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ABSTRACT

To test the fracture toughness of alumina; a Surface-Crack-in-Flexure (SCF) method, a Single-Edge-Precracked-Beam (SEPB)
method and a Single-Edge-V-Notched-Beam (SEVNB) method were used at crosshead rates ranging from 0.005 mm/min to 2 mm/
min and relative humidity ranging from 15% to 80%. The results show that the fracture toughness tested by the SCF method
increases with either an increasing loading rate or decreasing relative humidity; in contrast, the toughness by the SEPB method
and the SEVNB method does not depend on the loading rate or the relative humidity. Theoretical analysis of the way slow crack
growth affects the apparent fracture toughness indicates that the three testing methods have different effects with respect to the
loading rate and the relative humidity; moreover, these differences are attributable to differences in the size of the cracks or

notches.
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1. Introduction

he strength of some oxide ceramics or oxide-containing

ceramics is known to decrease as the loading rate
decreases.”™ Some authors have reported that the strength
also decreases as the relative humidity increases.*® The
effects of the loading rate and humidity on strength are
associated with Slow Crack Growth (SCG) during testing.
As the loading rate decreases, the period of SCG increases,
leading to a decrease in strength. As the relative humidity
increases, the rate of SCG increases; and these increases
also lead to a decrease in strength.

Many methods are used to test the fracture toughness of
ceramics. Most methods, however, commonly involve a pro-
cedure of testing the fracture stress of previously cracked o'xi
notched specimens. Because cracks or notches are expected
to grow slowly during fracture stress testing, the loading
rate and relative humidity may affect the values measured
in fracture toughness testing, as they do in strength testing.
However, few investigations have explored this topic.”'® As
a result, the effects of the loading rate and humidity in frac-
ture toughness testing are not clearly understood yet.

Our purpose therefore is to investigate the effects of the
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loading rate and relative humidity in the following three
methods of fracture toughness testing: the Surface-Crack-
in-Flexure (SCF) method,'” the Single-Edge-Precracked-
Beam (SEPB) method,'® and the Single-Edge-V-Notched-
Beam (SEVNB) method.”? Alumina, which is prone to SCG,
was chosen as a model material for our experiments. The
experimental results show that the loading rate and rela-
tive humidity significantly influence the measured data in
the SCF method but not the data in the SEPB method and
the SEVNB method. To provide a theoretical basis for these
experimental results, we considered the size of the cracks or
notches when we analyzed how the loading rate and humid-
ity affected the fracture toughness.

2. Experimental Procedure

Alumina of 99.5% purity (AD995, Coors Tek, South Korea)
was received in plate form, 10 x 10 x 1 cm. Fig. 1 shows the
microstructure of the material. Some pores were present,
and the grain size ranged from 2 pm to 5 um. We cut and
ground the material plates into bar specimens of 3 x 4 x 40
mm, and then chamfered about 0.12 mm of the specimen
edges. Machined from several plates, the specimens were
randomized to avoid plate-to-plate variation.

After introducing cracks or notches on the 3 x 40 mm sur-
faces of specimens, we used Knoop indentation at 49 N to
introduce surface cracks for the SCF method. During the
indentation, we tilted the specimens 0.5° from the loading



January 2006

Fig. 1. Microstructure of the alumina used in the experiments.

axis to facilitate the later detection of the cracks on the frac-
tured surfaces.'” Some of the surface material was polished
away to remove the residual stress that had been produced
by the indentation. The half-widths of the cracks ranged
from 70 pm to 150 pm.

Using a V-shaped thin diamond wheel, we machined the
notches for the SEVNB method to a depth of about 1.2 mm.
We then sharpened the notch tips further by polishing away
0.2 mm to 0.4 mm with a razor blade sprinkled with 1 pm
diamond particles. The radii of the notch roots were less
than 10 um. The cracks for the SEPB method were intro-
duced by bridge-loading specimens that had already been
Vickers-indented at 98 N. To help us determine the size of
the cracks on the fractured surfaces, we used a dye that
penetrated into the cracks. The depth of the cracks was
1.6 mm to 2.1 mm.

