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The objective of this study was to explore how the size of pre-crystallisation defects affects the strength of a lithium disili-
cate glass ceramic. A total of seven groups of lithium disilicate glass-ceramic (IPS e.max® CAD) disc shape specimens
(thickness 1.1 £+ 0.1mm) were fabricated (n = 15). Each group corresponded to the varying severity of controlled surface
defects made by a Vickers hardness indenter in a partially crystallised state. All the discs followed the manufacturer specified
crystallisation process. The controlled defects were analysed with the use of optical microscopy and atomic force micros-
copy in both the partially crystallised phase and afier crystallisation. The bi-axial flexural strength (BFS) was measured
using a ball-on-ring configuration after crystallisation. A one-way ANOVA revealed a significant difference (p = 0.028). The
post-hoc Tukey test revealed a significant difference (p < 0.01) existed between the 0.2 kg and 2 kg indentation groups, with
no other pairwise differences. The survivability plots highlight the low BFS outliers occurring in the 1.0 and 2.0 kg static
load groups. The Atomic Force Microscopy shows apparent differences before and after crystallisation. The crystallisation
process helps to mitigate the strength limiting defects, but it also has a limit. Therefore, it is necessary to minimise the surface

defects generated through the pre-crystallisation manufacturing procedures.

INTRODUCTION

The rise in popularity of Computer Aided Design/
Computer Aided Manufacture (CAD/CAM) in dental
applications has resulted in more efficient workflows
for professionals and reduced overall treatment times,
benefiting both the patient and clinicians. The production
of ceramic restorations primarily involves subtractive
machining. During this grinding process, material is re-
moved from pre-formed ceramic blocks using abrasives,
typically embedded diamond particles, to achieve the
required shape of the dental restoration [1, 2].

There are two main approaches in the literature
with regards to the grinding analysis: 1) the “machining”
approach ii) “indentation fracture mechanics” [3]. The
machining approach assumes a role of a plastic-flow
mode of chip formation after the grain penetrates a
critical depth. For ceramic materials, the plastic-flow
regime is negligible and, thus, the fracture mechanics
approach is typically pursued for ceramic materials,
where it has been shown to be a reasonable model to
describe the material removal process [3].

Indentation fracture mechanics analyses the micro-
fractures and material loss as a result of the localised
stress concentration caused by the diamond particles [4,
5]. This contact between the abrasive and the material
results in strength limiting cracks and plastic contact
damage leading to residual stresses localised within
a region near the machined surface [3-6]. While the
grinding/indentation processes involve both elastic and
plastic fields formed by the indenter, the elastic com-
ponent only plays a role during the formation of cracks
as it fully reverses. On the other hand, the plastic field
is irreversible, and the associated residual field affects
both the formation of the cracks as well as their response
to the subsequent loading [7, 8]. Instead of failure
occurring at a critical applied stress without a precursor
crack extension (as is the case for Griffith cracks) [9],
the cracks become unstable only after a region of stable
equilibrium growth [10, 11].

Cracks induced by this contact can be classified into
two primary systems: i) lateral cracks, formed normal to
the grinding direction; ii) median cracks, formed parallel
to the grinding direction (Figure 1) [6-8, 12, 13].
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Figure 1. Illustration of the subtractive machining process. (A)
Ceramic block. (B) Diamond tool in contact with the ceramic
block. (C) Ground sulcus. (D) (a) lateral cracks (D) (b) median
cracks (D) (c) plastic deformation zone under the sulcus.

Lateral cracks play a dominant role in the chipping
of the material, while median cracks deteriorate the
strength of the material when they are more severe than
the pre-existing cracks in the material.

There are two primary types of CAD/CAM ceramic
materials available on the market with respect to the
crystallisation process i) fully or ii) partially crystalli-
sed systems. Fully crystallised ceramics are obtained
and machined in their (already) fully crystalised state.
Partially crystallised ceramics are further crystallised
after the machining process. While the partially crys-
tallised system process is more economically deman-
ding and more time consuming, it is favourable for
machining as the material is softer, it has better edge
stability and causes less wear of the burs [14-16]. After
machining, the material undergoes a heating process
(crystallisation), reaching its final microstructure and
mechanical, physical, and optical properties [14, 15,
17-21]. Furthermore, this process has been shown to
have crack-healing properties [15]. This study focuses
on the positive effects (in terms of crack healing and
strength improvement) of crystallisation for the partially
crystallised IPS e.max® CAD ceramics.

