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ARTICLE INTFO ABSTRACT

Article history: Objective. To identify the conditions under which fabrication pore defects within veneer-
Received 20 June 2018 ing porcelain in bilayered lithium disilicate glass-ceramic (LDG) crowns will influence and
Received in revised form jeopardize the mechanical integrity of the structure.

28 November 2018 Methods. Thirty standardized molar crowns (IPS e.max Press) were fabricated and microCT
Accepted 13 January 2019 scanned to 3D-analyze the size, morphology and distribution of pores in veneering porcelain,

followed by in vitro fracture test and SEM fractographic observation. Finite element analysis
(FEA) of the microCT reconstructed models was used to evaluate the stress state.

Keywords: Results. The volumes of pores in samples ranged from 3241 pm? to 1.29 x 10° pm? with the
MicroCT equivalent radius between 10 pm to 680 pm. Deviation of sphericity of pores ranged from 0.10
Pore defects to 0.81 and the average of 99.97% pores was near 0.63. For the smaller pores their distribution
3D characterization tended to be uniform, while the larger pores were irregular with elongated ellipsoidal form
Fracture test and located at or near the veneer-core interface. During wedge loading blunt contact fracture
Finite element analysis testing 21 crowns failed from the fissure on the occlusal surface, of which 16 failed from
Bilayered structure surface or near surface pores, 2 from the midpoint of the oblique ridge, and 7 from larger

interfacial pores. FEA analysis indicated that defects were detrimental to veneer integrity
only in regions of tensile stress and where the pore radius associated with crack initiation
ranged from 30 to 50 pm. Pore morphology appeared to have only a minor effect on fracture.
Significance. Within the limitation of the microCT resolution and FEA, it suggests that pores
radius large than 30-50 pm and located in the tensile stress area like grooves and fissures
on the occlusal surface or near surface as well as cervical margins of veneering porcelain
will jeopardize the bilayered structure and mechanical integrity of LDG.
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1. Introduction

Over the past few decades, dental ceramic materials have been
widely used in prosthetic dentistry for their biocompatibil-
ity and esthetic outcomes [1]. Esthetic dental ceramics are
commonly bilayered systems, with an inner layer of high-
strength core ceramic, which is mainly crystalline, and an
outer layer of esthetic veneering porcelain primarily a glass
matrix [2,3]. However, when veneered with porcelain, bilay-
ered systems had a lower strength and higher failure rate
compared to the monolithic system [4]. Delamination and
chipping of veneering porcelain were the common outcome
in a number of clinically failed bilayered all-ceramic dental
restorations [5-8|.

Fractographic investigations of clinically failed bilayered
ceramic composites showed that pores in veneering porce-
lain placed the mechanical intergity of bilayered restorations
in jeopardy [9,10]. The presence of pores results in stress
concentration sites and thus reduces the fracture resistance
of all-ceramic restorations [11]. In the literature, the rela-
tion of pore defect and the fracture was controversially
discussed. Study found that the strength was determined
by the size of the largest defect in restorations [12], and
pores at the interface or within the veneer layer were not
related to adhesive failure or delamination [13]. Yet other
studies suggested that the location of pores should be a
more important factor leading to the chipping and fracture
of restorations [14,15]. It has been also suggested that inter-
nal individual pores in veneers appeared to be harmless
until they extended to the superficial layer of tensile stressed
regions [14,16] or were located at the veneer-core interface
[17].

The previous relevant studies were mostly based on the
evaluation of pores from 2D sections and might thus dis-
tort the shape of pore defects and its relationship to the
surroundings, and limit the measured data set due to the
complex nature of pore morphology in three-dimensions
(3D). Consequently, the authentic causation between pores
in bilayered structures and system failure was deemed
to be hardly established by the fractographically acquired
data. High-resolution microCT and 3D reconstruction pro-
vide a nondestructive technique for the study of pores in
ceramic materials [18]. In our previous study, both meth-
ods have been applied to investigate and characterize the
distribution of fabrication defects in bilayered lithium dis-
ilicate glass-ceramic (LDG) crowns [19]. We found that LDG
strength estimated from pore size was comparable to the
values from literature. Large defects were more likely to
appear at the core-veneer interface of occlusal fossa, while
small defects were also common in every region of the
crowns but tended to concentrate in the central fossa
region.

