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Abstract
The “Surface Crack in Flexure” method is widely used for fracture toughness (Ki)
determination of ceramics. In part I of the paper we developed the theoretical fundamentals to
apply this procedure to ceramic balls by using the stress application as developed for the so-
called “Notched ball test”. The new test (SCF-NB) can be used to test spherical components
without the need to cut out special specimens such as bending bars. In this work the practical
part is presented including suggestions for crack introduction and specimen preparation and
possible measurement errors are discussed. It is concluded that a measurement error less than
+ 5 % is possible.

Experiments on balls and bars made from the same silicon nitride ceramic indicate that
SCF-NB delivers the same Ki.-values as standardised measurements on bars. Additionally,
Ki-values obtained for silicon carbide, alumina and zirconia ceramics are presented. They

coincide with Kj.-data from the literature.

1. Introduction

For most of all established methods for fracture toughness determination, the specimen
geometry is standardised. Prismatic flexural beams with a cross section of 3 x 4 mm? and
>40 mm in length are used in the Single Edge V-Notch Beam (SEVNB) [1], the Chevron
Notch (CN) [2] or the Surface Crack in Flexure (SCF) [3] method.

The task in the present work is to measure the toughness of balls without cutting special
specimens out of the balls. For that we follow the basic ideas of the SCF method [3], where a
well-defined crack is made by an indent (Knoop) into surface of a prismatic beam. Then the
beam is loaded in flexure until failure occurs. From the crack geometry and the failure stress
the critical stress intensity factor (fracture toughness) can be determined. One of the most
important advantages of SCF method is that the start defect is a real crack and not a relatively
sharp notch, which is required for the validity of linear elastic fracture mechanics (LEFM)
[4]. A difficulty of the SCF method is that the indentation causes a plastically deformed zone,
which provokes internal stresses. This can adulterate the testing results. Therefore the
plastically deformed material has to be removed — e.g. by grinding — in order to avoid a
preloading of the crack tip by residual stresses and to receive a fully closed and unloaded
crack in order to follow the assumptions made for the evaluation of the experiments.
Standards recommend to grind-off a layer having the thickness of 1/6 of the long indentation
diagonal. An alternative suggestion for the grinding depth is given in [5], which additionally

ensures that the critical point (where the stress intensity factor becomes a maximum) is not at



the surface but at the deepest point of the crack where the determination of the stress intensity
factor is more precise. Therefore this situation (critical point at the deepest position) is
preferred. This grinding depth is approximately 1/3 of the long indentation diagonal (more
precisely it depends on the crack length before grinding and other additional parameters, see
in [5]).

The measurement of the crack shape is not straight forward since the crack’s visibility
may dependent on the material itself. The measured quantities are influenced by the operator
[6] as well as by the available devices (such as optical microscopy or SEM) [7]. The SCF
standard [3] contains some advices to facilitate the crack size measurement on the fracture
surface. From them only fluorescent penetration dye (FPD) was used in this work. There are
further methods to enhance the visibility of the crack and its detection, such as tilted
indentation [3], non-fluorescent penetration dyes [8] or decoration with lead acetate [9, 10]
which are not discussed in the framework of this paper.

In the literature on the SCF testing, the geometric factor defined by Newman and Raju in
the late seventies of the last century is used [11, 12]. In these papers a FE-analysis of the
stress field is made. But in that time, the computers were relatively slow and a coarse FE
mesh had to be used to keep the calculation time manageable. In a recent paper it has been
shown, that — in extreme cases — this can cause errors up to forty per cent of the determined
value [5] (remark: the formula in the SCF-standard based on the work of Newman and Raju
[11, 12] is fixed to a Poisson’s ratio of 0.3 and a perfect semi-ellipse). Therefore a more
precise solution for the geometric factor of the surface crack has been proposed, which is
used for the data evaluation in this paper (see part I [13]).

In the new test a crack is introduced into the surface of a ball with an indenter. Then the
plastically deformed material is ground-off and traction forces are applied to the crack using
the principles of the notched ball test (NBT) [14-18]. In the NBT a notch is cut in the
equatorial plane of the ball and afterwards the notch is squeezed together by introducing point
loads at the poles perpendicular to the notch (see Fig. 1). This produces a very well defined
stress field (Note: the NBT has been standardised recently [14]). Tensile stresses occur at the
surface opposite the notch root. This stress field (maximum tensile stress o, ) is almost
uniaxial, simple to calculate and almost insensitive regarding measurement uncertainties

caused by small geometry deviation and the testing setup. Furthermore, the specimen

preparation is highly flexible. The needed parameters to describe the geometry of the notched



ball specimen are illustrated in Fig. 1. All together, these are good preconditions for
toughness testing. For the SCF test applied to balls we use the notation SCF-NB.

