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Abstract

The influence of local microstructure on the fracture process at the crack tip in a ceramic-metal composite was assessed by comparing
the measured stress at a microstructural level and analogous finite element modelling (FEM). Fluorescence microprobe spectroscopy was
used to investigate the influence of near-crack-tip stress fields on the resulting crack propagation at the microstructural scale. The high
spatial resolution was effective at mapping the localized crack-tip stress distributions within the complex Al-Al,O3 phase morphologies,
where the localized stress distribution about the crack tip within the Al,O3 phase could be measured. Regions of high-localized tensile
stress within the microstructure resulting from a combination of applied load and thermal residual stress were identified and could be
used in predicting the subsequent crack extension direction. Stress distributions calculated from spectroscopy results were compared with
microstructural level FEM of the same structure and general agreement between the two techniques was observed.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Composite materials are designed to optimize material
performance. By varying the component materials and the
reinforcement phase geometry (e.g. particle/matrix, fibre/
matrix, co-continuous, laminar or graded structure), the
resulting mechanical and fracture behaviours can be modi-
fied. The fracture behaviour of a material is dependent on
the strain energy release rate, G, the intrinsic work of fracture
(fracture resistance), R, and the stress distribution acting at
the crack tip. A crack will propagate along a path, for a given
crack-tip loading condition (tensile and shear), which maxi-
mizes the difference between G and R. In single-phase homo-
geneous materials, R and G are effectively constant and, for a
given crack-tip loading condition, crack paths can be pre-
dicted by maximizing G. However, in multiphase composites
the fracture behaviour on a microstructural scale is difficult
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to predict because G, R and the crack-tip loading condition
all vary due to differences between the phases (e.g. stiffness,
strain to failure, plasticity, interfacial energy, the variation
in residual thermal stress and microcracking). As a conse-
quence, complex crack propagation paths and crack bridg-
ing result, contributing to increased fracture resistance.
The interaction of physical property differences between
the phases and the resulting stress distributions amongst
the phases give composites their superior fracture strengths.
However, it also presents particular challenges in predicting
their performance.

Experimental verification of crack-tip stress distribu-
tions within composite microstructure is necessary for the
development of models that can simulate fracture events
within composites. The crack-tip strain and resulting stress
distributions within composites have been an active field of
theoretical [1-5] and experimental [6-16] research, where
the influence of composite structure, thermal stresses and
reinforcement phase geometry, shape, size, stiffness, loca-
tion, distribution and interfacial strength have been inves-
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tigated. However, the majority of the crack-tip stress inves-
tigations involve analytical and numerical modelling with
no or limited experimental verification, or the experimental
techniques do not have sufficient resolution to measure the
reinforcement—crack-tip interactions.

Experimental verification of strain distributions within
each phase of a composite is non-trivial and requires mea-
surement techniques that combine high strain resolution
with high spatial resolution. Additionally, the strain within
the bulk is different to that at the surface, due to mechan-
ical constraint, thus a distinction must be made regarding
the measured region. Since the majority of the crack tip
is located within the bulk rather than at the surface, the
bulk crack-tip strain distribution may be more indicative
of predicting the fracture behaviour. However, the bulk
strain measurements are averaged through the sample
thickness making it difficult to associate a measured strain
to a particular location or feature within the composite
structure. The strain distribution within the bulk has been
measured by neutron diffraction [17,18] and high-energy X-
ray diffraction [13,14] techniques. Hanan et al. [13] and Pre-
uss et al. [14] used high-energy X-rays to evaluate the strain
distribution in Ti-SiC fibre composites with artificially
introduced flaws and cracks. The introduction of the
flaw/crack within the composite was shown to alter the
resulting strain in the matrix and in the fibre phase, how-
ever, there was insufficient spatial resolution to investigate
how the reinforcement phase modified the localized crack-
tip stress field.

Experimental studies investigating crack-tip strain fields
have typically used techniques that measure strain at the
sample surface. Macroscopic strain fields, at a size scale
greater than that of the reinforcement phase, have been
measured by optical interferometry [9], low energy X-ray
diffraction, thermo-elasticity [15] and the caustic method
[10]. These techniques have been used, with some success,
to relate the long-range crack-tip strain distribution to
the resulting crack-tip stress intensity factor and fracture
behaviour. However, the low spatial resolution limits the
ability to investigate the influence of the reinforcement
phase on the localized stress distribution near the crack tip.