Here we present the further study using microCT, fol-
lowed by finite element analysis (FEA) and in vitro control
test, to identify the conditions under which fabrication pore
defects within veneering porcelain in clinically common bilay-
ered LDG crowns will essentially influence and jeopardize the
mechanical integrity of this bilayered structure.

2. Materials and methods
2.1.  Sample preparation and acquisition of the data
set

Thirty full-contour LDG molar crowns were fabricated
according to manufacturer’s instructions. The manufacturing
operation of core frameworks (IPS e.max Press, LT A1, Ivoclar
Vivadent, Schaan, Liechtenstein) and multi-layering/firing
veneering procedure (IPS e.max Ceram, Ivoclar Vivadent,
Schaan, Liechtenstein) were performed according to our pre-
vious study [19]. Acquisition of the pore defect data-set of LDG
was performed using a commercial microCT system (wCT50,
SCANCO, Bassersdorf, Switzerland). The protocols used in
this study were optimized to visualize the detail of the ana-
lyzed defects and were standardized at 90kV, 155uA and
14 W with twice averaging of scans, exposure time of 1500 ms,
and 0.5mm aluminium filter. Scanning resolution was set to
2048 x 2048 pixels with 7.4 pm per pixel and 405 pm? per voxel
size.

The raw data set of each cross-section was converted
to dicom format and 3D reconstructed using VGStudio max
2.1 (Volume Graphics, Heidelberg, Germany), to provide an
axial perspective data of the entire ceramic crown. Pores data
were analyzed using module program basing upon threshold
segmentation, by which pores were consistent with air and
distinguishable from other flaw. Eight voxels were set as the
minimum limitation of pores, accordingly, the minimum pore
volume should be 3241 pm3 and 10 pm in radius. Pores inside
the veneer were visualized from different perspectives (Fig. 1).
Parameters such as size, sphericity, distribution and number
were calculated automatically. Sphericity was defined as the
morphology of the pore, which is calculated depending on the
shapes changing from 0 defined as the pore collapsed to a line,
and 1 meaning the pore was a perfect sphere.

After scanning, all crowns were seated and cemented on
the resin replicas (P60 Filtek™, 3M ESPE, USA) using adhesive
resin (MultilinkN, Ivoclar Vivadent, Liechtenstein). Treatments
of the inner and outer surface of crowns plus cementing
procedures were performed according to the manufacturer’s
instruction and a previous study [4]. One hour after cementa-
tion, all specimens were stored in distilled water at 37 °C for
24 prior to testing.

2.2.  Invitro experiment

2.2.1. Fracture testing

All crowns underwent single load-to-failure test using a uni-
versal testing machine (AG-X 100, Shimadzu, Kyoto, Japan).
A 6mm diameter steel ball (blunt indenter) was placed over
the central fissure of the specimen to enable three-point
contact according to I1SO-6872 [20] and the previous study
[21]. A 0.2mm thick piece of tin foil (Reynolds, USA) was
inserted between the loading sphere and specimen to reduce
peak stresses at the contact points. Samples were loaded
at 0.5mm/min until delamination and/or cohesive fracture
occurred within the veneering porcelain [13]. The fracture
loads were recorded in newtons [N] for each specimen and
compared with the results of pore analysis in Section 2.1.
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Fig. 1 - Top (a) and lateral (b) views of reconstructed 3D crown from microCT data. Pore defects within the veneer were

colored to represent different dimensions.

