
Abstract Fluorescence microprobe spectroscopy was

used to characterize the stress fields that develop within

an interpenetrating Al–Al2O3 composite resulting from

both the thermal expansion mismatch during sample

processing, and from an external applied load. The

30 vol% Al–70 vol% Al2O3 composite that was inves-

tigated had an aluminum and alumina phase feature

size of 50–100 lm. The residual thermal compressive

stress measured in the alumina was ~40–340 MPa. The

effect of varying the metal ligament size on the residual

stress distribution is discussed. Additionally, the appli-

cation of an external load caused a non-uniform stress

distribution to develop within the alumina regions

around the crack-tip, which was attributed to micro-

structure inhomogeneities. The crack was further ex-

tended and the influence of the stress distribution

within the alumina regions on the crack extension

direction is briefly discussed.

Introduction

The fracture toughness and crack growth resistance of

ceramic components can be increased by the inclusion

of a ductile phase into the ceramic matrix, in which the

reinforcement morphology can have a major influence

[1–4]. One method of producing metal–ceramic com-

posites is by metal infiltration of a porous ceramic

preform [4, 5]. The resulting metal–ceramic composite

has an interpenetrating network microstructure offer-

ing potentially improved fracture toughness, as com-

pared to composites with a mono-dispersed metal

phase in a ceramic matrix, because the crack cannot

circumvent the metal phase during crack extension

[1–3].

The method by which the ceramic preform is pro-

duced will strongly influence its pore structure, and

thus influence the morphology of the infiltrated

metallic phase within the composite. Porous ceramic

bodies produced by partial sintering of ceramic pow-

der will result in a porous structure on the same order

as that of the ceramic grain size ( < 1–5 lm). An

alternative method of producing porous ceramic pre-

forms is by colloidal infiltration of an open-celled

polymer foam [6]. After sintering, the resulting cera-

mic has an interconnecting pore structure that is

similar to the ligament structure of the foam. During

metal infiltration, the metal fills the pore structure

and the resulting metal ligament size scale can be 10s

to 100s of microns in diameter. Changes to the size

scale and morphology of the metal-ceramic micro-

structure produced from the different processing

techniques will alter the residual thermal stress dis-

tributions within each phase [7] and will modify the

fracture behavior [4, 8].
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Residual thermal stresses can develop in both the

metal and ceramic phases as the infiltrated composite is

cooled from the infiltration temperature to room

temperature, since the two phases have different

coefficients of thermal expansion [9, 10]. The magni-

tude of the thermal stresses that develop within

metal–ceramic composites is dependent on the volume

fraction of each phase [9], the strength of the interfa-

cial bond between both phases, the temperature range

over which stresses cannot be relieved via creep [9], the

plastic deformation behavior of the metallic phase

(ductility, yield stress, work hardening, creep, etc.)

[7, 9] and the mechanical constraint experienced by

the metal phase due to the surrounding ceramic phase

[7, 10]. The plastic deformation behavior of metallic

phases in metal–ceramic composites has been reported

to be dependent on the metal ligament size (diameter)

which affects the scale of mechanical constraint expe-

rienced by the metal phase [10, 11]. By decreasing

the metal ligament diameter, mechanical constraint is

increased, resulting in the metal ligaments withstand-

ing a higher stress before yielding [7]. This suggests

that the magnitude of thermal residual stress within the

composite will then also increase.

The crack-tip stress fields in homogeneous compos-

ite materials are influenced by the stiffness, morphol-

ogy, relative size scale of the microstructure and

volume fraction of the constituent phases. The mac-

roscopic crack-tip stress fields, where distances from

the crack-tip are greater than the scale of the micro-

structure, will behave symmetrically about the crack-

tip as in homogeneous materials. However, for a

microscopic crack-tip stress field, the stress field will be

highly influenced by asymmetrical microstructural

constraints, leading to a stress field, which is not sym-

metrical about the crack-tip. This stress field asym-

metry will influence the localized crack extension

direction, creating a driving force for crack kinking.