Raman and fluorescence spectroscopy techniques
(~1 um spot size) have been used on composites to measure
the microscopic strain fields, which are smaller than the size
of the reinforcement phase, to quantify crack-bridging
tractions [7,19,20] and stress distributions in the neighbour-
hood of crack tips [7,11,12,16]. Bennett and Young [7]
investigated the fibre—crack interaction in an aramid/epoxy
fibre-matrix composite by measuring the strain distribu-
tion along the fibre axis for a fibre positioned at the crack
tip. A single line measurement was taken along the fibre
length, and it was observed that there was maximum strain
within the fibre in the immediate vicinity of the crack tip,
which decreased exponentially with increasing distance
from the crack tip. The studies by Miyagawa et al.
[11,12] measured the exponential reduction in strain distri-
bution within the matrix phase of carbon fibre reinforced

plastic as a function of distance from the crack tip, but
the matrix-reinforcement phase interaction was not inves-
tigated. These works demonstrated the usefulness of
Raman spectroscopy for the measurement of strain in the
neighbourhood of the crack tip. However, since only single
line scans were used, the interaction of the reinforcement—
matrix and reinforcement—crack-tip interactions were not
completely observed, limiting the amount of information
gain from the studies. Highlighting this, Moon et al. [16]
mapped the crack-tip stress distribution within Al-Al,O3
composites having complex phase morphology, and found
a large asymmetrical stress distribution surrounding the
crack tip.

The Raman and fluorescence spectroscopy techniques
measure the transition energy between electronic or vibra-
tional states that is characteristic of the atomic bonding
within the material and results in a material-specific spec-
trum. Stress within a material can be measured based on
the piezospectroscopic effect, where an applied load strains
the material lattice, altering the transition energy between
vibrational states which shifts the measured material spec-
trum [20-23]. For alumina, the R1 and R2 fluorescence
lines of Cr*" substitutional impurities are measured
because of their sharp, high-intensity spectra that are typi-
cally centred at reduced wave numbers of ~14,400 cm™"
and ~14,440 cm ™, respectively [23,24]. However, the spec-
tra will shift as a result of applied stress, residual stress,
sample temperature and impurity content [21-24].

Previous studies on Al-Al,O3 composites with interpen-
etrating network phase structures have investigated the
stress distributions [16-18,23,25-27] and fracture behav-
iour [25,28-31]. Three types of stress distributions have
been investigated: thermal stress distribution [16—
18,23,25,27], crack-bridging [20,27,30,31] and crack tip
[16]. Theoretical [23,26] and experimental [16-18,25,27]
studies have found that the thermal stress within each
phase is not constant but varies in magnitude and location
within the structure. The composite fracture behaviour has
been described in terms of fracture toughness, and crack
growth resistance behaviour (R-curve). However, the influ-
ence of microstress distribution and its influence on frac-
ture behaviour at the microstructural scale has not been
investigated.

The purpose of the present study was to use fluorescence
spectroscopy combined with finite element modelling
(FEM) to map the residual thermal stress and the crack-
tip stress fields that develop in Al-Al,O5; composites, and
relate the observed stress distribution to the resulting frac-
ture behaviour at the microstructural scale.

2. Experimental procedures
2.1. Sample preparation
Interpenetrating Al-Al,O; composites were produced

by liquid metal infiltration into ceramic performs using
the infiltration technique in Refs. [28,32] and is described
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briefly here. The ceramic preforms were produced via
colloidal infiltration of open-celled polyurethane foams
(Bulpren S-31048, Eurofoam, Troisdorf, Germany). Ini-
tially, the foam had a relative density of 2.5% and a pore
size of ~0.28 mm (corresponding to 90 pores per inch from
the manufacture), which was compression moulded to the
desired relative density [33]. The foam was then infiltrated
with an alumina slip (25 vol.% solids, 99.99% Al,Os;,
<1 ppm Cr, Taimicron TM-DAR, Taimei Chemicals Co.,
Ltd.) and dried. The resulting piece was fired in a two-step
process to pyrolize the foam (by heating to 400 °C at
0.5 K min~' and to 800 °C at 0.7 K min~') and then sinter
the ceramic (1500 °C for 60 min in air). The porous alu-
mina preforms were then infiltrated with aluminium using
a pressure infiltration process (1050 °C under 10 MPa
argon gas for 2 h) outlined in Refs. [28,32]. The final prod-
uct was >99% of theoretical density. The morphology of its
aluminium and polycrystalline alumina regions resulted
from the compressed structures of the foam ligaments
and pores, respectively.

Two composites were produced: 3 vol.% Al-97 vol.%
Al,O5 (3Al) and 30 vol.% Al-70 vol.% Al,O3 (30Al). Tiles
were surface-ground flat using a 600 grit diamond wheel
and multiple bend bars measuring 4 mm x 3 mm x 40 mm
were then cut from the tile. The 4 mm x 40 mm side sur-
faces were additionally polished to 1 um diamond abra-
sives. Single-edge V-notched beams (SEVNB) were
produced by cutting a straight V-notch of length 1.5 mm
across the 3 mm x 40 mm face, perpendicular to the length
of the bend bar [34], producing a final notch-tip diameter
of ~25um. A crack was initiated from the V-notch tip
by loading the sample in a three-point bending load fixture
(16 mm span width) in a screw-driven mechanical testing
machine with a displacement rate of ~0.05 mm min~'.
The 3Al composite had a crack initiation toughness of
K; = 4.3 MPam”, which produced a 673 pm crack from
the notch tip. In comparison, the 30Al composite had a
crack initiation toughness of K; = 6.2 MPa m”, producing
a 420 pm crack from the notch tip. Thus, for subsequent
crack-tip stress measurements both samples were under
large scale bridging conditions [35].

