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Abstract
A new fracture toughness test for discs and plates is presented, which can be applied to small
specimens (>5 mm diameter). A semi-elliptical surface crack is made into the centre of the
top plane using a Knoop intender. Then the layer containing the plastically deformed zone is
ground off and the crack is loaded in tension using the Ball-on-3-Balls test.

Applied to five different ceramic materials the results gained with the new method agree
well with those of standardised methods.

1. Introduction

Cylindrical disc specimens are a favourable geometry if new materials are developed or

materials are prepared in laboratory scale, e.g. by uniaxial pressing or by hot pressing. Disc
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shaped specimens are also used for biaxial strength testing of dental materials [1] or zirconia
for surgery [2].

Apart from this, many ceramic bulk components have the shape of thin discs or plates.
Examples are ceramic membranes [3], (heat generating) resistors [4], capacitors [5], low
temperature co-fired ceramics [6, 7] (LTCC), microchips [8, 9], piezoelectric speakers [10],
watchcases and glasses [11] or armour ceramics [12, 13] and much more.

Mechanical properties may depend on the processing route. Therefore it is suitable to
determine these properties on real components and not on specially produced bodies. For that
reason and to save costs for special specimen production it may be beneficial to use the
components directly as specimens and to test mechanical properties on thin discs or plates
[14-18].

The most common biaxial test assemblies are listed in [19] and disadvantages such as
unclear contact situation are discussed. The ball-on-3-balls test [20] (B3B) was recently
developed to overcome all these aspects. In this test, the plates are supported by 3 balls on
one side and loaded by a fourth ball in the centre of the opposite side. Hence, the maximum
tensile stress occurs at the surface of the plate directly opposite to the centre ball. Based on
this idea discs and rectangular plates have also successfully been tested [6-9, 21-23]. For sake
of clarity, the principle of the B3B is explained here for symmetrically loaded discs, see
Fig. 1. The test piece (i.e. the disc) is defined by its radius R and thickness t. The three balls

with radius Ry are in contact with each other; therefore the loading radius R, is given by the
relation Ra:(2/\/§) Rs.
The flexural strength is the maximum tensile stress, o, , in the specimen during loading,

given by [19]:

F R, t
O_B3B:t_2f(F1E’VJ (1)

with the maximum load at failure F, the disc thickness t, and a dimensionless factor f,
which depends on the geometry of the specimen and on the Poisson’s ratio v of the tested

material, etc. Values for that function can be found in [24]. The calculation of o,; for discs

can also easily be performed with an interactive Web-Mathematica tool at our homepage
http://www.isfk.at/en/960/.
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Due to the well-defined stress field and low measurement uncertainties [25], the B3B is a
good basis for fracture toughness testing. In analogy to the standardized “Surface Crack in
Flexure” (SCF) method [26, 27] a semi-elliptical surface crack is used as starter crack in the

centre of the disc. This new method is further called B3B-KIc and is presented in this work.

2. Modelling the B3B test with a surface crack

In this new method a surface crack is created in the centre of the disc on the surface opposite

to the loading ball (i.e. the position of the maximum stress o,,; in the conventional B3B

test). This is done using a Knoop indenter analogously to the Surface Crack in Flexure (SCF)
method [26, 27]. Underneath of the indent the material is plastically deformed, which causes
residual stresses. These stresses may conflict the measurement. To remove these residual
stresses a surface layer of the plates (discs) containing the plastically deformed zone has to be
ground off. Following the SCF standard [26, 27] the required minimum thickness of this
surface layer to be removed can be estimated; an even more accurate advice is given in [28].

The stress distribution in the conventional B3B test has a three-fold symmetry [19] (see
Fig. 2a). Therefore, it is not possible to achieve a symmetrical loading of the semi-elliptical
crack, even if the crack is perfectly centred in the stress field. As illustrated in Fig. 2b the
stress intensity on the left and the right hand side of the crack differ. For this reason we
introduce the convention that one crack tip has to be directed towards one contact point of a
supporting ball, see Fig.2b. The consequences of errors originating from this kind of
positioning (Fig. 2c) are discussed later.

The crack is approximated to be perfectly semi-elliptical, where a is the crack depth and
2c is the full crack width at the surface (a and c correspond to the semi-axes of the ellipse).
A more complete analysis of the influence of the exact crack shape on fracture toughness

evaluation can be found in [28].

