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Prosthetic crowns are made in accordance with the principles of clinical procedures while taking into account
the rules of endurance, biocompatibility, and aesthetics. Depending on the biomaterial and manufacturing
technology, crown frameworks are veneered with an appropriate set of ceramics with selected thermal
expansion. The veneering layers responsible for tribological cooperation in occlusal contact should properly
adhere to the framework. The aim of the research is to conduct the microscopic and EDS chemical analysis
to evaluate the process of shaping veneering layers on frameworks produced using new digital technologies,
i.e. the technology of milling and laser sintering. The research material consists of specimens produced in
perpendicular cross-sections through the layered structures of metal-ceramic, ceramic-veneered glass-
ceramic, and zirconium crowns. The microscopic examinations were carried out using the specimens and
included the elemental EDS analysis performed on the surfaces and in certain points. The structures of metal
and ceramic frameworks, ceramic veneering layers, and adhesive zones were determined.

warstwy licujace, podbudowy cyfrowe, EDS, adhezja.

Korony protetyczne wykonywane sa zgodnie z procedurami klinicznymi oraz ze wskazaniami wytrzymato-
Sci, biozgodnosci i estetyki. Podbudowy koron, w zalezno$ci od zastosowanego biomateriatu i technologii
wytworzenia, poddawane sa licowaniu odpowiednim zestawem ceramik o dobranej ekspansji termicznej.
Warstwy licujace, odpowiedzialne za wspolprace tribologiczna w kontakcie okluzyjnym, powinny charakte-
ryzowac si¢ wiasciwag adhezjag do podbudowy. Celem przeprowadzonych badan jest analiza mikroskopowa
i chemiczna EDS pozwalajaca oceni¢ proces ksztaltowania warstw licujacych na podbudowach wytworzo-
nych w nowych technologiach cyfrowych: w technologii frezowania oraz w technologii spiekania laserowe-
go. Materialem badan sa zglady wykonane w przekrojach prostopadtych przez warstwowe struktury koron:
metalowo-ceramicznych, szklano-ceramicznych licowanych ceramika i cyrkonowych licowanych ceramika.
Na zgtadach przeprowadzono badania mikroskopowe z analiza pierwiastkowa EDS na powierzchniach oraz
w punktach. Identyfikowano struktury metalowych i ceramicznych podbudéw oraz strukture ceramicznych
warstw licujacych wraz ze strefami adhezyjnymi.
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INTRODUCTION

Prosthetic crowns are made in accordance with the
principles of clinical procedures while taking into
account the rules of endurance, biocompatibility,
and aesthetics. Depending on the biomaterial and
manufacturing technology, crown frameworks are
veneered with an appropriate set of ceramics. Ceramics
are inorganic and non-metallic biomaterials that are
processed by high-temperature firing. The veneering
layers of the framework are responsible for the functional
and biomechanical cooperation with the opposing teeth.
They should ensure adhesion of successively applied
opaque, dentin and enamel layers and proper adhesion
to the load-bearing framework. The topic is important
because new biomaterials are used in modern prosthetics
as well as the CAD/CAM system for designing and
production of load-bearing structures, and this creates
a need to assess the quality of veneering layers.

The aim of the research is to conduct the microscopic
and EDS chemical analysis to evaluate the process of
shaping veneering layers on frameworks produced using
new digital technologies, i.e. the technology of milling
from matrices and laser sintering from selective metal
powders.

MATERIAL AND METHOD

The research material consists of specimens produced
in perpendicular cross-sections through the layered
structures of prosthetic crowns, namely, through the
ceramic veneering layers and load-bearing layers. The
following structures were tested: chromium-cobalt
veneered with Duceram Kiss ceramics, pure titanium
and Ti6Al4V alloyed titanium frameworks veneered
with Vita Titankeramik ceramics, glass-ceramic
frameworks veneered with IPS e.max Ceram, and
zirconium frameworks veneered with Elephant Sakura
ceramics. The test sample kits were made in professional
laboratories in accordance with the latest knowledge of
the innovative technology for producing fixed prosthetic
restorations. The samples of materials for load-bearing
frameworks in the form of ¢1/4" discs with a thickness of
1/16", 9 pieces each, were made of factory matrices from
CoCrMo alloy, TiCP titanium, Ti6Al4V alloy, Li,Si, O
ceramics, and ZrO, ceramics, using the technology of
milling in the CAD/CAM system using the CORIiTEC
350i by imes icore. The ZrO, discs were milled
adequately larger (expansion coefficient 24%), so that,
after sintering, they achieved the proper structure and the
desired dimensions. The same discs made of materials
for load-bearing frameworks using the Selective Laser
Melting (SLM) method in the CAD/CAM system,
9 pieces each, were sintered from CoCrMo powders and
Ti6Al4V powders using a Renishaw AM250 machine.
The discs prepared in this way, which were produced
using the milling technology and the incremental

sintering technology, were subjected to the processes of
preparing the superficial layer of the framework and the
application of successive layers of dedicated ceramics
and firing of the layers (Fig. 1). The preparation of the
specimens consisted of sinking the discs in resin. After
the resin condensation process, the discs were mounted
in a special holder and cut with a diamond disc in a water
bath. The next stage of sample preparation was multi-
stage polishing using an automatic polisher by Struers
and degreasing the surface of the specimens (Fig. 2).