One additional composite, 3 vol.% epoxy-97 vol.%
AlL,O3 (3epoxy), was produced following the method
described above, with the porous ceramic preform being
infiltrated with epoxy (Epofix, Struers, Germany) [36]. This
composite was used to assess the thermal stress distribution
within the alumina phase that resulted from thermal expan-
sion anisotropy of the alumina phase.

2.2. Fluorescence spectroscopy

Fluorescence spectroscopy was used to measure the
stress distribution within the alumina phase by the piezo-
spectroscopic assessment of the R1 and R2 fluorescence
lines. The sample surface was irradiated with an Ar" ion
laser (wavelength of 488 nm, at 200 mW power) in which
a confocal optical microscope was used to both focus the

laser on the sample surface and collect its scattered radia-
tion. The laser beam was focused on the sample surface,
but, due to the translucency of polycrystalline alumina,
the interaction volume of the laser light encompassed a
region from the surface to several tens of microns below
the surface (~30 pum for polycrystalline 100 vol.% alu-
mina), so the resulting measured frequency was a Gaussian
average over this volume [20]. It was assumed that the
interaction volume of the laser light was constant for every
point measured in the composite material and that the
stress field is three-dimensional (3D). A triple monochro-
mator (NR T64000, Jobin-Yvon/Horiba, Tokyo, Japan)
equipped with a CCD detector was used to perform the
analysis. A neon discharge lamp was used as a frequency
calibration standard.

The pre-cracked bend bars were loaded in a three-point
bend fixture (16 mm span width and equipped with a 100 N
load cell) positioned on the microscope stage of the Raman
spectroscopic apparatus. An automatic traveling stage,
having a 1 um lateral displacement resolution, was used
to direct the laser spot to the desired locations on the sam-
ple surface, allowing for fluorescence spectra maps to be
made. Both low- and high-resolution maps of the region
surrounding the crack tip were measured, in which individ-
ual fluorescence spectra, each of 1 s acquisition time, were
collected over the desired areas. Low-resolution maps mea-
sured an area of ~1000 um x ~1200 um using a laser spot
size of 10 pm, and spectra were obtained over a 10 pum grid-
like array of points within this selected area. For the high-
resolution maps, an area of ~250 pm x ~250 pm was mea-
sured using a laser spot size of 5 um, and the spectra were
obtained over a 5 um grid-like array of points within this
selected area. All experiments were conducted in an iso-
lated environmentally controlled room at 24 4+ 1 °C.

The fluorescence spectra were analysed with curve-fit-
ting algorithms included in the LabSpec software package
(Horiba Co., Kyoto, Japan) to estimate the R1 peak inten-
sities and peak wave numbers. Note that the neon standard
spectra directly overlapped with the alumina R2 fluores-
cence peak; consequently the R2 peak was not used in
the analysis. The trace of the principal stress tensor (hence-
forth, simply referred to as “‘hydrostatic stress”), (g), was
calculated by the shift in wavelength, Av, of the R1 alumina
fluorescence spectra line, obtained from the difference
between the peak centres of the stressed and unstressed
conditions, via the relation

@) =1 (1)

where (IT) is the 3D R1 piezospectroscopic coefficient, de-
fined as (IT)3g =111 + 5 + I35, with
I, =2.56cm ' GPa™ !, My =35cm ' GPa™! and
53 =1.53 cm ' GPa~! [22]. A detailed description of the
foundations of the stress analysis technique is given in
Ref. [20]. Note that the R1 line frequency shifts along the
a-axis in single-crystal sapphire have been reported to be
slightly non-linear [22]; however, for polycrystalline alu-
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mina subjected to small changes in stress (~500 MPa), the
deviations from linearity are within the scatter of the data
[21,23].

The unstressed alumina R1 absolute wave number used
in the stress calculations was estimated using the 3epoxy
composite, and was obtained from averaging 2600 individ-
ual spectra taken over a ~250 pm square area, using a 5 um
laser spot size and a 5 um grid-like array of points within
this selected area. Minimal residual thermal stresses would
be imparted onto the alumina by the epoxy due to the low
epoxy modulus, its low volume fraction and its room tem-
perature curing. Additionally, the stress distribution within
the alumina phase, resulting from thermal expansion
anisotropy of the alumina phase, will be averaged out
due to the large number of spectra taken and because the
fluorescence interaction volume was many times larger
than the average alumina grain size (~1 um). This averag-
ing is partially supported by the small standard deviation
of the measured R1 absolute wave number of 0.013 (cm™!).
Note that the stress distributions in alumina due to its ther-
mal expansion anisotropy would be much lower than the
stress distributions developed from the thermal expansion
mismatch within the Al-Al,O3 composites [17].

For the 3Al and 30Al composites, since the R1 fluores-
cence spectrum is specific for alumina, and aluminium does
not fluoresce within this wave number range, the alumin-
ium regions have spectra intensities equivalent to the back-
ground noise. The regions within the map area having R1
intensities below 10% of the maximum intensity were con-
sidered to have an increased likelihood of having the R1
wavelength influenced by the background noise of the sys-
tem. These regions were therefore not considered, and were
coloured white in the resulting stress maps.