The fracture toughness K, is given by to the following equation:
K =0gp YyVa7T | (2)
whereas Y is the geometric factor that depends on the geometry of crack and specimen and

on the Poisson’s ratio of the material. The calculation of Y was performed using the

commercial finite element program package ANSYS Workbench, version 13, and a J-integral
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formulation; for details see [29]. The maximum of Y along the crack front was evaluated in
the linear elastic approach. The FE model is built up parametrically. The geometric factor is a

function of the following four dimensionless parameters:

Y:Y(%,%,Ri,vj 3)

The influence of these dimensionless parameter intervals were evaluated for a wide range of
geometries and materials (through the influence of the Poisson ratio v), which cover most of

the practical possible needs:

e relative disc thickness: 0.05< t/R, <0.35
e relative crack depth: 0.01< a/t<0.4
e crack shape: 0.5< a/c <1

e Poisson’sratio: 0.1< v <04

The influence of the disc radius (or the ratio R, /R, respectively) on the geometric factor
can be neglected (the variation of Y is smaller than 0.25 % for 0.5< R /R <0.95). Thus, no

special evaluation is necessary to obtain Y for rectangular plates by using the appropriate R,

The trend of Y(a/ c, a/t) for a representative set of dimensionless parameters (

t/R, =0.35 and v =0.3) is illustrated in Fig. 3. In all analysed cases Y decreases with the

relative crack depth a/t. This is reasonable considering that for a constant crack shape, the
surface points of the crack are further away from the disc centre with the maximum tensile
stress. The deepest point of the semi-elliptical crack approaches the region of compressive
stresses. The maximum of the geometric factor along the crack front was used for an

interpolation function (i.e. used for data evaluation).

3. Experimental

The new B3B-KIc method was tested on five different types of ceramics: alumina, LTCC

bulk material, silicon carbide, silicon nitride and barium titanate. For all materials the fracture
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toughness was also determined with conventional standardised methods (SEVNB [30] and/or
with the SCF method [26, 27]).

a)

b)

d)

The investigated material (Rubalit 708S) is a commercial 96% alumina substrate
ceramic produced by CeramTec AG, Germany. It was delivered in form of laser-cut
circular discs with as-sintered surfaces (diameter 8 mm, thickness ~ 0.6 mm) [31]. The
bending bars (20 x 2 x 1.6 mm°®) for SEVNB testing were also laser-cut from similar
plates.

The silicon carbide (EKasic F) was provided by ESK Ceramics GmbH & Co. KG
(Kempten, Germany) and has an average grains size of <5um. The discs had a
diameter of 20.6 mm and a thickness of 3.1 mm. Miniature bars (13 x 2 x 1.5 mm®)
machined from the discs were used for SEVNB testing.

The LTCC material, referred to as MKE, was provided in the as-sintered state by TDK-
EPC (Deutschlandsberg, Austria). It consists of Al,O3 particles (approx. 40 vol. % with
a mean diameter of 2 um) embedded in a silicate based glass matrix. Microstructural
characterisation of the material can be found in previous work [6, 7] Rectangular plates
with 10 x 11 x 1 mm?3 were used for B3B-KIc testing. Small bar specimens (20 x 3 x 1
mm?®) machined from similar plates were used for SEVNB testing.

The barium titanate material (PTC, positive temperature coefficient resistors) is a
classical functional ceramic used for thermistors [4, 32] and was provided by (TDK-
EPC Corporation, Deutschlandsberg, Austria). Generally, barium titanate is not linear-
elastic, which was neglected for this investigation. As-sintered discs with 19.4 mm
diameter and a thickness of ~3mm were used, whereas the bending bars
(40 x 4 x 3 mm®) were machined from bulk material.

The investigated silicon nitride (FSNI) is a commercial hot pressed material provided
by FCT Ingenieurkeramik (Rauenstein, Germany). As a sintering aid and for
improvement of the mechanical properties overall ~10 wt. % Al,O3; and Y,03 were
used; it has a grain size of 1-10 um [33]. Discs (diameter 19.2 mm and thickness
1.7 mm) as well as bars (40 x 4 x 3 mm®) were machined from the same plate material.

The preparation procedure of the specimens of all materials was generally the same:

Fixation of several discs on a planar plate with glue — polishing to uniform thickness —

indentation (and infiltration of penetration dye) — measurement of the indent size and initial

crack size — calculation of grinding depth — grinding-off of the surface layer — removal of the

specimens from the plate and cleaning in acetone — measurement of thickness of the discs and

the full crack width 2c at the surface.
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In principle this approach is relatively fast for the production of a fracture toughness
specimen, if the material is initially given in the form of discs. In the case of LTCC no
penetration dye was used but — to facilitate the measurement of the initial crack size on the
fracture surface — the Knoop indents were introduced with a tilt of 3° from the disc axis [26,
27].

A universal testing machine (Zwick Z010, Zwick GmbH & Co. KG, Ulm, Germany) was
used for load application. The tests were performed using a sufficient crosshead speed to
achieve fracture within 5 to 10 seconds.