Fig. 1. Test discs with a layered veneering structure
dedicated to prosthetic frameworks made using
the CAD/CAM milling technology and SLM
technology [L. 1]

Rys. 1. Krazki badawcze z wytworzong warstwowa struktu-
g licujaca dedykowana podbudowom protetycznym
z technologii frezowania CAD/CAM oraz z technolo-
gii SLM [L. 1]

Fig. 2. Specimens for the analysis of layered structures of
prosthetic crowns

Rys. 2. Zglady do analiz struktur warstwowych koron prote-
tycznych

The analysis of microstructure and chemical
composition measurements were performed for the
specimens using Hitachi S-3400N SEM scanning
microscopy, equipped with a Thermo Noran X-ray
dispersion energy spectrometry EDS attachment. The
tests were carried out at an accelerating voltage of 20 kV,
using the low vacuum technique. A pressure of 30 Pa was
used. This allowed for electron microscopic observations
in the contrast of BSE (backscattered electron) as well as
for the measurements of chemical composition.



ISSN 0208-7774

TRIBOLOGIA 4/2020 61

RESULTS AND DISCUSSION

The SEM image of the Duceram Kiss — CoCrMo
composition obtained using the milling technology
is characterized by a homogeneous framework with
large equiaxial grains and very small precipitates
(Fig. 3). Very small and few pores are visible. Points
1 and 2 of the framework contain Co, Cr, Mo, W, and
small amounts of Al, Si, and K (Tab. 1). Points 3-6
contain the opaque and opaque dentin which connects
the framework to the dentin. The connection is the result
of chemisorption through diffusion between the surface
of the oxides on the alloy and the ceramics. These oxides
are formed when the alloy is wetted with ceramics
and during firing of ceramics. The points contain
over 40 wt.% O and Na, Al, Si, K, and Point 6 — Sn.
Such a chemical composition and weight proportions
indicate the presence of KAISi,O, and Na,O oxides in
the opaque and opaque dentin. Numerous spherical-
shaped gas pores are visible in this zone. The opaque
oxide layer forms another adhesive bond with the dentin
layer, which in addition to oxides based on Na, Al, Si
and Ca, is rich in Y and ZrO, (Points 8 and 9).

Fig. 3. The SEM image of the microstructure of the
Duceram Kiss-CoCrMo material composition
made using the milling technology: a) with
points marked for the analysis of the chemical
composition, b) image for the analysis of the
structure of the framework

Rys. 3. Obraz SEM mikrostruktury kompozycji materialowe;j
Duceram Kiss — CoCrMo z technologii frezowania:
a) z zaznaczonymi punktami do analizy sktadu che-
micznego, b) obraz do analizy struktury podbudowy

Figure 4 shows the undesirable mechanical
damage to the Duceram Kiss — CoCrMo layered material
composition made using the milling technology. This
may be the case with some alloys forming Cr,O,-rich

Fig. 4. Damage to the interface of the Duceram Kiss —
CoCrMo border made using the milling technology

Rys. 4. Uszkodzenie w interfazie strefy granicznej Duceram
Kiss — CoCrMo z technologii frezowania

oxide layers that do not adhere well to the alloy [L. 2].
The reason for this may be the lack of the application
of a binding agent that modifies the oxide layer. This
structure was described in Point 1 with 18.25 wt.%
Cr and 18.66 wt.% O. The interface of the veneering-
framework border may be damaged when the oxides do
not completely melt during firing of the opaque.

The SEM image of the Duceram Kiss-CoCrMo
composition obtained wusing laser sintering is
characterized by a framework made of equiaxial grains
and grains with a highly elongated shape (Fig. 5). At
the grain boundaries, there are few porosities. Apart
from Co, Cr, Mo, Points 1 and 2 in the framework zone
contain small amounts of Al and K, and slightly more Si
(Tab. 2). There is a thin opaque transition layer on the
framework which creates a uniform interface without
voids. Co is also present in the 1 pm thick transition
layer, slightly less Cr than in the framework, Mo and
W — approx. 5.5 wt.%. Moreover, there are Al, Si, and
K (Point 3).

