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Abstract

Bridging stresses arising from interlocking and
frictional effects in the crack wake have been quanti-
tatively evaluated in an Al,O3/Al,Oz-platelet
ceramic, using in-situ microprobe fluorescence spec-
troscopy. Crack opening displacement (COD) pro-
file has also been quantitatively measured in the
scanning electron microscope (SEM), in order to
substantiate the reliability of the piezo-spectroscopic
measurements of microscopic bridging stresses.
Mapping the crack wake (at critical condition for
crack propagation) with a laser probe of 2um spa-
tial resolution led to determine a discrete map of
closure stresses over a crack extension of about
800 wm. Relatively high bridging stress values
~ 350 M Pa were revealed due to platelet interlock-
ing in a near-tip bridging zone < 100pum, whereas
frictional sites of lower stress magnitude < 100 M Pa
were monitored in the crack profile farther away
from the crack tip. The availability of microscopic
fracture parameters like as the bridging stress dis-
tribution and the near-tip COD profile enables to
quantitatively explain the rising R-curve behavior
of the Al,O3/AlL,Osplatelet material. Bridging
stress distribution, COD profile and R-curve data
are discussed in comparison with those collected in
previous studies on equiaxed Al,O3 and toughened
SisN,. The present study supports the notion that
crack bridging is by far the most important toughen-
ing mechanism in non-transforming ceramics. © 1999
Elsevier Science Limited. All rights reserved
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1 Introduction

Our recent contribution to the field of ceramic
toughening has been to directly measure the mag-
nitude of crack bridging tractions using microp-
robe fluorescence or Raman spectroscopy.' In
these measurements, fracture experiments are per-
formed in situ into a Raman apparatus and, upon
the application of an external load on a pre-
cracked specimen, the microscopic tensile stresses
developed in the bridging crystallises are collected
by focussing a sharp laser beam on each individual
bridging site. Stresses are revealed from the shift of
the fluorescence or Raman bands, according to a
calibration which has to be preliminary performed
for each particular ceramic investigated.

In both the elastic® and the frictional’ bridging
mechanisms, the toughening effect is expected to be
more pronounced in ceramic microstructures with
elongated grain morphology. For example, aci-
cular grains in polycrystalline SisN4 were found to
elastically bridge the propagating crack and tensile
stresses of GPa order were measured in situ in these
bridging grains by Raman micro-probe spectro-
scopy.? An important characteristic of the bridging
stress distribution observed in Siz;N4 was that the
characteristic zone over which elastic bridging
develops, was limited to an extension of only
~ 100 um behind the crack tip. The remarkable
magnitude of the elastic bridging tractions and
their very near-tip character originates the sharply
rising R-curve behavior observed in SizN4 ceramic.
On the other hand, a fluorescence microprobe
spectroscopy analysis similarly performed in a
large-grained polycrystalline Al,O; with an
equiaxed microstructure revealed no elastic brid-
ging effect.! A distribution of bridging stresses of
low magnitude (i.e. <50 MPa) was detected. These
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stresses were due to grain interlocking and friction.
Despite their low magnitude, the frictional stresses
of AlLO3 could develop over a millimeter-size
bridging zone and, given the cumulative character
of toughening by crack bridging, they led to some
tangible rising R-curve effect upon a millimeter
sized crack extension.

In this paper, the bridging stress distribution is
examined by in-situ fluorescence spectroscopy in a
polycrystalline Al,O; with a plate-like grain
microstructure. A fraction of Al,Oj platelets is
homogeneously dispersed in the equiaxed Al,Os-
grain structure to promote the bridging effect and,
thus, to enhance the rising R-curve behavior of the
material. The primary goal of the present experi-
ments is to compare the bridging stress distribution
developed during fracture in the platelet-toughened
Al,Oz with those found in equiaxed Al,O; and
toughened Si;N, materials, according to previous
studies.'”> A confirmation of the bridging stress
data obtained by microprobe spectroscopy is also
attempted by monitoring the COD profile into the
SEM, according to a technique previously estab-
lished by Rodel et al.® Then, a theoretical discus-
sion is given, which attempts to relate the
microscopic bridging stress distribution and the
experimental near-tip COD profile to the macro-
scopic rising R-curve, behavior.

