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Application of Mechanoluminescence for the Dynamic Visualization

of an Alumina Fracture

Ji Sik Kim*

Abstract

The propagation of cracks was quantitatively analyzed in AlL,O; ceramic using the mechanoluminescence (ML) of

SrAl,04:Eu,Dy. The bridging zones behind the crack tip were clearly detected in the crack path of Al,O; within a realistic time

frame. The magnitudes and shapes of the bridging stress distributions changed with the advancing cracks. They continued to

change with the change in the applied load even after the cessation of crack propagation. Effective toughening then commenced,

and the applied stress intensity factors dramatically increased up to ~50 MPa ./, . The expected Kr;, values based on the instan-

taneous bridging stress distributions obtained from the ML observations deviated greatly from those obtained from the measure-

ment using the conventional crack tip lengths; rather, they support the results obtained when bridging tips were used in the qua-

sidynamic crack propagations.
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1. Introduction

It is generally known that non-transforming monolithic
polycrystalline ceramic materials exhibit R-curve behavior
due to the grain bridging in the crack wake region, which
has been extensively investigated for several structural ce-
ramics, such as Si;Ny, SiC, and Al,O; [1-3]. Using various
specimens, such as a double cantilever beam (DCB), double
torsion (DT), compact tension (CT), and a single-edge
notched bar (SENB), the so-called long-crack R-curve be-
haviors were measured under subcritical conditions [4-7].
In all these specimens, the precise tracking of a propagating
crack tip was the most significant experimental concern. As
only the traveling-optical-microscope and loading-unloading
techniques have been widely utilized to detect stationary
cracks under quasistatic conditions, however, the crack
length value is obtained through the conventional R-curve
measurements in various specimen systems for structural
ceramic materials. Therefore, a crack in the conventional
test specimens has a duality in its dimensional scale. The
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length spans over 10 m, but the crack tip opening the dis-
placement around the tip will be in the order of 10° m, or
even less. This will hamper the instantaneous determination
of the correct length of a crack because it is advancing at a
high rate. Most experimental fracture analyses of structural
ceramics have been implemented under conditions of qua-
sistatic crack propagation manipulated artificially.

Even though several high-cost, cumbersome method-
ologies, such as laser photoelasticity, laser ultrasound, Ra-
man spectroscopy, X-ray analysis, electrical-resistance
measurement, and a strain gauge (or wire) attachment tech-
nique [8-12], have been utilized for the effective detection
of cracks accompanying a stress field, it should be noted
that they are all indirect methods. All these attempts are
different from direct visualization and also require compli-
cated experiment procedures even for the purpose of obtain-
ing simple results. Therefore, no attempts have been made
to visualize in-situ crack propagation under quasidynamic
conditions, or to obtain quasidynamic R-curves, until the
mechanoluminescence (ML) technique was employed [13-
17]. In the previous research, crack propagation was suc-
cessfully analyzed in association with the bridging behavior
around the crack wake for monolithic, polycrystalline ce-
ramics under quasidynamic conditions [13-17]. The stress
intensity factors, however, increased dramatically up to
several hundreds MPa./;; in all the ceramics, which is
unrealistically high compared to the conventional qua-
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sistatic R-curves.

In this research, so that the problem could be analyzed
systematically, the focus was placed on visualizing the evo-
lution of the crack accompanying the wake region under a
relatively slower loading condition compared to those in the
previous experiments, in a compact-tension-(CT)-type
specimen made of Al,O; ceramic, using the ML technique,
which made it possible to determine the bridging evolution
more quantitatively due to the slow crack propagation. The
systematic application of the ML technique to ceramics
exhibiting R-curve behavior due to grain bridging, such as
AlL)O; in addition to the previous SizN, and SiC ceramics
[18], would also pave the way for a more quantitative un-
derstanding of the toughening mechanism and stress inten-
sity factor by comparing the instantaneous macroscale ob-
servations of SizsNy, SiC, and A1203 ceramics.