2.3. Crack-tip stress measurement

The crack-tip stress distributions are influenced by the
applied load, residual stress and crack-bridging, and the
resulting crack-tip stress intensity factor is the sum of these
contributions, K,, K, and Ky, respectively

Klip =K, +K,+Ky (2)

In general, K, decreases with lower applied loads, com-
pressive thermal residual stress and crack-bridging, which
applies closure stresses along the crack length. The general
effect of crack bridging is to shield the crack tip from stres-
ses that would otherwise develop from a given applied
load. The composites tested in this study will have a Kip,
lower than K, because crack bridging by the ductile phase
shields the crack tip from stress.

Fluorescence spectroscopy was used to measure the
hydrostatic stress contribution of applied load, residual
stress and crack bridging on crack-tip stress distribution.
To do this, three separate stress distributions were calcu-
lated: thermal stress distributions (K, = K, =0), total
crack-tip stress distribution (K, + K, + K},) and the crack-
tip stress distribution resulting from an applied mechanical

load (K, =0, Ky, #0). The thermal stress distribution,
resulting from sample processing and influenced by the
presence of a crack, was calculated from the spectra mea-
surements with near-zero applied load on the bend bar that
resulted in a small applied stress intensity factor,
K, = ~0.1 MPa m”. With a small applied load, contribu-
tions to the crack-tip stress from the applied load and crack
bridging would be minimal.

For the crack-tip stress distributions the applied load
was chosen to maximize the crack-tip stress without
causing subsequent crack extension. The idealized criteria
of K,~90% K;, was used, in which the actual values
used were K, =~4.1 MPam” for 3Al composite and
K, = ~5.5 MPa m” for the 30Al sample. The total crack-
tip stress distribution was calculated from the spectra mea-
surements with an applied load, residual thermal stress and
crack-bridging stress. The calculation of the crack-tip stress
distribution resulting from the applied load is more involved.
The R1 spectra maps measured from the mechanically
loaded sample have components from the pre-existing resid-
ual thermal stress, the external applied load and crack bridg-
ing. To remove the influence of the residual stress, the spectra
maps from the unloaded samples were subtracted from those
of the loaded samples. The resulting shifts in the final R1
spectra represent the stresses that developed from the exter-
nal applied load. For the composites tested in this study,
Ky, <0, thus crack bridging will lower the crack-tip stress
due to the externally applied load alone.

2.4. Crack growth resistance measurement

After the stress measurements were completed, the pre-
existing crack was further extended. Controlled short crack
extensions, ~35pum incremental growth, were accom-
plished by in situ measurements using a four-point bend
fixture (10 mm inner and 20 mm outer loading spans), com-
bined with a specialized applied loading technique to pro-
mote subcritical crack growth [29,37,38]. The fracture
path was observed and the crack growth resistance was
measured for both 3Al and 30Al composites.

3. Finite element modelling

For the 3Al composite, the FEM measurements of the
hydrostatic crack-tip stress distributions were compared
with the results from the fluorescence spectroscopy. For
simplicity, comparison between the FEM and fluorescence
spectroscopy measurements were completed with the same
applied crack-tip stress of K, = ~4.1 MPa m”. Addition-
ally, since the crack-tip stress fields are also influenced by
thermal residual stress and crack bridging, these compo-
nents were included in the FEM. By doing so, the Ki;;, will
be approximately the same between FEM and the experi-
mentally measured crack-tip stress, allowing for a more
representative comparison. FEM was not undertaken for
the 30Al composite because of the complexity of the micro-
structure and the crack-microstructure interaction.
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FEM simulations were completed using ANSYS (Ver-
sion 8.0, ANSYS Inc., Canonsburg, PA). The specimen
geometry and the experimental three-point bend fracture
test of the pre-cracked 3Al bend bar were duplicated
(Fig. 1). In the neighbourhood of the crack tip, the geom-
etry of the actual composite microstructure was duplicated,
allowing for a direct comparison between the experimental
stress measurements and the simulated ones. This simu-
lated microstructure was then embedded in a homogeneous
effective medium of the composite for applying suitable
boundary constraints. Free meshing was used with mesh
refinement around the crack tip and reinforcement-matrix
phase interfaces, as shown in Fig. 2.

The composite structures were modelled in two-dimen-
sions under plane stress conditions using the two-dimen-
sional (2D) eight-node structural solid elements. The
crack-tip singularity was modelled using triangular singular
elements. The alumina was considered to behave fully elas-
tically, while the aluminium was considered to behave in an
elastic/plastic manner. The aluminium non-linear deforma-
tion behaviour was simulated using the von Mises yield cri-
terion coupled with an isotropic work hardening, in which
the stress—strain behaviour measured by Kocks [39] was
used. Thermal stresses were considered to develop on cool-
ing from 400 °C to room temperature, as determined by
Hoffman et al. [17], who measured thermal residual strains
and stresses in similar AI-Al,O5 interpenetrating compos-
ites. Thermal stress was addressed by considering the

Ceramic Matrix

Metal Ligaments

Effective Medium

Fig. 1. FEM geometry. (a) Three-point bending of a pre-cracked notched
bend bar, in which finer meshing was used near the crack-tip region. (b)
3Al composite where, in the neighbourhood of the crack tip, the Al-Al,O3
microstructure was duplicated and surrounded by an effective medium.

