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Abstract

In this study the densification behavior of bimodal Y-TZP powder compacts consisting of nano/sub-micron-sized particles was studied and an
explanation for their improved flexural strength while biscuit-sintered is provided. An in situ-heating TEM analysis revealed that up to 800 °C
only the nanoparticles sinter in a bimodal mixture without any densification. By increasing the temperature to 900 °C the densification of the
nanoparticles begins and partially densified nanoparticle clusters migrate into the contact area between the core particles. Consequently, the driving
force for the sintering of the powder-blend compacts is reduced and this is reflected in a slower densification compared to that of the core material.
At 1000 °C the sintered nanoparticle clusters begin to incorporate into the core material, resulting in a sharp increase in the strength due to the
increased neck area. Biscuit-sintered powder-blend compacts reached a plateau of strength at 670 MPa, which was reached at a relative density of

70%.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Inrecent decades there have been major advances in the appli-
cation of sintered yttria partially stabilized zirconia (Y-TZP)
ceramics for load-bearing applications in restorative dentistry.
One of the emerging problems pertaining to Y-TZP for dental
applications is associated with its high elastic modulus relative
to that of dentin, as this may lead to the development of stresses
at the interface of the zirconia frameworks and the tooth prepa-
rations. This can in turn cause a marginal seal failure due to
fracture, leading to periodontal disease and secondary caries.
The most straightforward approach in reducing the elastic mis-
match is by sintering the powder compacts to a fixed degree of
the densification. Well-established equations exist that can be
used to describe the relationship between the porosity and the
elastic moduli of biscuit-sintered Y-TZP.! In general, however,
biscuit-sintered materials exhibit poor mechanical properties
compared to their densely sintered counterparts.>> It is the pur-
pose of modern ceramic processing to better control both the
particle packing during shaping as well as the microstructure

* Corresponding author. Tel.: +386 14773940; fax: +386 14773171.
E-mail address: sebastjan.perko@ijs.si (S. Perko).

0955-2219/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2012.02.001

during sintering, so that the consolidated samples contain fewer
strength-determining pores/flaws.*° Regarding the evolution of
the microstructure during sintering, Hardy and Green’ demon-
strated that surface diffusion results in the formation of necks
between particles during the initial stage of sintering, which
governs the mechanical properties of biscuit-sintered materials.
In order to improve the sintered strength of such moderately
porous ceramic components, a mixing of ceramic slurries with
different particle-size distributions was proposed.®-1° To better
control the distribution of the finer fraction in the powder mixture
we can employ the aggregation method, i.e., hetero- or homo-
aggregation, which can occur between particles differing in their
size, shape, sign of charge and charge density.!! By employing
this approach, a homogeneous distribution of nanoparticles in a
powder-blend material can be achieved.'>!3

The mixing of coarse and relatively fine ceramic powders
is a well-established and common method used to control the
firing shrinkage.'* It is well known that mixtures of this type
can exhibit an increased green density, although this increase
is often less than the theoretical prediction.!> However, one of
the consequences of mixing ceramic materials is a pronounced
change in the sintering kinetics. For a bimodal powder mixture,
the addition of fine particles in volume fractions greater than
30 vol% was found to control, i.e., to enhance, the densification,
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whereas for lower volume fractions of fine particles the coales-
cence of the coarser fraction will dominate.!6 The effect of the
particle size distribution on the sintering of ceramics depends
on how the particle size distribution is changed during the pro-
cessing. Some studies have examined the effect of changing the
standard deviation of the particle size distribution while keeping
the median particle size constant. It has been found that wider
particle size distributions lead to faster densification rates during
an intermediate stage of sintering.!” However, a narrower distri-
bution may prolong the intermediate stage of sintering, resulting
in a less pronounced grain coarsening during the final stage.'8
For bimodal distributions of WC—Co materials, for example, it
was observed that the densification rate strongly depends on the
size ratio of the mixture, allowing for both faster and slower
shrinkage compared to monomodal packing.'® Wonisch et al.2"
employed a discrete-element method that was used to investigate
the relationship between the distribution of particle sizes and
the macroscopic sintering behavior of ceramic powders. They
found that an overall decrease in the densification rate should
be expected when the width of the particle size distribution is
increased.

