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ABSTRACT
INTRODUCTION: The natural white color of zirconia together with the veneer chipping problem has led to the development of tooth
colored monolithic (full-anatomic) zirconia. In order to optimize esthetics shading of monolithic zirconia were done by two main approaches,
either by powder mixing method or by infiltration technique. The influence of infiltration technique on mechanical properties of zirconia has
been reviewed previously, while the influence of powder mixing method on the mechanical properties of shaded zirconia, specially the
biaxial flexural strength has not been widely studied before.
OBJECTIVES: To evaluate and compare the biaxial flexural strength and the crystal structure of shaded CAD/CAM monolithic translucent
zirconia by powder mixing method with un-shaded ones.
MATERIALS AND METHODS: Twenty fully sintered discs of un-shaded [T 0] and shaded [T S] monolithic translucent zirconia of
diameter 12 mm and thickness 1 mm has been divided into 2 parallel groups of 10 discs each. Their biaxial flexural strength was measured
using a ball-on-ring test fixture and universal testing machine at room temperature. Statistical significance was measured using One-Way
ANOVA test. Then crystallographic analysis was done for both groups using X-ray diffraction. Finally the nature of failures of the tested
specimens was examined using confocal laser microscopy.
RESULTS: Biaxial flexural strength test showed no significant difference between un-shaded and shaded specimens. X-ray diffraction
spectrum only showed crystals of tetragonal zirconia with no evidence of neither monoclinic zirconia crystals nor coloring oxides crystal
phases. Confocal laser microscopy images of both groups showed the classic fracture patterns of monolithic zirconia materials.
CONCLUSIONS: shading of zirconia blocks by powder mixing methods does not significantly (P≥0.05) affect either biaxial flexural
strength or crystallographic structure of monolithic translucent zirconia.
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INTRODUCTION
Since its introduction in dentistry, Zirconia has been
widely used by dentists and dental technicians for allceramic fixed dental prosthesis implant abutments,
endodontic posts, orthodontic brackets and implant
fixtures (1-5). Several ceramic materials were proposed to
create metal free all-ceramic restorations. However, their
incomparable mechanical properties with zirconia limit
their use especially when a posterior fixed partial denture
is needed (6, 7).
Notwithstanding the superior mechanical properties of
zirconia, the white color of 3 mole % yttria-stabilized
tetragonal dental zirconia (3Y-TZP) restraint its use in
highly esthetic areas (8). And that’s why zirconia
restorations were first introduced in prosthetic dentistry as
a core material and then layered by feldspathic porcelain.
However, chipping, wear or fracture of the veneering
porcelain was the main issues that faced layered zirconia
restorations, and fracture of the core was never reported
(9). The natural white color of 3Y-TZP together with the
veneer chipping problem has led to the development of
tooth colored monolithic (full-anatomic) zirconia without
the need of veneering porcelain to obtain natural esthetics
(10, 11)
This superior mechanical properties of 3Y-TZP is
attributed to its unique crystal phase transformation
(Transformation toughening), in which tetragonal crystal
phase which is metastable transform to the more stable
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monoclinic crystal phase upon application of mechanical
stress. This transformation is accompanied by grain
expansion generating compressive stresses to stop crack
propagation (12-14). However, this metastable tetragonal
phase could spontaneously transforms into the monoclinic
phase in a humid atmosphere even without mechanical
stress, which starts at the surface then enters the bulk of
the material. This process is often named zirconia gaining
or low-temperature degradation (LTD) (15). And this
could be a problem with full anatomic monolithic zirconia
as it is directly exposed to saliva and mechanical stresses
in oral environment.
Shading or tooth-like color of zirconia can be done by
incorporation of coloring metal oxides (16, 17). There are
two main approaches for obtaining a shaded zirconia
currently available for dental purposes; metal oxides can
be mixed with the starting ZrO2 powder at the production
stage to obtain shaded blocks (powder mixing method) or
before or after sintering, frameworks can be infiltrated
with specific coloring liquids using a brush (infiltration
technique)(16- 19). The influence of infiltration technique
on mechanical properties of zirconia has been reviewed
previously. In 2008, Hjerppe et al. showed that infiltration
technique the effect of coloring pigments depends on its
concentration, where specimens showed significant
decrease in strength with high coloring liquids
concentrations using ICE Zirkon ( Zirkonzahn, Sand in
Taufers, Italy) (18) similar results were reported by other
studies (17,20) . In contrast, Pittayachawan et.al reported
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that there wasn’t significant difference in biaxial flexural
strength between shaded and un-shaded zirconia using
Lava
system(3M/ESPE,
St.Paul,
USA)
(21).
Analyses of literature showed only few studies done on the
effect of powder mixing method on mechanical properties
of monolithic zirconia. Recently in 2016, Spyropoulou
et.al studied using shaded and un-shaded Nobel Procera
(Nobel Biocare AB) monolithic zirconia and reported that
there were no significant difference in initial biaxial
flexural strength( before fatigue cycling test) (22).
Based on the above, the main aim of this work was to
study the effect of shading by powder mixing method on
both biaxial flexural strength and crystallographic structure
of translucent monolithic zirconia and we hypothesized
that the shading of monolithic zirconia won’t have
negative effect on both properties.

