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Objective. Development of residual stresses is a potential source of premature fractures in

glassy  materials, being of special interest in novel lithium silicate glass-ceramics that require

a  crystallization firing to achieve their final mechanical properties. The aim of this work was

to  assess the influence of various firing tray systems and the application of different cooling

protocols on the development of residual stresses in Suprinity PC crowns. Their effect on

the  in vitro lifetime of the restorations was also studied.

Methods. Thirty crowns were milled out of Suprinity PC blocks and crystallized using one

of  five different commercial firing tray systems (n = 6). Samples in each group were cooled

following a fast (FC = 5.5 ◦C/s), a slow (SC = 0.4 ◦C/s) or the manufacturer’s reference cooling

(REF  ). Obtained crowns were sagittally or transversally sectioned and the magnitude and

distribution of residual stresses was determined using the light birefringence method. Extra

crowns of three of the subgroups (n = 8) were produced and submitted to chewing simulation

for  106 cycles or until fracture ensued.

Results. Average residual stresses ranged between 0 and 1.5 MPa (peaks of 5 MPa). Highest

stress magnitudes were observed at the support areas of groups using firing pins, leading to

thermal cracks in FC samples and premature failures in the REF subgroup. The use of fibrous

pads and firing pastes limited the development of residual stresses, whereas application of

SC  regimes extended the lifetime of the restorations.
Significance. Development of residual stresses during crystallization firing in lithium silicate

glass-ceramics results critical for their mechanical performance and should be therefore

avoided by ensuring a homogenous cooling of the structures.
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1.  Introduction

The fast expansion of computer aided design and manufactur-
ing (CAD/CAM) technologies in dentistry has given rise to the
development of a broad variety of new ceramic and polymeric
materials, seeking for unexploded market niches. Following
the success of leucite and feldspar reinforced glasses for the
production of monolithic restorations in the anterior region
of the mouth, the introduction of lithium disilicate glass-
ceramics (LS2) as a reliable replacement for metal alloys in
the posterior region constituted a milestone in the develop-
ment of metal-free restorations in dentistry [1]. The unique
microstructure of this material [2] enables the combination
of strong mechanical properties (strength and fracture tough-
ness) without compromising its high translucency.

Recently, a new glass-ceramic marketed as zirconia-
reinforced lithium silicate was introduced as an alternative
to LS2 restorations in high load bearing areas, such as
molar crowns and implant abutments. Starting from a
SiO2–Li2O–ZrO2–P2O5 multicomponent glass, three main crys-
talline phases (namely lithium metasilicate, Li2SiO3; lithum
disilicate, Li2Si2O5; and lithium orthophosphate, Li3PO4) are
formed during a two-stage crystallization process of the mate-
rial [3]. The larger amount of ZrO2 incorporated (up to 12 vol%)
restricts the growth of the crystals by incrementing the num-
ber of crystallization nuclei and increasing the viscosity of the
glass [4]. In addition, ZrO2 seems to favor the crystallization
of Li2SiO3 at the expenses of Li2Si2O5, leading to a final glass-
ceramic consisting of round and slightly elongated Li2SiO3 and
Li2Si2O5 crystals (0.5–1 �m in length) and nanometric Li3PO4

granule-shaped crystals [5]. The smaller size of the crystals
compared to LS2 is assumed to increase the translucency of
the material, while the ZrO2 dispersed in the glass matrix has
been claimed to increase its mechanical resistance to fracture
and wear [6–9].

In order to ease the machining step, the company Vita
Zahnfabrik commercializes its lithium silicate/ disilicate
material Suprinity PC in a meta-sintered stage, displaying
a lower hardness, but also reduced mechanical properties.
Once the restoration is milled, a so-called crystallization fir-
ing has to be conducted in order to allow the full growth
of the Li2SiO3, Li2Si2O5 and Li3PO4 phases at the expense of
the glassy phase [3, 9] and thus, achieve its final optical and
mechanical properties. Further improvement in strength is
expected by crack healing of defects and grinding damage
introduced during the machining step. On the other hand,
the presence of different phases in the material gives rise to
the development of residual stresses upon cooling from crys-
tallization temperatures, mainly due to thermal and elastic
mismatches between the glassy matrix and the precipitates
[10]. This takes place at a microscopic level and has shown
to be beneficial in glass-ceramics if the coefficient of thermal
expansion (CTE) of the crystals exceeds that of the glass matrix
and hence compressive residual stresses develop around the
former [11]. In addition to these microscopic stresses, macro-
scopic residual stress can develop in glass-ceramic materials

