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Abstract

Nano-powder composites of 3Y-TZP doped with 8 mol% CuO were processed by spark-plasma sintering (SPS). A 96% dense composite ceramic
with an average grain size of 70 nm was obtained by applying the SPS process at 1100 °C and 100 MPa for 1 min. In contrast to normal, pressureless,
sintering during SPS reactions between CuO and 3Y-TZP were suppressed, the CuO phase was reduced to metallic Cu, while the 3Y-TZP phase
remained almost purely tetragonal. Annealing after SPS results in grain growth and tetragonal to monoclinic zirconia phase transformation. The grain
size and monoclinic zirconia phase content are strongly dependent on the annealing temperature. By combining the processing techniques studied
in this work, including traditional pressureless sintering, properties of the composite ceramic can be tuned via manipulation of microstructure.
Tuning the mechanical properties of dense 8 mol% CuO doped 3Y-TZP composite ceramic by utilising different processing techniques is given as

an example.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

CuO doped 3Y-TZP (3 mol% yttria stabilised tetragonal zir-
conia polycrystals) composite ceramics have shown special
properties including large superplasticity!> and low friction
under dry sliding conditions,>* which make this group of mate-
rial interesting for applications like near net shape forming of
ceramics and moving parts to operate under unlubricated con-
ditions. Mechanical properties such as hardness, strength and
toughness are also important for potential applications. The
superplasticity, tribological properties as well as mechanical
properties are highly dependent on microstructure of the mate-
rials. A tool of extensive manipulation of microstructure will
enable us to obtain suitable materials for different applications.

* Corresponding author. Tel.: +31 53 489 2994; fax: +31 53 489 4611.
E-mail address: a.j.a.winnubst@utwente.nl (L. Winnubst).
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Recently it has been shown that several reactions occur dur-
ing sintering of CuO doped 3Y-TZP systems, and that these
reactions strongly influence sintering behaviour and microstruc-
ture evolution.>” In nanosized CuO doped 3Y-TZP dissolution
of CuO in the 3Y-TZP matrix, starting below 600 °C, enhances
grain boundary diffusivity and subsequently leads to fast densifi-
cation in the intermediate sintering stage. At 860 °C a solid-state
reaction between CuO and yttria, as segregated to the 3Y-TZP
grain boundaries, occurs forming a solid Y,Cu;Os5 phase which
retards densification and induces the formation of the ther-
modynamic stable monoclinic zirconia phase.® Obviously, in
order to obtain a CuO doped 3Y-TZP ceramic with the desired
microstructure and properties, a good control of all these reac-
tions during sintering is necessary.

In this paper we report that the microstructure (grain size and
phase composition) of CuO doped 3Y-TZP nano-ceramics can
successfully be manipulated by means of utilising different pro-
cessing techniques, including pressureless sintering (PLS) and
spark-plasma sintering (SPS). The possibility of tuning material
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properties by microstructure control is presented via an exam-
ple of adjusting mechanical properties of the 8 mol% CuO doped
3Y-TZP ceramic.

Spark-plasma sintering (SPS) is a recently developed pro-
cessing technique, also known as pulsed electric current
sintering (PECS) or field assisted sintering (FAST).310 Instead
of using an external heating source, SPS employs a pulsed DC
current passing through the electrically conducting pressure die
and, in appropriate cases, also through the sample. This implies
that the die itself acts as a heating source and that the sample
is heated from both outside and inside.”!” The SPS technique
provides several engineering advantages, including very fast
heating rate, short processing time and no need for additives
or pre-compaction.” These advantages give more possibilities
to control the microstructure evolution during the ceramic fab-
rication process and in this way the mechanical, electronic or
optical properties of the materials can be adjusted.'%-!3

2. Experimental

Nanocrystalline 3Y-TZP and CuO powders with BET
equivalent particle sizes of 10 and 50 nm respectively were pre-
pared by means of co-precipitation and oxalate precipitation,
respectively.>%!4 Composites of 3Y-TZP doped with 8 mol%
of CuO (sample code 3YZ-8C) were prepared by ball-milling
followed by subsequent ultrasonic vibration of the milled sus-
pension and drying. For pressureless sintering the composite
powder was isostatically pressed into a cylindrical green com-
pact at 400 MPa and a Netzsch 402E dilatometer was used to
study sintering behaviour in an oxygen flow as further described
in Refs.>® SPS experiments were performed on a FCT FAST
device (Type HP D 25/1, FCT Systeme, Rauenstein, Germany).
The SPS procedure contains the following segments.

(D) At a pressure of 16 MPa (a load of 5kN), a constant DC
current was applied until the central pyrometer reached its onset
temperature (450 °C); (II) after a dwell at 450 °C for 1 min, the
temperature was linearly increased to 850 °C at a heating rate
of 400 °C min~!; (IIT) a hold at 850 °C for 1 min while the pres-
sure was increased linearly to 100 MPa; (IV) heating to 1100 °C;
(V) dwell at 1100 °C for 1 min; (VI) unloading the pressure and
current and free cooling to room temperature. Details on the
graphite die/punch set-up and temperature control are provided
elsewhere.’ During SPS processing, the piston movement was
recorded as a function of time. This movement relative to the pis-
ton position at the start of the process represents the linear axial
shrinkage (AL), and therefore is a measure for the densification
behaviour of the specimen. After the SPS process, all specimens
were polished with fine sandpaper to remove the outmost layer,
which is contaminated with carbon.