ML is a photoemission from some special materials,
such as SrAl,O4:Eu,Dy phosphors, due to applied mechani-
cal stimulation. These mechanical actions can include fric-
tion, pressure, bending, erasing or rubbing, and shocking
and fracture. The mechanism of ML can be accounted for
parallel to long phosphorescence, thermally stimulated lu-
minescence, and photostimulated luminescence, all of
which are associated with a trap-involved process [16]. The
ML phenomenon arising in SrAl,O4:Eu,Dy phosphors was
utilized as a stress indicator because the phosphors were
prepared in bulky epoxy mixture forms [14 ]. More recently,
some additional pragmatic usages of SrAl,O4:Eu,Dy phos-
phors (e.g., as sintered ceramics [15], paints [13], and thin
films [16]) were introduced in an attempt to achieve an effi-
cient stress indicator. These new developments can be very
powerful from a practical point of view when used for con-
ventional mechanical testing as a stress or crack indicator.
As a testing means, CT-type specimen systems were em-
ployed in association with the above-described ML tech-
niques so that relatively fast crack propagation and its cor-
responding wake development around the crack surface
could be visualized in terms of ML [13]. Therefore, the ML
technology is not only a versatile tool for the study of frac-
ture mechanism but also has a potential for use in the low-
cost safety diagnosis of structural components or in the
visualization of microelectromechanical system operations.

2. Experiment Procedure

ML paint was prepared by mixing epoxy resin with 15
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vol% SrAl,04:Eu,Dy powder, which was then either evenly
plastered or sprayed on the specimen surface. Hard epoxy
resins with a Young’s modulus of 2.6 were prepared. The
Al,O3 samples purchased from Cerakor Co., Ltd. were sin-
tered in a disc shape, close to the final dimension of a disc-
type CT specimen (Fig. 1), consistent with the ASTM E399
specifications [18]. An acute notch tip was introduced into
the CT specimen using a very sharp blade with a thickness
of 35 pum, to produce a crack initiation point. The resulting
notch tip radius was about 50 um. The CT specimen was
then coated with ML paint. The thickness of the paint layer
was about 100 um. The painted CT specimen was placed on
an Instron machine equipped with a specially designed CT-
type loading stage. The specimen was exposed to a high-
intensity 365-nm UV light for 5 min and was then aged in
the dark for 1 min to allow the long phosphorescence to
relax to a reasonable level before loading. The crosshead
speed was 0.5 mm/min, equivalent to several MPa./;; /sec,
which is much faster than the conventional values (the most
frequently used values are several pm/min or, at best, 100
pm/min) in R-curve measurements with a long-crack sys-
tem, such as compact tension (CT), double torsion, double
cantilever beam, and single-edge notched bar. The entire
crack path, covering the crack tip process zone and wake
area, was then photographed on a macro scale at a frame
speed of 8,000 frame/sec, using a high-speed imaging sys-
tem. The use of a multichannel datalink (MCDL) made it
possible to record the load data from a piezoelectric load
cell for each image frame, thus assuring perfect coincidence
between the recorded images and the load data, with no
time delay, allowing the calculation of the instantaneous
value of the stress intensity factor. Scanning electron mi-
croscopy (SEM) was also used to investigate the facture
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Fig. 1. Schematic drawing of a disc-type compact tension speci-
men showing the dimension and shape.
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surfaces of the alumina samples after the compact tension
tests.

3. Results

Fig. 2 shows the typical series of real-time ML images
representing crack propagation for about 1 msec in the
ALO; CT specimen loaded at a crosshead speed of 0.5
mm/min. The quasidynamic fracture process in alumina
arises via two distinct steps, as can be seen in Fig. 2. The
first step represents the typical crack propagation process.
About-2.4-mm-long cracks were initiated abruptly from the
machined notch tip in alumina, indicating that a crack wake
was created behind the crack tip. As the frame speed was
8,000 frame/sec, each frame was photographed for about
125 psec. It appeared that the initial crack propagation
arose within a period considerably shorter than 125 psec.
This first crack speed was quite high (approximately 0.3
m/sec) compared to quasistatic crack propagation (typically
10°~10 m/sec). As this speed level did not reach the dy-
namic fracture regime, however, a dynamic effect can be
ruled out. This observation was consistently confirmed in
all the ML experiments where loading rates that give rise to
realistic, catastrophic crack speeds (quasidynamic condi-
tion) were adopted. After the crack initiation, the crack fur-
ther propagated for 8.7 mm in the next four frames, ap-
proaching the edge of the specimen, indicating that the
specimen was divided by the crack but was not separated by

it. This is a well-known R-curve characteristic, as shown in
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Fig. 2. (a) Sequence of high-speed ML images at a frame speed of
8,000 frame/sec for 125 psec in Al,O;, along with the (b) bridging
stress rate and (c) cumulative-stress distribution converted from
ML. The instantaneous locations of the crack and bridging tips are
also marked.

renotching [19] and post-fracture tensile tests [20].