as a consequence of the firing conditions [12]. In the case of
layered structures, a large discrepancy in the CTE between the
substrate and the veneer layer has shown to be responsible for
5 ( 2 0 1 9 ) 871–882

residual stress development at the interface of both materials
[13,14]. This kind of residual stress can also arise during crys-
tallization firing of monolithic glass-ceramics if an adequate
isolation from the supporting tray or refractory material is not
ensured, allowing a partial or total fusion between materials.
On the other hand, occurrence of thermal gradients, mainly
due to a sufficiently fast drop in the temperature during the
cooling phase, causes an inhomogeneous solidification of the
material and, accordingly, development of residual stresses
across the structure [15]. The presence of macroscopic stresses
has shown to influence the propagation of cracks [14,16], by
limiting (compressive stresses) or favoring (tensile stresses)
their growth and thus, affecting the mechanical behavior of
the restoration. This phenomenon has been also observed in
lithia based glass-ceramics [17], where the presence of com-
pressive residual stresses in the surface limited the growth of
indentation cracks. The real impact of these stresses on LS2,
however, has been recently questioned [18], as their low mag-
nitude seemed to be unable to affect the mechanical behavior
of the glass-ceramic.

The crystallization firing of Suprinity PC is usually con-
ducted at the dental laboratory by the technician or, if
chairside devices are used, at the dental office by the dentist
or its assistant. Hence, the firing conditions are ultimately set
here, following (or not) the manufacturer’s instructions. This
opens the door to external factors to influence the crystalliza-
tion process and, in this manner, the residual stress state in
the structures. Therefore, the goal of the present study was
to assess the influence of some of these variables, namely the
use of different firing tray systems and the application of fast
or slow cooling protocols, on the magnitude and distribution
of macroscopic residual stresses in Suprinity PC monolithic
crowns. The null hypothesis tested was that the firing condi-
tions would not influence the distribution and magnitude of
residual stresses in the crowns. The effect of the generated
residual stresses on the in vitro lifetime of the restorations
was also studied.

2.  Material  and  methods

2.1.  Material

A highly translucent shade (0M1-HT) of the lithium silicate
glass-ceramic Suprinity PC (Vita Zahnfabrik, Bad Säckingen,
Germany) was selected for this study, following pilot experi-
ments to determine its suitability for the light birefringence
method. The LS14 CAD/CAM blocks (LOT 59840) were received
in a pre-crystallized (“blue”) state and used to machine the
samples.

2.2.  Measurement  of  the  coefficient  of  photoelasticity
(Cel)

The coefficient of photoelasticity of the material was deter-
mined according to the method described by Belli et al. [13].

Briefly, 3 disc-shaped samples (thickness, t = 2.30 mm;  diame-
ter, D = 14 mm)  were obtained from an LS14 Suprinity PC block
and subsequently crystallized. Following fine polishing, the
discs were annealed at 650 ◦C for 5 min  and then slowly cooled

https://doi.org/10.1016/j.dental.2019.03.002
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ith the furnace closed until 200 ◦C were reached. Absence
f residual stresses in the discs was controlled with a real
ime automatic polarimeter (StrainScope, ilis GmbH, Erlangen,
ermany). The samples were submitted to a diametral ten-
ile test with a step-wise loading in 20 N intervals up to 500 N.
imultaneous transillumination with the polarized light beam
f the StrainScope allowed measurement of the optical retar-
ation at each loading step. The diametral tensile stress was
hen calculated using the applied load (P) and the specimen
imensions according to:

 = 2P/�Dt (1)

Obtained stress data was then plotted against the normal-
zed optical retardation at each stress level, with the resulting
lope of the curve corresponding to the Cel of the material. An
verage of 8.09 (±0.05) 1/TPa was calculated from the 3 tested
amples and further use to determine the residual stress state
n the crowns.

