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The  fractography  of a new grade  of  zirconia  ceramics,  known  as  self-glazed  zirconia,  was  investigated.
The  as-sintered  intact  top surface  was  made  with  superior  smoothness  that  mimicked  the  optical  appear-
ances of  the  natural  teeth  enamel.  The  beneath  surface  opposite  to this  was  made  hierarchically  rough
with  microscopic  pits of the  size  up to  60  �m  together  with  grain-level  roughness  of  about  2  �m. The
three-point  bending  test  of the  samples  made  with  the hierarchically  rough  surface  being  tensile  one
demonstrated  an  average  bending  strength  of  1120  ±  70  MPa  and  a Weibull  modulus  of  as high  as 18
ractography
elf-glazed zirconia
ental restorations
efects
anoceramics

ascribed  to the improved  structural  homogeneity.  Surface  topography  was  found  the  main  origins  of
crack  initiation  leading  to  fracture.  The  observed  unusually  predominant  transgranular  fracture  mode
of submicron-sized  grains  disclosed  a  possible  toughening  mechanism  of  disassembling  of  mesocrys-
talline  grains  that  differs  significantly  from  the  commonly  quoted  phase  transformation  toughening  of
this  category  of  ceramics.

© 2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

Zirconia ceramics, commonly in the form of 3 mol-% Y2O3
artially stabilized ZrO2 (3Y-TZP), are increasingly applied for

abrication of dental restorations due to their biocompatibility,
echanical reliability and aesthetic advantages [1–3]. Though zir-

onia ceramics are known as the toughest family of ceramics
4], clinical failures by fracture have been observed, particularly
ith the current tendency of adding increased amount of stabi-

izer in order to increase the content of cubic phase aiming for
mproving their optical translucency [5,6]. To solve these problems,

aterials with properties beyond those of ceramics used today
ust be developed. The general efforts to achieve this have so far
ainly been focused on the development of new advanced ceram-

cs and ceramic composites with a drastically reduced grain size
7–9], which has reminded the importance of powder processing
n obtaining the required homogeneous microstructure and the key
Please cite this article in press as: Z. Shen, et al., Fractography of self-
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008

ole of processing defects in determining the strength and reliabil-
ty of ceramic materials [10,11].

∗ Corresponding author.
E-mail address: shen@mmk.su.se (Z. Shen).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008
955-2219/© 2017 Elsevier Ltd. All rights reserved.
Strength measurements are thus usually performed on samples
with carefully prepared surfaces to exclude the artificial, extrin-
sic surface defects introduced by the post-process machining [12].
The strength of a ceramic product containing such extrinsic surface
defects is known to be lower than that measured on test bars with
carefully prepared surfaces. This means that the material’s strength
data reported in the literature or obtained from the properties data
sheet provided by the manufactures in most of the cases represent
only the maximum strength achievable but not that of the com-
ponents made of such materials. The latter is however essential in
predicating the reliability of the ceramic dental restorations hav-
ing not-polished surfaces with customized geometries. In practice,
extrinsic surface defects are further introduced by chairside grind-
ing often required for restoring the demanded occlusion, which in
turn would not only increase the surface roughness of the den-
tal prostheses thus the wear of the opposite teeth but also the
reliability of the dental prostheses themselves [13,14].

In this work the fracture behaviors of a new grade of self-
glazed zirconia prepared by a precision additive 3D gel deposition
approach based on hybrid gelation principle were investigated.
Self-glazed zirconia was defined as a family of monolithic zirco-
glazed zirconia with improved reliability, J Eur Ceram Soc (2017),

nia ceramics having a superior smooth surface opposite to another
hierarchically rough surface both spontaneously formed during the
net-shape forming process. While the former is made for imitating

dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008
dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
mailto:shen@mmk.su.se
dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008
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he function and optical appearance of natural tooth enamel, the
atter is made for enhancing the bonding between ceramic pros-
heses and natural teeth or abutments above the dental implants
15]. With adjustable optical translucency and aesthetic behav-
ors the self-glazed zirconia family of ceramics fit particularly for

odel-free digital workflow of the manufacture of customized full-
ontour monolithic dental restorations by avoiding conventional
anual work of grinding/polishing, veneering and glazing. In prac-

ice, their reliability would mainly be determined by the possible
racture initiated on the hierarchically rough surface under tension.