To measure the fracture stress of the specimens, we used
a four-point flexure method in a humidity/temperature
chamber. The fixture had an outer span of 30 mm and an
inner span of 10 mm. In addition, to investigate the effect of
the loading rate, we used fracture stress testing at cross-
head rates that varied from 0.005 mm/min to 2 mm/min at a
constant relative humidity of 60%. We also investigated the
effect of humidity by varying the relative humidity from
15% to 80% at a crosshead rate of 0.5 mm/min. Fracture
stress testing was also conducted under an inert condition.
For this purpose, the specimens were coated with liquid
paraffin and then tested in a nitrogen gas atmosphere at a
crosshead rate of 0.5 mm/min."” We conducted the entire
fracture stress testing at 22°C.

When examining the fractured surfaces, we used an opti-
cal microscope to assess the validity and determine the size
of the cracks or notches, especially for the SEPB specimens.
The validity of the cracks for the SEPB specimens was
assessed in accordance with a relevant standard.'¥ We then
calculated the fracture toughness from the fracture stress
and from the size of the cracks or notches. A minimum of
five valid items of data was used to average the fracture
toughness under each condition.
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Fig. 2. Change of flexural strength and fracture toughness as
a function of the crosshead rate. The bars for the data
points represent standard deviations.

3. Results

Fig. 2 presents the change of fracture toughness as a func-
tion of the crosshead rate. We also tested the flexural
strength, the results of which are presented in Fig. 2 for
comparison. The strength and toughness values that were
tested under an inert condition are presented as blocks in
the vertical axes. The flexural strength clearly increased as
the crosshead rate increased. In addition, the fracture
toughness as determined by the SCF method also increased
as the crosshead rate increased. The toughness eventually
neared an inert value at a crosshead rate of 2 mm/min. In
contrast, the fracture toughness values that were deter-
mined by the SEPB method and the SEVNB method were
close to corresponding inert values and did not change with
the crosshead rate.

Fig. 3 presents the change of fracture toughness and flex-
ural strength as a function of relative humidity. Until the
relative humidity increased to 40%, the fracture toughness
by SCF method did not change with the relative humidity
and was close to an inert value. However, as the humidity
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Fig. 3. Change of flexural strength and fracture toughness as
a function of the relative humidity. The crosshead rate
was 0.5 mm/min for all tests.
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increased further, the toughness decreased. In contrast, the
fracture toughness values that were determined by the
SEPB method and the SEVNB method were close to corre-
sponding inert values and did not change with the humid-
ity. As previously reported, the flexural strength decreased
as the relative humidity increased.®>'®

Figs. 2 and 3 show that the values of the inert fracture
toughness depend on the testing method. The inert tough-
ness increases in the order of the testing methods: namely,
the SCF method, the SEVNB method and the SEPB
method. The R-curve behavior of the alumina may explain
why the level of toughness is higher in the SEPB method
than in the SCF method. Ceramics that exhibit R-curve
behavior manifest the following principle: the larger the
crack size, the larger the fracture toughness. Note also that
the crack size in the SEPB specimens is significantly larger
than the crack size in the SCF specimens. Moreover, the
level of toughness is lower in the SEVNB method than in
the SEPB method, most likely because the wake of the
crack lacks a toughening mechanism, such as grain bridg-
ing.

4. Theoretical Analysis

The experimental results show that the effect of the load-
ing rate and relative humidity is significant in the SCF
method of testing fracture toughness, whereas the effect is
negligible in the SEPB and SEVNB methods of testing frac-
ture toughness. The effect of the loading rate and relative
humidity may depend on the size of the crack or notch (for
convenience, we refer to both the crack and the notch simply
as ‘crack’).

When cracks are relatively short, even a small amount of
SCG crack extension can significantly reduce the fracture
stress. Thus, the effect of the loading rate and humidity in
fracture toughness testing can be large. When cracks are
relatively long, however, the SCG crack extension, which is
small in comparison to the crack size, may not significantly
affect the fracture stress. As a result, the loading rate and
humidity may have a negligible effect on the toughness test-
ing. We therefore considered crack size in our theoretical
analysis of the way the loading rate and humidity affect
fracture toughness.

We started our analysis with the following fracture
mechanics equation:

Kic=Yoe, = Yo, +he) @)

where K, is the material-inherent, environment-insensi-
tive fracture toughness of the ceramics; Y is crack geometri-
cal factor; o is the fracture stress; ¢, is the crack size at the
fracture; ¢, is the initial crack size; and 4c is the crack
extension by the SCG method (=¢,-c,). We assumed that
K, does not change with the crack size (that is, no R-curve
behavior). We also assumed that Y does not change with the
crack extension by the SCG method. We can obtain K, by
testing under an inert condition where no SCG occurs
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(4c =0):
K= Yool ©

where o, is the inert fracture stress.