Fig. 2 - (a) FEA model for analog computation, the model was composed of 900,544 elements and 2,255,146 nodes in total
with mesh size of 0.2 mm, and the minimum mesh size of pores was set as 0.01 mm in the present study. (b) 3D
reconstructed crown and (c) FEA “porous-model”, pores were extracted from sample No. 6 and integrated into veneering

layer.

Table 1 — Materials properties attributed to the models.

Materials Young’s modulus (GPa) Poisson’s ratio p
IPS e.max Ceram for veneer 64 0.23
IPS e.max Press for core 95 0.27
Epoxy resin for abutment 17.9 0.31
Blunt indenter 206 0.30
Tin foil 11.8 0.28
2.2.2. Fractographic morphological observation from microCT results [23]. Each model contained veneering

The fractured surfaces of broken crown were observed by
scanning electron microscopy (SEM, Quanta 200, FEI, Neather-
land) to identify the failure modes and the location, origin and
direction of propagation of cracks. Wake hackle markings from
the pore defects, cone cracks and radial cracks were selected
as references for determination of fracture modes and crack
initiation [22].

2.3.  Finite element analysis (FEA)

Stresses at locations of pores and through the entire crown
were simulated using FEA. 3D models constructed directly

porcelain, core, their abutment, as well as the 0.2 mm tin foil
and the blunt indenter. The indenter material was chosen as
steel in consistent with the in vitro test. Models were meshed
automatically with ANSYS 14.5 (ANSYS, Canonsburg, PA, USA),
and composed of 900,544 elements and 2,255,146 nodes in
total with mesh size of 0.2 mm for analog computation. The
minimum mesh size of pores was set in 0.01mm since the
smallest pore radius was 0.01 mm in the present study (Fig. 2a).
An ideal model without pore defects was set up to compare
the fabricated crown with pores in reality. The presence of
“real” pores in a “porous model” were extracted from one of
the fabricated samples as reference, and integrated into the
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Fig. 3 — Kaplan-Meier’s cumulative frequency of pore volumes in all samples.

Table 2 - Relative frequency of each pore volume range.

Range Volume range (um?3) Equivalent radius (nm) Relative frequency
1 3.241 to 10° 10 29 92.72%
2 10° to 108 29 63 6.67%
3 10° to 107 63 135 0.58%
4 107 to 10° 135 680 0.03%

veneering porcelain layer (Fig. 2b and c). The general effect of 3 Resul

pores on the stress concentration was investigated based upon : esults

the results from the pores analysis in Section 2.1, and detail

. L . . 3.1.  Pore defects

information is listed in Section 3.3.2. The values of the mate-

rial properties used in the FEA analysis are listed in Table 1 .

3.1.1. Size

[23-26].

A downward displacement of 0.6 mm was applied to the
blunt indenter to simulate in vitro loading. Based upon the
feasible computing time cost and calculating ability of the
whole system, the value of displacement we used was set
according to the average displacement of indenter from initial
contact to fracture. As it is a linear elastic analysis, the choice
of displacement and associated load does not affect patterns
and distribution of stress in the model. The bottom surface of
the abutment mesh was fixed in all three spatial dimensions
and was the boundary condition. Interfaces between veneer,
core and abutment were considered perfectly bonded, and the
material was considered isotropic and homogeneous [23,27].
As the condition for the onset of fracture was required the
maximum principal stress distribution was emphasized [28].

2.4.  Statistical analysis

The possible relationship of fracture load, max pore volume
and pore number were analyzed with Pearson’s correlation
using SPSS 15.0 (IBM, Armonk, US). Parameters were consid-
ered statistically significant at the level of 0.05.

The distribution of pore volumes in all samples ranged
from 3241pum?> to 1.29 x 10° um3, and the equivalent radius
was between about 10pm to 680pm. 99% of pore vol-
umes was less than 1,000,000 um> or 63 um in equivalent
radius (Fig. 3). Depending upon volume, pores were divided
into four ranges, 3.241-10° um?3, 10°-10° um?3, 106107 um? and
>107 pm? (Table 2).