The performed work based on three-point bending test of the
amples made with the hierarchically rough surface being tensile
ne followed by careful electron microscopic fractographic char-
cterization of the fractured surfaces is aiming for disclosing the
lues how can a combinational advantage of increased mechani-
al reliability and improved optical translucency be integrated into
his new grade of zirconia ceramics. The fracture behaviors will be
orrelated to the processing defects with scales span from nanome-
ers up to several tens micrometers, introduced during the entire

anufacturing chain from powder synthesis to the sintering of bulk
roducts.

. Experimental

.1. Preparation of the test samples

Self-glazed zirconia ceramic test samples were formed by a pre-
ision additive 3D gel deposition approach in the similar way  as the
roduction of customized self-glazed zirconia dental prostheses, so
he samples contained one hierarchically rough surface opposite to
he smooth self-glazed surface, both being spontaneously formed
uring a net-shape forming process based on hybrid gelation prin-
iple. All samples were pressure-less sintered in a muffle furnace at
450 ◦C for 90 min  in air to achieve a relative density above 99.9%.
fter that, the samples were furnace cooled down to the room tem-
erature. The self-glazed zirconia is a product under development
ith the commercialization potential thus the processing details

an not be disclosed here due to the conflict of interest.

.2. Characterization of mechanical properties

The as-sintered hierarchically rough surface of 11 bending
ars (1.5 × 2 × 30 mm)  were evaluated by three-point bending test,
sing a fixture with a distance of 20 mm  between the outer rollers

n an universal testing machine (Zwick Z050, Zwick GmbH & Co.
G, Ulm, Germany) at a loading rate of 1 mm/min.

Instrument indentation test was carried out and load-
isplacement curves were obtained using a Fischerscope H100C
ano hardness tester equipped with Vickers diamond indenter. The
aximum load of 1 N was applied with the holding time of 10 s.

The hardness and fracture toughness of the sintered
amples were measured by a Zwick/Roell ZHV indenter
Zwick/Roenhjll,Ulm, Germany), under a load of 10 kgf with a
well time of 10 s. The hardness values were determined through
he expression listed below [16],

 = 1.8544
P

d2
(1)

here, H is the hardness, P is the applied load, and d is the diagonal
f the indentation.

The indentation fracture toughness was then calculated directly
rom the crack lengths using the equation given by Niihara et al. for
Please cite this article in press as: Z. Shen, et al., Fractography of self-
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008

almqvist cracks [17],

IC = 0.035(
l

a
)
−1/2

(
H

E˚
)
−2/5

(
Ha1/2

˚
)  (2)
 PRESS
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where,  ̊ is the constraint factor (≈3), E is the elastic modulus (here
for zirconia ceramics it is measured to be 234 GPa through instru-
ment indentation test), a is the half-diagonal of the Vickers indent,
and l is the crack length measured from the indent edge.

2.3. Phase and microstructure characterization

Phase composition of the as-sintered and fractured surfaces
of mechanically tested samples were characterized with X-ray
powder diffraction using Panalytical Xpert PRO diffractometer
(PANalytical, Almelo, Netherlands) in Bragg-Brentano geometry
with Cu-K� radiation (� = 1.5418 Å). Measurements were made
over a range of 20◦ < 2� < 80◦. The average crystallite size was  deter-
mined by Scherrer equation [18]

D = k�/Bcos� (3)

Where, k is a constant rely on particle shape (0.89 for spherical
particles), � is the wave length of the X-ray (� = 0.154056 nm for
Cu K� radiation), � is the diffraction angle and B is the full width at
half maximum (FWHM) of diffraction peak.