The theoretical background and the equations necessary to evaluate the experiments in this
work are described in detail in the first part of this paper [13], but are shortly summarised in
the following: For the creation of the start defect a Knoop hardness impression is used in
analogy to the standardised SCF method to introduce an approximately semi-elliptical crack
into the specimen surface, where the maximum tensile stress occurs (i.e. apex of the notched
ball specimen).

The removal of residual stresses by grinding-off the deformed material applied to the
notched ball specimen causes a change in the specimen geometry and thus an altered stress
field at the position of the crack (see Fig. 2). This has to be taken into account in the data

evaluation: the maximum tensile stress in the NBT, oy, has to be multiplied with a

correction factor, f to get the stress in the specimen after removing the plastic deformed

Sigma

zone: 6 — fg, . ~Or.

The fracture toughness, K, is determined by the fracture stress , fg,,, Owsr , the

Ie >
typical crack size, @, and the geometric factor, Y . The maximum of the geometric factor

Yuax along the crack front is used for K, calculation. Note that the value and position of the

maximum depends on the geometry of the notch and of the crack and can either be at the
deepest point of the crack (position A, see Fig. 2) or at the intersection of the crack with the

surface (position C, see Fig 2).
K[c = O-Y an = (GNBT fSigma)YMAX\/aTc (1)

The geometry of the notch (see Fig. 1) is defined via the notch width W, the notch root
radius Ry and notch length L . The ligament thickness h is obtained by the ball diameter

D minus the notch length: h=D —L, . The resulting parameters f and Y were already

Sigma
investigated in detail in part] of this paper [13] — for a better usability they were
approximated by a fitting function. The remaining parameter in Eq. 1 is the crack depth a.
Generally, the crack depth @ and the crack shape a/c (see Fig. 2) are measured after the test
on the fracture surfaces as proposed for the SCF method. The insertion of the crack as well as

its measurement are the key topics of this part of the paper. The effect of measurement errors



of the most important quantities such as crack dimensions on the resulting K, -values will

also be discussed.
To demonstrate the applicability of the method, tests were performed on balls with a
diameter of about 5 mm on four different structural ceramic materials. The results were

compared with test results gained with other testing methods and with literature data.

2. Materials of study

First, the new method was verified by applying it to a state of the art commercial silicon
nitride ceramic (HIPed, overall ~10 wt% content of Al,O; and Y,0O; additives). From this
reference material (further called as SNRef) balls with a nominal diameter of 5 mm and
standard bending bars were available. Fracture toughness was measured by the SEVNB
method [1] , by the SCF method [3] and with the SCF-NB. For both SCF methods (on bars
and balls) Knoop indentation loads of 7 kg and 10 kg were used. A micrograph of SNRef can
be found in Fig. 3a.

Polished balls made of four other structural ceramics were supplied by the company SKF,
Austria, for a feasibility study. The balls had a diameter of ~ 5.55 mm and were polished to a
mean surface roughness of approximately 10 - 15 nm, which is desired for adequate rolling
contact performance. The materials are: HIPed silicon nitride with overall ~6wt% Al,O3 and
Y,0; additives (SN), 99.7% alumina with MgO-SiO; additives (AO), sintered silicon carbide
with B and C additives (SC) and Y-TZP zirconia (ZO). Micrographs of these materials are
shown in Fig. 3b-e.

The mean values and standard deviations of ball diameters, hardness and the elastic

properties are given in Table 1. Note that the Poisson’s ratio, v, is important for an exact

data evaluation (since the stress state in the SCF-NB is slightly biaxial). It influences o, ,

f and Y , which enter into the calculation of K|, in Eq. (1). Furthermore, for certain crack

Sigma
shapes, the Poisson’s ratio affects the position along the crack front, where the geometric

factor Y becomes a maximum (Y — Y,y )- This topic is discussed in detail in [5].

The elastic constants (e.g. Young’s modulus E, Poisson’s ratio v) were measured by
resonant ultrasonic spectroscopy (RUS) [19-21]. Balls in the as polished condition (= as
received) were probed. Because of the almost perfect ball geometry (i.e. the balls are
manufactured within very narrow tolerances), the measurement error in the elastic constants

was very small (<0.5 %).



3. Sample Preparation

3.1. Silicon nitride, alumina and silicon carbide

For the conventional SCF method, standard bending beams (3 x 4 x 50 mm?) were diamond
ground from larger plates. For SEVNB tests notches were manufactured into the 4 x 50 mm
sides of the beam according to[1].