.3.  CAD/CAM  manufacturing  of  crowns  and
rystallization  protocols

 first molar crown was digitally designed using a CAD soft-
are (Modellier, ZirkonZahn, Bruneck, Italy) and the generated
le was used to mill crowns out of Suprinity PC CAD/CAM
locks in the pre-crystallized (“blue”) state using a Sirona
nLab MC  XL (Sirona, Bensheim, Germany) milling unit. The
btained structures were then ultrasonically cleaned and
ivided into five groups according to the firing tray system
sed for the crystallization process (as depicted in Fig. 1),
hich was conducted in a Vacumat 4000 (Vita Zahnfabrik)

urnace. Crystallization firing followed manufacturer recom-
endations (i.e. heating rate of 55 ◦C/min and a holding time

t 840 ◦C of 8.00 min). Each group was then subdivided into
hree different cooling protocols, as described in Table 1. Dur-
ng the cooling step, the furnace door was kept closed until the
esired temperature inside the oven was reached, whereupon
he furnace completely opened exposing the crown to the
mbient temperature. The reference group (REF, furnace door
pened at 680 ◦C) followed the current crystallization proto-
ol of the manufacturer for this material. Temperature profiles
uring the cooling process for this group, as well as for the fast
ooling (FC, furnace opening at 840 ◦C) and the slow cooling
SC, at 550 ◦C), were measured by means of a N-type thermo-
ouple (Omega Engineering, Manchester, UK) placed inside the
rown lumen during the crystallization process.

.4.  Light  birefringence  measurement  in  the  crowns

ix crowns were milled for each firing tray system (groups 1–5)
nd randomly assigned in pairs to one of the three cooling
rotocols. After crystallization, both crowns in each subgroup
ere sectioned using a 0.3 mm thick diamond blade mounted

n a low speed saw (IsoMet, Buehler, Lake Bluff, IL, USA) under
onstant water irrigation. Each crown was cut following a

ifferent orientation, sagittal or transversal to its main axis

Fig. 2), to obtain respectively six sagittal (average thickness of
.00 ± 0.1 mm)  and four transversal slices. The thicknesses of
he latter varied between 1.2 ± 0.1 mm in the cervical region
( 2 0 1 9 ) 871–882 873

of the crown and 1.75 ± 0.1 mm in the mid-coronal section, in
order to preserve the inner-side area of the crown where the
support pin of groups 1–3 contacted the material.

An automatic polarimeter with a spatial resolution of
11 �m/px was used to conduct the stress birefringence mea-
surement in the crowns (StrainMatic M4/120.33, ilis GmbH).
The obtained slices were positioned flat in the machine keep-
ing a constant orientation towards the light beam, in order to
facilitate inter-specimen comparison. During each measure-
ment, the rotation angle (˛) of the light beam was acquired
and used to calculate the light retardation (ı) using [19]:

ı = ˛�/180◦ (2)

with the wavelength of the light source (�) at 593 nm.  The Cel of
the material was then used to calculate the residual stresses
(�res) in the slices, normalized by its thickness (t), according to
[20]:

�res = ı/t · Cel (3)

The obtained data was then processed using the StrainAn-
alyzer software (v. 2015.190, ilis GmbH) in order to create image
files where color scales for the residual stress distribution were
adjusted.

2.5.  Chewing  simulation

Twenty-four additional crowns were fabricated and crystal-
lized using one of the three following protocols (n = 8):

- REF cooling using the dark ceramic tray and pin (as in group
2)

- REF cooling using the honeycomb tray and the fibrous pad
(as in group 4)

- SC using the honeycomb tray and the fibrous pad (as in
group 4)

The intaglio surface of the obtained crowns was etched
with 5% hydrofluoric acid (Ceramic Etch, Vita Zahnfabrik) for
20 s and then rinsed with water spray. After ultrasonic clean-
ing in ethanol for 3 min, a silane-coupling agent (ESPE Sil,
3 M ESPE, Seefeld, Germany) was applied onto the etched sur-
face. The digital model of the crown was used to machine 24
brass holders, which recreated the original tooth preparation
or stump (Fig. 3A). The surface of the brass stumps was then
sandblasted with 50 �m glass-beads at 2 bar pressure and sub-
sequently silanized. Crowns were luted onto the brass stumps
using a dual-cure resin cement (RelyX Unicem 2, 3M ESPE),
light polymerized from different directions for 80 s and then
stored for 24 h in distilled water at 37 ◦C.