The opaque layer is made of oxides. This is evidenced
by the high content of O — 43.39 wt.%, Al, Si, Zr, K and
Na (Point 4). It also contains small amounts of Co and Cr
(Point 4). The amount of oxides in the opaque is confirmed
by the stoichiometric content of oxygen, metals, and non-
metals (Points 5 and 6). The elements present are Si,
Al In, Na, Cr, Zr, and a small amount of P. The opaque
layer contains numerous spherical pores. Dentin is also
a mixture of oxides (items 7 and 8). The presence of oxides
is indicated by the contents of 45.74 wt.% — O and Si, K,
Al and lower contents of Na and Zr.

The TiCP and Ti6Al4V discs from milling and
the Ti6AI4V discs from incremental sintering were
veneered with low-melting point Vita Titankeramik
ceramics. In the SEM image of the microstructure of Vita
Titankeramik — TiCP, the framework is homogeneous
with a tightly packed crystal network built of B phase.
Points 1 and 2 show the content of titanium in about
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Table 1. Chemical composition of the selected points on the specimen surface in a sample of CoCrMo alloy made using the
milling technology veneered with Duceram Kiss ceramics
Tabela 1. Sktad chemiczny w wybranych punktach na powierzchni zgtadu w probee ze stopu CoCrMo z technologii frezowania
licowanej ceramikg Duceram Kiss
Concentration (wt.%b6)
. Element
Point
O Na Al Si K Ca Cr Co Y Zr Mo Sn W
1 - - 0.74 1.26 0.32 - 25.65 | 58.56 - - 3.00 - 10.46
2 - - 0.82 1.28 0.45 - 26.85 | 57.69 - - 3.48 - 8.50
3 42.66 2.53 9.13 28.87 | 10.39 — 2.25 4.17 — — — — —
4 41.01 1.66 | 1095 | 26.68 | 11.30 - 2.58 5.82 - - - - -
5 40.00 | 3.46 577 | 2173 | 8.15 - 2.52 3.88 - - - 14.49 -
6 4519 | 4.27 6.73 | 3198 | 7.59 - 1.64 2.60 - - - - -
I 46.23 4.33 6.90 30.98 7.62 — 1.14 2.81 — — — — —
8 37.16 | 2.36 237 | 1540 | 345 0.31 1.52 3.32 | 34.10 - - - -
9 30.35 - 0.55 3.44 0.83 - 1.37 3.20 - 60.26 - - -
tomic (%)
. Element
Point
©) Na Al. Si K Ca Cr Co Y Zr Mo Sn W
1 - - 1.79 2,81 0.74 - 29.20 | 58.54 - - 2.38 - 4.54
2 - - 2.01 2.88 1.04 - 30.07 | 56.59 - - 2.96 - 4.45
3 56.31 3.04 8.82 22.87 6.12 — 1.08 1.76 — — — — —
4 57.88 | 1.63 9.17 | 2145 | 6.52 - 1.12 2.23 - - - - -
5 61.24 | 3.68 524 | 1895 | 5.10 - 1.19 1.61 - - - 2.99 -
6 60.51 | 3.98 534 | 2439 | 4.16 - 0.68 0.95 - - - - -
7 61.47 4.00 5.44 23.46 4.15 — 0.47 1.01 — — — — —
8 64.05 | 2.83 242 | 1512 | 243 0.21 0.81 1.55 | 10.58 - - - -
©) 67.69 - 0.73 4.37 0.76 - 0.94 1.94 - 23.57 - - -

Fig.5. The SEM image of the microstructure of the
Duceram Kiss — CoCrMo material composition
made using the SLM technology: a) with points
marked for the chemical composition analysis,
b) the SEM image for structure analysis

Rys. 5. Obraz SEM mikrostruktury kompozycji materialowej
Duceram Kiss — CoCrMo z technologii SLM: a) z za-
znaczonymi punktami do analizy sktadu chemiczne-
g0, b) obraz SEM do analizy struktury

