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Abstract

Indentation crack profiles that form under Vickers- and Knoop indentations in silicon nitride
were investigated. Two different experimental techniques were used to obtain a complete rep-
resentation of the radial/median as well as the lateral crack system and the plastic deformation
zone as a function of indentation load. Vickers indentation cracks exhibit a load dependent
shape. At low loads two separate radial cracks form per median plane, at high loads these
cracks merge beneath the hardness impression to form an annular crack. Lateral cracks appear
much closer to the surface than frequently assumed. Knoop cracks are nearly semi-elliptical.
The crack aspect ratio and the aspect ratio of the elongated wedge-shaped plastic deformation
zone are load dependent.
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1 Introduction

Cracks associated with Vickers or Knoop hardness impressions are widely used as artificial
defects of "known" size for the fracture toughness measurement of ceramics. A voluminous
literaturel-6 exists on the quantitative relations between the surface crack length of indenta-
tion cracks and the fracture toughness. These analyses usually involve different assumptions
about crack and deformation zone geometry, some of which may not be applicable for a given
material.

Under sharp indenters two distinct types of cracks (Fig. 1) were found to form in planes per-
pendicular to the indented surface: shallow, surface cracks (also referred to as Palmqvist-
cracks’ or radial cracks®) emerging from the corners of the hardness impression and half-
penny (or median/radial®) cracks. To distinguish between these two crack systems, a formal
criterion based on the crack-length / indent diagonal ratio was proposed®. These different
crack geometries were detected by layer-by-layer removal in hard metals* ° and some ceram-
ics”™ or by decoration techniques'**®. Most of the experience with indentation cracks results
from experiments with glass, which is - with respect to indentation fracture - an inadequate
model material for polycrystalline ceramics, as Cook & PHARR® pointed out.

Only few papers deal with systematic investigations of the crack shape as a function of inden-
tation load. The results for polycrystalline transforming ceramics® ** suggest that radial (or
kidney-) cracks form at low indentation loads and finally merge to half-penny geometry
above a characteristic threshold load. There is some evidence that this behaviour is general
also for the elastic/plastic contact fracture in non-transforming ceramics®.



It is the goal of the present work to investigate the influence of the indentation load on the
geometry of indentation crack profiles under Vickers and Knoop indentations in silicon ni-
tride systematically. Two different experimental techniques are used to create a complete rep-
resentation of crack profiles, lateral cracks and the plastic zone.
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2 Investigated material and experimental procedures

The experiments were performed on a commercial gas pressure sintered silicon nitride doped
with approx. 3 weight% MgO provided by ESK, Kempten, BRD. Young's modulus
E =306,5+ 0,3 GPa was determined by a resonant beam technique?', fracture toughness
K. = 6,4 + 0,6 MPaym was measured using the SEVN-B method?.

For some indentation experiments standard flexural specimens were machined from larger
billets according to DIN 51 1107,

All indentations were made into mirror polished surfaces. A Zwick hardness tester 3212 was
used up to a load of 294 N. During these experiments the maximum load was reached after
5s, the dwelling time was 10 s. Indentations with higher loads were made with a miniature
universal testing machine ET500 (Engineering Systems, UK) under the same conditions.
Vickers cracks produced with loads between 29 N and 981 N were investigated. The loads for
Knoop cracks ranged from 29 N to 294 N.

Where required, indented bars were broken in flexural mode on a Zwick Z010/TN2A testing
machine on supports with 40 mm lower and 20 mm upper span. A crosshead speed of
0,1 mm/min was used.

Two different experimental techniques were used to investigate the crack patterns produced
by Vickers- or Knoop indenters: a decoration process and a serial sectioning technique.

2.1 Decoration of cracks

The decoration of the indentation cracks was performed following the method proposed by
JoNEs ET AL.Y, who also give a detailed description of the method. The indentations were
made into a drop of saturated lead acetate solution placed on the centre of the mirror polished
tensile surface of a flexural specimens. Care was taken to align one indentation diagonal par-
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allel to the specimen’s long edge. After removal of the indenter the excess lead acetate solu-
tion was allowed to dry on the specimens surface. Drying was completed at 105°C for 15 min
in a oven. The specimens were then broken in 4-point-flexure mode with the original indenta-
tion crack acting as failure origin.