Specimens were then mounted in an eight-chamber chew-
ing simulator (CS-4.8, SD Mechatronik, Feldkirchen, Germany)
and submitted to axial cyclic contact fatigue against a steel
indenter, as shown in Fig. 3B. Each crown received a periodic
load of 80 N at a 1.5 Hz frequency. Testing was conducted in

distilled water at 37 ◦C for 106 cycles or until fracture ensued.
Samples were checked regularly by partially removing the
water from the testing chamber and transilluminating the
glass-ceramic crown with a blue-light lamp to determine the

https://doi.org/10.1016/j.dental.2019.03.002
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Fig. 1 – Support trays systems used for the crystallization firing of the different groups in this study. Samples of groups 1–3
were placed directly in contact with the firing pin. The lumen of the crowns of group 5 was completely filled with the firing
paste, whereas samples in group 4 were  placed over the fibrous pad, without any internal filling.

Table 1 – Crystallization protocols.

Group Pre-drying Crystallization Cooling

Temp. (◦C) Hold (min) Heat. Rate (◦C/min) Temp. (◦C)a Hold (min) Furnace closed up to (◦C)

Slow Cooling (SC) 400 4.00 55 840 8.00 550
Reference (REF) 400 4.00 55 840 8.00 680
Fast Cooling (FC) 400 4.00 55 840 8.00 840

ere c
a According to the manufacturer instructions. Samples of group 4 w
effect of the fibrous pad.
presence of cracks in the material (Fig. 3C). These inspections
were carried out after every 102 cycles until 104 cycles were
rystallized at 850◦ for 8.00 min in order to compensate the isolating
reached and then after every 104 cycles until testing was com-
pleted.

https://doi.org/10.1016/j.dental.2019.03.002
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Fig. 2 – Sample sectioning orientations in each subgroup. In (A), 6 sagittal sections with an average thickness of
1 mm ± 0.1 mm were  cut parallel to the crown’s main axis. Only slices 2–5 were used for the light birefringence
measurement. In (B), the four transversal slices had different thicknesses, varying between 1.2 mm for slice 1 and 1.7 mm
for slice 3. Slice 4 was not measured with the light birefringence method.

Fig. 3 – Test set-up used for the chewing simulation. (A) Brass replica of the original tooth preparation. (B) Steel indenter
contacting the occlusal surface between the cusps of the crown. This position was standardized for all samples and was
kept constant upon completion of the test. (C) Transillumination of the crowns with a blue-light lamp in order to reveal the
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resence of cracks in the glass-ceramic. Water was removed

.  Results  and  discussion

.1.  Residual  stresses  in  the  crowns

recise quantification of residual stress magnitudes in geo-
etrically complex structures, as those studied here, is still

n unsolved issue in the literature [12]. Most approaches using
ndirect methods, such as the effect of residual stresses on the
ropagation of cracks from sharp indentations [14,16,21] or

ts influence on the strength degradation of the component
22,23], face limitations related to the intrinsic mechanical
roperties of the material, as well as to overlapping of the
tress fields during the test. Finite element analyses, on the
ther hand, provide a good approach to study this prob-

em, although their estimations are limited by the difficulties

ncountered in the simulation of the viscoelastic behavior of
he glass-ceramic through the glass transition (Tg) range. The
ight birefringence method used here has shown promising
esults in previous works on glassy veneers [13,24,25], being
 the testing chamber prior to examination.

able to characterize stresses locked inside thin layers of these
materials. Its principle, based on the effect of residual stresses
on the phase delay of the two component waves of a polarized
light beam passing through the sample [19], allows a theoret-
ically non-destructive assessment of the residual stress state.
However, two important considerations have to be taken into
account for its application. In first place, materials submitted
to this technique need to have a high translucency, allowing
an adequate passage of light through the specimen. In the
present study, preliminary tests were conducted in order to
determine the shade of the material that met  best this cri-
terion, permitting neat observation of residual stresses even
if they occurred at low magnitudes. The second requirement
is related to the flatness and thickness of the samples, as an
important reduction in the accuracy of the measurement is

observed in non-planar or excessively thick specimens. This
is mainly due to the superposition of residual stresses in the
sample and the presence of round edges (e.g. cusps areas),
which hamper a straight propagation of the light. Therefore,