99 wt.% (Fig. 6, Tab. 3). In addition, there are small
amounts of Si, Al, and K that may come from the
preparation of titanium surfaces for bonding to ceramics.
The process of surface preparation consisted of jet
cleaning, etching, and the use of intermediate layers
[L. 1]. In order to ensure a better contact of the titanium
biomaterial with the ceramics, an intermediate layer —
bonder was used. Point 3 is representative for the chemical
composition of this layer. A large proportion of oxygen is
typical, as are the elements that form the oxides: Si, Na,
K, Ti, Al, Ca, and Mg. In about 90 um thick layer of the
bonder, numerous large and smaller pores are visible.
The pores are the result of air being trapped during
the sintering process. Under the influence of surface
tension, air spaces become spherical and expand with an
increase of the temperature. The zones with a diffusion
effect are visible at the connection between the bonder
and the framework. The bonder provides a 25 pm thick
connection to the opaque (Points 4 and 5). This layer
is composed of the following oxides: SiO,, AlOQ,,
K,0, Na,O, TiO,, ZrO,. This is the crystalline phase
contained in the glass matrix. The opaque layer contains
a large number of spherical pores. Points 6 and 7 are
representative of dentin. Its structure is uniform — melted
down, with small pores. This layer is also composed of
oxides. The high content of SiO, and ZrO, is similar to
opaque, but with less A1,O,, K.O, Na O, TiO,, also CaO.
The SEM image of the Vita Titankeramik-Ti6Al4V
microstructure obtained using the milling technology
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Table 2. Chemical composition of the selected points on the specimen surface in a sample of CoCrMo alloy made using the
SLM technology veneered with Duceram Kiss ceramics
Tabela 2. Sktad chemiczny w wybranych punktach na powierzchni zgtadu w préobcee ze stopu CoCrMo z technologii SLM licowa-
nej ceramikg Duceram Kiss
Concentration (wt.%o)
Point _ Element

(@] Na Al Si P K Cr Co Zr Mo In W
1 - - 0.95 5.39 - 0.34 25.17 62.45 - 5.70 - —
2 — — 0.91 6.19 — 0.57 24.44 62.06 — 5.83 — —
3 — — 1.21 3.54 — 0.85 19.97 64.65 — 4.29 — 5.49
4 43.39 0.69 38.50 4.39 - 1.51 2.07 5.38 4.07 - - -
5 45.82 1.65 6.72 23.52 1.29 9.85 1.95 4.98 - - 4.22 —
6 47.93 3.36 6.23 24.82 — 0.00 2.39 5.87 3.25 — 6.14 —
7 43.69 2.59 7.86 26.36 — 10.60 1.36 2.43 5.11 — — —
8 45.74 4.07 7.28 30.54 — 9.01 1.19 2.18 — — — -

Atomic (%)
Point _ Element

O Na Al Si P K Cr Co Zr Mo In W
1 — — 1.91 10.43 — 0.48 26.33 57.62 — 3.23 — —
2 — — 1.82 11.90 — 0.78 25.37 56.84 — 3.28 — —
3 — — 2.57 7.22 — 1.24 21.96 62.75 — 2.56 — 1.71
4 59.74 0.66 31.43 3.44 — 0.85 0.88 2.01 0.98 — — —
5) 64.00 1.60 5.57 18.72 0.93 5.63 0.84 1.89 — — 0.82 -
6 66.70 3.26 5.14 19.68 — 0.00 1.02 2.22 0.79 — 1.19 —
7 61.12 2.52 6.52 21.01 — 6.07 0.58 0.92 1.25 — — —
8 61.04 3.78 5.76 23.22 — 4.92 0.49 0.79 — — — —

Fig. 6. The SEM image of the microstructure of the Vita
Titankeramik — TiCP material composition made
using the milling technology: a) with points marked
for the analysis of the chemical composition, b) the
area of the framework — bonder with the areas of
diffusion

Obraz SEM mikrostruktury kompozycji materiatlowe;j
Vita Titankeramik — TiCP z technologii frezowania:
a) z zaznaczonymi punktami do analizy sktadu che-
micznego, b) strefa podbudowa — bonder z obszarami
dyfuzji

Rys. 6.

is different in the subsequent layers. The framework
is characterized by a granular and homogeneous
microstructure (Point 1). The grains are regular in
shape. Precipitations are visible at the grain boundary.
The contents of the elements Ti, Al, V correspond to the
stoichiometric composition of the Ti6Al4V compound.
The wt.% composition of Point 1 shows a small
amount of Si — probably coming from the sandblasting
process. Point 2 is located in a 2-3 pum thick bonder.
The following oxides can be identified as the interphase:
Si0,, ALO,, TiO,, Na,0, K,O, TiO,, Ca0O, and MgO.
Diffusion effects are visible between the opaque and
bonder. The next layer, 250 pum thick, is an opaque.
It is made of the following oxides: SiO,, Al,O,, K,0,
Na,O, TiO,, and CaO. Points 3-5 are representative
(Fig. 7, Tab. 4). ZnO is present in Point 4. The content
of ALO, decreases as it approaches the dentin layer.
There are numerous spherical pores in the opaque layer.
The chemical composition of Point 6 is representative
of dentine. Its structure is homogeneous. When melted
down, there is the highest content of SiO, oxides in the
structure. In addition, there are the following oxides:
K,0, Na,0, ALO,, TiOL and CaO.