The microstructure was characterized by using a scanning
electron microscope (SEM, JSM-7401F, JEOL, Tokyo, Japan). The
as-sintered and fractured samples were washed by water and ace-
tone in an ultrasonic bath before loaded into the SEM and the SEM
observation was carried out on the surface without any coating.
Accelerating voltages of 1.5 kV was  applied in order to reduce the
charging up of the samples. Besides, the cross-sections of a green
body and an as-sintered sample were polished by Ar ion beam and
SEM imaged at accelerating voltages of 8 kV under backscattered
electron model to reveal the crystallographic orientation contrast.
The grain size of the as-sintered samples was measured using the
linear intercept method based on the SEM images (ASTM E0112-
10) by the imaging software Smileview, with a three-dimensional
correction factor of 1.2. FEI Titan transmission electron microscope
(TEM) operating at 300 KV was  used for TEM investigation of the
zirconia starting powder and sintered bulks.

3. Results and discussion

3.1. Microscopic homogeneity

Fig. 1 shows a low magnification optical microscopic image and a
high magnification SEM micrograph taken on the as sintered hier-
archically rough surface of a tested sample. It appears that while
the material is dense with rather homogeneous and fine grained
microstructure, this surface reveals a hierarchically rough surface
topography containing microscopic pits with size up to 60 �m and
grain-level roughness of about 2 �m.  The measured average grain
size on this surface is 310 ± 90 nm.

Fig. 2 shows two  backscattered SEM micrographs taken on Ar
ion beam polished cross-section of a green body after burning-off
organic binder and on a pressure-less sintered test sample, respec-
tively. A homogeneous close packing of the starting nanoparticles
achieved in the green stage is clearly demonstrated in Fig. 2(a). The
low coordination number of uniformly distributed individual voids
noticeable in this image would indicate a superior sinterablity of
the obtained green body formed via such a precision additive 3D gel
deposition approach. The fact that there are only fewer nano-sized
residual pores visible on the Ar ion beam polished cross-section of
the sintered test sample (see Fig. 2(b)) confirms that full densifi-
cation is achieved by pressure-less sintering. An average grain size
glazed zirconia with improved reliability, J Eur Ceram Soc (2017),

of 250 ± 70 nm is determined on the polished cross-section of the
as-sintered sample, which is smaller than that observed on the as-
sintered tensile surface. The enhanced surface atomic diffusion on
free surfaces stimulated by optical radiation at high temperature

dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008
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Fig. 1. An optical microscopic image (a) and a SEM micrograph (b) taken on as-sintered hierarchically rough surface of the test sample prepared by pressure-less sintering.
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ig. 2. Backscattered SEM micrographs taken on Ar ion beam polished cross-secti
ample  (b).

ay  be the origin of the observed increased grain growth rate on
he sample surface [19].

The observation of apparent contrasts inside each individual
rains in Fig. 2(b) is intriguing. Normally, the contrasts observed
n backscattered electron images are interpreted to be formed by
ifferences either of the chemical composition or of the crystallo-
raphic orientation. Thus, the contrasts among adjacent grains may
e interpreted to be the result of their different crystallographic ori-
ntation. However, it is not straightforward to understand where
he contrasts inside each individual grains comes from, as zirconia
eramics are, by definition, polycrystalline materials composed of
any randomly orientated grains in which each individual grain

hould be regarded as a small single crystal.
TEM investigation was therefore performed to closely check the

ntra-granular structure. Fig. 3 shows two TEM images taken on
he starting powder and sintered bulk, respectively. As illustrated
n Fig. 3(a), the individual nano-particles in the starting powder
ppear to be secondary particle agglomerates composed of even
maller nano-sized primary crystallites. Two types of boundaries
Please cite this article in press as: Z. Shen, et al., Fractography of self-
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008

etween the adjacent nano-crystallites are observed in the sintered
ulk, namely, large angle and small angle boundaries indicated by
ashed elliptic and rectangular loops, respectively, in Fig. 3(b). The

ormer may  be interpreted as a grain boundary between two adja-
 green body after burning-off organic binder (a) and a pressure-less sintered test

cent grains in the usual sense, whereas the later may  represent
the type of intra-granular boundaries with small lattice mismatch
between two  adjacent nano-crystallites inside an individual grain
of single-crystal signature in general. This characteristic assembling
feature of nano-sized primary crystallites inside each nano-grain
reveals a possible mechanism of ordered coalescence of nanocrys-
tals, which may  be valid in the present case operating during the
conventional sintering of consolidated bulks [20,21].