2 Experimental Procedure

High-purity Al,O3; powder (AKP-53, Sumitomo
Chemical Ltd.) was added with 25vol% Al,O3
platelets (Lonza, Co.; average size: 10 um, average
aspect ratio: 3.5) and mixed by ball milling in
ethanol for 1 h. After cold-isostatically preforming,
hot pressing was performed in argon at 1500°C
under 30 MPa. The holding time at the maximum
temperature was 1h. The relative density of the
material after hot pressing was ~98-5%. In com-
parison, two model materials, which were exam-
ined in previous studies!?> are also considered.
They are: (i) a monolitic Al,O3 with equiaxed grain
structure, whose average grain size is ~20um;
and, (ii)) a Si3N4 material toughened by in-situ
grown acicular grains (average grain diameter and
length ~6 and 95 um, respectively). The proces-
sing details regarding these two materials are given
elsewhere.!?

Specimens for fracture mechanics testing were
cut as parallelepipeds 3x4x20 mm, in dimensions.
A straight-through notch of about 1-5mm depth
was first introduced in the center of the bars using
a diamond cutter of blade thickness of 0-2mm.
Then, the bottom part of the saw-notch was shar-
pened using a sharp razor blade sprinkled with fine

diamond paste to a radius of <10um.” Stable
crack propagation in bending geometry was
obtained using the crack stabilizer designed by
Nojima and Nakai'® for the three-point bending
configuration. The span of the loading jig was
16 mm. The details of the crack stabilizer appara-
tus are given elsewhere.!%!! R-curve data were col-
lected from stable load-displacement curves at a
cross-head speed of 0-lmmmin~!. The crack
length was measured by traveling optical micro-
scopy during crack propagation. On the other
hand, measurements of COD profiles, which
require submicrometer resolution, were performed
using a field-emission (FE) SEM apparatus (Hita-
chi, S-800). Fracture mechanics specimens con-
taining stably propagated cracks were re-loaded in
a three-point bending jig (span 16 mm) by a man-
ual micrometer device equipped with a load cell
and the bending jig placed into the FE-SEM
chamber for COD profile determination. Further
details of the COD measurement are given in a
previous report.?

The Raman spectroscopic apparatus (ISA, T
64000 Jovin-Yvon) was used for measuring the
stresses as detected from fluorescence bands in
Al,Osz. An Ar-ion laser operating at a wavelength
of 488 nm with a power of 300 mW was used as an
excitation source, while an optical microscope was
used both to focus the laser on the sample and to
collect the scattered light. Frequencies of the scat-
tered light were analyzed with a triple mono-
chromator equipped with a charge-coupled device
(CCD) camera. The dimension of the laser spot on
the samples was 2 um. Frequency shift due to the
applied stress was monitored on the characteristic
Gr?**ruby lines R;, R, of Al,O3 locate, at 14400
and 14430cm™', respectively. The frequency used
as the standard zero-value for the dense Al,Os/
Al,Os-platelet body was recorded from the hot-
pressed sample with a broad laser spot of several
tens microns in absence of external stress.

The fluorescence spectra were analyzed with the
curve-fitting algorithms included in the Spec-
traCalc software package (Galactic Industries
Corp.). The bridging stresses were calculated from
the measured frequency shift, according to the
piezo-spectroscopic coefficients, I, and IT, given in
the literature as 2-75 and 2-10cm~' GPa~! for an
a- and c-axis oriented sapphire crystal, respec-
tively.!? Since it was not possible to distinguish
the crystallographic orientation of each single
Al,O3, grain under the optical microscope, the
average piezo-spectroscopic coefficient, I, =
(I1, + 2I1,)/3, was assumed to linearly relate the
frequency shift to the nearly uniaxial bridging
stress. Bridging stress data are also shown for
comparison as collected on a toughened Siz;Ny4



Determination of bridging stresses in Al,O3/Al,Os-platelet composites 603

material. These latter data were obtained by using
the shift of the 862cm~! Raman peak of SizNy,
while the experimental and computational proce-
dures were the same as explained above for Al,Os.
Further details of the Raman measurements in
Si3Ny are reported in Ref. 2.