https://doi.org/10.1016/j.dental.2019.03.002
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Fig. 4 – Intaglio appearance and light birefringence results (sagittal and transversal slices 3) of the slow cooled crowns of
groups 1–3. As indicated by the red arrows, the support firing pins left an impression in the intaglio surface of the crowns.
An increased magnitude of residual stresses was observed around this area in groups 2 and 3, especially for the sagittal
sections. The platinum pin used in group 1 left a narrower impression in the material and, consequently, less residual
stress developed in the material. The partial fusion of the cordierite pin with the glass-ceramic in group 2 is pointed by the
black arrow and corresponds to the higher stress magnitudes measured in the transversal section of this sample. The stress
color scale was set here between 0 and 1.6 MPa in order to highlight the distribution of the residual stresses. (For
interpretation of the references to colour in the text, the reader is referred to the web version of this article.)
complex structures (such as the molar crowns studied here)
need to be sectioned into thin slices (for this set up to a max-
imum of 2 mm in thickness) and subsequently flattened in
order to restrict the sources of noise during the measurement.

The main limitation of the light birefringence method
arises from the undetermined release of elastic stress in the
structure during the sectioning procedure, preserving only
specific stress components according to the direction of the
cut [25]. A way to overcome this issue is to use different
sectioning planes (sagittal, transversal), in order to allow a

3D reconstruction of the residual stress state in the struc-
ture. Thus, sagittal sections preserve mainly radial stress
components, whereas the hoop (or circumferential) stress
component can be measured in tangential slices. In the cur-
rent study, the mean stress magnitudes ranged between 0
and 1.5 MPa, with maximum peaks of 5 MPa.  Highest resid-
ual stresses concentrated in sagittal slices 3 and 4 around the
support area of the platinum pin (group 1) and both ceramic
pins (groups 2 and 3). Additionally, high magnitude residual
stresses were measured in FC samples, especially inside the
third slice. Although these values do not reflect the residual
stress state prior to sample sectioning, they provide an idea of
its distribution and relative magnitude between cooling pro-

tocols, as well as the strong influence of the tray system used
on the development of local residual stress. Accordingly, the
null hypothesis was rejected.

https://doi.org/10.1016/j.dental.2019.03.002
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Fig. 5 – Light birefringence results of group 3-SC are compared to those of group 5-SC. The nature of the stress (dashed
white lines) is depicted in detail for the third sagittal and transversal slices. Although it is not possible to determine if it is
tensile or compressive, its concentric orientation around the support pin in group 3 contrasts with its homogeneous
alignment in group 5. A similar tendency was observed in the transversal sections. The magnitude of the stresses was
c

3

T
i
r
c
c
f
c
o

olor-coded between 0 and 1.6 MPa.

.2.  Effect  of  the  firing  tray

he main aim of the current study was to evaluate the
nfluence of crystallization conditions on the development of
esidual stresses in the crowns. Utilization of firing trays is a
ommon practice in the dental field, aiming to avoid a direct
ontact of the glass-ceramic with the refractory material of the

urnace. In the case of Suprinity PC, no specific tray is indi-
ated for the crystallization process, with a wide spectrum
f available alternatives, from firing pastes and fibrous pads
to thin metallic wires and ceramic pins [26]. When the latter
are used, however, the manufacturer recommends to round
the edges of the pins and to cover them with a firing paste
or a fibrous path, in order to avoid adhesion to the restora-
tive material [26]. In spite of this indication, it is not unusual
for dental technicians to place the restorations in direct con-
tact with the firing pin. Crystallization conducted under these

conditions cause a partial fusion of the pin’s material with
the glass-ceramic during firing, with development of resid-
ual stresses during the cooling phase if both materials have

https://doi.org/10.1016/j.dental.2019.03.002
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Fig. 6 – Crowns of group 2 that underwent a fast cooling protocol fractured shortly after the furnace door was opened. The
crack extended sagittally throughout the structure (A), starting in the vicinity of the support pin, where the cordierite was
partially fused to the glass-ceramic, as indicated by the red arrow in (B). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
a sufficiently large difference in their coefficients of thermal
expansion. Groups 2 and 3 of this study recreated this worst
case scenario, allowing a direct contact of the restorations
with, respectively, a cordierite (Mg2Al3[Si5AlO18]) and a silicon
nitride (Si3N4) pin. As depicted in Fig. 4, both ceramic pins left
an impression at their support areas in the intaglio surface of
the crown (red arrows), with cordierite particles still attached
to the glass-ceramic in group 2 (black arrow). In group 1, where
a thin platinum pin was used, signs of partial adhesion to
the glass-ceramic were also visible (in Fig. 4, the impression
left is pointed by the red arrow). These results are interest-
ing, considering that the manufacturer clearly indicates that
an isolation paste is not required for its use [26]. No evidence
of material attachment or any other sign of contamination on
the restoration’s intaglio surfaces was observed after crystal-
lization of groups 4 and 5.