The same set of Vita Titankeramik ceramics
was used to veneer the framework made of the
Ti6Al4V alloy, but using the SLM technology (Fig. 8,
Tab. 5). The framework consists of Ti, Al, and V (Points
1 and 2). It has a homogeneous two-phase structure of
the needle-shaped-lamellar nature, consisting of the
B phase and the a-phase precipitates with the shape of
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Table 3.  Chemical composition of the selected points on the specimen surface in a pure titanium TiCP sample made using
the milling technology veneered with the Vita Titankeramik ceramics
Tabela 3. Sktad chemiczny w wybranych punktach na powierzchni zgtadu w probcee z czystego tytanu TiCP z technologii frezo-

wania licowanej ceramika Vita Titankeramik

Concentration (wt.%6)
Point Element -

(@) Na Mg Al Si K Ca Ti Zr
1 - - - - 1.10 — - 98.90 —
2 — — - 0.27 1.88 0.29 — 97.57 -
3 54.57 3.43 0.47 2.92 27.66 3.21 227 5.47 -
4 50.95 5.87 - 7.57 24.75 5.88 - 4.99 -
5 48.97 2.74 - 8.44 25.38 10.85 - 2.93 0.67
6 50.60 3.86 - 293 26.49 5.14 1.09 2.21 7.68
7 53.65 4.04 - 2.35 31.74 5.58 1.41 1.24 -

Atomic (%)
Point Element :

O Na Mg Al Si K Ca Ti Zr
1 - - - - 1.86 - - 98.14 -
2 - - - 0.47 3.15 0.34 - 96.03 -
3 69.25 3.03 0.40 2.20 19.99 1.67 1.15 2.32 -
4 65.58 5.26 - 5.77 18.15 3.10 - 2.14 -
5 64.54 2.51 - 6.60 19.06 5.85 - 1.29 0.15
6 67.70 3.59 - 2.32 20.19 2.82 0.58 0.99 1.80
7 67.75 3.55 - 1.76 22.83 2.88 0.71 0.52 -

Fig. 7. The SEM image of the microstructure of the Vita Fig. 8. The SEM image of the microstructure of the Vita

Titankeramik — Ti6Al4V material composition
made using the milling technology: a) with
points marked for the analysis of the chemical
composition, b) the border of the opaque — dentine

Rys. 7. Obraz SEM mikrostruktury kompozycji materiatowe;j

Vita Titankeramik — Ti6Al4V z technologii frezowa-
nia: a) z zaznaczonymi punktami do analizy sktadu
chemicznego, b) granica opaker — dentyna

Rys. 8.

Titankeramik — Ti6Al4V material composition
made using the SLM technology: a) with points
marked for chemical composition analysis,
b) magnification 1000x

Obraz SEM mikrostruktury kompozycji materiato-
wej Vita Titankeramik — Ti6Al4V z technologii SLM:
a) z zaznaczonymi punktami do analizy sktadu che-
micznego, b) powickszenie 1000x
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Table 4. Chemical composition of the selected points on the specimen surface in a sample of Ti6Al4V alloy made using the
milling technology veneered with Vita Titankeramik ceramics

Tabela 4. Sktad chemiczny w wybranych punktach na powierzchni zgtadu w probee ze stopu Ti6Al4V z technologii frezowania
licowanej ceramika Vita Titankeramik

Concentration (wt.%)
Point _Element _
(@) Na Mg Al Si K Ca Ti \4 Zn
1 - - - 5.84 1.08 - - 89.61 3.47 -
2 54.73 432 0.48 3.40 24.84 3.40 2.19 6.63 - -
8 50.77 4.59 - 6.36 24.65 6.56 - 7.08 - -
4 51.84 5.49 - 3.57 28.27 4.76 0.93 4.63 - 0.50
5 53.96 4.30 - 2.93 30.02 4.65 1.23 2.42 - -
6 53.50 441 - 241 31.38 5.45 1.25 1.61 - -
Atomic (%)
i .Element .
(0] Na Mg Al Si K Ca Ti A% Zn
1 - - - 9.86 1.75 - - 85.28 3.10 -
2 69.54 3.82 0.40 2.56 17.98 1.77 1.11 2.81 - -
3 66.09 4.16 - 491 18.28 3.49 - 3.08 — -
4 66.57 491 - 2.72 20.68 2.50 0.48 1.98 - 0.16
5 68.01 421 - 2.19 21.55 2.40 0.62 1.02 - -
6 67.60 3.88 - 1.81 22.59 2.82 0.63 0.68 - -

Table S. Chemical composition of the selected points on the specimen surface in a sample of Ti6Al4V alloy made using the
SLM technology veneered with Vita Titankeramik ceramics

Tabela 5. Skfad chemiczny w wybranych punktach na powierzchni zgtadu w probee ze stopu Ti6Al4V z technologii SLM licowa-
nej ceramika Vita Titankeramik