3 Results and Discussion

3.1 Bridging stress distribution

Determination of microscopic stresses from the
shift of the ruby fluorescence lines was system-
atically performed along the entire crack-wake of
several crack profiles. The cracks stably propa-
gated for relatively large extensions (0-5—-1 mm) in
the Al,Os/Al,Os-platelet material. A crack was
first propagated and arrested in the bending crack-
stabilizer. Then, the specimen was dismounted
front the crack-stabilizer and the loading jig placed
into the fluorescence spectroscopy apparatus.
Optical micrographs of the entire crack profile
[shown in Fig. 1(a)] were taken in-situ upon re-
loading up to the nominal load value, P., critical
for fracture. The crack profile is shown after its
final failure in Fig. 1(b). Concurrently to optical
observation, fluorescence spectra were recorded
along the entire profile with a laser spot size of

2 um. The distribution of stresses along the crack
profile abscissa (at the loading condition P ~ Pc)
is plotted in Fig. 2(a).

The first important feature of the stress profile is
that all the stresses recorded at the loading condi-
tion P~ P. were of a tensile nature. This means
that they act as closure stresses on the crack face
and, thus, they can be regarded as being bridging
stresses. Another important characteristic of the
stress distribution in Fig. 2(a) is that the magnitude
of the bridging stresses was not uniform but
showed a marked dependence on the abscissa, x/,
along the crack profile. The function, ogr (X'),
giving the bridging stress as a function of the
crack-wake abscissa, x, is an intrinsically discrete
function because the stresses are generated at the
individual bridging grains, as well as unbridged
locations are also found along the crack profile. In
the ogr (x') function, a high stress region with a
maximum of =x350MPa is noted in the initial
100 um extension behind the crack tip. The
remaining part of the profile, farther away from
the crack tip, shows a statistically uniform dis-
tribution of stresses of minor magnitude
<100 MPa.

In a previous in-situ Raman spectroscopy study,?
the presence of a profile region with high brid-
ging stress in the immediate neighborhood behind

Fig. 1. Low magnification optical micrograph of a crack profile propagated from the notch tip in the Al,O3/Al,O5-platelet material.
The micrograph in (a) is taken just before the occurrence of catastrophic fracture propagation (i.e. P/P. ~ 1). In (b), the same zone
of crack profile is shown after fracture. The large arrow locates the position of the crack tip.
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Fig. 2. (a) Map of local closure stresses as a function of the

abscissa x’ along the wake of the crack shown in Fig. 1. The

map was performed with a laser spot of 2 um, at P/P. = 1.

For comparison, maps collected in previous studies'? and

relative to similar crack extensions in a large-grained

equiaxed Al,O3z and toughened SisNy4 are shown in (b) and
(c), respectively.

the crack tip has also been observed in a Si;Ny
material toughened by (in-situ grown) acicular
grains. On the other hand, equiaxed Al,O;, with
average grain size similar to that of the present
Al,O3 platelets, showed no region of high stress
behind the tip. In equiaxed Al,Os, a discontinuous
distribution of low magnitude bridging stresses
(<50MPa) was found, almost independent of
crack length.! The bridging stress distributions,
found in previous studies'-? for both the equiaxed
Al,O3 and the toughened Si;Ny4 are also shown for
comparison in Fig. 2(b) and (c), respectively. The
magnitude of bridging stress in the platelet-rein-
forced Al,O3 appears to be of an intermediate level
between those of equiaxed Al,O5; and Siz;N4 mate-
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Fig. 3. FE-SEM micrograph showing a bridging site located
in the immediate neighborhood behind a crack which stably
propagated in the Al,O3/Al,Os-platelet specimen. Higher
magnification images of the local COD profiles at the arrowed
locations a—c are also shown for better clarity.

rials. In particular, the bridging stress found in the
Al,O3/AlL,Os-platelet  material reaches only
approximately one third of that of toughened
Siz;Ny4. The rationale for this difference in bridging
stress magnitude is given in the next section, where
the details of the microscopic fracture of the brid-
ging sites are examined at higher magnification by
SEM. The outcome of the present in-situ spectro-
scopy experiments is in agreement with the general
notion that crystallites of elongated morphology
promote the formation of a near-tip bridging zone
in which high magnitude closure stresses can
develop. In addition, in-situ spectroscopy provides
a quantitative assessment of the bridging stress
distribution. The average bridging stress over
~800 um crack profile was 68 MPa in Al,O3/
Al,Os-platelet material against the 16 MPa found
in equiaxed Al,O3 and the 148 MPa of toughened
SizNy.