In close relation to the observed impressions, concen-
tric residual stresses were detected by the light birefringence
method in the glass-ceramic around the support areas of
the pins of groups 1–3, as shown in Fig. 4. These stresses
had a higher magnitude in the cordierite and silicon nitride
groups, as a consequence of the large CTE mismatch between
the pin materials and the glass-ceramic. Whereas Suprinity
PC displays CTE values around 12 × 10-6 K−1 [26], the refrac-
tory materials lie, depending on their phase composition, in
the range of 1–5.7 × 10−6 K−1 for cordierite [27] and between
3–4 × 10−6 K−1 for silicon nitride [28]. Thus, during the cooling
phase the partially fused pin hindered the higher contraction
of the glass-ceramic, creating tensile residual stresses around
these fixed areas. The magnitude of the stresses decreased
in the surrounding material, as contraction upon cooling
was allowed away from the contact areas. Still, the residual
stress field extended over one half of the crown’s thick-
ness. The lower CTE mismatch between the glass-ceramic
and the platinum pin (9 × 10−6 K−1 [29]), in addition to the
smaller contact area between both materials (as evidenced

by the thin impressions left in the crowns), were responsible
for the lower residual stress magnitude observed in group 1
(Fig. 4).
A comparison with the residual stress free structures of
group 5-SC is presented in Fig. 5, whose crowns displayed a
similar residual stress state as those of group 4-SC (Fig. 7).
Under the firing conditions of these latter groups, the glass-
ceramic was able to contract homogeneously during cooling.
In contrast, the concentric orientation of the stress field in
both, sagittal and transversal planes of group 3 denote the
inhomogeneous cooling process experienced by the material,
with its peak intensities at the contact areas with the pin.

The fast cooled specimens of group 2 experienced the high-
est thermal stresses, with intensities exceeding the material’s
fracture resistance. As a consequence, a thermal crack propa-
gated from one of the contact areas with the cordierite pin at
the intaglio surface and ran parallel to the bucco-palatal axis
of the crown, ultimately reaching both cervical margins (Fig. 6).
A complete fractographic analysis of these catastrophic fail-
ures was recently conducted by our group [30]. Briefly, the
fracture origin was located at the intaglio surface, close to
the contact point with the pin. In this area, a reaction zone
between both materials was identified using high magnifica-
tion. A similar fractographic pattern was observed in all failed
samples, with fractured surfaces displaying a combination of
smooth and sharp twisted fracture planes, which are consid-
ered an evidence of steep local stress gradients in the structure
[31]. In order to obtain at least two undamaged specimens for
the light birefringence measurement, 6 extra crowns of group
2 were submitted to the FC protocol. Nevertheless, only one
of them was able to survive the crystallization firing, so that
solely transversal sections could be obtained to measure the
stress state at the contact area with the pin. Maximum hoop
stress values for these slices did not differ from those observed
in groups 1 and 3 after fast cooling (with maximum stresses in
the range of 4 MPa), although crowns in these groups did not
fractured during the cooling phase. Residual stress release due
to sample sectioning compromised a “true” determination of
the tensions in the material. Alternatively, a rough estima-

tion of the stress magnitudes at failure (�f) can be derived
from the fracture toughness of the material (1.52 MPam1/2,
using the B3B-KIc method [32]) and the size of the critical

https://doi.org/10.1016/j.dental.2019.03.002
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Fig. 7 – Results for the light birefringence measurement of crowns of group 4 after the three different cooling regimes. Stress
distributions for the radial component of stress are shown for sagittal slice 3, with no difference among cooling protocols.
Residual stresses for the hoop component of stress had a higher magnitude in FC than in REF cooled samples, as shown in
the transversal sections. The highest stress magnitudes, having peaks of 3.6 MPa,  were  measured at the outer rim of FC
samples. In contrast, no residual stresses were observed for SC samples. The stress color scale was set between 0 and
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.6 MPa in order to highlight the distribution of the residual 

efect, a, obtained from the fractographic analysis (which had
emielliptical shapes and sizes varying between 50 and 80 �m
30]). By solving the Griffith-Irwin relation for �f :–