In our previous work we have demonstrated the benefit
of assembling nano-sized crystallites into coarser, yet nano-
structured, mesocrystalline powder in promoting densification and
grain growth via ordered coalescence of primary nano-crystallites
[22]. The ordered coalescences of several nano-sized crystallites
with random orientation allow them to form a larger mesocrys-
talline grain of single crystal signature. In this non-classical grain
growth process, nanocrystalline particles themselves act as build-
ing blocks to be assembled and form the larger grains in a coherent
manner by involving crystallite migration, crystallographic reori-
entation and coherent assembly of nano-sized primary crystallites.
glazed zirconia with improved reliability, J Eur Ceram Soc (2017),

Any imperfect coalescence between them would then give rise
to the quasi-interfaces inside grown-up mesocrystalline grains of
single-crystal signature. The quasi-interfaces may  appear as the
aggregation of point or line defects like vacancy arrays or aggre-

dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008
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Fig. 3. TEM micrographs taken on the starting powder (a) and on an as-sintered sample (b) revealing the presence of atomic-level structural defects inside individual
particles/grains.
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ig. 4. Weibull plots of the bending strength determined by three-point bending
est.

ated dislocations as those revealed in Fig. 3. The formation of
uasi-interfaces provides a new tool for interfacial engineering in
olycrystalline materials [20].

.2. Mechanical properties

Table 1 lists the determined mechanical properties of the
elf-glazed zirconia ceramic samples. A Vickers hardness of
2.9 ± 0.1 GPa and an average bending strength of 1120 ± 70 MPa
onfirm that the sintered bulk is dense and with fine grained
icrostructure.

A high Weibull modulus of 18 was extracted from the Weibull
lot of the bending strength, as shown in Fig. 4. Considering that
he Weibull modulus was determined using only 11 specimens,
Please cite this article in press as: Z. Shen, et al., Fractography of self-g
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008

he unbiased estimators for the Weibull modulus should be devel-
ped. In the work of Tiryakioglu [23], the distribution of Weibull
arameter was found to be normal by using the Anderson-Darling
oodness-of-fit test, and the confidence intervals on Weibull mod-
Fig. 5. A load–displacement curve recorded during the nano-indentation test.

ulus could be demonstrated. Based on the percentage points for
the distribution of mtrue, the true value of Weibull parameter lies
between 10 and 34 with 95% confidence. The high value of Weibull
modulus reveals the improved reliability of the tested samples with
extremely narrow distribution of critical flaw population [24].

It is believed that the superior mechanical properties are closely
related to their fine grained structure with improved homogene-
ity. From the slope of the unloading curve of a load-displacement
trace recorded via nanoindentation test, as shown in Fig. 5, the
Young’s modulus of the sample can be determined. A Young’s mod-
ulus value of 234 GPa determined, which is slightly higher than
those reported in literature [25], can probably be again attributed
to the fine grained microstructure. Moreover, an indentation frac-
ture toughness of 5.2 ± 0.2 MPa.m1/2 for a ceramic sample with
lazed zirconia with improved reliability, J Eur Ceram Soc (2017),

nano-grained microstructure calls further understanding of the
toughening mechanism.

dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008
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Table  1
Summary of the measured mechanical properties.