There are multiple material processes during the
crystallisation that can be potentially beneficial to the
introduced defects and resulting strength degradation.
As the glass exceeds the transition temperature during
heating, it gets into a viscous state without losing its
shape [22]. This process (also referred to as annealing)
also relieves any residual stresses initially present in the
material [23]. The crystallisation process also changes
the ceramic crystalline microstructure. The IPS e.max®
CAD block in the partially crystalline stage mainly
consists of i) few lithium disilicate crystals ii) amorphous
lithium orthophosphate which acts as nucleation
agent iii) metasilicate crystals occupying the majority
of the material [14, 18, 24, 25]. As the temperature
reaches 530 °C, the metasilicate crystals grow with
dendritic shape, reaching their maximum size at around

750 °C. The metasilicate crystals (Li,SiO;) then start
decomposing above 780 °C until 820 °C. The formations
of the main crystal phase of lithium di-silicate (Li,Si,05)
and a second crystal phase of lithium orthophosphate
(Li,PO,) follow [19, 24, 25]. While Li,Si,0; crystals are
also formed under lower temperatures in parallel with
the metasilicate growth, their faster and major formation
happens only after the decomposition of the metasilicate
crystals and their interactions with glass. Li,Si,0;
crystals reach 70 % volume in a fully crystalised stage
and can be found in two different morphologies i) rod-
like crystals ii) oriented crystals. Rod-like crystals are
formed during the decomposition of metasilicate crystals
and their subsequent interaction with silicate in a rich
glass viscous matrix. The oriented crystal bundle forms a
rearrangement of a silicate framework in Li,Si05 [14, 17,
20, 26]. The structural changes during the crystallisation
process are graphically shown in Figure 2.

Figure 2. [Illustration of lithium silicate crystals during
the crystallisation process. (A) Plate metasilicate
crystal. (B) Dendritic metasilicate crystal (C). Dendritic
metasilicate crystal in decomposition with a formation of
bundle and rod-like lithium di-silicate crystals (D) Fully
crystalised lithium di-silicate crystals with a bundle-
crystal form in the centre and rod-like crystals around it.

While previous work has demonstrated that
the crystallisation process does decrease the crack
dimensions introduced during machining, the resulting
defects were still strength limiting [15]. However, only
a single defect severity was considered. The effects of
the crystallisation process on the varying defect sizes
and the resulting strength degradation are, thus, not well
understood.

The aim of this study is to determine the effect of the
crystallisation process on defects of varying severities
in a partially crystallised lithium disilicate CAD/CAM
ceramic. The hypothesis is that the crystallisation process
can mitigate the defects within a critical size, in terms of
the strength limitation.
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EXPERIMENTAL

Test specimen manufacturing

This study used partially crystallised lithium di-
silicate ceramic IPS e.max® CAD blocks (Ivoclar
Vivadent, Schaan, Litchenstein). In accordance with
previous studies, the blocks were cut with a water jet into
cylinder shapes with a nominal diameter of 10 mm [27,
28]. A slow speed linear precision saw with a diamond
particle cutting blade IsoMet 5000 (Buehler, Lake Bluff,
USA) with water lubrication was used to cut 105-disc
samples measuring 1.1 = 0.1 mm in thickness. The
parameters used were a blade speed of 4000 rpm, a feed
rate of 19 mm'min’', a blade thickness of 0.508 mm.
One side of the ceramic disc was polished to reach a
consistent surface finish on which to impose defects. All
the samples were polished by hand, using silicon carbide
abrasive paper in a progression of P-800, P-1000,
P-1500, and P-2000 at 90 s intervals on each disc. Water
was used as the lubricant during polishing.

Controlled Defect Generation

The samples were randomly categorised into 7
groups (n = 15 per group), corresponding to the different
indentation loads. The controlled surface defects were
made by indentation with a Vickers hardness indenter
(Wilson® Vickers Micro-hardness Tester, Buehler, Lake
Bluff, USA). In order to simulate the varying severities of
the surface defects, each group used a different static load
of the microhardness indentation: Group CONT, control
group (polish); Group INDO.1, indent with 0.1 kg; Group
INDO.2, indent with 0.2 kg; Group INDO.3, indent with
0.3 kg; Group INDO.5, indent with 0.5 kg; Group IND1,
indent with 1.0 kg; Group IND2, indent with 2.0 kg. All
static loads were held for 99 s. To make the location of
the indentation consistent, the approximate centre of all
the discs was identified using a 3D printed locator.