The stress distributions within composites has been an

active field of research [12–16], however, the majority

of the investigations have involved analytical and

numerical modeling with no or limited experimental

verification.

The ability to experimentally verify microstress

distributions may offer new insights for improving

existing theoretical modeling techniques, by confirming

or disproving the factors which most effect crack-tip

stress fields and the resulting crack extension path. The

present study uses fluorescence microprobe spectros-

copy to measure the residual thermal stress fields and

crack-tip stress fields that develop in a ~30 vol% Al–

70 vol% Al2O3 composite in which the metal ligament

size is on the order of 10’s of microns in diameter.

Sample preparation

Interpenetrating Al–Al2O3 composites were produced

by liquid metal infiltration into ceramic preforms. A

complete description of the infiltration technique used

is given in [5, 6], but a brief description will be given

here. The ceramic preforms were produced via colloi-

dal infiltration of open-celled polyurethane foams

(Bulpren S-31048, Eurofoam, Troisdorf, Germany).

Initially, the foam had a relative density of 2.5% and a

pore size of ~0.28 mm (corresponding to 90 pores per

inch given by the manufacturer) and was compression

molded to the desired relative density. The foam was

then infiltrated with an alumina slip (25 vol% solids,

99.99% Al2O3, 0.4 lm average particle size, < 1 ppm

Cr, Taimicron TM-DAR, Taimei Chemicals Co. Ltd.)

and dried. The resulting piece was fired in a two-step

process to pyrolise the foam and then to sinter the

ceramic. The porous alumina preforms were then

infiltrated with aluminum using a pressure infiltration

process that is outlined in [4, 5]. The final product was

>99% of the theoretical density, in which the alumi-

num regions have the morphology resulting from the

compressed foam ligament structure. While the poly-

crystalline alumina regions (~50–100 lm) have the

morphology of the compressed foam pores as shown in

Fig. 1. The alumina grain size within these regions has

been observed in other studies to be < 1 lm.

A composite tile having ~30 vol% Al–70 vol%

Al2O3 was surface-ground flat using a 600 grit diamond

wheel and multiple bend bars measuring 4 mm ·
3 mm · 40 mm were then cut from the tile. The

Fig. 1 Optical micrograph of the ~30 vol% Al–70 vol% Al2O3

composite showing the size scale and morphology of the
aluminum and alumina regions. Note that the aluminum is the
white colored phase and the alumina is the gray colored phase
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4 mm · 40 mm side-surfaces were additionally pol-

ished to 1 lm diamond abrasives. A single edge

V-notched beam (SEVNB) was produced by cutting a

notch across the 3 mm · 40 mm face, perpendicular to

the length of the bend bar, by first using a diamond

cutter (0.2 mm blade thickness) and then a razor blade

coated with fine diamond paste, which was used to

sharpen the notch radius [17]. A crack was extended

from the V-notch 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.

Experimental procedure

The fluorescence spectroscopy experimental procedure

used in this study was similar to that previously

described in [18], however, a brief description will also

be given here. Fluorescence lines of Cr+3 substitutional

impurities in alumina were collected at room temper-

ature. The sample surface was irradiated with an Ar+

ion laser (wavelength of 488 nm, at 200 mW power,

~5 lm spot size) in which an optical microscope was

used to both focus the laser on the sample surface and

to collect its scattered radiation. The laser beam was

focused on the sample surface, but due to the translu-

cency of polycrystalline alumina the interaction vol-

ume of the laser light will encompass a region from the

surface to several 10’s of microns below the surface

(~30 lm for polycrystalline 100 vol% alumina) and the

resulting measured frequency is then an average over

this volume [12]. It was assumed that the interaction

volume of the laser light was constant for every point

measured in the composite material. A triple mono-

chromator (NR T64000, Jobin-Yvon/Horiba, Tokyo,

Japan) equipped with a CCD detector was used to

preform the analysis. A neon discharge lamp was used

in all measured spectra as a frequency calibration

standard.