Crack Tip .
Region B

Fig. 2. Optical micrographs of the 3Al composite with FEM mesh
overlaid for the two mapping areas: (a) low-resolution Raman measure-
ments and (b) high-resolution Raman measurements (region B). (c) The
resulting crack profile after further crack extension, in which a crack
deflection angle was 0 ~ 8°. The horizontal line marks the initial crack-tip
location.

resulting body force at each node from a uniform temper-
ature change across all nodes from 400 to 25 °C. It was
assumed that no debonding occurred at the aluminium—
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alumina interfaces. The material properties are summa-
rized in Table 1.

The contribution of crack bridging by the ductile alu-
minium phase on FEM crack-tip stress was accounted for
by applying crack closure tractions along the crack surfaces
via surface pressures which varied as a function of distance
behind the crack-tip according to [40,41]

ounle) = o (1= (5)) ®)

where o,ax 18 the maximum stress supported by the bridg-
ing zone, n is a softening coefficient, x is the distance from
the crack tip and L is the steady-state bridging zone length,
1.e. the critical distance behind the crack-tip where closure
stresses exist. The measured 3Al crack growth resistance
(R-curve) was used to determine these constants. Initially,
a weight function analysis described by Moon et al.
[40,41] was used to produce a predicted R-curve, in which
Eq. (3) was used to apply the necessary crack closure trac-
tions. The predicted R-curve was fitted to the experimen-
tally measured R-curve by adjusting the constants until
there was direct overlap. The resulting constants were
found to be: gax =30 MPa, n =1 and L =900 pm.

The FEM simulations focused on the stress distributions
around the pre-existing crack-tip resulting from thermal
stresses, the load applied to the bend bar and the combina-
tion of these two. The crack-tip stress intensity factors, ki
and ky; (modes I and II, respectively), were calculated from
the displacements of nodes on the crack flanks close to the
crack tip.

4. Results
4.1. Microstructure

The microstructures of the 3Al and the 30Al materials
are shown in Figs. 2 and 3, respectively. Parts a and b show
the location of the crack in relation to the surrounding
microstructure, and the exact location of both the low-
and high-resolution stress maps given in Figs. 4-7. The
foam compaction significantly altered the sacrificial struc-
ture used as a template for composite processing and
resulted in different phase morphologies within the 3Al
and 30Al composites. This difference in microstructure

Table 1
Material properties.

Material Elastic Poisson’s  Coefficient of thermal
modulus ratio, v expansion, o (10’6/°C)
(GPa)

Al 70.7 [45] 0.34 [45] 23.2°%

AlLO; 390 [49] 0.25[46]  5.7°

3Al (3 vol.% Al- 362 [52] 0.3 8¢

97 vol.% A1203)

% Averaging of the results from the following Refs. [46-48].
® Averaging of the results from the following Refs. [46-48,50,51].
¢ Estimated from the effective medium approximation.

between 3Al and 30Al implies that there should be differ-
ences in the measured crack-tip stress distributions and in
the observed fracture behaviour.

4.2. Fracture behaviour

Crack propagation within the composite occurred prefer-
entially within the alumina phase (Figs. 2c and 3). This was
expected because the alumina has a lower failure strain,
lower fracture energy and a higher modulus, which brings
about higher stresses from the applied load. For the 3Al com-
posite, crack paths were relatively straight, with smooth
changes in the crack direction as the crack moves to avoid
intersecting the metal reinforcement phase. Nonetheless,
the interpenetrating phase structure ensures that crack-
bridging occurs within the bulk. The crack opening directly
behind the crack tip was extremely small, making it difficult
to discern the crack in Fig. 2. An accurate crack-tip location
was obtained in which the FEM mesh in Fig. 2b shows the
location of the crack tip within 5 pm. Crack initiation tough-
ness for 3Al was K; =4.3 MPam”, and the initial crack
propagated to a length of 673 um. For subsequent crack
extension the effective toughness was Kg = 5.5 MPam”,
which slowly increased with further crack extension to
Kr = 8.4 MPa m” at a final crack length of 1190 pm, dem-
onstrating that this material experiences crack growth resis-
tance. The fracture and R-curve results are consistent with
previous experimental work [27,28,30].

For the 30Al composite, there was discontinuous crack
growth and crack kinking (Fig. 3). The crack extended
through an alumina region but, once it impinged on an alu-
minium-alumina interface, it was observed to reinitiate
either in the same alumina region or in a subsequent alu-
mina area, resulting in ~50 pm lateral displacement of
the crack extension path. As the crack extended through
subsequent alumina regions it was then bridged by the
metallic reinforcement phase. Typically, the crack-tip
ended at an aluminium—alumina interface. The crack open-
ing directly behind the crack-tip region was much larger
than for the 3Al sample, allowing for the crack to be easily
observed in Fig. 3. Crack initiation toughness for 30Al was
K; = 6.2 MPam”, resulting in a crack length of 420 um.
For subsequent crack extension the effective toughness
was Kg = 7.0 MPa m”*, which increased with further crack
extension to Kg = 10.1 MPa m” at a final crack length of
770 um. The fracture and R-curve results are consistent
with previous experimental work [27,28,30].