Crystallisation

All the samples were subjected to the crystallisation
process in an Ivoclar Vivadent Programat EP 5000
furnace, as specified by the manufacturer. This process
consisted of the following schedule: 1) preheating
samples to 403 °C for 6 min, 2) increasing the tempera-
ture at 90 °C-min”" to 820 °C (550° - 820 °C under a
vacuum), 3) holding for 0.1 minute, 4) increasing
30 °C'min”' to 840 °C, 5) holding for 7 minutes, 6)
long-term cooling from 700 °C. After the crystallisation
process, the thicknesses of the samples were re-measured.

Optical and Atomic Force Microscopy

The indented surface of the samples was observed
with an optical microscope (50 x zoom) attached to a
Wilson® Micro-hardness tester (Buehler, Lake Bluff,

USA) before and after the crystallisation process. The
optical microscope was used to measure the cracks and
indentation that form the surface defects (Figure 3). The
crack size was measured as a sum of the horizontal/
vertical crack lengths and the indent size was measured
as the horizontal/vertical dimensions of the diamond
rhomb (Figure 3).

Figure 3. [Illustration of the microcracks and indentation.
The diamond shape represents the Vickers indentation with
a horizontal/vertical length of a/b. Four lateral microcracks
propagating from the corners are marked as c, d, e, f.

Whenever any of these values were not recognisable
(e.g., at lower static indenter loads where propagating
cracks could not be discerned), the datapoint was removed
in order not to bias the data. As the crystallisation process
resulted in substantial changes to the diamond indent
geometry, the measurements were performed prior to the
crystallisation only.

To further observe the effect of the crystallisation
process on the surface defects, Atomic Force Microscopy
(AFM) was performed. Six additional samples were
made: two samples were just polished, and four were
exposed to Vickers indents with two at a 0.5 kg static
load and at 2.0 kg. The AFM was performed before and
after the crystallisation process, using a Dimension Edge
AFM (Bruker, Billerica, USA), using a Tap300-G (Ted
Pella Inc, Redding, USA) silicone probe in a tapping
mode, with a scan size of 50 x 50 pm and scan rate of
0.5 Hz.

Bi-axial flexural strength (BFS) determination

The BFS was measured using a ball on ring biaxial
flexure configuration and a universal testing machine
(ElectroPuls E 3000, Instron, Norwood, USA). The disc
shape specimens were supported on a knife edge ring
(diameter of 8.3 mm) and were loaded centrally with a
stainless-steel ball indenter (diameter of 7.9 mm) at a
cross head speed of 1 mm'min™'. The polished/indented
surface of the samples was facing down (i.e., facing
the ring) to load the effected surface in tension. The
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resulting BFS was calculated using the Timoshenko and
Woinowsky Krieger formulation (Equation 1)

a

BFS=1 x [(1 +v) X [0.485 xinln (%) + 0.52] + 0.48]
(1)

where P is the force at fracture (N), v is Poison’s ratio
for the material (v = 0.215 for IPS e.max” CAD), a is
the radius of the knife-edge supporter (mm), and / is the
sample thickness.

Statistical analysis

The Kolmogorov-Smirnov test was used to test the
data normality. A one-way analysis of variance (ANOVA)
test was used to test for a significant difference in the
mean BFS values of all the groups (CONT; IND 0.1;
IND 0.2; IND 0.3; IND 0.5; IND 1; IND 2). The post-hoc
Tukey test was then used for the pairwise comparison
to determine significance differences between any
individual group pairs. All the statistical tests were
applied with a significance level of a = 0.05.

RESULTS

The minimum and maximum BFS values, mean
BFS and associated standard deviations for all the
experimental groups are summarised in Table 1 and
Figure 4. The Kolmogorov-Smirnov test did not reject
normality. The one-way ANOVA (a = 0.05) revealed a
significant difference (p = 0.028). The post-hoc Tukey
test (¢ = 0.05) determined a significant difference
between the groups IND 0.2 and IND 2 (p < 0.01).
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Figure 4. Box plot graph of the BFS values. BFS value (MPa)
with the mean/standard deviation and inner/outlier points.

