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Abstract

When measuring the fracture toughness of ceramics, for instance with the Single Edge V-Notched Beam (SEVNB) method, a known problem is
given by the finite notch root radius. If this radius is larger than a certain small value of a few micrometers, the measured stress intensity factor is
higher than the true intrinsic value. Another problem is that due to technical and physical reasons the optically measured crack length at stable crack
growth is smaller than the true crack length, which might lead to an underestimation of the fracture toughness. In the given paper an experimental
approach is presented to register these effects quantitatively with stable crack advance and to finally obtain the correct fracture toughness. This is
achieved by applying a new computer aided automatic control system for stable crack advance and by analyzing the results in force—displacement
and crack length—force diagrams. The used material is zirconia-toughened alumina.
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1. Introduction

Ceramic materials fail in a brittle manner due to stress con-
centration at crack tips. Therefore, the resistance against crack
propagation, which is described by the fracture toughness (Kj.),
is an essential parameter for the characterization of advanced
ceramics. There are different experimental methods for the mea-
surement of Kj.. One of the preferred methods is the Single
Edge V-Notched Beam (SEVNB) method due to its reliability
and easy application. For unstable fracture the major limiting
feature of the method is the presence of a finite notch (root)
radius which can lead to an overestimation of the fracture tough-
ness. Above a critical notch radius the effect is proportional
to the square root of the radius. Damani et al. measured the
fracture toughness of several ceramic materials with different
notch radii and concluded that the appearance of the notch
effect is unavoidable and in order to obtain consistent results
the notch radius should be below a critical value.!? Moreover,
the results of Damani et al. for a given material with a con-
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stant prescribed notch radius showed a scattering of fracture
toughness values. There are several other published works on
this topic.>~’ For unstable fracture several measurements have
to be performed in order to estimate the influence of the notch
radius on fracture toughness. In this paper a special method is
used, which enables stable crack growth. By measuring a single
specimen it is possible to separate the effect of the finite notch
radius and, thus, calculate the true fracture toughness. The per-
formed tests have also shown that the optical determination of
the crack tip via light microscope can be an additional error
source. Using zirconia-toughened alumina (ZTA) a tiny region
of the crack just at the tip cannot be seen with the microscope,
because the crack opening is below the optical resolution. It
means that the observed crack length is too small by a con-
stant value, more or less independently from the crack length.
This has to be taken into account when calculating the fracture
toughness.

First of all, the used equations for calculating the fracture
toughness during stable crack growth and the effect of the
finite notch root radius on the fracture toughness will be given
briefly. Next, the experimental procedure including preparation
of specimens and the experimental setup will be introduced and
afterwards two measurements with ZTA will be presented and
discussed.
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Fig. 1. Schematic 4-point-bending setup: (a) without and (b) with external
mechanical load.

2. Theoretical background
2.1. SEVNB

One of the commonly used experimental methods for the
measurement of Kj. is the 4-point-bending test, in particular
the SEVNB method (see Fig. 1). Stable crack propagation can
be achieved through bending of the specimen with a displace-
ment controlled device. In order to avoid unstable failure of the
specimen this mechanical setup has to be very stiff.

Immediately after each crack propagation, the speci-
men is partially unloaded, so that the crack propagation
(Aa), the corresponding applied force (F), and displacement
(Au) can be recorded. Using the measured crack length
a=a;+ Aa=ap+ay+ Aa (see Fig. 1) and the applied force the
fracture toughness was calculated for each crack length by?®:
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where 51 is the inner and s, the outer distance of the support
rollers, b the width and /4 the height of the specimen.

A typical force—displacement curve of a SENVB test with
stable crack propagation is represented in Fig. 2 (solid curve).
A material with constant fracture toughness and no R-curve
is assumed. Here, crack propagation starts at the maximum
attained force Fj,,. Beyond this point, due to crack propaga-
tion, the applied force, required to extend the crack, decreases
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Fig. 2. Schematic load—displacement curve for initial loading and stable crack
growth with and without the influence of a finite notch root radius.

with decreasing sample stiffness. The thinner solid lines (notch
lengths a2, a3) in Fig. 2 indicate the loading of samples with
larger initial notch lengths. It is a; <as <as.

2.2. Notch effect

With the conventional preparation of SEVNB-specimens it is
not possible to obtain atomically sharp notches. Therefore, the
influence of a finite notch radius ry has to be considered. Above
a critical value of ry the measured nominal fracture toughness
is higher than the true value. The amount of the overestimation
depends on ry and the starting defect. If the crack has propa-
gated by more than Aa* = 1.5ry, the notch radius does not have
any more significant influence on the fracture toughness.’