4.3. Crack-tip stress fields

The measured and FEM-predicted stress fields for the
3Al composite are shown in Figs. 4 and 5, in which the
stress contours are labelled with ovals (measured stress)
and rectangles (FEM predicted). The measured stress fields
for the 30Al composite are given in Figs. 6 and 7, in which
the stress contours were difficult to show due to the large
stress distribution and the discontinuous phase microstruc-
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Fig. 3. Optical micrographs of the 30Al composite for the two mapping
areas: (a) low-resolution Raman measurements and (b) high-resolution
Raman measurements (region B). The resulting crack profile after further
crack extension is given in (c).

ture. For all stress maps the regions coloured in white were
areas where the stress was not calculated due to the low
spectra intensity; these generally corresponded to the alu-
minium areas. The alignment of the microstructure in Figs.
2 and 3 with the corresponding stress maps (Figs. 4-7) is
observed by noting that the most prominent aluminium
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Fig. 4. The measured and FEM-simulated hydrostatic stress maps for
3Al, low-resolution. (a) Thermal stress distribution, (b) total stress
distribution and (c) applied load crack-tip stress distribution. The
measured stress contours are marked via oval labels and the legend, while
FEM contours are marked with rectangular labels. All stresses are in MPa
and the FEM contours are: —25, 0, 25, 50, 100 and 200 MPa.

feature is marked with the label “Al”. For the low-resolu-
tion maps (Fig. 4 and 6), it was observed that not all the
aluminium areas were coloured white, as would be
expected. This resulted from the limited spatial resolution
caused by the combined effects of the ~10 um laser spot
size and by the ~10 um step size of the mapping sequence.
In contrast, for the higher-resolution maps (Figs. 5 and 7),
much finer features in the microstructure could be detected,
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and nearly all of the aluminium regions were coloured
white. The stress distributions around feature sizes of
~20 um could be resolved.

For the 3Al composite the thermal, total and applied
load crack-tip stress distributions for the low- and high-res-
olution maps are given in Figs. 4 and 5, respectively. With
the crack-tip located in the centre of the alumina region,
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the localized crack-tip stresses could be measured. The
thermal stress distributions from 43 to —157 MPa in the
low-resolution map and from 5 to —82MPa in the
higher-resolution map demonstrate the variable stress
within the alumina phase. The difference in stress range is

due to the larger sampling area of the low-resolution
map, which included the area around the large alumina
inclusion labeled “Al”. The effect of the applied load was
to increase the stress concentration at the crack tip. By
removing the influence of the thermal stress, the crack-tip
stress field resulting solely from the applied load is more
clearly differentiated (Figs. 4c and 5c¢).

The measured stress contours for the low- and high-res-
olution maps are reasonably consistent with each other in
terms of the magnitude, shape and spacing of the given
contours from the crack tip, and give an indication as to
the correlation of the measurement technique to predicted
behaviour. The asymmetric nature of the crack-tip stress
contours demonstrates that the presence of the aluminium
phase within the alumina matrix modifies the stress distri-
butions. In contrast, homogeneous materials display sym-
metrical stress contours about the crack tip. It is
interesting to note that, prior to the application of applied
load, when stress is due solely to thermal residual stress,
stress distribution was concentrated ~20 um in front of
the crack tip, whereas the application of a load resulted
in a concentration of stress at the crack tip. This phenom-
enon is believed to result from localized plastic yielding
when the crack arrived caused by its crack-tip stress singu-
larity. After the crack tip was mechanically unloaded, this
yielding led to a change in the local residual stress. Upon
mechanically reloading the crack-tip, stresses reformed at
the crack tip.

The low- and high-resolution stress maps for the 30Al
composite are given in Figs. 6 and 7. The higher volume
fraction of aluminium and the more complex phase mor-
phology further increased the stress distribution within
the alumina phase, as demonstrated by the larger thermal
stress distribution from 97 to —391 MPa in the low-resolu-
tion map and from 84 to —349 MPa in the higher-resolu-
tion map. The smaller coefficient of thermal expansion of
the alumina phase as compared to the aluminium implies
that the alumina phase should be in compression, while
the complex microstructure results in the observed thermal
stress variation (Figs. 6a and 7a). Additionally, with the
crack-tip located very close to the aluminium-alumina
interface the localized crack-tip stresses could not be mea-
sured, and their influence on the localized stress distribu-
tions were not apparent. The effect of the applied load on
the stress distribution is not clearly evident (Figs. 6b and
7b) but, by removing the influence of the thermal stress,
the crack-tip stress field is more clearly observed. For the
low-resolution crack-tip stress map, a FEM simulation
for a single-phase composite with effective composite prop-
erties is superimposed on the graph, showing that the mac-
roscopic (global) stress contours are similar.