The major interest in the present research, however,
lay in the subsequent events. These authors focused their
attention on the brighter ML behind the crack tip, which
moved towards the crack front, eventually reaching it. A
similar type of fracture has already been reported by these
authors in alumina as well as in SiC and Si3;N,, under simi-
lar quasidynamic conditions [13]. This phenomenon is de-
fined by the second step of the quasidynamic fracture proc-
ess in the previous results. To investigate the second step in
a more systematic manner, the ML in Fig. 2(a) was con-
verted to the relative stress in Fig. 2(b) by reading the RGB
value of the bitmap file of each image in Fig. 2(a). The line
integration of the RGB (red, green, blue) value along the
vertical direction at a certain location on the horizontal axis
yielded a relative value for the closure (bridging) stress
acting on the crack surface at that location. As it is well
known that the extent of ML increases with the stress rate,
and that the relationship between the two is almost linear,
such simple integration of ML is reasonable in the calcula-
tion of the relative stress field [21]. The result from the first
frame, where no crack was used as a background, should be
subtracted from all the other frames. Fig. 2(b) shows that
the shape of the bridging stress rate distribution gradually
changed in the crack wake region, thereby allowing the
accumulative bridging stress distribution values in alumina
to be obtained, as shown in Fig. 2(c). The SEM micrograph
also shows the trace of the grain interface bridging in all the
areas of the specimens. As can be seen in Fig. 3, the sizes of
the grains are within the range of several tens of microme-

Fig. 3. SEM micrograph showing the intergranular fractures in
AlLOs.
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ters, which is slightly small for conventional bridging in
alumina. All the fractures, however, took place in an inter-
granular way. The population of the grains cleaved in a
transgranular way was very small compared with the popu-
lation of the grains cleaved in an intergranular way. There is
no doubt that grain interface bridging took place in all the
regions of the specimens. Therefore, based on the results of
the M-L visualizations and the SEM micrographs, it can be
concluded that the conventional ceramic fracture related
with grain bridging shows the separated two-step fractures,
including crack propagation and bridging breakage.

4. Discussion

To these authors’ knowledge, no reports dealing with
the direct estimation of bridging stress distribution as a
function of the distance behind the crack tip for a propagat-
ing crack have yet been made, even though bridging stress
distribution has been directly measured with respect to
COD using the well-known renotching and post-fracture
tensile tests [19,20]. As far as bridging stress distribution as
a function of COD is concerned, a strain-softening behavior
expressed by a simple power law function has been verified.
On the other hand, several indirect methods for obtaining
bridging stress distribution as a function of the distance
behind the crack tip have been developed, based on regres-
sion fitting, using an R-curve [21], compliance [22], and
COD data.23 These indirect methods obliged these authors
to incorporate the following two unrealistic assumptions:
that the bridging stress distribution should be expressed by
the power law function with respect to the distance behind
the crack tip, and that it is assumed to have a constant pro-
file irrespective of the crack propagation. These assump-
tions have also been made in almost all the theoretical mod-
elings of bridging stress [24]. The real features of bridging
stress distribution observed in Al,O3, as shown in Fig. 2(b),
and in the previous results in Si;Ny and SiC are in sharp
contrast to the aforementioned assumptions [13]. The actual
bridging stress distribution is of a nonpower law form, and
both its magnitude and shape vary as the crack propagates.
This implies crack resistance. As such, the stress intensity
factor and the existing R-curve concept are strongly af-
fected by the bridging breakage process and not by crack
propagation.