Concentration (wt.%b)
B .Element :

(0] Na Mg Al Si K Ca Ti A% Zr
1 - - - 6.68 1.41 - - 89.35 2.56 -
2 - - - 7.05 1.99 - - 88.55 2.41 -
3 53.64 3.65 0.41 3.17 26.79 3.88 1.71 6.75 - -
4 51.32 4.26 - 7.71 24.40 6.43 - 5.88 - -
5 50.88 3.74 - 3.07 16.19 2.83 1.37 19.49 - 2.43
6 53.77 4.03 - 2.58 29.77 5.18 1.38 3.30 - -
7 54.13 3.06 - 1.86 32.97 433 1.10 2.56 - -

Atomic (%)
o _Element :

0] Na Mg Al Si K Ca Ti A% Zr
1 - - - 11.18 2.27 - - 84.27 227 -
2 - - - 11.73 3.19 - - 82.96 2.12 -
3 68.66 3.25 0.35 2.41 19.54 2.03 0.88 2.89 - -
4 66.34 3.83 - 5.91 17.97 3.40 - 2.54 - -
5 69.54 3.56 - 2.49 12.61 1.58 0.75 8.90 - 0.58
6 68.21 3.55 - 1.94 21.51 2.69 0.70 1.40 - -
7 68.34 2.69 - 1.39 23.71 2.24 0.55 1.08 - -
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elongated, differently oriented needles. A small amount
of Si probably comes from the process of sandblasting.
The framework contains grains and precipitates, which
is characteristic of the sintered alloy. The bonder
(2-3 pm thick) with a homogeneous structure, but
containing small spherical pores, is visible on the layer
of the framework (Point 3). Its chemical composition
is characteristic of bonding oxides, with the highest
content of SiO,, then TiO,, K,0, Na,0O, ALO,, and less
CaO. A small amount of Mg is also visible. Points 4 and
S, characteristic for the opaque layer (150 pm thick),
have a crystalline structure containing: TiO,, SiO,,
Na,O, ALO,, KO, Ca0O, and ZrO,. Spherical pores
differentiated in terms of diameter of 2-10 pm are visible
in the opaque. The next adhesive layer is dentine with
a homogeneous melted structure and few pores (Points 6
and 7). There are also oxides — mainly SiO,. In addition,
Na, O, K0, TiO,, and CaO are present, and AIZOL but
less than in the opaque.

Due to the properties of titanium, such as high
affinity to oxygen, low thermal expansion, allotropic
transformation of the crystal structure at the temperature
0f 882°C, titanium presents some problems in the process
of veneering with ceramics. Titanium low thermal
expansion coefficient of 10 pum/m K compared to approx.
14 um/m K for base alloys and the transformation of the
a phase during cooling below 882°C make it impossible
to use conventional ceramics to veneer titanium. These
properties led to the development of ceramic masses
with a firing temperature below 882°C. Ultra-low-
melting ceramics with a melting point in the range of
700-850°C were used for veneering samples of titanium
and its alloys. The preparation of titanium surfaces
for bonding with ceramics consisted of jet cleaning,
etching, and the use of intermediate layers. Sandblasting
with ALO, with a grain size of 250 um at a pressure
of 2-3 bar was used. In the case of titanium, grains
with larger diameters provide better adhesion than fine
grains of 50 um. Fine grains can be pressed into the
surface, which leads to a weakening of the bond with
the ceramics. After sandblasting, etching was applied
to clean the veneered surface and increase roughness.
Etching reduced the thickness of the oxide layer. To
ensure a better contact of the titanium biomaterial with
the ceramics, an intermediate layer was used — a bonder,
followed by two opaque layers to eliminate the metallic
colour, as well as opaque dentin. The next fired layers of
ceramics are dentine and enamel.

Materials for all-ceramic restorations use a wide
range of crystalline phases, which constitute the load-
bearing structure. They contain up to 90% of these
phases by volume. The selection of the refraction indexes
of the crystalline phase and the vitreous matrix is an
important factor determining endurance parameters and
translucency of the ceramics. The two newest groups of
all-ceramic materials for the CAD/CAM system are the
following:

* Those based on lithium disilicate Li,Si,0,, veneered
with ceramics with a selected expansion coefficient,
here with IPS e.max Ceram; and,

* Those based on yttria-stabilized tetragonal zirconia
ZrO, (3Y-TZP), veneered with Elephant Sakura
ceramics.