The thermal stress distributions measured in 3Al and
30Al are within the range of that measured by others
[16-18,27]. The higher stresses measured within the studies
by Pezzotti and Sbaizero [27] and Hoffman et al. [17,18] are
believed to result from the finer phase morphology in the
composites studied, as described in Ref. [16].
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4.4. Subsequent crack extension

The subsequent crack extension for the 3Al and 30Al
composites are shown in Figs. 2c and 3c, respectively.
For the 3Al, the crack was incrementally extended 13
times, for a total of ~520 um of crack extension from the
initial pre-crack. The Fig. 2c micrograph was taken after
the last crack extension, thus, the crack opening in the
vicinity of the “old” pre-crack crack-tip region is much lar-
ger, allowing for crack observation.

The subsequent crack extension for the 30Al sample
was much more complex (Fig. 3c). The crack was incre-
mentally extended eight times, for a total of ~260 pm of
crack extension from the initial pre-crack. The fracture
path is tortuous, discontinuous and kinked, and occurs
preferentially in the alumina phase. The sequence of
the subsequent crack extension is labeled i—v. The first
observed crack extension, i, occurred from the crack
tip; however, it is not clear whether this was a new crack
extension or further crack opening, which then allowed
the crack to be observed. The second crack extension,
ii, appeared to initiate from the tip of the metal inclu-
sion, within the alumina region of interest, and the crack
gradually extended from right to left, toward the pre-
existing crack. The third crack extension initiated in
the middle of the alumina, at the location marked, iii,
and the crack grew slowly in both directions. As this
crack grew, so did crack ii. The fourth crack extension,
iv, was a fast “pop-in” crack. During loading for this
crack extension, both the ii and iii cracks grew slowly
in length and the crack opened. During the fifth crack
extension, v, and v, cracks formed simultancously and
grew slowly. Interestingly, it appears that the crack
extension iv was farther ahead of the crack-tip region
than v,, which further demonstrates the complex nature
of fracture within these materials.

5. Discussion

The fracture behaviour of the Al-Al,O3; composite sys-
tem was dominated by the preferential fracture of the alu-
mina phase. Since the near-crack-tip stress fields dictate the
localized fracture behaviour, insight as to the location of
the subsequent crack extension can be obtained by measur-
ing the stress distribution within the alumina. The fluores-
cence spectroscopy technique used in the current study was
able to measure the crack-tip stress distribution within the
alumina phase resulting from an applied load and from
thermal residual stress. By adjusting the resolution of the
measurement technique, feature sizes of ~20 um could be
resolved.

5.1. Crack-tip stress distribution
The two composites investigated in the current study

had significantly different microstructures, and thus differ-
ent crack-tip stress evolution. For the 3Al composite, the

crack tip was located within an alumina region, allowing
for stress measurements at the crack tip and in its immedi-
ate surroundings. The comparison between the measured
and the FEM-simulated hydrostatic stress contours
showed a clear correlation, in which the magnitudes and
the general contour shapes were similar. In particular, both
the measured and FEM stress contours showed asymmetri-
cal crack-tip stress contours and compressive stress regions
on the left and right sides of the large aluminium inclusion
(labeled “Al” in Fig. 4a and b). Once the thermal stress was
removed, the stress contours resulting from the applied
load did not show the compressive stress next to the inclu-
sion, suggesting that the method of removing the thermal
stress from the fluorescence measurements was effective
and afforded assessment of the stress distribution resulting
solely from the applied load.

The stress magnitude that was measured in the immedi-
ate vicinity of the crack tip was nearly the same for both
the low- and high-resolution measurements, showing good
consistency in the measurement technique. However, the
measured crack-tip stresses were lower than those predicted
by the FEM simulations and showed a smaller reduction in
stress with increasing distance from the crack tip. This dif-
ference between the fluorescence measurements and the
FEM simulations may result from the spatial resolution
of the fluorescence spectroscopy technique, in which the
measured stress would be an average of the signal coming
from each measurement interaction volume. For the
higher-resolution measurements, the laser spot size was
5 um; however, due to the translucency of the alumina,
the interaction volume may be tens of microns in size.
Additionally, it is also possible that surface displacements
perpendicular to the surface plane in the immediate vicinity
of the crack tip, which were similar to those observed in the
AFM study of Kinoshita [8], may have affected the surface
stress.