3.2 Microscopic fracture processes and COD
profile

Further information about the microscopic frac-
ture process was obtained by SEM observation. A
typical bridging site, observed in the zone of high
bridging stress of the Al,O3/Al,Os-platelet material
(cf. Fig. 2), is shown in Fig. 3. In this figure, higher
magnification micrographs giving the details of the
COD profile are also shown at various locations of
the bridging site. The FE-SEM micrograph reveals
that the interface surrounding the bridging platelet
fractured in a large extent. In this case, pulling out
should occur and frictional forces be generated at
the sliding interfaces. However, due to the elon-
gated morphology of the platelet and its inclination
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with respect to the main crack plane, a marked
interlocking effect is also developed upon increas-
ing the COD until either complete pulling out or
fracture of the platelet occurs.

The magnitude of closure stresses depends on
precise microstructural characteristics, which will
also dictate the morphology of the bridging zone.
It has been generally recognized that the bridging
effect can be either of elastic'® or frictional'* nat-
ure. Elastic bridging is obtained in polycrystalline
ceramics when a grain/bridge is elastically pulled
between the crack faces and finally fractures upon
crack opening. Although partial interface debond-
ing may initially occur, the interface of the bridging
site does not completely fracture in the elastic
bridging mechanism. The remarkable bridging
stresses found in SizNy (cf. Fig. 2) arises from
elastic bridging of acicular grains, although the
extension of the bridging zone achievable in cera-
mics is rather limited.!>

On the other hand, frictional bridging is the only
source of toughening for ceramics with an equiaxed
grain structure and weak interface strength. This
bridging mechanism involves fracture of the inter-
face at the bridging site before fracture strength of
the individual bridging crystallites is reached.
Although the frictional effect can occur over a large
crack-wake extension, it does not usually allow for
the development of bridging stresses of remarkable
magnitude. This is the case of the equiaxed Al,O3
material' [cf. bridging stress distribution in
Fig. 2(b)].

FE-SEM observation suggests that, although
premature fracture of the interface in the present
Al,O3/Al,O5-platelet material impedes the forma-
tion of elastic bridging sites, interlockings provide
additional bridging tractions in the near-tip
region. Interlocking sites are absent in equiaxed
Al,O5, which is only affected by weak frictional
effects. [In-situ fluorescence spectroscopy shows
that the characteristic magnitude of the bridging
stress related to such interlocking effect is several
hundreds MPa against the few tens MPa of fric-
tional stresses.

Figure 4 shows the near-tip COD profile, which
was measured by FE-SEM in the Al,03/Al,03-
platelet composite. The profile presents a sigmoidal
shape with the zone immediately behind the crack
tip shielded for an extension of ~100um. This
crack extension well corresponds to the zone of
higher bridging stress determined by fluoresence
spectroscopy (cf. Fig. 2). This correspondence is
regarded as a confirmation that the fluorescence
spectroscopy approach can provide a physically
sound estimate of the bridging distribution. It can
be of interest to compare the COD profiles of the
AlL,O3/Al,Os-platelet composite with those of
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Fig. 4. Near-tip COD profile of an equilibrium crack in the
Al,03/Al,05-platelet material. For comparison, COD profiles
collected in previous studies'? for equiaxed Al,O5; and tough-
ened SizN4 are also given. Experimental data are compared
with theoretical predictions calculated according to eqns (2)
and (3). Note the sigmoidal shape of the COD profile only
found in those materials with high bridging stresses localized
in the neighborhood behind the crack tip (cf. Fig. 2).

equiaxed Al,O3 and toughened Si;Ny4, as shown in
Fig. 4. According to the presence of a zone of high
bridging stress in the neighborhood of the crack
tip, a sigmoidal COD profile can be found in SizNy4
and Al,O3/Al,Os-platelet. On the other hand, the
profile of the equiaxed Al,O; shows a nearly para-
bolic morphology, as expected in the case of a
brittle crack free from any bridging traction.'®