For the notch preparation of the NBT specimens one batch of balls (up to 30 specimens)
was glued in a special guide rail and the notch with the desired depth was cut through all
specimens with a diamond cutting wheel. This approach guarantees that the relevant surface
area will not be damaged or pre-stressed due to sample preparation and all samples have
approximately the same notch depth.

All relevant specimen dimensions (see Table 2) including the deviation of the mid-cut
plane versus the equatorial plane (i.e. z-offset) were measure according to the NBT standard
[14] and satisfied the requirements. One exception was the notch length with 75 to 78 % of
the ball diameter. The stresses for these specimens could be evaluated using the formulas in
[18] (the NBT standard is designed for a notch length of 80 = 1 %)).

After the machining of the notch a crack was produced using a Knoop indenter. For this
purpose the notched ball was glued on a chamfered blade which is marginally thinner than
the notch. This assembly guarantees that the plane of the semi-elliptical crack is parallel to
the notch mid-plane and permits an easy and reproducible Knoop indentation. Furthermore,
the successful infiltration with FPD, the indentation size measurement and the grinding-off of
the plastically deformed material is simplified.

In indentation pre-studies, which will not be discussed in detail in this work, the ideal
indentation load (between 0.5 kg and 30 kg) for each material regarding crack formation and
crack visibility was deducted. For all indentations the same hardness tester (Zwick 3212B)
and a tilt angle of 3 © was used. An example for an indentation load of 15 kg in silicon nitride
is given in Fig. 4. Remark that the radius of the ball surface may significantly influence the
resulting indentation size, as well as the resulting cracks next to the indent.

According to [3, 7] the long diagonal d of the Knoop indent (see Fig. 4a) should be used
to calculate the necessary depth of material removal Ah=d/6). In Fig. 4b a photograph of

the same indent under UV-light is illustrated, where the crack length 2¢, before grinding is

easy to determine using the FPD (cf. Fig. 4a). This initial crack length was used for the



calculation of Ah (according to [5]), which in addition ensures that the critical point is not at
the surface (point C, see Fig. 2) but at the deepest point of the crack (point A, see Fig. 2).

After grinding (see Fig. 4c) the crack remains clearly visible with FPD, and this crack
length 2ccan be used for verification of the crack shape, which is needed as input for the
determination of the geometric factor.

The grinding process can be controlled very precisely by comparison of the levels of blade
edge and the ball apex (highest point of the ball, if the notch is aligned downwards). Ah for
data evaluation is obtained by the difference of ligament thickness h before grinding and of
ligament thickness h' after grinding, i.e. Ah=h-h".

In part I of this paper [13], the numerical calculations were performed for a crack depth a
in the range of 0.5 % to 6.5 % of the ball radius and the grinding depth is restricted to 2 % up
to 5 % of the ball radius. If no past experience exists, the indenter load that produces suitable
cracks has to be determined, for each material in pre-studies. The same material dependent
problems occur with the standard SCF method in bending bars. For the present investigation,
a good trade-off was HK10, which was used for the silicon nitrides, alumina and silicon

carbide ceramics.

3.2.  Zirconia

In the case of zirconia it was not possible to create penny-shaped cracks with a Knoop
indenter, even with indentation loads up to 500 N. For this reason, a special procedure was
applied according to the suggestions in the VAMAS report [7] for the SCF method and the
work of Torres et al. [22]. With a Vickers indenter a hardness indent with a tilt angle of about
3 ° was produced in the apex of the notched ball specimen. One crack at the indentation
corner was so small, that it was completely removed by the subsequent grinding procedure
(see Fig. 5a). In pre-studies the indentation load of 196 N (HV20) showed the best result. A
typical appearance of such a tilted Vickers indentation can be found in Fig. 5b. The left crack
is significantly smaller than all others. As a minimum for the material removal Ah the half of

the Vickers indent diagonal was chosen.
4. Testing Procedure

4.1. General Aspects

The testing procedure is similar to the procedure used for the conventional NBT for strength

testing [14, 18]. A universal testing machine (Zwick GmbH & Co. KG, Ulm, Germany) with



two parallel anvils made of silicon nitride plates was used. The tests were performed using
displacement control so that fracture occurs within 5 to 10 seconds. The maximum load (i.e.

at fracture) was used to determine the fracture stress oy, [14, 18].

After testing, the shape of the pre-crack was investigated at the fracture surfaces. The
determination of the crack geometry at the fracture surface can be performed using a
conventional stereo microscope with or without FPD. In the majority of cases the geometry
of the crack (@ and C) is easily to determine by fractographic analysis (and the use of FPD)
[3, 7]. In the present work all specimens were infiltrated with FPD (WB200, RIL-Chemie)
before grinding to decorate the pre-crack. We suggest to measure the crack shape directly
after testing, otherwise the dye may spread further onto the rest of the fracture surface and the

pre-crack dimensions are overestimated.