3.1.2. Morphology

Cumulative frequency of sphericity (a) in the different volume
ranges (b), are shown in Fig. 4. Sphericity of pores ranged from
0.10 to 0.81 (Fig. 4c). In general, 96.5% of the pores were more
than 0.5. The lower sphericity of pores suggests the more com-
plexity in shape. The average sphericity of each range was 0.62,
0.62, 0.64 and 0.42, respectively, i.e. the sphericity of 99.97%
pores (Section 1-3) was near 0.62-0.64, and had a comparable
trend.

3.1.3. Distribution in veneer

The veneering porcelain contained pore defects of different
sizes. With the decrease of the pore size, the distribution
tended to be uniform in the different crowns. Pores with vol-
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Fig. 4 - (a) The cumulative frequency of sphericity for all pores, and (b) in the different volume ranges. (c) Examples of pores
3D morphology with different degrees of sphericity. (d) The typical distribution of the different ranges of pores in crowns.

ume under 10° pum3 were located covering the cusps, central
fossa, occlusal fossa, axial wall and margins (Fig. 4d).

The bulky or larger pores were irregular, with an elongated
ellipsoidal form and located at or near the veneer—core inter-
face (Table 3).

Based upon the above results, a general pattern of pores
within veneering porcelain is drawn schematically (Fig. 5).
Pores were everywhere in the veneer with most of these
pores being small (<63 pm) and near spherical in shape (>0.6).
Almost every sample contained isolated large, irregular bulky
pores along the veneer-core interface, especially in the region
of central or occlusal fossa. The long axis of the bulky pores
trends to parallel with the tangent plane at the contact point
of interface. Neither of the large defects was found to align
perpendicular to the interface.

3.2.  Invitro experiment

All crowns showed bulk fracture with cracks propagating in
the mesio-distal plane and separating the crown into two
pieces. The mean fracture load (x=+sd) was 1951.7 +361.1N.

Fig. 5 - Schematic sketch of the general pattern of pore
defects within veneering porcelain. Black solid arrows
represented the large and irregular bulky pores at or near
the interface, whilst black dashed arrows indicate the
major small spherical-shaped pores.
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Table 3 - Pore parameters and fracture findings of each crown.

Sample Numbers Max volume (pm?) Max location® Fracture load (N) Fracture origin Fracture origin
crack size (pnm)

1 14,381 2.53 x 108 OF-AW 1318 Occlusal surface, occlusal 50
fissure defects

2 9128 2.58 x 108 CF 1396 Occlusal surface, occlusal 35
fissure defects

3 43,154 5.41 x 108 CF 1420 Core-veneer interfacial 5.41 x 108
defects

4 16,180 4.21 x 107 AW 1434 Occlusal surface, occlusal 35
fissure defects

5 28,965 8.93 x 107 OF 1521 Occlusal surface, occlusal 35
fissure defects

6 12,658 1.58 x 108 CF 1550 Occlusal surface, occlusal 1.58 x 108
fissure defects