In a previous investigation of ours,”! we have reported on
the slower densification of powder-blend Y-TZP material pre-
pared using the core-shell approach. An increased flexural
strength in the moderate porosity range compared to the biscuit-
sintered core particles alone was also recorded and ascribed to
an increased area of the interparticle contacts. In addition, with a
further densification above 70% TD the strength remained essen-
tially constant, which was tentatively attributed to the evolution
of strength-determining flaws due to the coalescence of pores.

The purpose of the present work was to support this assump-
tion by studying the densification behavior and superior flexural
strength of biscuit-sintered Y-TZP powder-blend powder com-
pacts. A homogeneous bimodal particle size distribution was
used in which the coarser fraction dominated and the effect of
the finer fraction’s addition on the densification rate and the
resultant strength of biscuit-sintered ceramics were evaluated.
The difference in the relative density achieved with the powder
blend compared to the core material was explained by combin-
ing the results of a dilatometric analysis and an in situ-heating
TEM experiment. Finally, a 2D-SEM study was designed, aimed
at monitoring the pore growth, which can be used to interpret the
evolution of the strength-determining pores and flaws as well as
the grain growth of the shell fraction.

2

2. Experimental

The starting materials used were submicron-sized zirconia
powder TZ-3Y (Tosoh, Japan) and nano-sized zirconia powder,
supplied in the form of an aqueous suspension (XZO 1356/01,
Mel Chemicals, Manchester, UK). The submicron-sized powder
is supplied in the form of granulated powder. Both materials con-
tain 3 mol% of Y03 in the solid solution. The bimodal powder
blend was prepared by wet-attrition milling of the submicron-
sized core powder for 2h in deionized water containing citric
acid acting as a dispersant. After the milling step the suspen-
sion was washed and centrifuged to remove any residual citric

acid. The sediment was re-dispersed in deionized water to obtain
a 40 wt% suspension of core particles. Afterwards, the 17% of
nanosized particles was added. The selected amount was needed
to continuously cover the surface of the core particles. After
stirring, a powder-blend suspension of the homogeneously dis-
tributed shell fraction attached to the surface of the core fraction
was obtained. Exact information on the preparation of the start-
ing materials is given elsewhere.?! The samples of powder blend
were wet-shaped by slip casting into plaster molds to produce
pellets of 19 mm in diameter and 1.7 mm in height, and cylinders
measuring 4 mm in diameter and 6 mm in height. The as-received
nanoparticle slurry was shaped into cylinders, but not into pel-
lets since the shaping of nanosized powders is still an unresolved
issue. For the reference material the sub-micron-sized TZ-3YB
powder supplied as a ready-to-press granulate was used. The
same sample geometries, both pellets and cylinders, were pre-
pared by dry-pressing. Dry-pressing was used in order to achieve
the same green densities as in the case of the wet-shaped powder
blend.

A contact-mode dilatometer (Bahr, Thermoanalyse) was used
to monitor the densification of the cylinders during the constant
rate of heating (CRH) for all three materials. The samples were
sintered at heating and cooling rates of 5 °C/min up to the end
temperature without any dwell time. The end temperature was
1200 °C for the nanoparticle compacts and 1500 °C for both the
powder blend and the reference samples.

The pellets were subjected to the same sintering schedule,
except that the isothermal stage was introduced in this case. The
samples were divided into four groups and sintered in temper-
ature intervals of 100 °C, starting at 1000 °C and finishing at
1400 °C. The sintering was carried out in an ambient air atmo-
sphere at a heating rate of 5 °C/min and 2 h dwell time at the end
temperatures (NABER, Germany).

The experimental work is summarized in Table 1.