Biaxial Strength of Un-Shaded and Shaded Monolithic Zirconia
Table 1: Showing materials used in the study, their
manufacturer, LOT number and chemical components
Monolithic

Manufacturer

Zirconia

Lot.

Chemical

Number

Composition

Un-shaded

Wieland

T24107

Zenostar

Dental,

T24486

Zr T 0

Pforzheim,

ZrO2 + HfO2 +
Y2O3 > 99;
4,5 < Y2O3 ≤ 6;
HfO2 ≤ 5;
Al2O3 + other

Germany

oxides ≤ 1

Shaded

Wieland

T28424

Zenostar

Dental,

T28424

Zr T S

Pforzheim,
Germany

ZrO2 + HfO2 +
Y2O3 > 99;
4,5 < Y2O3 ≤ 6;
HfO2 ≤ 5;
Al2O3 + other
oxides(including
coloring oxides

MATERIALS AND METHODS
Twenty one male albino rats weighing about 200-250
grams
Study design
This study was parallel, controlled experimental study, in
which biaxial flexural strength of two groups of Un-shaded
(Zenostar Zr T 0) and Shaded (Zenostar Zr Ts) translucent
monolithic zirconia were tested. Also Crystallographic and
Fractorgraphic analysis of the two groups were done and
compare.
Specimens’ preparation
The data of the required specimens shape and dimensions
were input in CAD/CAM system (Zenotec select hybrid
system, Wieland Dental + Technology GmbH & Co. KG,
Pforzheim, Germany) using Stereolithography (STL) file
format custom made with dimensions of the required disc
(12 mm diameter and 1 mm thickness). Monolithic Unshaded T0 and Shaded TS translucent zirconia discs from
Zenostar Zr (Wieland Dental, Pforzheim, Germany) (Table
1) were milled using CAD/CAM system to obtain 10 unshaded zirconia discs [control group] and 10 shaded
zirconia discs [study group]. Then both groups were
transferred to sintering furnace (Programat S1; Ivoclar
Vivadent, Inc). In a batch of 5, discs were sintered at
1500°C (2732°F) for 3 hours 45 minutes according to
manufacture instruction. After that sintering discs were left
to cool to room temperature and then inspected visually for
any defects or cracks and over a black background to see
the difference in color developed after sintering [Figure 1].

≤1

Thermocycling (Aging) of zirconia
The specimens were then subjected to 1200 thermal cycles
corresponding to one year of clinical service, by
mechanical transfer between 5°C and 55°C water baths
with a dwell time of one minute in each bath and
relaxation period of 30 seconds in air between the two
baths using thermal cycling machine (Department of
dental biomaterials, Alexandria University, Egypt) (23).
Sample Preparation for Bi-axial flexural strength
(BFS) test
To provide a consistent flat loading surface the upper
surfaces of all samples were wet ground on one side only
with P400, P1000, P1200, P1500, P 2000 silicon carbide
abrasives on a lapping machine (Department of dental
biomaterials, Alexandria University, Egypt) at 150 rpm.
Discs were then left to be cleaned in a sonicator bath
[Kerry Ultrasonics, Guyson Int. LTD, UK] for 10 minutes.
After that discs were stored to dry and tested at room
temperature in an effort to eliminate the potential effects of
water on the BFS test results.
Bi-axial flexural strength test
Using Universal Testing Machine [Maxitorq,Com-Ten
industries,Florida,USA,] the biaxial flexural strength
[BFS] of both groups was tested using a ball-on-ring test
configuration. Ten discs from each group supported by a
10-mm diameter knife-edge were centrally loaded via a 4
mm diameter spherical ball indenter at a crosshead speed
of 1-mm/min until specimen failure [Figure 3].