7 13,256 1.09 x 108 OF 1555 Occlusal surface, occlusal 42
fissure defects

8 9847 3.82 x 107 CF 1660 Occlusal surface, occlusal 200
fissure defects

9 19,541 8.73 x 108 CF 1661 Occlusal surface, occlusal 50
fissure defects

10 13,245 1.52 x 106 OF 1700 Occlusal surface, occlusal 40
fissure defects

11 8146 1.87 x 108 OF-AW 1762 Occlusal surface, occlusal 30
fissure defects

12 6587 2.35 x 107 CF 1841 Blunt contact Null

13 9512 1.29 x 107 OF 1853 Occlusal surface, occlusal 48
fissure defects

14 7548 8.95 x 10° OF 1854 Occlusal surface, occlusal 180
fissure defects

15 8529 1.68 x 107 CF 1889 Occlusal surface, occlusal Null
fissure defects

16 8358 2.60 x 10% OF 1895 Blunt contact Null

17 7295 4.21 x 107 CF 1962 Core-veneer interfacial 4.21 x 107
defects

18 24,521 2.73 x 107 CF 2017 Occlusal surface, occlusal 80
fissure defects

19 8451 1.25 x 107 CF 2061 Occlusal surface, occlusal Null
fissure

20 11,584 2.54 x 107 OF 2077 Occlusal surface, occlusal 45
fissure defects

21 7995 6.88 x 107 CF 2080 Core-veneer interfacial 6.88 x 107
defects

22 19,257 6.75 x 10° CF 2095 Core-veneer interfacial 1.28 x 106
defects

23 7254 4.25 x 107 OF-AW 2334 Occlusal surface, occlusal Null
fissure

24 9794 5.19 x 107 CF 2460 Occlusal surface, occlusal 60
fissure defects

25 32,145 8.27 x 107 CF 2514 Occlusal surface, occlusal Null
fissure

26 18,173 3.48 x 108 OF 2574 Occlusal surface, occlusal Null
fissure

27 12,626 4.96 x 108 CF 2618 Occlusal surface, occlusal Null
fissure

28 6752 5.25 x 107 AW 2660 Core-veneer interfacial 1.25 x 107
defects

29 14,229 4.27 x 108 OF 2685 Core-veneer interfacial 4.27 x 108
defects

30 10,589 3.68 x 107 CF 2884 Core-veneer interfacial 2.31 x 10°®

defects

a8 QOF =occlusal fossa, CF = central fossa, AW = axial wall.
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Table 4 - Individual pore model attributed to the FEA.

Pores Volume (um?) Sphericity
1 3241 0.6
2 10° 0.6
3 10° 0.6
4 4 0.6
5 5.21 x 108 0.2

The SEM observations of samples and the results of VGStudio
showed different fracture origins in the crowns and the size of
the crack defect (Table 3). No correlation between the fracture
load and the situation of pores was found (p >0.05).

21 crowns failed from the fissure on the occlusal surface.
Critical cracks originated from the base of the fissure and grew
deeply into the veneering ceramic forming semi-circular crack
patterns that intersected with and extended through the sup-
porting ceramic core. Among the 21 crowns, 16 failed from
surface or near surface pores and 5 from surface of veneer
(Fig. 6a). 3D reconstruction of a fractured crown showed that
no large or distorted pores were related to the surface fracture,
and the fracture does not originate from the interfacial largest
pore, even if it was a sharp (planar-like) void (Fig. 6b).

In 2 of the 30 sample, fracture initiated from the midpoint
of the oblique ridge, almost directly under the contact point
of the blunt ball wedge loading. The crack extended and pen-
etrated deeply along the mesio-distal direction, eventually
resulting in bulk fracture. Structural bulky voids were found
in the vicinity of the core-veneer interface but seemed to be
irrelevant to sample failure. A small pore was observed in the
contact region (Fig. 6¢c and d).

Fracture of 7 specimens initiated from the interfacial
largest bulky pore defect, which lay directly below the corre-
sponding contact region (Fig. 6e and f).

3.3. FEA

3.3.1. Stress distribution in vitro test

FEA analysis of the contact loading indicated two stress con-
centration areas were formed, tensile stresses area (Region
1) and high compressive stresses in the blunt contact area
but underlying tensile stresses at the veneer-core boundary
(Region 2) (Fig. 7). Region 1 was the maximum tensile stress
concentrated area, in which tensile stresses occurred mainly
at the occlusal fissures — especially at the mesio-distal fissure
of the veneer surface. Region 2, tensile stresses concentrated
at the intaglio (cementation) surface of the core, as well as
the veneer-core interface, in the area directly opposed to the
load site and in the external surface of the veneer, near to the
loading area.

3.3.2.
areas
For models with pores, the maximum tensile stress values
were raised only at the pores located in tensile stress areas.
No tensile stress was concentrated at any other pores (Fig. 8).