The portions of the indentation crack that are opened during the indentation cycle or after re-
moval of the indenter are impregnated by the lead acetate solution. On the back-scattered
electron image of a SEM these regions appear lighter than the surrounding ceramic fracture
surface.

The lead acetate solution penetrates the crack by capillary action and/or diffusion. A good
quality decoration depends on the time available for this processes. It has to be ensured that
the solution is dry at the moment of fracture to avoid further spreading on the fracture surface.
It can be expected that the crack extension is slightly underestimated by the measurement of
decoration profiles.

2.2 Serial Sectioning

Investigations of crack profiles by serial sectioning were reported by several authors®**. The

contour of the indentation crack is revealed by removing layers of material by ceramographic

polishing. The common method is to start from the surface into which the indentations was

made, see Fig. 2 (A). Here a different strategy was applied: the layer-by-layer removal was

started in a plane perpendicular to the indented surface and to one of the indentation cracks, as

depicted in Fig. 2 (B). Some of the difficulties associated with the “classic” method (polishing

from the top) are thus avoided:

+ The amount of material removed (t;,) can be accurately determined from the remaining
crack pattern (c*(t,)), whereas the exact measurement of ty is difficult.

- Since the measured quantity 2c(tx) decreases with increasing depth ty, the deepest point of
the crack profile, i.e. the crack depth a, is likely to be missed with the classic method.

+ Information about the location and the extension of lateral cracks are readily gained by
transverse sectioning while they may cause chipping during polishing from the top.

An automatic ceramographic polishing equipment (by Struers) was used for the layer-by-layer

removal. For each layer four polishing steps with diamond suspension from 15um to 1 pm

were performed.
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During the polishing the residual stresses that keep the indentation cracks open may relax
leading to closure of the cracks. But at the same time the edge rounding effect usually ob-
served during ceramographic preparation enlarges the cracks. The polishing parameters
(mainly the force acting on the polished sections) have to be chosen in such a way that break-
out of grains at the crack tip is minimised. Since the investigated material is fine-grained ef-
fects of break-out are believed to be smaller than the measuring error.

3 Results
3.1 Vickers indenter

Typical values for the characteristics of Vickers indents and indentation cracks are compiled
in Fig. 3. The surface crack lengths ¢ measured on the decorated crack profiles turned out to
be slightly longer than those measured on polished surfaces. This indicates that a nearly com-
plete impregnation of the cracks was achieved during the decoration procedure. Crack depths
a measured on decorated crack profiles and determined by serial sectioning do correspond
within the experimental scatter. Note that the ratio crack depth / crack length, e = a/c, de-
creases with increasing indentation load.
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Fig. 3. Characteristics of Vickers indentations and indentation cracks. d indentation half-
diagonal, c surface crack length, a crack depth. Each data point represents the mean of at least
ten measurement for ¢ and d and three measurement for a respectively.

Profiles of different Vickers-cracks as revealed by decoration with lead acetate can be seen in
Fig. 4. Micrographs taken during the serial sectioning of a crack made with 196 N (HV20) are
shown in Fig. 5. For cracks introduced with loads of 98 N or higher, the results of the serial
sectioning experiments can be summarized in an schematic top- and section-view as depicted
in Fig. 6.



Fig. 4. Decorated crack profiles under Vick-
ers indentations produced with different
loads.

The decoration of a 49 N-crack, Fig. 4 (A), suggests that the two crack segments (radial
cracks according to the definition given by Cook & PHARR?, or kidney cracks'*) emerging
from the corners of the indentation do not meet below the indentation centre. This may be the
result of an incomplete decoration. The serial sectioning proved that in some cases only crack
segments are present, while annular cracks — like for the high-load indentations — or irregular-

ities like two inclined cracks occur in other cases. Separate radials were found for all 29 N-
indentations.
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Fig. 5. Different stages of the serial sectioning of a Vickers indentation crack made with

196 N. The position of the section in relation to the indent is shown in the samll sketches

above the micrograph. In (C), the trace of the second, perpendicular crack is indicated by
arrows.