Notched bend bars were loaded in a specialized

three-point bend fixture (16 mm span width and

equipped with a 100 N load cell) and placed onto the

microscope stage of the Raman spectroscopic appa-

ratus. An automatic traveling stage, having a 1 lm

lateral displacement resolution, was used for directing

the laser spot to the desired locations on the sample

surface. An area ~250 lm square in the neighborhood

of the crack-tip was selected, and the fluorescence

spectra of this area were obtained by collecting indi-

vidual spectra, each of 1 s acquisition time, over a

5 · 5 lm grid-like array of points within this selected

area. All experiments were conducted in an isolated

environmentally controlled room at 24 �C, in which

temperature variations were less then 1 �C.

The fluorescence spectra were analyzed with curve-

fitting algorithms included in the LabSpec software

package (Horiba Co.) to estimate the R1 peak inten-

sities and peak wavenumbers. Note that the neon

standard spectra directly overlapped with the alumina

R2 fluorescence peak, consequently the R2 peak was

not used in the analysis. The R1 spectra wavenumber

shifts were obtained from the difference between the

peak centers of stressed (residual and/or externally

applied stresses) and unstressed conditions. The

hydrostatic stress within the alumina phase, r, in the

Al/Al2O3 composite was calculated by the shift in

wavelength, m, of the R1 alumina fluorescence spectra

line, via the relation:

rh i ¼ Dm
Ph i ð1Þ

where < P> is the piezospectroscopic coefficient. For

calculating the residual thermal stress field from sample

processing and the crack-tip stress fields from the

applied load, a three-dimensional R1 piezospectroscopic

coefficient was used, where < P>3d = P11 + P22 +P33,

with P11 = 2.56 cm–1/GPa, P22 = 3.5 cm–1/GPa and

P33 = 1.53 cm–1/GPa [19]. A detailed description of the

foundations of the stress analysis technique is given in

[12]. Note that the R1 line frequency shifts along the

a-axis in single crystal sapphire have been reported to

be slightly non-linear [19], however, for polycrystal-

line alumina subjected to small changes in stress

(~500 MPa) the deviations from linearity are within the

scatter of the data [20].

The unstressed alumina R1 absolute wavenumber

was estimated using a 3 vol% epoxy–97 vol% Al2O3

composite, which was produced identically to the

method described in the sample preparation section,

but the porous ceramic preform was infiltrated with

epoxy (Epofix, Struers, Germany) [21] rather than with

aluminum. Spectra were obtained under conditions as

described earlier in this section, and the unstressed

alumina R1 absolute wavenumber was obtained from

averaging 2600 individual spectra that were taken over

a 250 lm · 250 lm mapping area, in which the stan-

dard deviation was 0.013 (cm–1). Note that minimal

residual thermal stresses would be imparted by the

epoxy on to the alumina due to the low epoxy volume

fraction, the low modulus of the epoxy and the curing

of the epoxy at room temperature. Additionally, the

sintering stress distribution within the alumina phase

was believed to be averaged out due to the large

number of spectra taken, and due to the fact that the
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interaction volume in which the fluorescence was

measured was many times larger then the average

alumina grain size (~1 lm). This averaging is partially

supported by the small standard deviation of the

measured R1 absolute wavenumber.

To investigate the residual thermal stress distribu-

tion resulting from sample processing, a fluorescence

spectra map was collected with the sample having zero

external applied load. The measured R1 absolute

wavenumbers were compared to nominally unstressed

alumina, and any shifts were then used in Eq. 1 to

calculate the residual stress distribution.

The analysis of crack-tip stress fields is somewhat

more involved. Fluorescence spectra maps were col-

lected from the identical areas, with the sample having

0 N, 33 N and 50 N externally applied loads. The R1

spectra maps measured when the sample was subjected

to an applied load, have components from both the

pre-existing residual thermal stress and the external

applied load. To remove the influence of the residual

stress, the unloaded spectra map was subtracted from

the loaded R1 spectra maps. The resulting shifts in the

final R1 spectra represent the stresses that developed

solely from the external load.