Ic = Y�f

√
�a (4)

ith a geometric factor Y = 0.75, the critical stresses for frac-
ure initiation would have ranged between 128 and 162 MPa.
espite the absence of spontaneous fractures in the crowns of

he SC and REF cooling protocols, a significant amount of ther-
al  stress is still expected in the structures. In fact, residual

tresses in the crowns submitted to the REF protocol seemed
o be responsible for their reduced lifetime in the subsequent

echanical test (see section 3.4).

.3.  Effect  of  the  cooling  protocol

 major source of residual stress in materials that display a
iscoelastic behavior through their Tg range is the develop-
ent of temperature gradients in the structure during the

ooling phase [15]. Their occurrence is responsible for an inho-
ogeneous solidification of the material, creating tensions

etween the already solidified surfaces and the still viscous
nner regions. This becomes critical below the material’s Tg,

s structural relaxation is hindered by the elastic properties of
he solidified glass, resulting in deleterious residual stresses.
he magnitude of the temperature gradients in the material
nd thus, the residual stress developed, is directly related to
ses.

the applied cooling rate [33]. Accordingly, avoidance of fast
cooling regimes around Tg has demonstrated to significantly
reduce the development of residual stresses in glassy materi-
als, such as in alumino-silicate glasses used for the veneering
of zirconia structures [13,24,25,34]. This has led, in practical
terms, to strict firing protocols that reduce temperature gra-
dients in the restorations by keeping the furnace door closed
until the temperature drops into a safety range, i.e. below Tg. In
the case of Suprinity PC, the manufacturer has set this safety
limit at 680 ◦C. Accordingly, this parameter was considered the
“reference” protocol for the crystallization process (REF group)
in the current study. The results obtained with the N-type ther-
mocouples for this protocol showed a relatively low cooling
rate of 0.4 ◦C/s at the crown’s lumen until 680 ◦C were reached.
However, once the furnace door opened exposing the crowns
to the ambient air, a tenfold increase was observed (5.5 ◦C/s),
matching the cooling rate measured for the FC protocol. An
even higher cooling rate is expected at the crown’s external
surfaces, due to the faster dissipation of heat in these regions.
On the other hand, temperatures in the SC group decreased at
a lower rate (0.4 ◦C/s) until the furnace door opened at 550 ◦C.

Aforementioned temperature profiles resulted critical for
the development of residual stresses in the structures. As
observed in Fig. 7, the highest residual stresses were measured

in the FC samples, whereas almost no residual stress develop-
ment was observed in specimens subjected to the SC protocol.
The higher magnitude of residual stress in the transversal sec-
tion, in contrast to the sagittal slices, is related to the higher

https://doi.org/10.1016/j.dental.2019.03.002
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Fig. 8 – Survival analysis of crowns submitted to chewing
simulation. All samples of group 4-SC survived after the set
interval of 106 cycles, whereas only 4 samples of group
2-REF (i.e. 50%) and 5 samples of group 4-REF (i.e. 62.5%)
were able to finish the test. However, fracture ensued
earlier in group 2-REF (already before 103 cycles) than in
group 4-REF, where the first fractured crown was detected

5

880  d e n t a l m a t e r i a 

dependency of the hoop component of stress to the cooling
regime, as previously observed in zirconia-veneered struc-
tures [25]. In addition, a higher stress release during sectioning
is expected for this stress component in the sagittal sections,
due to its circumferential orientation. Residual stress develop-
ment in the radial stress component, on the other hand, has
shown a higher dependency on the CTE mismatch with a sup-
porting substrate layer [13,25], or, as in the current study, with
the firing pin (compare the effect of the firing pin on sagit-
tal and transversal sections of Fig. 4). Thus, the fast cooling
protocol caused the outer layers to solidify earlier, contracting
at a higher rate than the still hot inner regions. As a conse-
quence, compressive transient stresses developed inside the
structure, but were compensated by the low viscosity of the
glass melt (still above Tg), which was able to release them.
Once solidification took place in the inner regions, the surface
had already reached the elastic state, being unable to com-
pensate the internal contraction of the structure, and residual
tensile stresses developed here (as observed in the outer rim of
the transversal section of the FC sample in Fig. 7). Although the
light birefringence method was not capable of determining the
nature of the residual stress (i.e. tensile or compressive), devel-
opment of tensile residual stresses in the surface of fast cooled
samples was recently measured by Aurelio et al. [17] using an
indentation method. In contrast, application of a slow cooling
protocol led to compressive residual stresses in the surface of
their samples.