Five individual pores were constructed based upon the
results of Section 3.1 (Table 4). Pore ranges from 1 to 4 rep-
resented the general, ubiquitous pores in the veneer while
pore size 5 were those associated with the bulky voids at the

Mechanical effects of pores in stress concentrated

interface. Pores were subsequently considered only in the two
tensile stress areas, Region 1 and Region 2, respectively. Pore
sizes 1-4 were placed in the regions of near surface (NS), inter-
nal (IN) and the interface (IF), simulating different depths in
veneer (Fig. 9a), whilst pore size 5 was considered only at the
interface.

In Region 1, pores gave rise to stress concentration
only when located near the surface, where localized tensile
stress increased. The maximum principal stresses rose with
increased pore volume. No stress concentration was observed
for pores lying in the other 2 areas. Whilst pores resulted in
stress concentration in the contact region, the maximum prin-
cipal stress was more dependent on its location rather than to
pore size. With the location of the pore deeper in the veneer,
the maximum principal stresses declined. High stress concen-
trated at the near surface area, especially where it approached
the indenter contact area, and less stress concentration was
found at the core-veneer interface. Little or no stress con-
centrated at the interfacial bulky pore defects in both regions
(Fig. 9b, c and f). All 26 models have been constructed in both
regions, with 13 each.

4, Discussion

Pore defects in the veneer of bilayered ceramic occurred in
each clinical crown examined suggesting that pore formation
is an inevitable outcome of the manual layering procedure
and sintering process. To identify the conditions under which
fabrication pores defects will essentially influence and jeop-
ardize the bilayered structure mechanical integrity potentially
sheds light on the subsequent quality control procedures in
the clinic.

In the present study, pores were observed in every part of
the veneering porcelain. The morphology of most pore defects
was small and homogeneous while a few were bulky. These
defects form during the layering and sintering process of fab-
rication [29,30]. In general, pores formed in such a way are
small, regular and homogenously distributed. In our results,
99% of pores presented such common characteristics. In prac-
tice, crowns with such types of pore defects are not rejected
from clinical use. Thus, the question rises as to where are the
pores related to the clinical failure of the crown originates
located?

Pore defects occur due to porcelain sintering shrinkage in
the range of 13%-17% [31]. If bubbles or vacancies are present
prior to sintering then at the shrinking center, the space will be
stretched during the sintering, resulting in a large void. Most
of crowns contained such large and bulky pores in this study
and the bulky pores trended to lie parallel to the interface. In
literature, these pore defects related to crown failure can be
largely, if not entirely, attributable to such bulky pores whose
size exceeds a certain dimension or are at a critical location
[16].

From the in vitro contact loading tests conducted we found
that two types of pores resulted in fracture: surface or near sur-
face pores, and interfacial bulky pores, which is in accordance
with previous results [15,16,17,32]. FEA showed that as the
compressive force loaded onto the cusp bevels, tensile stress
became raised both at the occlusal fissures and at the interface


https://doi.org/10.1016/j.dental.2019.01.016

e90 DENTAL MATERIALS 35 (2019) e83-e95

LS5 E SR e
EHT = 1000 kY oty 74 Dac 2705
WL =12.0mm Tirne :15:40:2%

100 FHT = 1000k Cwte 79 Cee 2206
WE =123 mm Tirw 53555

Dute 25 Now 2015
Tena -1 71073

Fig. 6 - (a) Shows a failed crown with crack initiation from a surface pore. The black star indicates the fracture origin, while
the black solid arrows indicate the direction of crack propagation (SEM, 70x). (b) 3D reconstruction of the pores responsible
for the surface fracture. In this image the white stars indicate the fracture origin, and white arrows an interfacial bulky pore.
(c) and (d) are SEM and 3D reconstruction images of a failed specimen. Black solid arrows indicate the bulky interface pore
(SEM, 40x), while black dashed arrows indicate small pores in the contact region. () In this image the crack initiates from a
bulky interfacial pore defect. The black triangle is the blunt contact region (SEM, 20x). (f) 3D reconstruction of the large and

sharp planar like-pores responsible for interfacial fracture.