Av. Grain Size (nm) HV10 (GPa) KIC (MPa m1/2) Bending Strength (MPa) Young’s modulus (GPa)

310 ± 90 12.9 ± 0.1 5.2 ± 0.2 1120 ± 70 234

Fig. 6. An optical microscopic image and a SEM micrograph taken on the tensile surface (a) and on the surface perpendicular to the tensile surface (b), respectively, revealing
the  surface local microscopic pits of the samples are the main origins of fracture.

ken on

3

s
s
b
p
d
T

m
i
m
a
a
c
s

Fig. 7. SEM images ta

.3. Fractography and fracture origins

Fig. 6 shows an optical microscopic image taken on the tensile
urface (a) and an SEM micrograph of the newly formed fracture
urface perpendicular to the tensile surface (b) after three-point
ending test. It appears evident that the surface local microscopic
its, formed by purpose or introduced as the type of processing
efects, are the main origins of crack initiation leading to fracture.
heir size would thus determine the strength [10,11].

It is worthy to note that most of such surface features/defects
ight be minimized through careful surface treatment, e.g. pol-

shing, that would yield further improved strength and Weibull
odulus, which, however, does not always reflect the production
Please cite this article in press as: Z. Shen, et al., Fractography of self-
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008

nd application condition of dental ceramic prostheses, e.g. crowns
nd bridges. Bending strength measured on as-sintered hierarchi-
ally rough surface appears more relevant in the current case of
elf-glazed zirconia, as when this concept is applied for model-free
 the fracture surface.

manufacture of customized full-contour monolithic dental restora-
tions, e.g.  crowns and bridges. An as-sintered hierarchically rough
surface with surface topography as revealed by Fig. 1 is needed and
would be used directly to enhance bonding between ceramic pros-
theses and natural teeth or abutments above the dental implants.

Fig. 7 shows the SEM images taken on the fracture surface with
high magnification. It reveals the co-existence of intergranular and
transgranular fracture. The former resulted faceted grains morphol-
ogy, whereas the later ended up a fairly rough looking fracture
surface across the individual grains. The determined average grain
size on the fracture surface is about 260 ± 70 nm,  similar to the
value observed on polished cross-section as shown in Fig. 2(b). In
general, nanocrystalline ceramics have high strength with inter-
glazed zirconia with improved reliability, J Eur Ceram Soc (2017),

granular facture as the most common fracture mode [26,27].
Transgranular fracture has rarely been reported in fine-grained
ceramics until very recently when a small amount of alumina was
introduced into the 3Y-TZP, which sufficiently increased the trans-

dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008
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ranular type of fracture as compared to the alumina-free 3Y-TZP
28]. In this case, the fractured grains seemed to be mesocrystalline,
hat is, composed of assembled intragranular nano-crystallites. The
bserved intragranular structure on the fractured surface may  be

inked directly to the unusual assembling feature of the individ-
al mesocrystalline grains discussed above in 3.1. It is suggested
hat the frequent transgranular type of fracture of submicron sized
rains is probably resulted from the disassembling of mesocrys-
alline grains, and this unusual fracture mode would disclose a new
ossible toughening mechanism.

.4. Toughening by disassembling of mesocrystalline grains

It was puzzling to explain such experimental results that an
ndentation fracture toughness up to 5.2 ± 0.2 MPa  m1/2 in a zir-
onia nanoceramic sample was achieved under the condition of
lmost no phase transformation until we observed the unusual
ransgranular type of fracture feature in more than half of the
rains. Here, we  would propose the toughening mechanism based
n disassembling of mesocrystalline grains. Assuming most of the
rains in a nanoceramic sample are mesocrystalline, i.e. being com-
osed of assembled intra-granular crystallites among which small
ngle lattice mismatch and atomic-level defects commonly exist,
uring the fracture of such sample it is highly possible that the
esocrystalline grains would be broken by the propagating cracks,

ielding the transgranular type of fracture. The disassembling of
esocrystalline grains leads to more frequent crack deflection that

lone or together with absorbing more fracture energy would thus
ontribute to the increase of fracture toughness.