4.2. Silicon nitride, alumina and silicon carbide

The ideal case is illustrated in Fig. 6 for SNRef. By comparison of the 2¢ measured at the
ground surface before testing (Fig. 6a) with the 2¢ measured at the fracture surface (Fig. 6b),
one can estimate the reliability of the crack shape determination. Generally the FPD method
works quite well for silicon nitride, silicon carbide and alumina. Swab and Quinn [23]
reported so-called “precrack halos” and possibly an influence of slow crack growth in

alumina, but no halos were observed at all in our studies.

4.3. Zirconia

As mentioned in a previous section in zirconia the pre-crack was created via a tilted
Vickers indent. Ideally three cracks remained in the sample after material removal — an
example is illustrated in Fig. 7a. The direction of the stress in the NBT (indicated with
arrows) was nearly perpendicular regarding the horizontally aligned crack. After testing this
crack was clearly visible at the fracture surface (see Fig. 7b): it has a kidney shape. For data

evaluation it was approximated as a semi-elliptical crack.

4.4. Indentation Fracture Resistance

The significance of indentation fracture resistance [6, 8, 22, 24-32] (IFR) test results is still
somewhat unclear and therefore controversially discussed. But the method is often used —
especially in industry — to get a rough estimate of the fracture toughness. Thereby a Vickers
indent is introduced in the material and the lengths of the cracks originating from the corners

of the indent are measured. The IFR can be determined from the length of the cracks, the



indentation load, the Young’s modulus and the hardness of the material. Many different
equations for the evaluation of IFR tests exist, which have been calibrated to measurements

in various materials. These equations may give quite different values for the IFR; K .

We will compare IFR test results (evaluated with two of these equations) with SCF and
SEVNB test results. One is the equation of Niihara [30, 31] for penny-shaped cracks, which
is also a criterion in the specification standard [33] for silicon nitride materials designated for
ball bearing applications. The second equation has been proposed by Miyoshi [28]. It was
developed considering a wide range of different ceramic materials and indentation loads.

We made the indents into the polished cross sections of the balls in the equatorial plane.
At least 10 indents were measured for each material and each indentation load (1, 2, 5, 10, 20

and 30 kg).
5. Experimental Results

5.1. Evaluation of the SCF-NB method: fracture toughness of the reference material

The results of fracture toughness tests on SNRef are summarised in Table 3. For the SCF
tests the location of the maximum value for the geometry factor Y is indicated in the case of
semi-elliptical cracks. For most measurements the critical location was at the deepest point of
the crack (point A, see Fig. 2). For the indentation load 10 kg on ball specimens, the
maximum of the stress intensity factor occurred at the intersection of the crack with the
specimen surface (point C).

The SEVNB method — evaluated according to the SEVNB standard [1] — provides a

172

fracture toughness K, of 5.4+0.1 MPam"* that is a little lower than all other Kjc-results

obtained for this material.

For the SCF method the results for K, are given in Table 3. For tests on bars the
indentation loads of 7 kg and 10 kg provided a K,, = 5.7+0.1 and 6.0+ 0.2 MPa m'?,

respectively. The standard deviations of the fracture toughness data determined at different
indentation loads do not overlap. As predicted for these crack shapes in [5] the fracture starts
in point A.

For the SCF-NB (performed on balls), K, was obtained according to partI [13]. In the

case of the balls indented with 7 kg the maximum of the stress intensity factor was at point A

172

and the fracture toughness was K, ;= 6.1+ 0.2 MPam . In the case of the balls indented

10



with 10 kg the maximum of the stress intensity factor was at point C and the fracture
toughness was 6.5 + 0.1 MPa m"?.

It should be noted that whether point A or C becomes critical depends on the Poisson’s
ratio and on geometrical details of the starter crack. In the actual case — as analysed in [5, 13]
— the critical point is C if a/c <0.7. This perfectly fits to the test results described in this

subsection.

5.2. SCF-NB fracture toughness of four structural ceramics

Of each of the materials SN, AO, SC and ZO, six balls were used for SCF-NB testing, see
Table 4. According to the theoretical prediction [5, 13] all specimens had the critical point at
the surface (point C) due to the crack shape ratios of a/c > 0.7 (remember, the condition was
a/c<0.7).