Table 1. Table 1- BFS values: mean and standard deviations.

A BFS plot of the survival probability was made
to further analyse the differences between the groups, as
shown in Figure 5.
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Figure 5. The survival rate of the tested samples under

different BFS wvalues. The groups with the largest
surface defects IND 1 and IND 2 (1 kg and 2 kg loads)
demonstrate discontinuity in the lowest BFS values,
being the only ones that survived less than 300 MPa.

The groups with the two largest defect sizes, IND1
and IND2, exhibit outliers at lower strength values,
suggesting the limit of the crystallisation process, where
the only samples with a BFS below 300 MPa come from
these two groups (Figure 6-7).
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Figure 6. Diamond length against the BFS. The different
indentation loads (different groups) clearly affect the size of
the defect. Only samples with an intelligible diamond length
were included.

Figure 6 and Figure 7 relate the defect severity to the
BEFS. Figure 6 focuses on the size of the diamond, while
Figure 7 focuses on the crack dimensions propagating
from the central Vickers indent. The figures demonstrate
that the indentation load correlates with the defect
severity, as the groups form identifiable clusters.

Group CONT IND 0.1 IND 0.2 IND 0.3 IND 0.5 IND 1 IND 2
(control) (0.1 kg) (0.2 kg) (0.3 kg) (0.5 kg) (1kg) (2 kg)
BFS (MPa) 354 - 675 348 — 555 414 - 578 339-508 343 - 553 259 - 564 277 -517
Mean BFS (MPa) 469 + 104 441 + 62 490 £ 52 426 £ 44 461 £ 54 428 + 66 416 + 64
Ceramics — Silikaty 67 (2) 135-141 (2023) 138
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Figure 7. Lateral crack size against the BFS. The different
indentation loads (different groups) clearly affect the crack
length of the defect. Only samples with an intelligible diamond
length were included.

To inspect the effects of the crystallisation process
on the surface defects, Figure 8 shows representative
AFM images before and after crystallisation. The
samples indented by 0.5 kg and 2.0 kg exhibit visual
changes after the crystallisation. The indentation and the
cracks are shallower, and the surface is notably smoother
(Figure 8 a, b).

DISCUSSION

Our study shows that the defect sizes have a sig-
nificant effect on the resulting BFS after crystallisation,
and a single significant pairwise difference was found
between the groups IND 0.2 and IND 2. A further analysis
of the BFS via the survival rate (Figure 5) confirms that
the only low-strength outliers come from the two groups
with the largest defect sizes (IND 1 and IND 2). This
suggests that while the crystallisation helps to mitigate

smaller defects, the larger defects approach the limits of
what the crystallisation mechanisms can remedy. This
is consistent with previous work, where larger grin-
ding defects lead to a decreased BFS [15, 27]. While
Belli et al. 2019 reports that the crystallisation reduces
the size of larger cracks introduced by machining, the
reduced defects were still strength limiting (consistently
with the results of Romanyk et al. 2019 [27]) as CAD/
CAM machining damage often extends to at least 50 um
[29]. An important consideration in contextualising the
current results with previous research is the fact that the
expansion and the resulting material failure does not
follow Griffith crack expansion where the initial crack
size is the only relevant factor. The failure is rather
a function of the crack size as well as the residual stress
accumulated in the plastic zone of deformation [4, 7, 8].
The results from this study suggest that if the defects are
sufficiently small enough, the crystallisation process can
mitigate both the crack size and the residual stress up to
a point where there is no significant difference in the BFS
when compared to the control group.

Besides the restored BFS values, the post-crys-
tallisation AFM pictures also suggest the altered surface
of the indentation-defects (Figure 8). The indentation and
the cracks are shallower, and the surface is noticeably
smoother. Such an observation suggests that multiple
material processes during crystallisation occur, as the
growth of crystals and the viscous stage of glass could
help to decrease the porosity of the material and to relax
the residual stresses introduced during grinding.