For the 30Al composite, the complex microstructure
resulted in a large stress distribution within the alumina
phase. From Fig. 6¢ it appears that the long-range crack-
tip stress fields, where distances from the crack tip are
greater than the scale of the microstructure, were nearly
symmetrical about the crack-tip region, suggesting that
generally crack propagation will continue straight through
the composite. Only the higher-resolution stress measure-
ment technique could be used to resolve the localized
crack-tip stress distributions. The localized microstructure
surrounding the crack tip was asymmetrical and resulted
in asymmetrical crack-tip stress fields from residual stress
(Fig. 7a) and from the applied load (Fig. 7c). By consider-
ing the total stress distribution (Fig. 7b), the driving force
for the observed crack kinking (Fig. 3c) can be revealed.
The significance of this observation is that, although the
influences of the residual microstress on the crack-tip stress
fields have been considered by other studies theoretically,
they have not been shown experimentally to modify the
fracture behaviour at a microstructural scale, as has been
revealed here.
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5.2. Crack extension direction

For the 3Al composite, the measured and FEM-simu-
lated stress distributions were used to predict the subse-
quent crack extension direction of the initial crack. The
stress distribution maps demonstrated considerable stress
concentration at the crack tip, which was larger than at
any other feature within the composite (Figs. 4 and 95).
Hence, continued crack propagation from the pre-existing
crack is to be expected. However, from the anisotropy in
the measured hydrostatic stress maps it is difficult to esti-
mate the crack deflection angle. From the FEM-simulated
stress distribution the subsequent crack extension direction
from the pre-existing crack could be estimated using the
maximum tangential stress (MTS) criterion [42,43]. The
resulting crack deflection occurs where the hoop stress at
the crack tip is maximized

tan (9) :2—2\/1—|—8tan‘P (4)
2 8tan ¥
¥ = tan"! <kn> (5)
ky

Here, 0 is the crack deflection angle and ¥ is the crack-
tip mode-mixity, which is determined from the crack-tip
stress intensity factors. The FEM-predicted crack deflec-
tions were ~3.5° for the total stress distribution and
~1.5° for the applied load stress distribution, and these
are schematically shown in Fig. 5b and c. The predicted
crack deflection demonstrates that the presence of the alu-
minium phase caused a small loading asymmetry at the
crack tip. The difference in the predicted deflection angles
for the total and the applied load stress distributions dem-
onstrates that the residual stress within the composite can
also influence crack deflection. This is consistent with other
studies investigating the influence of macroscopic residual
stress on the resulting macroscopic crack deflection within
graded composites [44].

The FEM-predicted crack deflection angles are similar
to the observed crack extension (Fig. 2c). From the pre-
existing crack tip the amount of crack deflection was esti-
mated to be ~8° (based on the initial ~50 pm of crack
extension). The difference between the measured and the
predicted crack deflection angles may have resulted from
assuming a 2D microstructure in FEM simulations vs.
the actual 3D nature of the composite material.

For the 30Al composite, prediction of the subsequent
crack extension is more difficult, as the crack-tip regularly
terminated at the aluminium-alumina interface and there
was minimal stress concentration within the alumina sur-
rounding the crack tip. It was apparent, however, that con-
tinued crack extension from the pre-existing crack tip into
the ductile aluminium phase was unlikely to occur. By
comparing the measured total stress distributions in
Fig. 7b to the final crack extension (Fig. 3c), it can be seen
that the crack reinitiated from within the same alumina
region as the crack tip in a region where there was a tensile

hydrostatic stress (cracks ii and iii). For further crack
extension, crack iv, this crack appears to have extended
in a region of compressive stress. However, as the crack
extends the stress distribution within the composite will
change, thus the actual stress distribution in the region of
crack iv had changed after the formation of cracks i and iii.

This analysis shows that fluorescence spectroscopy can
be effectively used for measuring the stress distribution
within complex microstructure composites and can high-
light the localized stress concentrations within the compos-
ite microstructure that may increase the likelihood of crack
initiation and crack propagation.

6. Conclusions

Fluorescence microprobe spectroscopy was used to
directly measure the stress distributions that develop within
interpenetrating Al-Al,O; composites, and these were
compared to FEM simulations and in situ crack propaga-
tion experiments. The following conclusions can be drawn
from this work.

(1) The fluorescence spectroscopy technique was able to
measure the macroscopic and microscopic stress dis-
tributions that develop within the neighbourhood of
the crack-tip region of complex composite micro-
structures, where the stress distribution around inclu-
sions of ~20 pm in diameter could be resolved. This
high spatial resolution made it possible to investigate
how the crack-tip stress distribution changed as a
result of the microstructure, thermal residual stress
and applied stress.

(2) For the 3Al composite, the stress concentration at the
crack-tip resulting from the applied load was
observed. The stress magnitude and stress contour
shape were similar for the low- and high-resolution
measurements, demonstrating consistency in the mea-
surement technique.

(3) The FEM simulation for the 3Al composite generally
provided stress magnitudes and contour shapes that
were similar to the fluorescence-measured stress.
However, the stress in the immediate vicinity of the
crack tip was much lower for the fluorescence-mea-
sured stress than for the FEM simulations. This dif-
ference was believed to result from the averaging of
the measured stress within the measurement interac-
tion volume.

(4) For the 30Al composite, the long-range crack-tip
stress fields appeared to be nearly symmetrical about
the crack-tip, leading to a general “‘straight” macro-
scopic fracture path through the composite. In con-
trast, the localized microstructure asymmetry in the
immediate vicinity of the crack-tip resulted in short-
range crack-tip stress asymmetry. Both of these fac-
tors contributed to the microscopic crack kinking
observed in the composite.
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