Now that the two-step process for the dynamic fracture
of Al,0O; has been considered, the quasidynamic R-curves
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should be estimated. Taking the instantaneous crack length
as crack tip and load values, as shown in Fig. 2(b), the in-
stantaneous stress intensity factors can be depicted as func-
tions of the ratio of crack length to specimen width, as can
be seen in Fig. 4. The quasidynamic R-curves were found to
be within the range of 5-50 MPa /5, . They had a downward
convex shape, which is quite common in the case of CT-
type R-curve measurements [25]. It should be noted that the
stress intensity factors increased dramatically up to 50
MPa./;; , which is extraordinarily high compared to those
of the conventional quasistatic R-curves. It has been argued
that the unrealistic value of the stress intensity factor is as-
sociated with the relative size of the specimen compared to
the bridging zone size [25]. Even if such a specimen dimen-
sion effect were considered, however, 50 MPa./;;, would
still be too high for the conventional Al,O;. It appears that
the increase not only in the specimen dimension effect but
also in the crack length through the more accurate detection
of the crack tip owing to the ML technique is responsible
for the unrealistic value of the stress intensity factor. It is
clearly noted, in contrast, that taking the bridging tip as an
instantaneous crack length in Fig. 2(b) will yield the rea-
sonable increase of the Ky, value and of the R-curve behav-
ior, as can be seen in Fig. 4. These results also suggest the
decisive role of the bridging breakage process during frac-
ture in considering the Ky, value in the mechanical aspects
with non-transforming monolithic polycrystalline ceramics.
To prove the aforementioned hypothesis, the R-curve
was computed based on Green’s function [25], as follows. It
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Fig. 4. Experimental quasidynamic R-curves obtained from the
crack and bridging tip, and the values obtained from the calcula-
tion based on Green’s function in Al,Os.
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is generally known that the crack tip shielding effect can be
written in terms of stress intensity balance, such that

K

= K, - AK (1

Tip

where Kr;, is the stress intensity factor at the crack tip,
which acts as the major driving force for crack growth, K,
the applied stress intensity factor, and AK the contribution
from wake shielding. Provided that the crack is in the criti-
cal (equilibrium) state, an alternative expression is also
available, such that
K,=K,+ AK @)
where KR is the crack resistance (R-curve), KO the in-
trinsic toughness of the material without any wake effect,
and AK the contribution from wake shielding. The directly

measured relative bridging stress distributions were incor-
porated as P(x)s in Green’s function.

AK(AC) = 2,/(C, +AC)/ =
J‘AC P(x)
° J(Cy+AC) —(C,+AC —x)?

(€))

dx

where Cy is the initial notch length and AC the crack
extension, x the distance behind the crack tip, and P(x) the
bridging stress distribution. In most cases, this calculation
has been implemented under the assumption that the P(x)
function is independent of the specimen and the crack ge-
ometry, as well as of the loading conditions. Otherwise, a
correction factor (= weight factor), which is a function of x,
AC, and W (specimen width), will be included in the inte-
grand term of equation (3) [29-31]. In this report, Green’s
function was employed without any correction term, but the
final calculation results of Ky, are in very good agreement
with the measurement values obtained from the bridging
breakage process, as can be seen in Fig. 4. The calculated
R-curves, designated by the solid box symbols, also exhibit
the downward convex shape, and the value of the stress
intensity factor approached 15, which is quite reasonable in
alumina. Therefore, the prominent mismatch between the
measurement value obtained based on the crack tip and the
calculated R-curves in alumina mainly seems to be the re-
sult of the overestimated crack length through the more
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accurate detection of the crack tip owing to the ML tech-
nique.

5. Summary

The ML technique enabled the macroscale visualiza-
tion of crack propagations together with the bridging zones
(crack wakes) behind the crack tip in Al,O; in a more realis-
tic time frame by simulating an actual catastrophic fracture,
escaping from quasistatic conditions. Mechanolumines-
cence made it possible to detect relatively fast (0.3 m/sec)
crack propagation, thereby realizing the so-called “quasidy-
namic R-curves” in ALOs.

Systematic observations of crack propagation and of
the bridging breakage process as well as of quasidynamic
R-curves were successfully done during catastrophic frac-
ture. Effective toughening then commenced, and the applied
stress intensity factors increased dramatically to 50
MPa [ , which was too high for the conventional Al,O;.
The R-curve behavior obtained from the ML observation
based on the bridging breakage process, however, was in
very good agreement with those predicted by Green’s func-
tion.
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