The viscous flow of the glass and these
microstructural changes can serve to reduce the crack
size and residual stress, mitigating the surface defects
and resulting strength degradation.
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Figure 8. Atomic force microscopy (AFM) of the additional AFM group. (A) Sample with 0.5 kg indentation before and after
crystallisation (B) Sample with 2 kg indentation before and after crystallisation. Both pictures demonstrate that the depth of the
defect was decreased, while the borders of the diamond were smoothed out.

139

Ceramics — Silikaty 67 (2) 135-141 (2023)



The effect of the pre-crystallisation defect size on the strength limitation in lithium silicate glass ceramics

This is in agreement with Belli et al. 2019, where
the reported strengthening effect and decreased crack
dimension after the crystallisation process are attributed
to the change of crystal structure and glass in the viscous
flow cause the crack shrinkage [15]. Furthermore, the
included XRD analysis pre- and post-crystallisation
revealed cristobalite crystallisation on the surface of
the TIPS e.max CAD. This has been then suggested
to potentially create beneficial compressive stresses
shielding the defects and improving the strength. This
study shows that the strength-limiting effects from small
defects can be completely restored by recrystallisation.

The mechanism of the strength-limiting effects
from the defects is well understood. A plastic zone of
deformation and an associated stress field developed
during the grinding process plays a crucial role for
both the formation of cracks and their response to the
subsequent loading [4]. While an elastic component is
also involved during grinding and plays a role in the
formation of cracks (e.g., suppressing the lateral cracks
so that they only develop after the indenter is being
removed), it is irrelevant for post-machining loading
as it fully reverses after grinding. The post-machining
strength, thus, depends on the residual stresses and the
generated lateral and medial/radial cracks themselves
[7]. Medial cracks do not extend back into the plastic
deformation zone and together with the residual fields
affect the resulting material strength [30]. Lateral cracks
play a dominant role in the chipping of the material
during the grinding process. The residual stresses then
either help to stabilise or extend the cracks, dependent
on the material and machining parameters (although
the crack stabilising compressive stresses likely remain
confined to a relatively thin layer) [15].

The positive effects of the crystallisation process
presented in this and prior studies further motivate dental
clinicians to minimise the severity of these defects (both
cracks and residual stresses). Interestingly, Addison et
al. 2012 showed that this cannot be achieved by simply
using new burs rather than used ones (i.e., frequently
changing burs does not help) as the surface roughness
rather depends on a random selection of a bur and a
random machining sequence [31]. Alao et al. 2017
reported that pre-crystallisation polishing is significantly
more effective to post-crystallisation polishing in
smoothing out the rough surface introduced by grinding;
however, no strength data was collected preventing any
further understanding of how the order of manufacturing
operation would influence strength. Belli et al. 2019
then reported pre-crystallisation polishing as being more
effective in terms of resulting strength measurements
[15, 32]. Different crystallisation cooling rates have been
investigated in Wendler et al. and Lohbauer et al. [33,
34]. Slower (soft) cooling under the transformation glass
temperature led to reduced negative residual stresses.
Furthermore, the direct contact of the firing pin with the
glass ceramic developed localised residual stresses and

also the fusion of the pin material into the ceramic. Thus,
different firing setups were suggested. Namely, the use of
fibrous pads or firing pastes seem to be good options to
minimise the residual stresses near the contact with the
ceramic material.

The limit of this study is that the indentatio: fracture
mechanics assumes that the damage produced by grinding
can be thought of as a single crack system produced
by an indenter, the machining damage differs due to
different configurations of the plastic deformation zone,
associated cracks and the multiplicity of neighbouring
damage sites [4]. Despite these discrepancies, the single
indentation point has been shown as a reasonable model
as it provides a qualitative description of the response of
machining-induced cracks [4].

CONCLUSIONS

The current study has demonstrated that the
crystallisation of the partially crystallised IPS e.max®
CAD ceramic can heal small indentation defects,
resulting in no statistical strength difference between
the control group and groups with a small indentation.
Post-processing steps are likely to modify the strength
limiting defects and residual stress states. While
the strengthening effects of the crystallisation have
previously been reported, the post-healing defects are
still strength-limiting. Our study shows that if the defects
are sufficiently small enough, the process mitigates
the strength-limiting effects up to the point where the
microstructure governs the strength. Furthermore, the
groups with larger defects suggest that the corresponding
defects already approach the limits of the process and the
post-processing defects are already becoming strength-
limiting..
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