After testing the crack shape of the pre-crack was measured on both fracture surfaces and
the average values of a and c, respectively, were calculated. One representative example for
a crack in each material is shown in Fig. 4. It depends on the material and the crack size, if
(fluorescentic) penetration dye is needed for an accurate determination of the crack geometry.

4. Results and discussion

Due to the dimensionless formulation (eq. 3) of the geometric factor it is possible to test
specimens in a broad range of parameters and material types. The assumed Poisson’s ratios
and the mean values and standard deviation of the measured specimen and crack geometries

as well as the K. results of the B3B-KIc test are given in Table 1. The data evaluation was

conducted according to eg. 2. In each case at least four specimens were tested.

In all cases the mean values of the K, results are typical values for the investigated

types of ceramics. The highest value was obtained for FSNI with 5.0 + 0.3 MPa m*? and the
lowest for the PTC material with 1.4 + 0.1 MPa m*?.

In the last column of Table 1 the results of the fracture toughness K evaluated with

Ic,alternative

SEVNB and/or SCF are shown for comparison. In the most cases the fracture toughness K.

matches K very well within the standard deviation. For MKE and PTC the alternative

Ic alternative
SEVNB method deliver slightly lower results compared to B3B-KIc.
This may happen in materials with R-curve behaviour due to the small cracks at the notch tip
for SEVNB [34].

The scatter of the achieved plate thicknesses, crack depth and crack width is very small,
which indicates a good reproducibility of the specimen preparation (of course each specimen

was evaluated separately). Therefore, it is not surprising that the K, results have a low

scatter. The standard deviation of the K|, values is about 10 % for MKE and less than 6 % for
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all other materials. The standard deviation obtained with the new B3B-Klc method is in the
same range of standardised methods for fracture toughness determination.

5. Error analysis

All previously presented results were evaluated for a perfectly centred and horizontally
aligned crack (see Fig.2b). Due to the fact that the region of maximum stress is very
localized, the influence of small deviations of the crack alignment on the measured value is

analysed. For the error analysis a reference model with the following parameters is assumed:
R=10mm, t=2mm, R; =7.5mm, v=0.3, a=100 um and 2c =300 pm (i.e. a/c=0.66,

a/t=0.05, t/R, =0.23). This corresponds approximately to the parameters of the FSNI

specimens. The resulting error due to measurement errors of the crack geometry is assumed
to be similar to that for the conventional SCF method. It has been pointed out in several
works [35-37].

Considering the strong localisation of the maximum stress and the three-fold symmetry
in the B3B, the alignment of the crack in the centre of the disc is a crucial point for the
practical accuracy of the B3B-Klc method. For a perfectly centred and aligned crack the
stress intensity factor at the deepest point of the crack is approximately 3 % higher compared
to that at the surface point of the crack (this situation is generally preferable for surface
cracks in flexure [28, 35]).

For the error analysis three possible deviations from the ideal crack position can be
separated: lateral offset in x or y direction (i.e. Ax and Ay) and an inclination (see Fig. 2c).
Deviations from the ideal geometry of less than 30° in the inclination angle and less than
150 um offset from the centre seem easily to be feasible in practice. If a centred crack is
inclined, the resulting error in Y is less than - 0.2 % for all directions (0° to 90°). Therefore,
for this specific crack and specimen geometry the influence of the inclination angle on the
measured value is negligible.

In the case of a lateral offset, the whole crack or at least one side of the crack is farther

away from the position of the maximum tensile stress o,; (position (0,0), see Fig. 2c). But

for a maximum offset in x-direction of 150 pm (£ c) the other crack tip is exactly in the

centre (at the position of o,;). Considering a lateral offset of Ax =+ 150 pm, Ay =0 and an

inclination angle £ 30 °, the worst case of error in Y is —0.7%. Note that Y is always
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lowered due to the increasing distance from the position of maximum stress. A similar
calculation for Ay =+ 150 um and Ax =0 results in an error of less than —1%.

Considering the worst case combination of lateral positioning errors (within Ax =Ay =
+ 150 um and maximum inclination angle of + 30 °) the geometric factor decreases by max.

2 %. All positioning errors lead to an overestimation of the K,. value.

Hence, for practical crack positioning, it is recommended to ensure two points: i) the

offset has to be small related to the loading radius R, (3 % or less) and ii) the offset has to be

equal or less than c. Furthermore, a crack shape ratio of approximately a/c=0.66 (or less)
should be used, so that the stress intensity factors at the surface and in depth are (at least)
equal.

As mentioned before the influence of the ratio R, /R on the geometric factor can be

neglected in discs. Therefore, it is assumed that generally the shape of the plates (circular,
rectangular, etc.) does not much affect the results of the geometric factor. Note that also for
rectangular B3B specimens the preparation procedure and the calculation of Y remains the

same, only the calculation of o,,; has to be modified. For this reason the B3B-Klc method is

very flexible in practice regarding preparation as well as data evaluation.