The presence of a finite notch radius changes the shape of the
force—displacement curve as shown by a dashed line in Fig. 2.
In this case the crack initiates at a nominal force Fiqyy, Which
is higher than F,,,. The indicated force F* is the point, where
the crack extension is higher or equal to Aa* and consequently
the influence of the notch effect disappears.

It is very difficult to estimate the exact magnitude of the gap
AF = Fpax N — Finax. First of all it cannot be absolutely ensured
that ry is constant through the thickness of the sample. Moreover
a; may not be the relevant crack length due to the occurrence
of undetectable microcracks, introduced at the crack tip during
sample preparation. This uncertainty, when measuring a; and ry,
is a possible error source for the determination of the fracture
toughness. A measurement with controlled crack growth helps
to determine the influence of the notch radius and thus to get
the true fracture toughness. Especially for materials with very
strong rising R-curves like Si3N4, the notch effect has to be taken
into account in order to determine the correct R-curve.!0-12
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3. Experimental procedure
3.1. Preparation of specimens

One long side of the ZTA bending bars (BIOLOX®delta, Cer-
amTec AG) with dimensions of about 3 mm X 4 mm x 25 mm
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was polished in order to enable microscopic observation of the
growing crack. A notch with length an was introduced with a
diamond saw blade of 120 wm thickness and later on sharpened
with the razor blade method.!3 It is of importance that ag > 1.5rg
to avoid the effect of the finite notch radius rg induced by the
saw blade.

Pilot tests had shown that stable crack growth in the brit-
tle ZTA material was realizable with an initial crack length of at
least 3.2 mm. Two specimens were prepared with a;; =3.217 mm
and aj»=3.305mm and notch tip radii of ry;~3 um and
ry2 =5 pm. These values were determined with an optical
microscope.

3.2. Experimental setup

The tests were performed in a very stiff displacement con-
trolled 4-point bending device,'* where the support rollers have
distances of 10 mm and 20 mm and a diameter of 5 mm. Stable
crack growth is conducted semi-automatically via a step motor
and a computer aided control system. This has the advantage that
all energetic mechanical processes in the sample, like a grow-
ing crack or microcracking, are detected even without visible
crack advance on the sample surface. This technique, based on
a force—displacement evaluation, will be described in detail in a
forthcoming publication.!?

4. Results

Force—displacement curves of two ZTA specimens, measured
with stable crack growth (Fig. 3) exhibit a maximum force Fygy
and thereafter a drop to F*. In both experiments the crack ini-
tiation became optically visible, when the force had decreased
to Fp, which is about 70% of F*. It should be remarked that the
registration of data points without any visible crack advance is
possible only because of the automatic control system.

Constant fracture toughness levels were calculated by using
Eq. (1) and plotted as dashed lines in Fig. 4. The small shift of
the theoretical lines when comparing Fig. 4(a) and (b) are due
to slightly different specimen geometry. The measured crack
length and force values are given in this figure except for the
force interval between F* and F(, because in this interval no
crack propagation could be seen on the sample surface. The
point at Fy indicates the last data point without visible crack
propagation. Hence, in Fig. 4 the forces F,x, F* and F were
plotted with the assumption that these values correspond to the
prepared initial crack length a;.

A closer comparison of the force—displacement curves of the
two specimens is given in Fig. 5. Due to settling effects at small
forces, the force—displacement curves do not behave linearly and
thus the linear part at higher forces has to be extrapolated down
to zero, where we place (arbitrarily) the origin.

The obtained peak in the force—displacement curve is a typ-
ical indicator of a finite notch effect, since this leads to a higher
nominal force required for crack initiation. It follows that crack
propagation starts definitely at the attained maximum force F .
According to the trend of the curve, when the force drops to F*,
it can be concluded that the notch effect is not any more effec-
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Fig. 3. Load—displacement curve for stable crack advance in ZTA for a notch
length of (a) 3.217 mm (sample 1) and (b) 3.305 mm (sample 2).

tive below F*. The effect of the finite notch radius is only valid
for approximately Aa < 1.5ry and the prepared notch radii are
about 3 wm and 5 pm, respectively. Because 1.5ry < a; for the
two samples a; + 1.5ry is approximated by a; at F*.

The fracture toughness using equation 1 with F* and g;
is equal to 4.14 MPa(m)"? (sample 1) and 4.06 MPa (m)'/?
(sample 2). For the data points below Fy, the fracture
toughness is equal to 3.23 + 0.06 MPa (m)!2 (sample 1) and
3.11£0.05 MPa (m)"? (sample 2) obtained with the optically
measured crack lengths. The crack initiation starts at Fy,,, and
so the crack must have been grown between the forces F* and
Fo. As a result, the optically determined crack lengths do not
correspond to the relevant crack tip positions for calculating
the fracture toughness. In fact, the crack length is too small.
Therefore, the optically measured crack lengths have to be cor-
rected by a constant offset in a systematical and reproducible
way.