All notched ball specimens made of SN were indented with 10 kg. The mean crack shape
ratio is a/c=0.71. Accordingly to this the stress intensity factors of point C (6.2 +0.1
MPa ml/z) and point at A (5.6 +0.2 MPa ml/z) were close together in the tests. The AO
sample was split in two batches with 3 specimens each. One batch was indented with 5 kg
and one with 10 kg that resulted in clearly different crack sizes (factor ~2). The K, mean
value for HKS is slightly smaller than the value for HK10 but statistically indistinguishable.
For all six SC notched balls an indentation load of 10 kg was used. This resulted in relatively
big cracks, which showed extremely good overall measurability of the crack shape with FPD

172

but also in a stereo microscope. Therefore, the scattering in K,, with 3.0 + 0.3 MPa m"* does

not result from the measurement uncertainties of the crack depth or crack width. The K

measurements of zirconia (ZO) resulted in 4.4 + 0.3 MPa m"?.

6. Discussion

6.1. Fracture toughness results
The K, -values of the reference material (a silicon nitride ceramic) generally tends to

increase with higher indentation loads (this observation is statistically significant). A plot for

SNRef of the K, -values versus the crack length Aa is shown in Fig. 8.

Aa denotes the crack length, where crack bridging effects may occur (e.g. due to grain
interlocking). For a “Surface Crack in Flexure” it holds Aa=a. In the case of the SEVNB-

test fracture is most likely caused by very small (Aa < 10 um) cracks in front of the V-notch

11



[36, 37]. Hence, the results of the SEVNB-tests are plotted at a crack length of 10 um. The
result of SEVNB together with the SCF values implies the existence of a rising crack
resistance curve, i.e. R-curve. This behaviour is typical for commercial silicon nitrides and
has already extensively studied for some special materials. The data shown in Fig. 8 are
consistent R-curves published in [38].

Another explanation for the high K, -value of the HK10 indented balls could be the

position of the critical point at the surface (at point C) in contrast to all other tests. In fact the
correct description of a crack intersecting the surface (at point C) is still an open question. At
point C the stress singularity does not exactly follow an inverse square root law [39] (as it is
supposed in LEFM) and T-stresses may become relevant [39-41]. In addition, pop-in-events —
as mentioned in appendix B of the SCF standard [3] — are an unsolved uncertainty.

In order to force point A to become critical, it would be necessary to produce shallower
cracks with a smaller a/c-ratio, i.e. to grind-off (a little) more material from the indented
ball surface. An estimation for the minimum grinding depth for the conventional SCF method
in flexure bars is given in [5], which can be analogously used for the NBT, by approximating
bar’s thickness with the thickness of the ligament of the notched ball specimen. For details
see [42].

In the last column of Table 4 K, values from literature are given for all materials (SN,

AO, SC and ZO) for comparison. All these results have been measured with the SCF method
on bars under similar indentation loads as used in this work. Also the microstructures are
comparable — only the alumina ceramic has a smaller mean grain size than the AO ceramic.

All K,, references fit well to the results in this work considering standard deviation.

6.2. Measurement error

For each new testing method the error analysis is a key element to understand how reliable,
reproducible and sensitive the obtained result is regarding errors of the input data. In the
discussed case the measurement of the crack shape is a crucial topic for the fracture
toughness evaluation with surface cracks in the SCF method. Therefore, not only the
reproducibility of surface cracks but also the measurement error in the crack length and the
crack width is an important issue to be discussed.

In Fig. 9a a comparison of crack dimensions measured with 1) grazing incident light and
i1) with FPD is shown. The cracks in alumina and zirconia were not measureable on the

fracture surface without penetration dye, so no reference values are available for these

12



materials. Hence, only the SN, SC and SNRef are discussed. The dashed lines in Fig. 9
indicate the = 10 % confidence intervals. As one can see, most of the data points are within
+ 10 % deviation. Large cracks seem to be measured longer without FPD. This means that the
crack dimensions are not overestimated using FPD. The FPD measurements were repeated
one day later and the same results were obtained.

As mentioned before, the full crack width 2¢ can be determined directly before fracture
at the polished surface, preferably with FPD. This procedure is supposed to be more precise
and reproducible than measurement of the crack width on the fracture surface. The results are
illustrated in Fig. 9b — all measurements are within a deviation of + 10 % for the investigated
materials but the measurements at the fracture surface give tentatively (slightly) larger crack
length values than the measurements at the specimens surface. Conclusions for the crack
shape measurements with the used penetration dye are:

1) For fine grained materials the use of FPD is very useful, especially considering the
ease of use, experience of the operator and time consumption. Ideally, the
measurement precision does not suffer.

i1) In materials such as alumina the crack shape is very difficult to measure without FPD.

ii1) The measurement of the crack at the polished surface is only possible with FPD and
helps to keep the measurement uncertainties low (<5 %).

iv) no scanning electron microscope analysis is necessary to obtain accurate crack shape
geometries.