below the contact region. The stress was found to concentrate
at the pores, especially if the pores were located in the tensile
stress areas: in the first main tensile stress zone like occlusal
fissure, the tensile stress would reach a peak drastically as long
as the pore radius was, independent of its morphology, larger

than 30 pm; in the second tensile stress zone like core-veneer
interfacial as well, such bulky pore was also able to lead to high
tensile stress concentration. This relationship of position and
dimension of pore defect to its stress situation was deemed
to nevertheless not occur outside of the stress concentration
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Fig. 7 — Blunt contact loading induced stress distribution in the veneer. Region 1 and Region 2 are the two main stress

concentration areas.

Fig. 8 - (a) Stress distribution in the model with pores. (b) Tensile stress only concentrates at the pores located in Region 1
and Region 2. Black solid arrows indicate the stress concentration of pore, and black dashed arrow indicates pores without

high stress even though they were large and distorted.

areas. Our data clearly demonstrated that pore defects, when
their dimension reached a certain value, were detrimental to
veneer integrity only when located in the tensile stress area,
whereas in unstressed areas pores appeared to be harmless
even though they were large and distorted. Our finding was
consistent with previous research, which suggest that pores in
glass are not initially viewed as flaws but rather as blunt stress
concentration sites [14]. Also it is well known that veneering
porcelain contains a high quantity of glass matrix [33].

Based upon the FEA simulation, we found that pores close
to the indenter contact area showed high tensile stress con-
centration, whilst the maximum principal stress attenuated
with the pore located deeper into the veneer. The contact
associated with the fracture test, also known as blunt con-
tact, simulated an important form of loading in many dental
ceramic-based structures [34]. Two competing damage modes
were identified when blunt contact occurred in the ceramic:
cone cracking and quasi-plasticity [35]. The contact zone as

well as the high-localized Hertz stresses formed during load-
ing often resulted in a ring shaped crack encircling this area.
The pore defects would therefore lead to high stress concen-
tration around themselves when the pores were adjacent to
the contact region. In comparison, the quasi-plasticity dam-
age mode would not occur beneath the contacts since the
veneering porcelain is a glass matrix based brittle material
and had no visible subsurface quasi-plasticity damage [35].
Pore defects lying beneath the contact regions would be able
to withstand the stress prior to fissure induced cracking. Our
results, upon combining the in vitro test and FEA, suggested
that pore defects close to the indenter contact area were
deemed relevant to fracture, whereas internal pores away
from the contact area appeared to be less harmful.

Since the maximum principal stress attenuated with the
pore located deeper into the veneer, the pore defects lying at
the interface to core must have suffered much less stress in
comparison with those at or near surface. Such pore defects
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lying at the interface have been researched [17,36]. In the
present study, 3 crown samples fractured from bulky pores
at the interface. We assessed the failure strength of pores
at the interface via the fracture energies leading to fracture
according to the relationship of strengths and pore size [14],

o=2Z4] — (1)

where o is the failure tensile strength, E Young’s modulus, y
the fracture surface energy, a the flaw size and Z is a parameter
set as 1.25. Though failure strength is not capable of being cal-
culated directly when the pore morphology is irregular, it can
be replaced by the failure load N and estimated approximately.
So a relation of y & a N? can be derived. Accordingly, the aver-
age fracture load N (2241 N) causing fracture of pore defects at
the interface was higher than that (1711 N) for the pore at sur-
face or near surface. Thus, the interfacial pore defects required
more energy, and further, more load onto themselves, till frac-
tured than those at or near surface ones. It clearly suggested
that these pores at the interface withstood the stress tougher
than those at or near surface on one hand, while they suf-
fered from less stress, with other words, less load burthen in
those tensile environments on the other hand. Taken together,
the interfacial pore defects would less likely cause fracture in
comparison.