Results

Crack extension

A bend bar sample 2.93 mm · 3.45 mm · 41.0 mm,

with an average V-notch depth of 1.61 mm, subjected

to a critical applied load of 99 N initiated a ~0.42 mm

long crack from the notch tip. The resulting fracture

toughness of 6.4 Mpa.m½ was calculated from a stan-

dard three-point bending fracture equation [22]. With

the large size scale of the microstructure the fracture

path was tortuous, and it was common to see the crack

kink ~50 lm as it attempted to circumvent the ductile

aluminum regions. Along the length of the crack, sev-

eral ductile aluminum regions bridged the crack.

Figure 2a is an optical micrograph of the region around

the crack-tip that was mapped, where the propagated

crack can be seen in the middle of the image. The crack

is not continuous and it appears to have kinked around

the metal ligament region. The crack-tips of each crack

segment can be seen to terminate at an Al–Al2O3

interface. Thus, to analyze the stress distribution

around the crack-tip a relatively large area was map-

ped due to the uncertainties of the next crack extension

location. It should be pointed out that the subsurface

crack-front will be likewise disjointed and will not

extend uniformly through the thickness of the sample.

Figure 2b is an optical micrograph of the region

around the crack-tip after the crack was further

extended (second crack extension). The crack is

observed to circumvent the ductile aluminum region

that was in front of the previous crack-tips. The calcu-

lated fracture toughness for the second crack extension

was K = 7.2 Mpa.m½, which is larger then that necessary

to initiate the crack and thus demonstrates the presence

of crack growth resistance behavior in this material [5].

Intensity distribution

The R1 alumina fluorescence-line-intensity distribution

map of the first crack extension is shown in Fig. 3a. The

Fig. 2 Optical micrograph of the Al/Al2O3 composite showing
the region around the crack-tip that was mapped for the (a)
initial crack configuration, and (b) for the second crack
configuration. The aluminum is the light colored phase, the
alumina is the dark colored phase and the wide arrow points to
the crack extension direction
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measured R1 intensity distribution maps were nearly

identical for all mappings of this area, including after

the second crack extension. In general, the R1 intensity

distribution result is as expected; the aluminum

regions, not having a fluorescence response at this

wavelength, have low intensity and the alumina regions

have high intensity. Some aluminum regions have a

measured R1 alumina fluorescence line intensity which

is believed to result from the ~5 lm spot size including

a measurable amount of neighboring alumina. There

was a large distribution in the R1 alumina fluorescence

line intensity within the alumina regions, which does

not appear to be directly related to the thickness of the

alumina regions. The exact reasons for these intensity

variations are unclear, but are believed to be partially

associated with a changing alumina/aluminum ratio

within the laser spot sampling volume.

The regions having intensities below 150 counts, the

grey regions in Fig. 3b, were considered to have an

increased likelihood of having the R1 wavelength

influenced by the background noise of the system and

in the subsequent figures these regions will be high-

lighted in white.

Residual thermal stress distribution

The residual stress distribution for the initial crack

configuration is shown in Fig. 4, where it is seen that

the alumina regions have a distribution of residual

compressive stress of ~40–340 MPa. The alumina re-

gions are expected to be on average in compression

due to its lower thermal expansion coefficient relative

to the aluminum phase. The distribution of stress

within the alumina regions is believed to result from

the local compositional and morphological inhomoge-

neities of both phases in this interpenetrating network

microstructure (Fig. 2). This is consistent with the fi-

nite element modeling study by Agrawal et al. [23] of

an idealized Al–Al2O3 co-continuous network struc-

tures, in which the thermal stress distribution in both

phases was not uniform, and appeared to be influenced

by phase boundaries, corners and localized structural

variation.

The thermal stress distribution along the length of

the crack would have been expected to be relieved due

to the creation of free surfaces on the crack flanks.