According to Eq. (1), K, depends on three factors. The errors in oy, and f were

Sigma
already discussed in the first part of this paper [13] — both are typically less than 1-2 %. The
remaining factors are mainly affected by the crack size and shape. In addition, the critical

point for the start of crack propagation may change abruptly (depending whether Y,,,, is in

point A or in point C). As a consequence, we introduce a new variable Y'=Y,,,,/a ©. for the

error analysis. This approach enables us to investigate the influence of errors in the crack

geometry, i.e. the error in the crack depth a_, and in the crack width ¢ simultaneously. The

influence of other geometrical parameters and of the Poisson’s ratio as well as their
interaction with the crack shape deviation on the determination of the stress intensity factor is

small (much lower than 1 %) and can be neglected.

13



The geometrical factor Y is unit independent and was calculated in part I for all specimen
geometries, which are relevant in practice. With Y', the overall effect of crack dimension

measurement errors on error in K, for a characteristic specimen can be investigated.
Furthermore, the relative influence of a given a_, is stronger for small cracks than for big

cracks. As reference geometry of the notched ball specimen, the following parameters were
chosen for the error analysis: D=5mm, L, =4 mm, (—»h=1mm), W, =0.5mm, R, =
0.125 mm, Ah=100 pum and v=0.3. To cover all measured crack geometries in the
investigated materials (see Table 3 and Table 4), two representative crack depths (a=
100 pm and a=200 pm) and two extrema in the crack shapes (a/c= 0.5 and a/c= 1)
were investigated.

An error in the measurement can occur in four different kinds: only in @, only in C or in
both (in the same direction or in the opposite direction, respectively). These four cases are
plotted in Fig. 10a for a/c= 1 with a= 100 um. If a_, =0 and only C is incorrect, AY' is
nearly zero (which is equivalent to zero error in K, ). For a measurement error of =20 pum in
the crack dimensions @ or C, AY' rises up to 10 %.

For a shallow crack (a/c= 0.5) with a=100 um (Fig. 10b) the error for +20 pum (in
either @ or C) is below 4 % for the geometric factor in all cases, that are representative for
the SN and SNRef specimens. One reason for this low error could be that the geometric
factor is critical in point A for most of the plotted data points. The curves are discontinuous
and Y,,,, switches to point C on the right hand side of the graph.

For deeper cracks (2 =200 um) point C always remains the critical one, as one can see in

Fig. 10c and d. Again a measurement error exclusively in C has almost no effect on K, .
When a_ is about +20 um and c_is about —20 pm, AY' increases above 10 % for

a/c=1. In all other configurations the resulting error stays below 5-6 %. This can be
quantified as the typical error in alumina and silicon carbide with 10 kg indents resulting
from errors in the crack shape determination.

Three points can be concluded from this error analysis:

1) The error in K, due to errors in crack geometry measurements is typically smaller

than 10 %. For shallow cracks the resulting error is smaller than 5 %, which is an

additional argument to create shallow cracks.
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i1) The accurate determination of @ is significantly more important than that of C (see

dashed lines in Fig. 10).

6.3. Comparison IFR with fracture toughness test results
Tests on the SNRef material: For all used indentation loads cracks at the corners of the
indents occurred, which could be used for the determination of the indentation fracture

resistance, K, . Following the suggestion of [27] the test results are plotted in Fig. 8 versus
the effective crack length Aa=c,—d, /2. c, is the distance between indent center and
crack tip, and d,, the indent diagonal. K, -results for all evaluated loads are illustrated as

lines showing a slightly increase with the crack length. If the K, -values are evaluated using

the equation of Miyoshi, the values are about 6 MPa m'?

. They are in good agreement with
the SCF results. If the evaluation is made using the equation of Niihara (and therewith
following the evaluation recommended in ASTM F 2094-08), the values are about
7.5 MPa m'? and do not fit the measured fracture toughness values.

Tests on four structural ceramic materials (SN, AO, SC and ZO): The K, test results
shown in Table 4 and are plotted in Fig. 11. The K, -values are shown on the left hand side

of the diagram without information about the crack length (see Table 4).

In the case of SN the K, values were determined on indents made with a load of 1 kg to

30 kg. The indents in the AO and SC materials were only evaluable, if loads between 2 kg
and 5 kg were applied. The other tests were rejected due to the influence of big pores,
material break-outs and lateral cracks around the indents.