In the present in vitro fracture test indeed, 16 of 30 crown
samples contained interfacial bulky pores, not all of them
nevertheless caused fracture, only 3 fracture samples were
found to be linked to the interfacial pore defects. In con-
trast, pores in 7 fracture samples located directly under the
contact zone and caused stress concentration. In compar-
ison, results from zirconia or alumina bilayered porcelain
veneered structures show that interfacial flaws are impor-
tant for crack initiation [37,38]. The difference between LDG
and zirconia/alumina core materials with respect to the stress
resistance of veneering porcelain with pore defects appeared
to be attributable to other factors. In particular the elas-
tic modulus of the veneer material matches closely with
the LDG and both materials bond well at the interface as
they infiltrate into each well [27]. In addition, the large mis-
match in elastic moduli and fracture toughness between the
veneering material and zirconia/alumina often make it dif-
ficult for the crack to cross the interface causing chipping
delamination rather than complete veneer and core fracture
to occur [39-41]. Based upon the present FEA analysis, we
assumed that residual stresses resulting from thermal expan-
sion mismatch between the core and veneering material,
and residual tempering stresses associated with the cooling
procedure during the final stage of preparation of bilayered
LDG, were not significant in terms of stresses developed.
It must be an interesting new topic whether such residual
stresses determine the fracture strength of veneered LDG
and how such stresses might change the ease at which the
pores as encountered in this study may contribute to fail-
ure.

In clinic, single point contact on the occlusal area like biting
something hard is common. In the present result, the ten-
sile stresses became highly concentrated at the central fossa
and surrounding cusp as well as cervical margin. A recent

study has shown that grooves, fissures as well as cervical
margins on the occlusal surface are critical locations where
tensile stresses concentrate regarding to chewing [42]. Since
pore defects appeared to be detrimental in the tensile stress
area in bilayered LDG crowns, it suggested that pores located
at grooves, fissures as well as cervical margins on the occlusal
surface or near surface of veneering porcelain would influ-
ence and potentially jeopardize the mechanical integrity of
bilayered LDG structure.

Once the type and location of potentially detrimental
pore defects have been identified, the question arises as
to which pore size seems most likely for being responsi-
ble for crack initiation in tensile stress areas. When a pore
defect is the critical flaw and eventually leads to the frac-
ture of veneering porcelain, the pore radius will conform
to the following relation of strength to fracture toughness
[12],

_ Kic
1.25./mc

o

2)

where K; is the fracture toughness and c the radius of the pore
defect [43]. The fracture toughness and strength of IPS e.max
Ceram are reported to be 0.7 MPamY?2 [33] and 90+ 10 MPa,
resulting in critical pore radius ¢ of 30 um-50 pm respectively.
The value was very close to the pore size of flaws at the
fracture origin in tensile area in the present study (FEA and
in vitro experiment), and a previous study as well [32]. Upon
combining the analysis of all the micro-CT results, about
7% of the pores in the veneer were larger than this thresh-
old.

In the present study, we used FEA to simulate the in vitro
fracture loading test, but the limit of transferring lab to virtual
results should be taken into consideration [23,44]. In gen-
eral, models of ceramic crown are simplified by FEA under
which: (i) materials are considered homogeneous, isotropic
and the elastic behavior represents itself linear; and (ii) resid-
ual stresses induced by thermal mismatch of the materials
are not included. The 3D FEA in such a way was deemed to be,
though powerful, not capable of rebuilding all the conditions
from reality. And the real influence of the cement layer as well
as the bonding state and friction coefficient between different
layers were hard to be simulated.

5. Conclusions

Within the limitation of the microCT resolution and FEA, it
suggests that pores radius large than 30 pm-50 pm and located
in the tensile stress area like grooves and fissures on the
occlusal surface or near surface as well as cervical margins of
veneering porcelain may potentially influence and jeopardize
the mechanical integrity of bilayered LDG structures.
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