A core zone with the shape of a spherical segment immediately below the indentation is not
decorated by lead acetate and appears dark in Fig. 4. In this zone compressive stresses prevail



during the indentation cycle. Cracks cannot grow into this core zone. On the polished sec-
tions, Fig. 5 (C) the plastic zone can be detected by the enhanced break-out on polishing. This
may be due to severe damage caused by the high compressive stresses. SEM investigations
revealed micro-cracks at grain facets within this region. The compressive stresses are not - or
only partially - relieved during the polishing steps. Small secondary indentations (e.g. made
with 19 N into the core zone of a 981 N crack) placed into the core zone do not produce
cracks, whereas they show cracks when introduced into normal polished surfaces.

Shallow lateral cracks were only found for indentation loads higher than 29 N. They extend
nearly to the tips of the annular or radial cracks, Fig. 5 (C) and Fig. 6.
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view of the 196 N Vickers indentation crack
system. Diamonds and the through line indi-
cate the front of the annular crack, the dashed
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3.2 Knoop indenter

For the Knoop-cracks too, the correspondence of crack dimensions measured with different
experimental techniques is satisfactory. By inspection of the polished specimen surface it was
not possible to detect cracks associated with 29 N and 49 N indentations. Decoration proved
that these cracks grow just to a length similar to the long indentation diagonal. Typical values
for the characteristics of Knoop indents and indentation cracks can be seen in Fig. 7. For these
cracks the ratio e = a/c increases with increasing indentation load.

Profiles of different decorated Knoop-cracks are shown in Fig. 8. In this pictures the indenta-
tion itself is so shallow that it can not be made out. The extension of the long indentation di-
agonals d; is therefore marked with dashed lines.

Knoop indentations are much shallower than Vickers indentations produced with the same
load. Due to recovery of the elastic deformation after the removal of the indenter, the remain-
ing impression is less deep than the geometric depth (i.e. calculated from the indenter geome-
try and the measured indentation diagonals) of the impression®. The core zone for Knoop
indentations has the shape of an elongated wedge. It extends over nearly the same length as
the long indentation diagonal in its dimension parallel to the surface. The depth of the zone is
approx. four times the geometric depth of the hardness impression.



400

—M®— indentation %2-diagonal d,
I —O— surface crack length ¢
300F

/O
o ]
’g‘ 250 F / /
3 ]

= 200} 2////////”/

S 150 cr%ééjj

100 F

350

50

0 100 200 300
indentation load P [N]

Fig. 7. Characteristics of Knoop indentations and indentation cracks. d; indentation half-
diagonal, c surface crack length, a crack depth. Each data point represents the mean of at least
ten measurement for ¢ and d and three measurement for a respectively.

Fig. 8. Decorated crack profiles under Knoop indentations produced with different loads. The
dashed lines indicate the extension of the long indentation diagonal.

Fig. 9. Multiple lateral cracks
under a 294 N Knoop inden-
tation: s shallow laterals, d
deep laterals.




Below the plastic zone a very light region can be observed in Fig. 8 (C) & (D). Serial section-
ing revealed that the lateral cracks intersect with the half-elliptical crack in this zone. For
Knoop-indentations multiple lateral cracks, like those shown in Fig. 9, are typical. Especially
at indentation loads higher than 98 N shallow lateral cracks are often accompanied by deep
laterals.

4 Discussion
4.1 Vickers cracks

Indentation cracks are commonly described® as half-penny cracks wedged open by a point
load P acting at the centre of a half-penny surface crack with radius c. This model leads to
Ko=z—r ()
c

for the fracture toughness K.. The residual stress parameter y depends on the elastic/plastic
deformation behaviour of the material and the indenter geometry. If both the fracture tough-
ness K. and the residual stress parameter y are constant the quantity P/c*? is independent of
indentation load. In general, deviations from this behaviour can be explained by two effects:
the deformation fields are not self similar for different indentations loads and thus lead to
crack driving stress fields (characterized by the quantity y) that vary with indentation load, or
the material exhibits a R-curve, i.e. the fracture toughness increases with crack extension.