The SEM image of the microstructure of a glass-
ceramic load-bearing framework veneered with low-
melting point glass ceramics using the IPS e.max
Ceram shows three layers (Fig. 9 and Tab. 6). The
basic crystalline phase, up to 60%, is lithium disilicate
Li,Si,0,. The framework consists of prismatic lithium
disilicate crystals (0.5 to 5 um long) dispersed in a glass
matrix (Points 1 and 2) [L. 2]. Moreover, Na,O, K O,
Li,PO,, and Al,O, are present in the framework. The next
layer is an opaque dentin, which, in addition to the basic
system, shows increased content of Na O, Li,PO,, and
K,O, and additionally F (Point 3). In dentin, the basic
system and Ca,(PO,),F fluoroapatite can be observed
(Points 4-6).

Fig. 9. The SEM image of the microstructure of the IPS
e.max Ceram - Li,Si,O, material composition
made using the milling technology with the points
marked for chemical composition analysis

Rys. 9. Obraz SEM mikrostruktury kompozycji materiatowe;j
IPS e.max Ceram — Li,Si,0; z technologii frezowania
z zaznaczonymi punktami do analizy sktadu chemicz-
nego

The SEM image of the Elephant Sakura — ZrO,
microstructure shows a two-layer structure (Fig. 10,
Tab. 7). The framework contains very fine uniform
grains with very little pores in small quantities. The
microstructure of this ceramics consists of densely
packed tetragonal crystals with a particle size of
0.2-0.4 pm. The chemical analysis of Points 1 and
2 shows the presence of ZrO, and trace amounts
of K. The K content may result from the application of
chemical enhancement transformation of ZrO, which
is based on the exchange of small alkaline ions in the
glass matrix network, such as sodium ions with larger
potassium ions, diffusing from molten salt baths [L. 2].
The ion exchange by diffusion is usually carried out at
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Table. 6. Chemical composition of the selected points on the specimen surface in a sample of Li,Si,O, made using the
milling technology veneered with IPS e.max Ceram ceramics
Tabela 6. Skfad chemiczny w wybranych punktach na powierzchni zgtadu w probcee z Li,Si, O, z technologii frezowania licowane;j

ceramika IPS e.max Ceram

Concentration (wt.%b)

Point Element :
o F Na Al Si P K Ca
1 55.49 - 4.07 1.20 33.89 1.61 3.74 -
2 56.14 - 3.42 0.84 34.69 1.70 3.21 -
3 51.62 1.55 5.89 1.19 32.72 1.67 5.35 -
4 50.74 - 5.45 4.63 31.63 - 5.96 1.60
5 49.74 0.84 4.10 4.80 30.66 1.30 6.19 2.37
6 49.88 0.94 5.77 4.69 32.10 - 6.61 -

Atomic Share (%)

Poit Element -
O F Na Al Si P K Ca
1 68.76 - 3.51 0.88 23.92 1.03 1.89 -
2 69.33 - 2.94 0.62 24.40 1.08 1.62 -
3 64.99 1.65 5.16 0.89 23.47 1.09 2.76 -
4 64.74 - 4.84 3.51 22.99 - 3.11 0.81
5 63.96 0.91 3.67 3.66 22.46 0.86 3.26 1.22
6 63.57 1.01 5.12 3.54 23.31 - 3.45 -

a temperature between 450 and 480°C, which excludes
any stress relaxation and causes that the ceramic surface,
is compressed; therefore, it is more resistant to crack
propagation.

The ZrO, framework connects with the dentine with
a very stable border. Large grains and big pores are visible
in the dentin. The chemical analysis of points 3 and 4 shows
the presence of SiO,, K,0, Na,0, ALO,, ZrO, and F.

Zirconium oxide has the advantage of being hard
and very durable. It is also a light transmitting material.
About 50% transparency makes that restorations look
natural. The bending strength of zirconium varies
between 840-1200 MPa. Thus, it exceeds endurance of
other dental ceramics and allows for making prosthetic
restorations in the area of the entire dental arch,
especially within the lateral teeth, where the greatest
occlusal forces are generated [L. 3].

Ceramics are widely used as veneering materials
for crowns and bridges in fixed ceramic and metal
restorations. The development of these techniques is
the result of the appropriate selection of the expansion
coefficient of ceramics and alloys and obtaining the
optimal combination of these materials. The basic
condition in the production of ceramic-metal restoration
is that the thermal expansion coefficients of the veneering
ceramics are slightly lower than that of the metal [L. 2,
4, 5]. As a result, during cooling, ceramics are subjected
to slight compressive stresses, which provide greater
resistance to cracking and chipping. When veneering
with ceramics, air bubbles forming pores visible in

the images of the specimens are a problem. Pores are
the result of air being trapped during the sintering
process. Under the influence of surface tension, air
spaces become spherical and expand with increasing
temperature. Under the influence of loads, they can
cause crack propagation and chipping of the ceramics
(Fig. 11). The veneering of the framework ensures that
the restorations have colour stability, are biocompatible
with the surrounding tissues, and chemically stable. In
addition, they are characterized by a low heat transfer
coefficient. Testing veneering structures allows one to
modify firing of the opaque, dentin and glazing layers.
The use of digital technologies, i.e. milling and SLM,
for the production of load-bearing structures with CAD/
CAM in prosthetics, gave rise to the need to assess the
quality of veneering layers. The veneering of CoCrMo
load-bearing structures is described in the works that
evaluate the bond strength between the veneering
ceramics and the framework [L. 6], and they compare the
mechanical properties and strength of such a connection
[L. 4] and analyse the procedures for joining ceramics
with CoCrMo alloy [L. 7].

