from pre-

viously ~6.5 to~2 mm (Fig. 10b). As a consequence, the
resulting fracture toughness drops significantly. With
further increasing crack length, the crack profile and
bridging stress distribution and the toughness remain
almost constant. For long initial crack length, the crack
can not develop this kind of fully bridged configuration
in the beginning. The crack is far opened from the
beginning, leading to an early failure of ligaments and a
monotonous and stable development of a steady crack
shape, bridging stress distribution and fracture tough-
ness. The location, magnitude and appearance of the
instability is certainly dependent on the bridging rela-
tion. It will be less pronounced for a smoother transi-
tion from increasing stress to decreasing stress.*® It has
to be mentioned that for the selected case (Griffith geo-
metry, ap=10 pm), the instability in toughness can not
be reached by stable crack growth, so it will have no
influence on the final performance of a component. The
specimen will fail catastrophically before the high
toughness is reached. However, other specimen and
loading configurations might apply, where such an
instability can be relevant.

6. Conclusions

R-curves, crack opening displacements and bridging
stresses were measured for Al,O3/Al composites with dif-
ferent microstructures. They were correlated by applying
the weight function method. Calculating bridging stresses
from COD measurements led to very good results for the
fiber reinforced model microstructures. For network
microstructures, however, the result was rather unlikely.
So difficulties in applying this method can be summarized
as follows: (1) the COD is in general not particularly sen-
sitive to small differences in bridging stress distributions.
That means that a rather good knowledge of the principal
type of bridging relation is required in order to obtain a
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reasonable result, and (2) measuring the COD with high
precision can not account for uncertainties in stress con-
figuration and relaxation phenomena.

It was further demonstrated how R-curves can be
generated with the knowledge of the material specific
bridging stress relation. Using appropriate bridging
relations, measured and approximated R-curves for the
different Al,O3/Al microstructures could be simulated.
Large variations in R-curve behavior for different spe-
cimen geometries and flaw sizes were demonstrated for a
selected bridging relation. It emphasizes that the brid-
ging relation of the reinforcing ligaments is the basic
material property and that individual boundary condi-
tions determine the resulting crack shape, bridging stress
distribution and fracture resistance for a component.
The discussed algorithm provides a method to individu-
ally account for all these parameters.
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