Fig. 10 shows that within the experimental scatter P/c¥? for Vickers cracks is constant over
the range of investigated indentation loads (49 N ... 984 N). The point force model seems to
be an appropriate description of Vickers cracks in the investigated silicon nitride, even though
a change in crack geometry was observed.
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Radial (or Palmqvist) indentation cracks in ceramics have been reported by different authors.
Jones et al.”, Pajares et al.?® or Cook et al.** observed them in different zirconia ceramics,
Shetty et al.? in glass ceramic and Lankford™ in alumina. The transition from two separate
radials per median plane to one single annular crack like in the investigated silicon nitride has
been observed in Ce-TZP by Matsumoto™, in 4Y-PSZ by Pajares et al.?® and in a HPSN by EI
Aslabi et al."*. These observation suggest that the general cracking sequence during the inden-
tation process for such polycrystalline ceramics is governed by primary radial crack formation
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and eventual impingement of these cracks below the impression centre once a critical load is
surpassed. Ledges just below the indentation centre like in Fig. 4 (C) are often observed and
confirm this sequence.

The existence of radial cracks that form independently from median cracks can be concluded
from the analysis of the indentation stress field by CHIANG, MARSHALL & EvANs?’ (CME).
From their analysis it follows that the driving forces for radial crack formation are greater
than for median crack formation. Cook & PHARR® observed that these cracks may grow dur-
ing the loading cycle as well as during the unloading cycle in single crystals with a sufficient-
ly high ratio of Young's modulus/hardness, E/H. They do not report if a transition to annular
cracks did occur in the materials they investigated.

An explanation for the observed cracking behaviour with the transition from radial to annular
cracks is provided by PAJARES ET AL.% for the special case of a transformation-toughened
4Y-PSZ. During the indentation cycle the stress-induced monoclinic to tetragonal phase trans-
formation leads to a volume increase around the indentation. As a result a hydrostatic stress
field builds up originating in the plastic deformation zone underneath the hardness impression
with its centre at a certain depth below the surface. Such a behaviour violates some of the
assumptions of the standard indentation theory® ?, i.e. that plastic deformation processes are
volume-conserving and that residual stresses arise only due to elastic accommodation of the
indent volume. The additional radial decreasing hydrostatic stress field modifies the generally
assumed point force model residual stress field. Consequently the crack shape is affected by
this combined stress field.

According to this model the transition from the radial crack geometry to the annular crack
geometry occurs if the ratio crack length / indentation diagonal, c/d = m surpasses a minimum
value®®. The quantity m is a measure for the range in which the hydrostatic stress field is ef-
fective. The minimum for m is reached at the critical load P which varies with toughness K
and hardness H of the material:

6 4
P*—8;1 ﬁg L@

The geometric resemblance of the crack profiles found in the investigated silicon nitride with
those reported by PAJARES ET AL.%° suggests an application of their model to silicon nitride.
With H = 14, 6 GPa, K\ = 6,4 MPa, P* ~ 100 N and y = §- (E/H)"? with 5= 0,016, eq. (2)
gives m ~ 1. This corresponds to the m-value reported earlier for non-transforming ceramics®,
but differs significantly from the experimental ratio m = c¢/d for cracks introduced with loads
close to P*: c/d| 4n = 1,8 and c/d | gsn = 2,2. Obviously the application of the presented model
for the formation of kidney-cracks is not quite appropriate for non-transforming ceramics.
This is also supported by the fact, that for m ~ 1 the additional hydrostatic stress field is nearly
completely confined to the crack-free portion of the plastic deformation zone and should
therefore not strongly influence the indentation cracks.