Residual stresses in the REF group had a slightly lower mag-
nitude, although a similar distribution, than the FC samples
(Fig. 7). Development of these stresses was probably related
to the fast cooling rate of 5.5 ◦C/s to which the structure was
submitted once the furnace opened at 680 ◦C. A recent thermo-
mechanical analysis (TMA) on this material determined its
Tg at 636 ◦C [30], implying that the transition from the vis-
cous to the solid state did only occurred after exposition of
the structure to the ambient air. The cooling rate of crowns
in the SC group, on the other hand, was of 0.4 ◦C/s over the
complete Tg range (furnace door opened only at 550 ◦C), what
explains the absence of residual stresses in these samples. In
light of the effects of residual stress on the lifetime results dis-
played in section 3.4, and considering that the SC protocol took
only eight minutes longer than the REF protocol, its utilization
should be strongly recommended for the crystallization firing
of this material.

3.4.  Effect  of  residual  stress  on  the  restoration’s
lifetime

The survival analysis of the crowns submitted to chewing sim-
ulation is presented in Fig. 8. Only half of the specimens of
group 2-REF were able to survive after 106 cycles, with two of
the crowns developing catastrophic cracks before the first 103

cycles were reached. In contrast, no fractures were detected
up to 105 cycles in specimens crystallized over the fibrous
pad (group 4-REF), with a final survival rate for this group
of 62.5% after completion of the experiment. The test set up

used here for mechanical testing was deliberately designed to
challenge the area where residual stresses developed and to
study their impact on the restoration’s lifetime. Accordingly,
obtained results confirmed that the residual stress magni-
only after 10 cycles.

tude around the supporting area of the cordierite pin was
high, even in the less aggressive REF cooling protocol. Despite
the absence of spontaneous fracture during crystallization
(as those observed for FC samples in this group), deleteri-
ous tensile stresses were locked inside the restorations and
favored the propagation of cracks upon superposition of load-
ing stresses from the chewing simulation. This was confirmed
by the fractographic examination of failed crowns of group 2-
REF, where all four samples displayed catastrophic cracks in
this region. Development of residual stresses in glass-layered
zirconia structures has shown to influence the onset [35]
and propagation of cracks [14], ultimately leading to partial
fractures (or “chippings”) in the veneer layer [23]. The lower
magnitude of residual stresses in the contact-loading region
of crowns of group 4-REF would explain the delayed onset of
fractures observed (105 cycles). Furthermore, the absence of
residual stresses in SC specimens of this group (Fig. 7) corre-
lates well with the superior fatigue performance displayed by
these crowns during the chewing simulation (Fig. 8), with a
100% survival rate after 106 cycles. These results evidence the
relevant role played by residual stresses on the in vitro fatigue
response of the restorations, highlighting the advantages of
an extended cooling regime for their mechanical performance.
To date, only scarce clinical data is available for this material,
mainly due to its relatively recent incorporation to the market.
Therefore, long-term clinical studies are still needed to assess
the clinical relevance of the results presented herein.

4.  Conclusions

Within the limits of this study, following conclusions can be
drawn:
- Residual stresses develop from the direct contact of firing
pins with the glass-ceramic, being responsible for an impor-
tant reduction in the in vitro lifetime of the restorations.

https://doi.org/10.1016/j.dental.2019.03.002
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d e n t a l m a t e r i a l s 

 The use of firing pastes and fibrous pads is able to pre-
vent development of residual stresses in the contact areas
between the materials, which favors a better fatigue behav-
ior.

 The use of an extended cooling protocol that ensures a
homogenous temperature distribution over the Tg range of
the material prevents development of residual stresses and
thus, a premature fracture of the crowns.
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