However, this was not observed. The fact that the

thermal stress distribution about the crack appears to

be unaffected by the crack suggests that the size of the

fluorescence interaction volume is larger then the

region of reduced stress along the crack surface. This is

partially supported by the fact that the measured flu-

orescence intensity was not influenced by the presence

of the open space created between the crack surfaces,

indicating that the measured interaction volume is

large as compared to the crack opening.

External applied load stress distribution

The crack-tip stress distribution map resulting from

the external applied load of 33 N for the initial crack

configuration, shown in Fig. 5a, has an hydrostatic

stress distribution in the alumina phase of 42 MPa

compression to 109 MPa tension. In general, the

stresses in the alumina regions are primarily tensile

stresses of the order 0–40 MPa. By increasing the

applied load from 33 N to 50 N it is seen in Fig. 5b

that the stress distribution in the alumina became:

Fig. 3 The R1 alumina fluorescence-line intensity map with the
outline of the microstructure overlaid. (a) Intensity map
displaying the full range of intensities and (b) intensity map
where regions having greater than 150 counts where colored
white and regions having intensities less then 150 counts were
colored grey
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17 MPa compression to 134 MPa tension. In general,

higher tensile stresses within the alumina regions are

seen; in particular the alumina regions in front of both

crack-tips where the tensile stresses as high as

~100 MPa were measured. There is limited influence

of the crack-tips in the stress distribution of the

sample, which is to be expected because the crack-tips

are located at the alumina/aluminum interfaces.

However, it is observed that on either side of the

crack there is a reduced amount of stress within the

alumina, suggesting that the presence of the crack

influence the resulting stress distribution within the

alumina region.

The crack-tip stress distribution map resulting from

the 33 N external applied load for the second crack

configuration is shown in Fig. 6 and is similar to that of

the first crack configuration resulting from the 33 N

external load (Fig. 5a). The overall stress distribution

was ~70 MPa compression to ~80 MPa tension. Inter-

estingly, for the 33 N external applied loaded situations

the stress in front of the crack appears to be lower then

that at the crack-tip. This is believed to result the crack

bridging of the aluminum ligaments behind the crack-

tip resulting in appreciable crack-tip shielding of the

applied load and results in stress distribution in the

surrounding alumina phase around the bridging alu-

minum ligaments. For the 33 N external applied loa-

ded it appears that most of the applied load is taken up

by the crack bridging, and when the applied load is

increased to 50 N the crack-tip begins to experience

stress.

Discussion

The ability of the fluorescence spectroscopy to mea-

sure the stress distribution about specific morphologi-

cal features, along a crack length and at the crack-tip

will be dependent on the relative size of the probe

volume. For the current study the probe volume can be

approximated by the 5 lm laser spot size combined

with ~30 lm penetration distance into the subsurface,

however, due to scattering the diameter of the probe

volume will increase into the subsurface. The probe

volume can be decreased by reducing the laser spot

size and by using confocal techniques, neither of which

was used in the current study. For the current study the

Fig. 4 The residual thermal stress distribution map, with the
outline of the microstructure and crack (thick black line)
overlaid. The areas that had measured intensities of less then
150 counts (Fig. 3b) were highlighted in white by artificially
setting these regions to 0 MPa. The contours are in 25 MPa
increments

Fig. 5 Stress distribution map for the initial crack configuration,
resulting solely from (a) 33 N and (b) 50 N external applied load,
with the outline of the microstructure and crack (thick black
line) overlaid. The areas that had measured intensities of less
then 150 counts (Fig. 3b) were highlighted in white by artificially
setting these regions to 200 MPa. The contours are in 25 MPa
increments
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probe size was sufficiently small to measure the stress

distribution within the 50–100 lm feature size. Note

that the stress singularity directly at the crack-tip is

difficult to measure; however, in the immediate region

next to the crack-tip, ~20 lm, the near crack-tip stress

is still very large and can be more easily measured with

the probe volume used.