The testing of fracture toughness is usually conducted
under an ordinary laboratory condition of SCG. Yet even
under this condition, if the crack size at the fracture, cp 18
used in the calculation, we can obtain the inherent fracture
toughness (K,) from Eq. (1).'"® However, given the diffi-
culty of determining ¢, on the fractured surface, c, is gener-
ally used in the calculation because it can be easily
determined on fractured surfaces. Thus, the toughness
value we obtained is not an inherent value but an apparent
value that can be expressed by
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Kapp = O'/'}IC;/2 = KIC (3)
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Note that the fracture toughness depends on the ratio of
crack extension to crack size.

The crack extension, Ac, depends on the SCG rate and the
duration of the test. Meanwhile, the SCG rate depends on
the environment (relative humidity), and the duration of
the test time depends on the loading rate and the crack size.
Thus, we may replace A /c, in Eq. (3) by the function of ¢, &
(loading rate), and an appropriate parameter that reflects
the effect of the environment. The function can be derived
from the kinetics of SCG, which is frequently expressed by

an empirical equation as follows:'*

v=- or} @)

where « is a parameter that reflects the environment (rel-
ative humidity) and »n is the SCG exponent. Following a pro-
cedure described in textbooks,'” we obtained the following
equation:

2n 2on
O'f"”:ké(coz —cp? ) (5)

where

b= 2ntl) 1
n—-2 oy"

When c, is appreciably larger than c,, we can neglect the
second term in the bracket of Eq. (5) to give

2-n
n+1

o =k oc,2 (5)

The combination of Eq. (1) and Eq. (8’) yields

A 2 =2 -3

C +1-n+1 n+l

?-:k'a" o e, -1 (6)
Lo

where
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Fig. 4. Prediction of the change in the fracture toughness as
a function of the loading rate for three different crack
sizes in a logarithmic scale.

By inserting Eq. (6) into Eq. (3), we obtained the following
equation:
1 3

n+l-n+1 2(n+1
Kapp=k"("“r“rlo'wlca(n+ ) @)

where

1
B = (21 n+l !)myﬁi—l
n—2

If ¢, is not appreciably larger than c,, the second term in
the bracket of Eq. (5) cannot be neglected. In this case, no
explicit function of K, can be obtained. However, if ¢, is
close to ¢, (that is, Ac~0), K, is also close to K. At the
extreme of ¢, = c,, K, is equal to its corresponding inherent
value, K.

5. Discussion

Fig. 4 shows how the fracture toughness changes as a
function of the loading rate at a given relative humidity in a
logarithmic scale for three different crack sizes, which can
be constructed from our theoretical analysis. If the crack
size is relatively small, the fracture toughness increases as
the loading rate increases, with a slope (in Fig. 4) given by 1/
(n + 1) (Eq. (7). However, if the crack size is large, Ac/c, in
Eq. (6) can become close to zero (that is, ¢, » c,) even at a low
loading rate. Thus, K, is close to its inherent value (K,,)
even at the low loading rate and does not change with a fur-
ther increase of the loading rate. When the crack size has an
intermediate value, the fracture toughness increases until
the loading rate increases to a certain value beyond which
the toughness is close to K, and fails to change with the
loading rate.

Relative humidity affects @ in Egs. (6) and (7) (« increases
as the relative humidity increases). Thus, the relative
humidity can also affect the fracture toughness. Because we
had no expression of the relation between « and the relative
humidity, we could not directly correlate the fracture tough-
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ness with the relative humidity. However, for a large crack
size, we expect the toughness to have a value close to inher-
ent value at a given loading rate, even at high humidity.
Thus, the toughness does not change with humidity. In con-
trast, if the crack size is relatively small, the toughness
increases as the relative humidity decreases. When a crack
has an intermediate size, fracture toughness increases as
the relative humidity decreases, until the toughness
decreases to a certain value below which the toughness fails
to change any more as the relative humidity decreases.