The sintered density was measured using Archimedes’
method with mercury as the immersion liquid. The biaxial
flexural strength of the pellets was measured using a piston-
on-three-balls test, at a loading rate of 1 mm/min (Instron 4301,
UK). The fracture surfaces were examined using XRD analy-
sis in order to verify the transformability of the material under
externally applied stress. The powder mixtures for the in situ-
heating TEM study were prepared using the same procedure as
described above. The powder-blend sample for observation in
the TEM was prepared on a platinum-sputtered, Ni-based, TEM
grid. The maximum allowed temperature for the in situ TEM
sintering is 1000 °C and that was the ultimate temperature. The
experiment was conducted at a 5 °C/min heating rate and with a
1-h dwell time at the end temperature.

3. Results

Dilatometric curves obtained during the CRH experiments of
the three powder compacts are shown in Fig. 1a. The specimens
consisting of nanosized particles started to densify at 600 °C
and they reached almost theoretical density at 1200 °C. The
densification of the powder-blend and submicron-sized pow-
der compacts started at 800 °C and 900 °C, respectively, and
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Table 1
Summary of the experimental work.

=" T treatment

Isothermal stage 5 °C/min, Tepg = 1000-1500 °C, tgwen =2 h

Shaping method O T treatment
TZ-3YB Dry-pressing, pg =44% Non-isothermal: 5 °C/min, Tepg = 1500 °C
Nano Y-TZP Slip casting, pg =50% Non-isothermal: 5 °C/min, Teng = 1200 °C -
Powder blend Slip casting, p, =45% Non-isothermal: 5 °C/min, Teng = 1500 °C

Isothermal stage 5 °C/min, Tepg = 1000-1400 °C, t4wen =2 h

reached their final density at 1400 °C and 1450 °C, respectively.
The most remarkable difference in the densification behavior
among the three powder compacts occurs in the low-temperature
region, i.e., between 600 °C and 800 °C, in which a slight densi-
fication is observed in the case of nanosized compacts, whereas
the other two materials do not show any noticeable shrinkage.
Fig. 1b shows the densification rate of these three materials.
The nanosized powder compact evidently exhibits the highest
densification rate and the lowest temperature at which the max-
imum densification rate is reached at 1050 °C. The other two
materials shrink at a slower rate and reach the maximum rate
of densification at 180 °C higher temperature, i.e., at 1230 °C.
In the temperature interval between 800 °C and 1080 °C the
powder-blend compact densifies at a higher rate compared to
the sub-micron sized material.
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Fig. 1. (a) Dilatometric analysis. (b) Densification rate.

The relative densities of the powder compacts obtained after
isothermal biscuit-sintering at various temperatures, but below
those at which the ultimate density is reached, are shown in
Fig. 2. The dry-pressed reference core material exhibits a faster
densification with an almost linear increase of the relative den-
sity up to 1400 °C, where a material density of 99% is achieved.
The powder-blend compacts exhibit a steady increase in the rel-
ative density up to 1100 °C and do not increase this noticeably
when increasing the temperature to 1200 °C. From this temper-
ature onwards the material densifies like the pure core material.
The presence of nanoparticles in the powder blend hinders the
densification of the core material.

In order to get a better insight into the densification behavior
during isothermal sintering at lower temperatures, in situ-
heating TEM experiments of the Y-TZP powder-blend material
were performed. The dynamics of the events were first evidenced
by successive TEM micrographs taken at different time inter-
vals in the heating stage of 1000 °C. Fig. 3 shows the complete
integration of a particular single nanoparticle that was initially
adsorbed onto the core particle’s surface during the 1 h dwelling
time.

However, before the nanoparticles are “swallowed” by the
larger core particles due to the Ostwald ripening mechanism
some sintering between the nanosized particles will occur. As
shown in Fig. 4a, these will start to sinter at 600 °C, forming
clusters that at higher temperatures, such as 900 °C, literally
move into the contact areas between the core particles (Fig. 4b).