Until now individual grains in nanoceramics have been regarded
s single crystals, thus are extremely difficult to be broken by
he propagating cracks. This expectation is supported by the
sual experimental observation that intergranular fracture is the
ommon fracture mode, whereas transgranular fracture has been
arely reported in nanoceramics [25,26]. The toughening mech-
nism emphasized here seems to break the strength-toughness
rade-off stating that reducing grain size would always increase
he bending strength at the expense of reducing fracture tough-
ess. This toughening mechanism thus would bear more general

mplication for developing tougher nanoceramics. As long as
esocrystalline grains are built up by assembled nano-crystallites
ith slightly mismatched crystallographic orientations, the intra-

ranular boundaries have the potential to act as weak interfaces for
rack propagation and deflection in general. In combination with
lready proven concept, e.g. making t-ZrO2 more transformable
y reducing the concentration of stabilizer, further exploiting the
otential of this new toughening mechanism would lead to the
merging of even tougher and stronger zirconia nanoceramics.
ore detailed investigation on microstructure to reveal the disas-

embling process is certainly needed to gain a better understanding
f this new toughening mechanism.

Fig. 8 shows the XRD patterns recorded on the as-sintered and
ractured surfaces, which prove the t-ZrO2 as the dominate phase
n both surfaces. On the as-sintered surface there is no detectable
onoclinic phase, whereas very weak characteristic peaks of m-

rO2 emerge on the fracture surface. The comparison in the XRD
atterns suggests that during fracture the contribution of phase
ransformation of t- to m-ZrO2 to toughening is surprisingly neg-
igible. It was shown that for conventionally sintered zirconia at
450 ◦C for 2 h having a grain size of about 0.3 �m,  more than
0 wt% of monoclinic phase was detected on the fracture surface
29]. It is well known, that the stress-induced phase transformation
Please cite this article in press as: Z. Shen, et al., Fractography of self-
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.03.008

f ZrO2 from t- to m-ZrO2 is associated with a shear transforma-
ion strain of ∼16% and a corresponding ∼4% volume change, which
an block the crack propagation and prevent fracture, leading to
igh toughness [30,31]. In the current case, the martensitic phase
Fig. 8. XRD patterns recorded on as-sintered and fracture surfaces.

transformation of ZrO2 appears, however, being prevented most
probably by reduced size of grains (or nanocrystalline domains)
with a consistent stabilizer Y2O3 concentration of 3 mol% [31,32].
By using the Scherrer equation and assuming the material was free
of the cubic phase, the crystallite size is calculated, being 88 nm
on the as-sintered surface and 49 nm on the fracture surface. The
apparent reduction of measured crystallite size is a result of dis-
assembling of mesocrystalline grains during fracture rather than
stress induced phase transformation.

4. Conclusions

In summary, it is shown that a new grade of zirconia ceram-
ics, known as self-glazed zirconia nanoceramics, prepared by a
precision additive 3D gel deposition approach based on hybrid gela-
tion principle, demonstrates improved structural homogeneity and
balanced mechanical properties: Bending strength 1120 ± 70 MPa;
Weibull modulus of 18; fracture toughness of 5.2 ± 0.2 MPa  m1/2;
hardness of 12.9 ± 0.1 GPa and Young’s modulus of 234 GPa. Mea-
suring bending strength on as-sintered hierarchically rough surface
but not on well-polished surface appears more indicative and rele-
vant for guiding the application of self-glazed zirconia ceramics for
model-free manufacture of customized full-contour dental restora-
tions, for which an as-sintered rough surface is demanded, on
which the local microscopic pits, formed by purpose or introduced
as the type of processing defects, are confirmed to be the main
origins of crack initiation leading to fracture. The observed fre-
quent and unusual transgranular fracture of submicron sized grains
disclosed a possible toughening mechanism of disassembling of
mesocrystalline grains that differs significantly from the commonly
quoted phase transformation toughening of this category of ceram-
ics. The toughening mechanism emphasized here seems to break
the strength-toughness trade-off stating that reducing grain size
would always increase the bending strength at the expense of
reducing fracture toughness. Further exploiting the potential of this
new toughening mechanism would lead to the emerging of even
tougher and stronger zirconia nanoceramics.
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