Problems are caused by the veneering load-bearing
titanium structures made using milling and SLM. This
is indicated by the research and numerous literature
reports in which procedures are sought for surface
conditioning, optimization of the alloy composition,
chemical modification of the superficial layer of the
framework, and the optimization of the application and
firing ceramics [L. 8-14].
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Fig. 10. The SEM image of the microstructure of Elephant
Sakura - ZrO, material composition made using
the milling technology with the points marked for
chemical composition analysis

Rys. 10. Obraz SEM mikrostruktury kompozycji materia-
towej Elephant Sakura — ZrO, z technologii frezo-
wania z zaznaczonymi punktami do analizy sktadu
chemicznego

Table 7.

Fig. 11. The SEM image of the microstructure of the
Duceram Kiss — CoCrMo material composition
made using the SLM technology - crack
propagation in the dentin

Rys. 11. Obraz SEM mikrostruktury kompozycji materiato-
wej Duceram Kiss — CoCrMo z technologii SLM —
propagacja peknigcia w dentynie

Chemical composition of the selected points on the specimen surface in a sample of ZrO, made using the milling
technology veneered with Elephant Sakura ceramics

Tabela 7. Skfad chemiczny w wybranych punktach na powierzchni zgladu w probee z ZrO, z technologii frezowania licowanej

ceramika Elephant Sakura

Concentration (wt.%o)
. Element
Point =
(@) F Na Al Si K Zr
1 29.53 - - — - 0.42 70.06
2 32.10 — — 0.20 0.86 0.36 66.47
3 50.77 — 3.86 6.65 26.97 6.82 4.93
4 51.19 1.07 6.69 4.13 28.72 5.87 2.32
Atomic (%)
. Element
Point :
(e} F Na Al Si K Zr
1 70.33 - - - - 0.41 29.27
2 72.11 - - 0.27 1.10 0.33 26.19
8 66.43 - 3.52 5.16 20.11 3.65 1.13
4 65.32 1.15 5.94 3.13 20.87 3.07 0.52

Much research is devoted to the assessment of
the veneering of the milled zirconium framework. The
authors analyse the adhesion of the veneering ceramics
to the zirconium framework [L. 15-17], the quality of
veneering with various types of modified ceramics and
modified framework surfaces [L. 18-20], resistance
to shearing of the veneering layer [L. 21, 22], and the
influence of mismatch in thermal expansion coefficients
on the development of residual stresses in the veneering
layers [L. 23].

CONCLUSIONS

The analysis of layered material compositions used in
prosthetic crowns made on frameworks using digital
technologies allows for praising the veneering process
carried out on metal and ceramic frameworks obtained
using CAD/CAM milling technology and on metal
frameworks produced by SLM technology.
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The research allowed us to identify the following
phenomena that may be unfavourable for the process of
veneering:

* The delamination of the boundary zone between the
metal framework made of cobalt-chromium alloy
and the opaque which may be caused by the presence
of Cr,0,-rich oxides layer; and,

e The initiation and propagation of cracks in air
bubbles, which may cause delamination of the
veneering ceramics, especially when the bubbles
are in the area of occlusal contact when wearing
a prosthetic restoration.

Air micro-bubbles located in the deep layers of
the veneering layer, with the appropriate endurance
parameters of the ceramics, can act as a shock absorber
for biomechanical loads in the stomatognathic system.

Microstructural and chemical analyses indicate that
the material diversity of ceramic veneering layers used in
metal frameworks made of CoCrMo, TiCP, and Ti6Al4V
creates a number of physical, chemical, and endurance

problems that can be overcome in professional veneering
procedures.

The veneering of frameworks made of titanium and
titanium alloy poses problems due to the need to use low-
melting point ceramics in order to ensure the penetration
of Ti ions into the ceramic layers. Proper preparation of
the superficial layer of the framework and the correct
configuration of oxides brings positive results.

The most optimal solution in terms of endurance,
aesthetics, and biocompatibility is a material composition
consisting of the zirconium framework stabilized with
yttrium, veneered with silica ceramics.
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