It was also mentioned that “small” specimens can be tested, so what is the lower limit of
specimen size? The B3B as a strength test was already applied to thin plates with diameters
of about 1.5 mm [21-23]. Consequently, it depends on the material, whether suitable cracks
(shape and relative depth) can be induced by a Knoop indenter. For small cracks (related to
R, ), the stress field is almost constant over the whole crack and the only obvious restriction
for a small crack is the worst case positioning error (i.e. offset). Assuming a minimum crack

width of ¢ =50 um, it should be ensured that the offset is less than 50 um (equal to c).

Errors resulting from inclination of the crack can be neglected.

An upper limit for the crack width ¢ is given by the maxima of the evaluated parameter

ranges. A rough guideline is ¢/ R, <0.25. For a large, shallow crack the deepest point of the

crack is always the critical point. Therefore positioning errors of large cracks (e.g. ¢c=

500 um), a positioning error — e.g. offset 50 um — would almost not affect the results.
Considering all practical aspects (crack measurement, indent and specimen positioning,

grinding artefacts and parallelism of the plates) it is estimated that the lower limit of the disc

diameter is about 5 mm. In any case, shallow cracks (a/c<0.66 and a/t<0.1) have to be
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preferred to keep measurement errors low, especially for small specimens. Generally, thicker
specimens are easier to handle [38], but care has to be taken to ensure a valid geometry (t/R
) for the B3B test [19, 24].

6. Conclusions

A new fracture toughness test for discs and rectangular plates is presented, which is also
applicable to small specimens. FE calculations of the geometry factor Y were performed
within a wide range of practically relevant parameters. The dimensionless formulation of the
geometric factor enables a very flexible specimen preparation and simple evaluation of
experiments. Different sources of measurement error were considered and discussed
regarding specimen and crack size. Five different ceramic materials were tested using the

B3B-Klc method. The obtained K, results match very well the results determined with the

alternative methods. The main conclusions are:

e The most important source of error is the lateral offset of the crack from the centre of
the specimen.

e The influence of inclination of the crack can be neglected for typical crack/specimen
geometries.

e Specimens with diameters down to 5 mm can be tested with an estimated overall

measurement error below 5 %.

e The scatter of the K, results is comparable with that of standardized fracture

toughness testing methods.

e The specimen preparation and testing procedure is economical and simple to perform.

It has been shown that this new method is applicable to several structural and functional
ceramics. Therefore, we expect a high capability for characterization of brittle materials,

including small components or biomaterials, e.g. human teeth.
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Fig. 1: Test setup of the conventional B3B strength test. In this case the test piece is a circular disc
with the radius R and thickness t. The loading radius R, is defined as the distance between the disc

centre and the contact points with the supporting balls. R, is determined by the radius of the balls R;.

The force F is applied via the centre ball, parallel to the axis of the disc (see www.isfk.at).
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Fig. 2: View of the tensile stressed side of the B3B specimen at a load of 1 N. Plotted is the 1%
principal stress in the range of 0 MPa and 0.2 MPa: a) Stress distribution of in a disc without crack
and b) with surface crack and inset showing details of the crack mesh. ¢) sketch of possible
positioning errors.
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Fig. 3: Plot of the geometric factor Y as a function of the crack shape a/c and the relative crack
depth a/t. Inthis example t/R_is fixed to 0.3 and v = 0.3. The inset shows a sketch of the crack: a
is the crack depth and 2c the full crack width.
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Fig. 4: Example for cracks for each investigated material.
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toughness results of standardised methods (SEVNB and/or SCF) are given as K

Ic, alternative *

Table 1: Specimen geometries and Poisson’s ratio of the tested materials. K,  is the value determined with the B3B-Klc method. For comparison fracture

R RB t 4 a ¢ K Ic ch, alternative
Material mm  mm mm - pm pm MPa m*/? MPa m*2
Rubalit 708S 4 275 0.545+0.003 023 85+%7 110+5 35+0.1 35%0.2(SEVNB)
(alumina, 5)
EKasic F 104 75 2838+0.010 0.16 209+10 228+19 3.0+x01 29zx0.3(SEVNB)
(silicon carbide, 4)
MKE 10x11 4  0.799+£0.007 020 7515 140x15 2302 19%0.1(SEVNB)
(LTCC, 4)
PTC 9.7 75 2902+0.080 029 420+66 525+41 14+01 15+0.1(SCF)
(barium titanate, 11) 1.3+£0.1 (SEVNB)
FSNI 9.6 75 1802+0.012 027 74x16 140 + 15 5003 5.1+0.2(SCF)

(silicon nitride, 5)

5.0 + 0.2 (SEVNB)
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