3.3 Macroscopic R-curve and microscopic fracture
parameters

In Fig. 5, the rising R-curve behavior of the Al,O5/
Al,O3-platelet material is shown, as determined by
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Fig. 5. The R-curve behavior of the Al,O3/Al,Os-platelet
material as found by fracture mechanics measurements is
compared with those of equiaxed Al,O3; and toughened SizNy
from previous studies.!> Theoretical curves are also shown as
calculated [according to eqn (1)] from the distribution of the
crack-wake closure stresses shown in Fig. 2.
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fracture mechanics experiments upon a total crack
extension Aa~ 1 mm. The R-curve apparently
starts rising from a critical stress intensity value,
Kior2:0MPaxm!? up to a value Kgr~
8 MPa x m!/? which is achieved after about 1 mm
crack extension. The critical Kjo value for crack
initiation, plotted at zero crack propagation in
Fig. 5, was calculated using the nominal notch
length and the load value at which the load-dis-
placement curve deviated from linearity. For com-
parison, the rising R-curve behavior of toughened
Si3sN4 and equiaxed Al,O; are also replotted in
Fig. 5 from previous studies.!? It is interesting to
note that the sharp rising of crack resistance within
the initial 100-200 um crack extension is a char-
acteristic only found in Al,O3;/Al,Os-platelet and
toughened SisN4, namely, the materials whose
near-tip zone shows high bridging stress (cf.
Fig. 2). However, despite the similar Kj;o values
(Kio~2-0 MPax m'? in  AlLO;/ALOs-platelet
against the 2.7 MPaxm!/? of Si3N,) and a similar
extension of near-tip bridging zone, the initial ris-
ing of crack resistance reaches in Si3sN4 a 2 times
higher value by virtue of the nearly three times
higher magnitude of near-tip bridging stresses. It
should also be noted from the R-curve behavior of
the materials compared in Fig. 5 that frictional
bridging stresses, although developed over a longer
crack extension, can give only a minor contribu-
tion to the slope of rising R-curves.

The R-curve behavior experimentally determined
by macroscopic fracture mechanics experiments
can be compared with that theoretically calculated
from the knowledge of the microscopic bridging
stress distribution, oggr (x'), given in Fig. 2. If the
bridging-stress distribution detected along a crack
profile can be considered to be representative of
that acting in the bulk, the rising R-curve compo-
nent, AK, can be theoretically computed from the
magnitude of the bridging tractions via the following
equation:!®

AK = (2/n)1/2ij X]H OBR <X_;)d?€//\/97 (1)
0

%

where the index j=0,1,2,...,n refers to the
intervals of the discrete distribution of bridging
stresses mapped by fluorescence or Raman spec-
troscopy. The variable x’ locates the source point
for the bridging stresses along the crack length, Aa,
propagated from the notch root. Numerical inte-
gration of eqn (1) [using the bridging stress dis-
tributions ¥;or(x}) from Fig. 2] can be performed
as a function of crack length, with assuming 0 < x’
< Aa, until covering the entire crack extension (i.e.
~1mm). This procedure allows the calculation of

the rising R-curve behavior according to the equa-
tion, Kr= K;o+AK. The Kp results calculated
from eqn (1) for the Al,O3/Al,O3-platelet material
are shown in Fig. 5, in comparison with the
toughened Si;N4 and the equiaxed Al,O3. As seen,
the theoretical curves show (for all the materials) a
good agreement with the experimental results. In
particular, the steeply rising R-curves of materials
with a high-stress near-tip bridging distribution can
be predicted with good approximation, suggesting
that the magnitude of bridging stresses determined
in-situ by piezo-spectroscopy is basically correct.