From the size of the un-cracked, compressed core zone it is possible to estimate the radius b
of the plastic deformation zone. From the CME analysis®’ of indentation stresses we learn that
maximum tensile stresses occur at the border of the plastic zone (relative size B = b/d* , where
d* is the radius of a sphere with the volume of the Vickers indentation®:
d* = d - cot®368°/1,644) and that compressive stresses prevail within a smaller core zone.
The extension of this zone at the specimens surface (r.°) is smaller than its extension beneath
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the indentation (r¢™). As a consequence, the core zone will not be a hemisphere but resemble
more an ellipsoid or a spherical segment with its centre offset below the specimens surface.
The micrographs in Fig. 4 confirm this. For the theoretical value B ~ 2,8 for silicon nitride®*
the core zone extensions rc° and r™ are approximately between 78% and 85% of the plastic
zone radius b. A first estimation of 3 from measured geometries of the core zones averaged
over all investigated indentation loads (see table 1) yields 8 ~ 2,6.

Lateral cracks appear at a distance of less than /2 below the surface. This behaviour is in
excellent agreement with the theoretical predictions for the location of maximum tensile
stresses normal to the specimens surface?” as well as with experimental observations on trans-
parent single crystals®.

Table 1: Characteristics of the plastic zone of Vickers indentation cracks.
49N 98N 196N 294N 981N
d[um] 41 58 82 102 183
re [um] 36 58 75 89 176
y/j 25 28 26 24 27

It should be mentioned here that the pictures of lateral cracks emerging close to the bottom of
the plastic zone as often reported in textbooks?* % ?® represent the experimental observations
on soda-lime glass®® ?° rather than the situation in polycrystalline ceramics. The same may be
stated for the cracking sequence. As Cook & PHARR® showed the cracking sequence depends
on the ratio of Young's modulus / hardness, E/H, of the indented material. The sequence
where median cracks precede median/radial- or half-penny-cracks and laterals form upon un-
loading is typical for glass with a low E/H-ratio. For ceramics with a high E/H-ratio a differ-
ent sequence with independent radials and lateral cracks forming during the loading cycle
may as well take place.

4.2 Knoop cracks

For Knoop-cracks, a strong dependence of P/c*? on indentation load can be observed in Fig.

10. The simple point force model is not suitable for the fracture mechanical description of
such cracks. Keer ET AL.* showed that this behaviour can be explained by assuming that
Knoop-indentation cracks are opened by a residual pressure that is constant over a semi-
elliptical portion of the crack (at the location of the plastic zone) with a load dependent aspect
ratio. They calculated plastic zone sizes for different loads so that experimental P/c¥*-data for
silicon nitride were matched. A comparison of characteristics of plastic zones measured on
decorated cracks with these calculated values is plotted in Fig. 11. The load dependence of the
length of the plastic zones (bi/c) cannot be verified due to the lack of data, but the aspect ratio
b1/b, follows the trend given by the calculations.
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Knoop-cracks are used as artificial flaws of known size in the surface-crack-in-flexure
(SCF)* technique for measuring fracture toughness. For this testing procedure it is prescribed
to remove the contact zone of the indentation by grinding away a surface layer of a thickness
of approx. 4,5 ... 5 times the indentation depth (= d1/6). The decoration experiments confirm
that this is indeed enough to remove the plastic zone. The serial sectioning indicates that the
shallow lateral cracks located immediately below the plastic zone are then removed too but
the deep lateral cracks will however remain.

5 Summary

The geometry of Vickers- and Knoop indentations cracks as a function of indentation load
was investigated using two different techniques. Together these techniques produce a com-
plete 3D-respresentation of the indentation crack system.

For Vickers cracks a transition from deep radial cracks emerging from the corners of the in-
dentation to annular cracks surrounding the deformation zone with increasing indentation load
was observed. This behaviour is in agreement with in situ observations of cracking sequences
in transparent crystals and predictions basing on calculated indentation stress fields. The size
of the plastic zone was estimated and found to match the theoretical prediction. Lateral cracks
form close to the surface at a depth were tensile stresses normal to the free specimen reach a
maximum.

Knoop indentations produce semi-elliptical cracks with load dependent aspect ratio. For these
cracks the plastic zone has a load dependent shape and size. Lateral cracks form at low inden-
tation loads, at high loads a deep secondary lateral system is present. The polishing procedure
prescribed®! to remove the plastic zone of Knoop indents will remove the shallow laterals but
not the deep lateral cracks.
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