Residual thermal stress distribution

As demonstrated in Fig. 4, the alumina regions do not

undergo a constant compressive stress loading from the

thermal expansion mismatch between aluminum and

alumina when the sample is cooled from the infiltration

temperature. The observed distribution of stress is

believed to result from the local compositional and

morphological inhomogeneities of both phases in this

interpenetrating network microstructure. The mea-

sured residual thermal compressive stress distribution

within the alumina phase for a ~30 vol% Al–70 vol%

Al2O3 composite was 40–340 MPa. The studies by

Pezzotti and Sbaizero [18] and Hoffman et al. [7, 10]

have also measured similar stress distributions within

the alumina phase for ~30 vol% Al–70 vol% Al2O3

composites having interpenetrating network structures

in which the metal ligaments were on the order of

1 lm. Pezzotti and Sbaizero [18], using fluorescence

spectroscopy, measured a residual compressive stress

distribution of 160 to 550 MPa. Likewise, Hoffman

et al. [7, 10], using neutron diffraction and dilatometry,

measured the residual thermal compressive stresses

within the alumina phase of 50–400 MPa. This consis-

tency in the measured stress within the ~30 vol% Al–

70 vol% Al2O3 composites between the different

investigations suggests that the magnitude of the stress

as measured by the different techniques is realistic.

The stresses measured by Pezzotti and Sbaizero [18]

and Hoffman et al. [7, 10] were larger and have a

broader stress distribution than those of the current

study. This is believed to result from the difference in

the size of the metal ligament diameter and from the

differences in the sharpness of the alumina phase

morphology, which may concentrate stress within these

features. The volume fraction of each phase was

approximately the same between the different studies,

but with the larger metal ligament diameter (10s of

microns) in the current study, the mechanical constraint

for plastic flow was much lower. Thus, there is a lower

amount of stress necessary to cause plastic flow in the

aluminum regions, which would result in a reduced

residual compressive stress being imparted on the alu-

mina regions. Additionally, the range of stress distri-

bution may give an indication as to the variety of

structural features within a phase morphology, in which

for an alumina phase structure having sharper corners

and recesses the localized effective phase fractions will

be altered and result in localized higher and lower

stresses. The finer phase morphology in the studies by

Pezzotti and Sbaizero [18] and Hoffman et al. [7, 10]

resulted in sharper corners and recesses, and thus

increasing the thermal stress distribution as compared

to the coarse alumina feature size of the current study.

Crack-tip stress distribution

The application of the 33 N and 50 N external load, for

the sample and test geometry (assuming an elastically

homogeneous material) and the initial crack length,

would result in a crack-tip stress intensity factor of

~3.2 Mpa.m½ and 4.9 Mpa.m½, respectively. For the

30 vol% Al–70 vol% Al2O3 composite studied in this

investigation the interconnecting network structure

between the two phases will significantly alter the

crack-tip stress fields, due to the presence of the phase

boundaries and the differing stiffness of the two pha-

ses. The stress fields will be concentrated within the

much stiffer alumina phase (Young’s modulus: alumina

~390 GPa, aluminum ~70 GPa) and the three dimen-

sional structure of the alumina regions will constrain

the development of the stress fields around the crack-

tip. During loading, additional stress fields will also be

produced near the crack-tip region as the crack-tip

stress fields interact with the stress concentrators

Fig. 6 Stress distribution maps resulting solely from the 33 N
external applied load, with the outline of the microstructure and
crack (thick black line) overlaid for the second crack configu-
ration. The areas that had measured intensities of less then 150
counts (Fig. 3b) were highlighted in white by artificially setting
these regions to 200 MPa. The contours are in 25 MPa
increments
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inherent in the alumina morphology (i.e., sharp cor-

ners, and recesses as seen in Fig. 1). Lastly, the transfer

of crack bridging stress of the aluminum phase behind

the crack-tip will also modify the stress within the

alumina phase.

For the initial crack configuration, the crack-tip was

located at an Al/Al2O3 interface and because of this

the near crack-tip stress fields could not be measured.

However, the far field stress fields within the alumina

regions surrounding the crack-tip could be measured.