For ZO the scatter of the data was very large. As shown in Fig. 7b at an indentation load
of 20 kg Palmqvist cracks were produced on each corner of the indent. This is in accordance
with the work of Kaliszewski et al. [26]. They found that half-penny cracks are created in
zirconia (Y-TZP) with loads above 50 kg. The used IFR-formulas are only applicable for
half-penny cracks and deliver erroneous values for other crack geometries. In our case the

cracks had a kidney shape and the K., data evaluation may become meaningless.

If the tests were evaluated with the Miyoshi equation the SN data nicely correlate with
our fracture toughness values for higher indentation loads, but data evaluated with the Niihara

equation do not. In the case of AO the K, do not correlate with fracture toughness values

irrespective which evaluation equation is used (neither Niithara nor Miyoshi). K., -values of
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SC do not depend on indentation load. The Miyoshi formula gives K, values which
correlate with our K test results.

The results of the IFR method can be summarised as following: (i) The commonly used
IFR Niihara evaluation does not match the fracture toughness of all investigated materials,
even of silicon nitride. (ii) In two materials (silicon carbide and silicon nitride) the Miyoshi
formula fits the fracture toughness within the experimental standard deviation. (iii) The IFR
method generally depends on the indentation load. An overestimation by the factor of 2.5 (in
zirconia) is possible. (iv) Due to the formation of different crack patterns (Penny-shaped
cracks, lateral cracks, Palmqvist cracks, etc.) the evaluation procedure for IFR may become
meaningless. In summary [FR-measurements should not be used for the estimation of fracture

toughness.

7. Conclusions

In part I of this paper [13] the theoretical analysis of the SCF method applied to notched ball
specimen (SCF-NB) was conducted. In this second part the method is applied to several
structural ceramics to demonstrate the experimental applicability. The following conclusion
can be drawn:

e The SCF method delivers the same testing results whether it is applied to beams (as
described in standards) or to balls (SCF-NB).

e The data determined with the SCF-NB test also coincide with results measured with
other methods and with literature data.

e The developed evaluation procedure proved to be suitable. For example it could be
shown that it can be predicted whether the highest stress intensity factor is at the
position A or C of the crack front.

e [t is recommended to prepare the specimens in such a way that point A will become
critical. This can simply be made by grinding a little more of the indented volume
away, so that the ration a/c becomes less than 0.7 (shallower cracks). In point A the
measurement uncertainties are much smaller than in C.

e The use of fluorescent penetration dye (FPD) is useful to measure the crack size.

e The measurements of the indentation fracture resistance showed, that the gained data

strongly depend on the used evaluation method and are not reliable. It is
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recommended not to use indentation fracture resistance measurement for fracture

toughness estimations.
The practical effort and time consumption should also be considered. The production of
notched balls specimen directly from the balls for strength testing is generally faster than the
production of a (standard) bending beam from a ball. The effort for the crack introduction,
measurement, grinding procedure and testing is very similar to the effort in conventional
SCF-testing and both methods have generally the same advantages and disadvantagous. With
the SCF-NB test also small spherical components can be tested, which seems not to be
feasible with other reliable measurement techniques. A lower limit for the ball diameter for
the preparation of a notched ball specimen is around 3 mm. Below that size the alignment of
the crack and the cutting of the notch may cause considerable geometrical deviations;
possibly other notching procedures can solve this problem.

A short comment to the used evaluation equations should be given. In this work, the
solutions for stress fields and stress intensity factors described in part I of the paper [13] are
used. In the standards the Newman and Raju equation [12] is used which is less precise than
our equation. In the case of the measurements presented in this paper the differences between
both equations are relatively small (between 0 to 7 %), but it should be recognised, that
depending on the Poisson’s ratio of the investigated material and the crack geometry much
higher differences may arise. This fact is even more relevant if the critical point at the crack
front is point C.

In summary it can be stated, that the new method to determine the fracture toughness in
the surface of balls can be recommended for wider use. Especially in the case of bearing balls

it could be a good solution for a fair comparison between different materials.
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F

Fig. 1: Specimen in the notched ball test. The notch is defined by the length L, the width W and the
fillet radius R of the notch. In the equatorial plane remains a ligament having the shape of a segment

of a circle with the thickness h=D-L .

ground
surface

| $a
! bl s

Fig. 2: Geometric situation in the fracture toughness test for balls. Shown is a half model of a notched
ball with a semi-elliptical crack (white). The plastically deformed material is still removed (e.g. by

grinding). The remaining ligament thickness is h’=h—Ah . Also shown are the positions A and C,
where the crack may start growing.
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Fig. 3: SEM micrographs of all investigated materials: a) SNRef — silicon nitride, b) SN — silicon
nitride, ¢) AO — alumina, d) SC — silicon carbide and e) ZO — zirconia.
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Fig. 4: HK15 Knoop indent in SNRef. a) before grinding, b) before grinding with fluorescentic
pentration dye (FPD) and under UV-light and c) after grinding-off of the plastically deformed zone
with FPD and under UV-light.