We believe that a hindered densification of the powder blend,
at the expense of neck formation during the isothermal biscuit-
sintering, leads to an increased strength of the Y-TZP material
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Fig. 2. Dependence of relative density on temperature for TZ-3YB and nanos-
tructured Y-TZP materials.
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Fig. 4. Insituheating TEM study performed at (a) 600 °C where nanoparticles enter initial stage of sintering and (b) 900 °C showing movement of sintered nanoparticle
cluster into the contact area between two core particles.

in the moderate porosity range (Fig. 5). Notice that a strong Fig. 6 shows characteristic X-ray diffraction patterns in the
increase in the strength was achieved with minimal densifica- 25-40° 26 range obtained from the fracture surface of the TZ-
tion from 58% TD to 60% TD, by heating the samples to reach ~ 3YB and the powder blend ceramics, sintered for 2 h at 1200 °C,
70% of TD the peak strength value was recorded. From this i.e., under sintering conditions yielding the highest strength of
point onwards the strength remains practically constant, but the
standard deviation increases.
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Fig. 6. XRD patterns obtained from fracture surfaces of TZ-3YB (black line) and
Fig. 5. Biaxial flexural strength vs. relative density for nanostructured ceramics powder blend ceramics (violet dotted line). (For interpretation of the references
along with a comparison curve of dry-pressed and biscuit-sintered TZ-3YB to color in this figure legend, the reader is referred to the web version of the

powder. article.)
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powder blend samples. The pattern of both ceramics displays a
sharp tetragonal (1 1 1) peak of high intensity at 20 30.2° and two
less intensive peaks at 26 34.6° and 36.2° belonging to T(200)
and T(002) reflections which are practically identical to the
pattern obtained from the as-sintered surface indicating that no
t—m transformation has taken place.

4. Discussion

The in situ-heating TEM study can be used to support the
differing results on the densification behavior during CRH and
isothermal sintering schedules. Two major observations enabled
the phenomenological explanation of the densification behavior
of the nanostructured material during both sintering schedules.
First, the observed difference in the densification rate between
the powder-blend and the reference core material during the
CRH treatment in the temperature interval from 800°C to
1080 °C, as shown in Fig. 1b, can be attributed to single nanopar-
ticles that are positioned amid the core particles. These densify
with the core particles, leading to a slightly larger shrinkage of
the powder-blend samples compared to the pure core material.
Fig. 3 indicates that in this case the volume diffusion domi-
nates as an atomic transport mechanism between the nano- and
the core particles, and in this way the initial discrepancy in
the shrinkage rate is evidenced. Second, by increasing the end
temperature gradually from 600 °C to 900 °C in 100 °C incre-
ments, only the nanoparticles are sinter-active and they form
partially densified sintered clusters (Fig. 4a). During heating,
and by introducing the dwell time into the sintering schedule,
the sintered clusters gain enough time to move into the contact
areas between the core particles, thereby reducing the curvature
between them (Fig. 4b). The consequence of the migration is a
reduced driving force for all the diffusion mechanisms occurring
during the sintering of the core particles and the densification
of the powder blend is impeded up to 1200°C (Fig. 2).>>23 At
higher temperatures the beneficial effect of the nanoparticles is
lost and the densification of the powder blend proceeds as in the
case of the core powder compact. Fig. 4a and b also evidence
the onset of the diffusion processes by forming necks between
the nanoparticles at temperatures as low as 600 °C. At 900 °C
the clustered nanoparticles bridge the core particles by forming
a neck.

The data obtained from the in situ-heating TEM study led to
the conclusion that the powder-blend material with a bimodal
particle size distribution in the core-shell configuration repre-
sents a unique situation in sintering. As long as the activation
energy of the coarser fraction is not overcome during heating, the
particles of the finer fraction in contact will sinter to form clus-
ters. During the dwell time step in the sintering schedule these
will migrate into the contact areas between the core particles.
As opposed to the dry-pressed core-powder compacts where
necks are formed only between submicron-sized particles, in
the case of the bimodal particle size distribution, the nanopar-
ticles enable the formation of necks between nanosized and/or
submicron-sized particles. These events increase the interparti-
cle contact area in biscuit-sintered compacts exhibiting a TD of
70%. With further densification, the strength remains inevitably

layers of V-TZP
nanoparticles

Y-TZP subsfrate

Fig. 7. Scheme of the 2D sintering experiment.

constant and this could be attributed to the evolution of strength-
determining flaws due to the coalescence of pores. In order
to better understand this, a simple sintering experiment was
designed, aimed at monitoring the pore-size evolution responsi-
ble for the plateau in the flexural strength.