In Fig. 5 the point, where both force—displacement curves
intersect, is at F=F,. Assuming that the slope of the curve
is changing only due to different crack lengths, it can be con-
cluded that the initial crack in sample 1 propagates until this
intersection point. It is suggested here that the amount of crack
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Fig. 4. Crack length as a function of the mechanical load. The black circles
correspond to the optically determined crack lengths, the open circles to crack
lengths corrected by additional 108 pwm (see text further below). Initial notch
length of (a) 3.217 mm (sample 1) and (b) 3.305 mm (sample 2).

propagation should be roughly equal to the difference between
the initial crack (notch) lengths of the two specimens, which is
Aa,- =dap —daj1 = 88 pm.

Therefore the crack extension of 88 wm should be added to
the initial crack length a;; for this particular force F,. This gives
a fracture toughness of 4.14 MPa (m)!2, as shown in Fig. 4.
The error bar results from an appropriately chosen offset uncer-
tainty of £20 pm. This value matches very well with the fracture
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Fig. 5. Both load—displacement curves of Fig. 3 in one diagram to visualize the
region of the curves, corresponding to the 88 wm difference of the notch lengths
(sample 1: O, sample 2: @).

toughness belonging to F* (for both samples), implying that we
already reached the plateau value. Since Fj, where the crack
becomes visible, is smaller than F., the crack must have been
propagated more than Aa; =88 pm. The actual offset value can
be obtained by shifting the optically determined data points to
the fracture toughness belonging to F',, which is achieved by a
crack extension offset of Aayyr=108 pm. This fits all optically
measured data points to the fracture toughness corresponding
to F* and F, (Fig. 4, symbol Q) for both samples. Thus, the
fracture toughness is 4.14 +0.14 MPa (m)!2 (sample 1) and
4.15 4+ 0.08 MPa (m)'/2 (sample 2), except for the maximum
force (Fyuqy) resulting from the finite notch radius.

5. Discussion

The constant offset of the crack length could have different
technical and physical reasons. (1) Technically, the resolution
limit of the light microscope restricts the optical determination
of the crack tip. (2) After each crack advance the specimen is
partially unloaded to stop the growing crack. This slight unload-
ing might close the crack at the tip, so that it is not possible to
exactly see the crack tip position in this region. (3) A physical
reason for the optically measured decreased crack length can be
a curved crack front inside the specimen so that the actual crack
length inside is longer than on the observed surface. It might
also be that the crack has not the same length on both sides. (4)
In principle the creation of a process zone due to phase tran-
sition or other inelastic processes could lead to an additional
displacement without crack advance but not to a force drop.

For the tested material this leads to a correction of about
1 MPa(m)"2. The amount of more than 30% is quite high.
Although the effect depends on the actual notch length, sam-
ple geometry, and the SEVNB method, the effect in principle
can arise also for other experimental setups and should be con-
sidered.

Apart from that, it should be noted that the performed cal-
culations using Eq. (1) are based on the ideal case of a straight
crack front through the sample. In principle, this is a simplifica-
tion, which is not taken into account here, but probably can be
neglected.

From the load—displacement diagram in Fig. 3 it follows that
above a crack extension of Aa*=1.5ry the fracture toughness
is quite constant and equal to the plateau value of the R-curve.
On the other hand, this does not need to be true below Aa*.
So, in principle a very short increasing R-curve might exist for
the given material at the very first few micrometers. This effect
would be superimposed by the notch effect. In any case, such an
effect would not influence the results of the given paper.

6. Summary

The tested zirconia-toughened alumina has a fracture tough-
ness of 4.1 MPa(m)"2 and after a crack extension of nearly
10 wm the tested ZTA material does not exhibit any increas-
ing R-curve behavior. Because of the finite notch root radius
bending experiments with unstable cracking would lead to an
overestimation of the fracture toughness. Here, this effect could
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be clearly seen and quantified by testing a single specimen due
to automatic crack growth control.

The results also point out that it is difficult to observe the
actual crack tip position correctly. Different effects can cause
that the optical determination of the crack length via light
microscope yields values, which are too short by a constant
offset leading to a continuous underestimation of the fracture
toughness. The reasons could be the limited resolution of the
light microscope, the closing of the crack tip because of partial
unloading and a curved crack front. With the given experimental
setup it is possible to account for these effects and thus obtain the
true fracture toughness. It is shown also that the effect is not neg-
ligibly small. Even if the phenomena, described in this paper, can
be smaller for other experimental setups, we hope that the given
results help to clarify the principle problems when performing
fracture toughness measurements.
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