Figure 1: Shaded zirconia discs (left) and un-shaded zirconia
discs (right) after sintering.
Figure 2: Biaxial flexural strength test set up.
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During testing, all the test specimens were placed with
the grounded surface facing upward toward the indenter.
To distribute the load evenly, a thin section of rubber was
placed between the support and the disc (24). Diameter of
each disc and the rubber sheet was measured using digital
micrometer (Neiko, Zhejiang Kangle Group, China) and
recorded before testing. The bi-axial flexural strength were
calculated according to the following equation (25):
σ max= P/h2 {(1+v) [0.485 ×ln (a/h ) + 0.53]+0.48}
σ max is the maximum tensile stress, P is the measured
load at fracture, a is the radius of the knife-edge support, v
is the Poisson’s ratio for the material [a value of 0.25 was
substituted for porcelain](26), h is the specimen thickness
measured with the digital micrometer and ln is the natural
logarithm.
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insignificant difference (P=0.06) in flexural strength
between the two groups (Table 2).
Table 2:Statistical analysis of biaxial flexural strength test values of
both groups using One-way ANOVA.

SUMMARY
Groups

Count

Sum

Aver
age

Vari
ance

Un-shaded
Zirconia

10

13609.6
4

1360
.964

5512
4.95

Shaded
Zirconia

10

11958.8
6

1195
.886

1268
3.86

SS

df

MS

F

Pvalue

F
crit

Between
Groups

136253.
7

1

1362
53.7

4.01
8762

0.06
0276

4.41
3873

Within
Groups

610279.
3

18

3390
4.41

Total

746533.
1

19

ANOVA
Source
Variation

Figure 3: Biaxial Flexural strength test results of shaded and unshaded zirconia discs.

Statistical analysis
Statistical package of social sciences [SPSS v. 20]
software was used for statistical analysis. Analysis of
variance [ANOVA] was done to compare results of
different groups. The level of statistical significance for all
tests will be set at P≤0.05.
X- ray Diffraction (XRD)
Zirconia discs fragments of both groups were crushed and
ground in a ball mill for 6 hours. XRD analysis was done
for both un-shaded and shaded zirconia powder samples
using X-Ray Diffractometer (XRD-7000 ShimadzuJapan). Powder samples were packed in to a flat aluminum
holder and scanned with CuKα radiation (λ=0.154060 nm)
generated at 30 KV and 30 nm. Scans were performed at
2° min-1 for 2θ values between 10 and 90 degree.
Crystalline phases were identified by comparison with the
ICDD file (ZrO2: 37-64 (monoclinic phase), 17-0923 and
42-1164 (tetragonal phase).
Confocal Laser microscopy
Fractured surfaces of Fragments of one disc from each
group were supported on glass slap using thin layer of
white plasticine. Surfaces were then examined using
confocal laser microscopy [VK-X100, Keyence
Microscope Europe] at magnification 20X.

of

X-ray diffraction test results
All specimens analyzed using XRD showed only
tetragonal ZrO2 phase characteristics peaks. None of the
samples showed any tetragonal-monoclinic transformation
or coloring oxides crystal phases (Figure 4).
Confocal Laser microscopy
Confocal laser microscopy images of fractured surfaces
after the flexural strength test of both groups characteristic
fractures patterns of mirror, mist, and hackle features
surrounding the fracture origin (Figure 5 and 6).

Figure 4: XRD spectrum of Shaded zirconia discs (T) tetragonal,
(M) monoclinic zirconia phases.

RESULTS
Biaxial Flexural strength Test
Biaxial flexural strength test of Un-shaded and shaded
translucent monolithic zirconia discs are given in (Figure
3) showing that the BFS values of 7 un-shaded discs out of
10 were higher than that of shaded discs. However, the
One-way ANOVA Statistical test revealed a statistically
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Figure 5: CLSM image for fracture Un-shaded zirconia disc (a)
20X image (b) 3D image showing Cone-shape fracture line,
Hackles and Mirrors.
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Figure 6: shows CLM image for fracture Un-shaded zirconia
disc (a) 20X image (b) 3D image showing Cone-shape fracture
line, Hackles and Mirrors.