The above illustrations are consistent with the experimen-
tal results. The results show that fracture toughness by the
SCF method increases as the crosshead rate increases,
though the toughness eventually comes close to an inert
value at the fastest crosshead rate in our experiments, that
is, 2 mm/min. The toughness also increases as the relative
humidity decreases until around 40%; below this level, the
toughness values become close to the value of the inert
toughness. With the SCF method, the way the fracture
toughness changes in relation to the crosshead rate or the
relative humidity might be attributable to the intermediate
size of the cracks. In contrast, the toughness values
obtained by the SEPB method and the SEVNB method,
which are close to their corresponding inert values, do not
change in relation to the crosshead rate or the relative
humidity. These results can be attributed to the relatively
long cracks in the specimens of the SEPB method or the
SEVNB method.

Our results have an implication for dynamic fatigue test-
ing. In dynamic fatigue testing, the strength of ceramics is
measured at various loading rates, and the SCG exponent,
n, is obtained by the slope of a log (strength) to log (loading
rate) curve. An assumption that underlies this phenomenon
is that ¢, is appreciably larger than c, To reduce the
strength variability, which originates from a distribution of
the strength-determining critical flaws in the specimens, we
may use cracked or notched specimens. However, our
results imply that cracks or notches should be small enough
to ensure that the assumption is valid at any loading rates.
If cracks or notches are not sufficiently small, ¢, can become
close to ¢,, especially at high loading rates, and the obtained
SCG exponent may be erroneous.

We can highlight this phenomenon by comparing the SCG
exponents obtained from the flexural strength data and the
toughness data obtained by the SCF method. Because
strength is linearly proportional to toughness (Eq. (1)), it
does not make any difference whether SCG exponent is
obtained from a log (strength) to log (loading rate) curve or a
log (toughness) to log (loading rate) curve. Although the
exponent obtained from the flexural strength data was 29.7,
the exponent obtained by the SCF method from the tough-
ness data was 36.1. That is, the exponent obtained by the
SCF method from the toughness data was significantly
larger than that obtained from the strength data. However,
when we excluded the toughness at the loading rate of
2 mm/min, which is close to the value of its inert toughness
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Fig. 5. Change in fracture toughness as a function of crack
size at a given loading rate and humidity, which is
predicted by Eq. (8). The toughness was normalized

by a reference value, K, which represents the tough-

ness at a crack size of 10 um.

(Fig. 2), the exponent was 29.9, a value that agrees well
with the exponent obtained from the flexural strength data.
This result implies that we should take precautions obtain-
ing the SCG exponent while testing cracked or notched
specimens.

Finally, it is interesting to illustrate how the fracture
toughness changes as a function of the crack size at a given
loading rate and relative humidity. For the sake of our dis-
cussion, we can normalize Eq. (7) by using a value of the ref-
erence toughness for a specific crack size (say, 1 um, 10 um
or whatever). This normalization gives

3

Ka _( c, )2(n+1)
C,

Kref - (8)

o,ref

We selected, for example, c,,,= 10 um, and, in Fig. 5, we
plotted Eq. (10) for n = 10, 20, and 30. We also assumed that
the range of crack sizes given in the horizontal axis was suf-
ficiently small to ensure that K, is always smaller than the
inherent toughness (K,,) at a given loading rate and humid-
ity.

Interestingly, our curves are similar to the well-known
microstructure-induced increasing R-curves.®™ In our
analysis, we assumed no microstructure-induced R-curve
behavior. Thus, the fact that the fracture toughness
increases as the crack size increases is due solely to the SCG
effect. This phenomenon, in turn, implies that if the testing
is not conducted under an inert condition the fracture
toughness appears to increase as the crack size increases,
even in materials that exhibit no microstructure-induced R-
curve behavior. Indeed, Swab and Quinn observed that the
toughness of fine-grained alumina, which exhibits no R-
curve behavior, increases as the crack size increases.'®
Moreover, Fig. 5 shows that fracture toughness increases
significantly in relation to the increasing crack size when-
ever n is small. Eq. (10), for example, predicts that a tenfold
increase in the crack size (say, from 10 um to 100 um or
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from 100 pm to 1 mm) increases the toughness by as much
as 40% for n = 10, 18% for n = 20, and 12% for n = 30.

5. Conclusion

When we used the SCF method, we experimentally
showed that fracture toughness increases whenever the
loading rate increases and whenever the relative humidity
decreases. In contrast, when we used the SEPB method and
the SEVNB method, we showed that fracture toughness
shows no change with either the loading rate or the relative
humidity. By considering crack size in our theoretical analy-
sis of the way the loading rate and relative humidity affect
fracture toughness, we attribute the different effects of the
testing methods to the size of the cracks.
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