In a previous paper,> a further proof that
microprobe piezo-spectroscopic measurements can
give a reasonable estimate of the magnitude of
bridging stresses has been provided by using the
COD profile. A similar approach is attempted here.
The COD profile can be theoretically related to the
bridging stress distribution, oggr(x’), according to
the equation given by Barenblatt for a bridged
equilibrium crack:!’

u(x) = ug(x) — (2/7E) ZO:/ J/ OBR (XJ/) In 2

(Vo 4+ V) (VA = Vi) | d

where x is the abscissa along the COD profile with
origin at the crack tip, E' is the plain strain
Young’s modulus (i.e. E' = 453 GPa in the present
Al,03/Al,O5-platelet material), and UBR(x}) is the
bridging stress function. uy(x), the term from
which the shielding contribution by bridging stress
has to be subtracted [cf. eqn (2)], is the theoretical
COD profile which the crack would experience
under a given applied Kg, if bridging stress are
absent. It is given by the Irwin parabola:'®

uop(x) = [(Kr)/ElV/(8x/m) (3)

where Ky is the crack resistance experienced by
the. material at the particular crack length under
consideration. Introducing in eqn (2) the bridging
stress distribution obtained by in-situ spectroscopy
(Fig. 2) and the appropriate Kr value from the
rising R-curve function, the COD profile can be
theoretically predicted. The COD profile obtained
from eqns (2) and (3) for the Al,O5/Al,O3-platelet
material is shown by broken curve in Fig. 4, in
comparison with the experimental data. As seen,
the sigmoidal shape of the near-tip COD profile
can be also predicted with good approximation by
the Barenblatt equation, according to the bridging
stress distribution of Fig. 2. This confirms that the
near-tip COD morphology is directly related to the
presence of a near-tip zone subjected to bridging
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stresses of relatively high magnitude. This is the
same characteristic which is also responsible for the
sharply rising portion of the material R-curve. As a
matter of fact, the COD profile of toughened
Si3Ny, which is also predictable from eqn (2)? (cf.
Fig. 4), is markedly sigmoidal, while that of
equiaxed Al,O; is closer to the parabolic shape
predicted by the Irwin eqn (3). The present COD
data of equiaxed Al,Oj3 are in agreement with those
recently reported by Seidel and Rodel'® for a
monolithic Al,O3 material with a similar grain size.
The good agreement between theoretical and
experimental COD profiles may strengthen the
main notion given in this paper that the magnitude
of bridging stresses can be reasonably addressed by
in-situ piezo-spectroscopy.

4 Conclusions

In-situ fluorescence microprobe spectroscopy has
been applied to measure the bridging stress dis-
tribution developed in the crack-wake during
stable fracture in Al,O3/Al,Os-platelet ceramic.
These experiments, coupled with FE-SEM obser-
vation, have provided the rationale on the
microscopic scale for the toughening effect (i.e.
rising R-curve behavior) found by macroscopic
fracture experiments. Although the rather weak
intergranular bond of polycrystalline Al,O5; does
not allow for any elastic bridging site to develop
(as for example found in toughened SizN4 materi-
als) a marked interlocking effect can be provided
upon crack opening in presence of high-aspect-
ratio platelets. A near-tip zone of bridging stresses
with relatively high magnitude was found in a
crack-wake zone <100 um behind the crack tip. At
the Ki value required for crack extension, these
near-tip bridging sites supported a maximum ten-
sile stresses of ~~350MPa. Of lower magnitude
were the stresses measured in correspondence of
frictional sites farther away from the crack tip.

The bridging stress distribution determined by
microprobe fluorescence spectroscopy was used to
theoretically predict the rising R-curve behavior of
the Al,O3/Al,Os-platelet material. A comparison
between theoretical and experimental R-curve data
showed a satisfactory agreement, confirming that
the bridging stress distribution collected by fluor-
escence spectroscopy are reliable and proving that
crack bridging can be invoked as the main tough-
ening mechanism in the present Al,O3/Al,O5
material.

A further proof of the consistency of microscopic
and macroscopic fracture data has been provided
by monitoring the morphology of the near-tip
COD profile. A near-tip COD profile sigmoidal

rather than parabolic, reflected the presence of
relevant bridging stresses in the very neighborhood
behind the crack tip. The near-tip sigmoidal shape
of the COD profile, which is a peculiarity of highly
tough ceramics, could be reasonably explained
according to a theoretical computation using the
bridging stress distribution experimentally deter-
mined by microprobe fluorescence spectroscopy.
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