Grinding + Polishing " 100 pm|

Fig. 5: Preparation method according to [22] for introduction of a surface crack in zirconia. a)
schematic procedure, b) example for ZO (HV20).

Fig. 6: Crack shape determination in SNRef (HK7) with FPD and UV light. a) full crack width 2c
measured at the original surface (before fracture) and b) crack depth a and full crack width 2c
measured at the fracture surface.

23



Fig. 7: Insertion of a crack via tilted Vickers Indent in the material ZO (HV20). a) after grinding at the
surface with FPD, the arrows indicate the direction of the first principal stress in the NBT, b) Crack
shape determination at the fracture surface with FPD.
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Fig. 8: Measurements of the fracture toughness K, of SNRef using different testing methods:

Measurements with the SCF method on bars (squares) and balls (circles) and results determined with

the SEVNB method (open diamond). Also shown are fracture resistance measurements, K. ,

evaluated according to the equations of Niihara (downwards triangles) and Miyoshi (upwards
triangles).
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Fig. 9: a) Comparison of the crack shape parameter a and ¢ measured at the fracture surface with FPD
vs. stereo microscope measurements without FPD, b) comparison of full crack width 2¢ measured at

the fracture surface vs. specimens surface (before fracture).
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Fig. 10: Influence of crack shape measurement errors @ and C__ on the accuracy of the (modified)

geometric factor Y' . a) small crack and a/c =1, b) small crack and a/c =0.5, c) large crack and

a/c=1,d)large crackand a/c=0.5.
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Fig. 11: Indentation fracture resistance versus effective crack length for four structural
materials (SN, AO, SC and ZO). On the left hand side the K, results (measured with the

modified SCF method on balls) is plotted. The indentation fracture resistance, K, , was
evaluated using the equations of Niihara [31] and Miyoshi [28] respectively.
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Table 1: Properties of the investigated ball materials.

Short name SNRef SN AO SC Z0
Material Silicon nitride  Silicon nitride Alumina Silicon carbide Zirconia
Ball diameter [mm] 4999 +£0.001 5.550+0.001 5.555+0.001 5.554 +0.001 5.555+0.001
Hardness (HVY) 1585 +29 1627 + 44 1611 + 66 2274 £ 128 1283 £ 13
Young’s modulus [GPa] 306 £4 306.4 + 0.1 386.6 + 0.1 389.9+0.1 217.5+0.1
Poisson’s ratio 0.268 £0.005 0.269+0.001 0.234 +0.001 0.160 + 0.001 0.332+£0.001

Table 2: Characteristic dimensions of notched balls specimen for fracture toughness tests. The data

are mean values of sets of 5 to 6 specimens.

SNRef SN AO SC Z0
Notch root radius R [pm] 155 234 285 256 250
Notch width W, [pm] 628 609 691 641 628
Notch length Ly [um] 391042 4234+2  4206+4  4214+8 425043
z-offset [um] 15+7 14+2 2+1 5+4 24 +2

Table 3: Results of fracture toughness measurements for SNRef on prismatic bars and balls.

specimen type /[ ocation No. of a c al/c K.
SCF indentation of Y sam. les i
load MAX P [nm] [nm] (1] [MPa m™]
Bar (SEVNB) 6 54+0.1
Bar (SCF) / 7 kg A 5 T1+8 125+5 0.57 5.7+0.1
Bar (SCF) /10 kg A 6 108 +£13 158+ 7 0.68 6.0+0.2
Ball (SCF) /7 kg A 6 87 +£11 131+5 0.66 6.1+0.2
Ball (SCF)/ 10 kg C 6 138+ 3 177+1 0.78 6.5+0.1

Table 4: Results of fracture toughness measurements with the modified SCF method on balls for SN,

AO, SC and ZO materials.

material / SCF Location N\ of a c al/c K, K, Literature
indentation load of Y,  specimens [um] [um] [1] [MPa m'?] [MPa m'"?]
SN /HKI10 C 6 118+7 165+2  0.71 62+0.1 6.2+0.2[28]
AO /HKS C 3 125+34 155+40 0.81 43403 4.0+0.2 [34]
AO/HKI10 C 3 241+25 274+33 0.88 45+0.1 --
SC/HK10 C 6 216 +32 268+29 0.81 3.0+0.3 2.6-3.0[35]
ZO/HV20 C 6 69+17 6910 1.00 44403 44+041[7]
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