DISCUSSION
BFS test results showed that the average BFS values were
(1361 and 1196 MPa for un-shaded and shaded
commercial zirconia discs) (Table 2, Figure 3). These
values were comparable with some BFS reports in the
literature for monolithic zirconia. Schatz et al. tested the
BFS of zirconia discs (Zenostar Zr Translucent) and the
results of wet polished samples after sintering were (1139;
1202 MPa). BFS values of other commercial monolithic
zirconia in Schatz study with the same test conditions also
showed comparable values with ours (Ceramill Zolid,
BFS=1090; 1152 MPa; DD Bio zx2, BFS=1346; 1472
MPa) (27). However, BFS values were slightly higher than
some BFS reports in the literature for other commercial
monolithic zirconia (Bruxzir HT, BFS=906; 1000 MPa)
(28), (NobelProcera, BFS =856 and 842 MPa for unshaded and shaded materials) (22), (BruxZir Shaded 16,
FS= 921.7; inCoris TZI C, FS=855.2; Lava Plus,
FS=880.0) (29). This difference in flexural strength values
could not only be a result of using different commercial
products, but it could also be a result of specimen
preparation (wet polishing) after sintering. Same effect of
specimen preparation after sintering on BFS of the same
material used in this work was reported by Schatz et.al.
The increase in flexural strength in Schatz ‘s study was
attributed to the occurrence phase transformation form
tetragonal to monoclinic after specimen preparation, which
was associated with compressive surface stresses and thus
elevate the flexural strength (27). Other studies also
showed this increase in the amount of the monoclinic
phase, when the surface was treated after sintering (30,
31). In contrast to that, in the present study no higher
fraction of monoclinic zirconia on the surface of wet
polished specimen was found in XRD results (Figure 4).
Thus the polishing procedure must have removed the layer
of monoclinic zirconia. However, it should be mentioned
that in contrast to this assumption, other studies described
a decrease in flexural strength of zirconia, when the
surface underwent a grinding process (32, 33).
The null hypothesis was accepted as the statistical
analysis of BFS test results (Table 2) showed that there
was no statistically significant difference found between
un-shaded and shaded samples (P= 0.06). This result
indicates that there was no effect of addition of coloring to
the shaded composition before sintering on BFS of
monolithic zirconia. This insignificant difference could
be attributed to the low percentage of coloring oxides
added during manufacturing of zirconia blanks (Table 1).
Also XRD results (Figure 4), did not show the presence of
any coloring oxide crystal phases as iron oxide for
example, which could give an indication about its low
percentage in shaded zirconia composition. Similar results
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were reported by Spyropoulou et al. using shaded (Powder
mixing method) and un-shaded Nobel Procera (Nobel
Biocare AB) monolithic zirconia (22).
Also
Pittayachawan et al. reported simillar insignificant
difference (21). In contrast to what has been reported by
Hjerppe et al. using higher concentration of coloring
pigments (18) and Shah et al. using non Fe-O based
coloring pigments (17). Characteristic XRD patterns for
the Un-shaded and shaded zirconia presented in (Figures
3) showed that the peak positions of shaded zirconia
samples were correspond to that of Un-shaded ones. The
tetragonal phase was the main crystal structure in the XRD
patterns of both groups. As mentioned before, the presence
of additional metal oxides in shaded group was expected to
modify the lattice parameters of 3Y-TZP. However, our
results showed that only tetragonal phase was present.
XRD patterns of both groups indicated that the samples
had nearly the same crystal structure. Therefore, it could
be clearly said that there was no negative effect of coloring
oxide on tetragonal crystal phase formation. Nascente and
de Souza’s study (34) demonstrated that the addition of
iron oxide to zirconia stabilized with ceria could help to
stabilize the tetragonal phase. Similar XRD results of
shaded zirconia were found by Tian et al. using Fe2O3
pigmented zirconia (35), Shah et al. (17) and Spyropoulou
et al. (22). CLSM images of the fractured surfaces in both
group specimens (Figure 5 and 6) showed the same
classical fracture patterns of brittle (mirror, mist, and
hackle surrounding the fracture origin) described by Quinn
G. (36). Similar fracture patterns of monolithic translucent
zirconia were reported before (37-39).

CONCLUSION

• Monolithic translucent zirconia shading using powder
mixing method does not significantly affect biaxial
flexural strength of the produced zirconia discs.
• Low percentage of coloring oxide (≤ 1 %) does not affect
the crystallographic structure of monolithic translucent
zirconia.
• Both Un-shaded and Shaded discs showed same fracture
patterns under Confocal laser microscopy.
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