As the applied load was increased from 33 N to 50 N,

the stress distribution within the alumina regions

changed. Figure 7 shows the resulting change in stress

caused by the increase in the applied load, as calcu-

lated by subtracting Fig. 5a from Fig. 5b. The alumina

regions behind the crack-tip did not change in tensile

stress, but the alumina regions in the neighborhood of

the crack-tip had increases in tensile stress in which the

overall stress distribution surrounding the crack-tip

region is not symmetrical. The largest increase of ten-

sile stress of ~70 MPa, occurred in the alumina region

in front of the crack-tips, region marked ‘‘I’’ in Fig. 7.

Upon further crack extension the crack circumvented a

ductile metal ligament and extended through the high

tensile stress region, indicating that this local stress

concentration influenced the crack extension direction.

The application of the 33 N external load for the

second crack length resulted in a crack-tip stress

intensity factor of ~3.4 Mpa.m½. With the crack-tip

terminating within the alumina region (Fig. 2b), the

near crack-tip stress fields could be measured, how-

ever, as shown in Fig. 6 the crack-tip stress fields are

not apparent. One likely cause for this reduction of

crack-tip stresses is the influence of crack bridging. The

composite material tested in this study has a strong

crack growth resistance behavior and it is likely, for the

crack configuration shown in Fig. 2b, that the crack

bridging by a large ductile metal ligament, ~50 lm

behind the crack-tip, can partially shield the crack-tip

from the applied stress and cause a reduction in the

crack-tip stresses.

The results of the current study demonstrate that the

stress distribution about the crack-tip within the brittle

phase is influenced by the presence of the interpene-

trating phase structure, and suggests fluorescence

spectroscopy may be a viable technique to evaluate

such stress distributions. The development of the

asymmetrical stress profile within the brittle phase

about the crack-tip region and the ability to be able to

measures these stress distributions may provide insight

as to the mechanisms, which dictate the resulting

fracture behavior and fracture strength characteristics.

The crack arresting and crack bridging capabilities of

the more compliant phase has been considered domi-

nant factors in controlling the fracture behavior of such

composites. However, the development of the stress

distribution within the less compliant brittle phase will

also affect the crack initiation within that phase and the

resulting crack propagation path, both of which are

important factors in the composite fracture behavior.

Conclusions

Fluorescence microprobe spectroscopy was used to

directly measure the stress distributions that develop

within an interpenetrating 30 vol% Al–70 vol% Al2O3

composite resulting from the thermal expansion mis-

match during sample processing, and those that de-

velop near the crack-tip when the sample was

subjected to an external load. The following conclu-

sions can be drawn from this work.

(1) Fluorescence microprobe spectroscopy can be

used to estimate the thermal stress and crack-tip

stress distributions that develop within complex

composite structures having feature size of 50–

100 lm. The influence of the probe volume size

and surface relaxation effects must be considered

when quantitatively interpreting the results. This

technique provides a method for visualizing the

Fig. 7 The resulting change in the stress distribution, for the
initial crack configuration, caused by increasing the applied load
from 33 N to 50 N, calculated by subtracting Fig. 5a from
Fig. 5b. The outline of the microstructure and crack (thick black
line) are overlaid as a relative reference. The areas that had
measured intensities of less then 150 counts (Fig. 3b) were
highlighted in white by artificially setting these regions to
200 MPa. The contours are in 25 MPa increments
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resulting stress distribution and may assist in

estimating the local crack extension paths.

(2) A distribution of residual thermal compressive

stress developed within the alumina regions

(~40–340 MPa), which was consistent with previ-

ous studies, but slightly lower in magnitude. It is

suggested that the coarser metal ligament size in

the current study decreased the confinement of

the metal ligament, allowing for increased plastic

flow and thus reducing the amount of residual

stress within the alumina phase.

(3) The tensile stress distribution within the alumina

regions surrounding the crack-tip were shown to

increase (non-symmetrically) around the crack-

tip by increasing the external load.

(4) Crack extension direction is influenced by the

local crack-tip stress distributions and may be

used to partially explain the tortuous crack path

observed in this type of composites.
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