In this experiment a uniform distribution of the nanoparti-
cles in the core-shell material was considered, as schematically
shown in Fig. 7. The samples were prepared using nearly dense
and thermally etched Y-TZP substrates of 20 mm diameter and
2 mm height. A drop of a highly diluted suspension of Y-TZP
nanoparticles was applied to the substrate surface, which was
subsequently dried at room temperature.

After drying, the samples were sintered at the same end-
temperatures and dwell times as the bulk samples. The SEM
micrographs taken from the surface of samples sintered from
1100°C to 1300° are shown in Fig. 8b—d. Up to 1100 °C only
minor grain growth can be seen, but no pore coalescence is
observed (Fig. 8b).

At 1200°C, in contrast, an extensive grain growth occurs,
which is accompanied by a marked pore coalescence (Fig. 8c),
whereas at 1300 °C the pores are already so large that they
become strength determining. Assuming that a similar mecha-
nism is operating in the bulk samples, it is likely that these large
pores are responsible for the plateau of the flexural strength,
shown in Fig. 8a. In the literature one can find statements that
the pore size remains constant up to 83% of the relative density, '8
while others claim that along the grain growth the total number
of pores will be reduced, but their average diameter and length
will increase as a consequence of coalescence,>* giving support
to our results. Being fully aware of the effects of constrained sin-
tering, the results are in agreement with the results on flexural
strength.

With reference to results presented in Fig. 6, none of the
biscuit sintered materials exhibited the stress-induced transfor-
mation. Both fracture surfaces consisted of tetragonal zirconia,
without any trace of transformed monoclinic zirconia in the
XRD pattern. It has been demonstrated that externally applied
stress exerted by cutting, grinding, impact or fracture, is capable
of generating significant t — m transformation of the zirconia
grains.?’ This is evidenced by the occurrence of the characteris-
ticM(111T)and M(111) peaks in the XRD pattern, commonly
accompanied by the T(1 1 1) peak broadening and a reversed
intensity of the tetragonal (002) (200) peaks at 20 34.6° and
36.2°. The absence of these characteristic features in the XRD
pattern obtained from the fracture surfaces implies that that the
two biscuit-sintered ceramics were un-transformable under an
externally applied stress. Since there is a critical Y-TZP grain
size below which the t—-m transformation cannot be induced, it is
likely to assume that during biscuit-sintering of our two materials
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Fig. 8. SEM-based sintering study of pore growth in a 2D situation showing (a) flexural strength dependence on relative density and the corresponding samples

sintered at (b) 1100 °C, (c) 1200 °C and (d) 1300 °C.

the grains have not yet grown to such an extent to reach the criti-
cal size for the stress-induced transformation. Being so, it is also
not likely to expect any beneficial effect of the transformation
toughening on the fracture toughness.

5. Conclusions

The densification of the Y-TZP powder blend in a core-shell
configuration is reduced compared to the sub-micron-sized core
material during isothermal biscuit-sintering. This was due to
the reduced curvature between the core particles, caused by the
nanoparticles that fill the neck areas between them during sin-
tering. At the same time, an enhanced neck growth resulted in
a higher strength in the moderate porosity range. During the
constant rate of heating (CRH) treatment, in contrast, these phe-
nomena were not observed because the crucial stage of retarded
densification, i.e., the migration of nanoparticles into the neck
area between coarser particles, did not occur. Although our 2D
SEM model does not take into account the effects of constrained
sintering, we believe that from the sintering experiment of the
nano-sized powder spread onto the sintered Y-TZP substrate it
can be concluded that a plateau of strength is reached due to the

evolution of the strength-determining flaws by extensive pore
growth.
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