The density was measured according the Archimedes method
in mercury. Microstructure of the materials was investigated by
scanning electron microscopy (SEM, Thermo NORAN Instru-
ments) and transmission electron microscopy (TEM, CM30
Twin/STEM, Philips). X-ray diffraction (X pert_ APD, PANa-
lytical, using Cu-Kq1, A =1.542 A) was performed for phase
analysis. The volume fraction of monoclinic zirconia phase is
determined by Toraya’s method.!?
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Fig. 1. Densification behaviour of 3TZ-8C nano-powder composite. Piston posi-
tion at the start of segment I1 is set as starting point for piston movement distance
calculation. Details on the meaning of the several segments are given in Section
2.

The influence of annealing on grain size and zirconia crystal
structure was performed on the spark-plasma sintered samples.
Here samples were cut and polished with diamond paste (3 pm
grade) and annealed at 850, 900, 950, and 1000 °C, respec-
tively, in an oxygen flow for 1 h with a heating and a cooling
rate of 15°C min~! and 2 °C min~!, respectively. The annealed
cuts were then analysed by XRD and SEM. Average grain
size was determined by using the Mendelson’s linear intercept
technique.'®

Vickers hardness and fracture toughness were determined by
means of indentation test (Indentation hardness tester, Model
FV-700, Future-Tech Corp., Tokyo, Japan). The Vickers hard-
ness, Hy, was measured at an indentation load of 98.1 N. Five
indentations were made for each sample. The fracture toughness,
Kjc, was obtained from the radial crack pattern of the indents

and calculated using Shetty’s equation'”:
K1 = 0.0s0( FeP) ()
e=" 4L

where P is the load (98.1 N), Hy is the Vickers hardness and L
is the length of the crack initiated at the edge of the indent.

3. Results and discussion

The densification behaviour through segments II-V (see Sec-
tion 2) is shown in Fig. 1. A specimen with a relative density
of 96% of the theoretical density of tetragonal zirconia was
obtained after an SPS process of only 10 min under a compaction
pressure of 100 MPa, with a dwell time of less than 1 min at a
maximum temperature of 1100 °C. The piston position at the
450°C dwell (start Segment II) is taken as a reference for the
relative piston movement (AL). It can be seen in Fig. 1 that no
significant densification is visible in segment II, in which the
temperature increases from 450 °C to 850 °C and the pressure
remains at 16 MPa. Upon increasing the pressure a large pis-
ton movement is achieved (segment III). In segment IV, when
a pressure of 100 MPa has been achieved, the piston movement
shows a linear dependence of temperature. During the dwell at
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Table 1
Density of 8 mol% doped 3Y-TZP (3YZ-8C) nano-powder composites processed
by spark-plasma sintering (SPS).

Code Max. T (°C) Dwell time (min) p (%)
SPS-1 1000 5 76
SPS-2 1050 3 85
SPS-3 1100 1 96

Fig. 2. SEM image of fractured surface of a sample after spark-plasma sintering.

1100 °C (segment V) the densification saturates quickly within
20s. From this result, one can see that SPS is a very efficient
technique for densifying 8 mol% CuO doped 3Y-TZP (3YZ-8C)
nano-powder composites. In the case presented in this work, the
specimen was fully densified within 4 min (assuming densifica-
tion starts in segment I1I), while at least a few hours are needed
in the case of pressureless sintering.>°

Table 1 shows the final density of SPS specimens at different
maximum temperature and dwell time. A decrease in maximum
temperature of 50 °C results in a significant lower density (final
density reduces to 85% and 76% in cases of SPS-2 and SPS-1,
respectively). Longer dwell time does not effectively compen-
sate the reduction in densification due to the lower temperature.
Further results and discussion is focussed on samples of the
SPS-3 type, as indicated in Table 1 and Fig. 1.
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Fig. 4. XRD pattern of as-polished and 500 °C annealed samples (SPS). t-Z,
m-Z, CuO and Cu denote tetragonal zirconia, monoclinic zirconia, Cu(II) oxide
and metallic copper, respectively.

Itis of interest to compare the microstructure of ceramic com-
posites produced by SPS and PLS (pressureless sintering). The
PLS results are described in detail in Ref.® An SEM image of a
fractured surface and TEM images of an SPSed (spark-plasma
sintered) sample are shown in Figs. 2 and 3, respectively. As can
be seen from these figures the SPSed material exhibits a dense
microstructure and an average grain size of about 70 nm. This
value is significantly smaller than that of the composite prepared
by PLS (120 nm and several micrometres for 960 °C and 1130 °C
sintered samples, respectively). It can be concluded that the SPS
processing effectively suppresses grain growth during densifi-
cation of the CuO doped 3Y-TZP nano-powder composite. This
inhibition of grain growth is believed to be associated with the
extremely fast heating rate and short sintering time in combina-
tion with a high external pressure 1!

Fig. 4 shows the XRD pattern of polished 3YZ-8C sam-
ples after SPS and after subsequent annealing at 500 °C in air
(no hold at this temperature). For the as-polished specimen the
main phase can be identified as tetragonal zirconia (t-ZrO,).
It is important to point out that residual stresses are present
in the as-polished specimen so that the XRD peaks are broad-
ened and the intensity ratios between peaks are slightly different

Fig. 3. TEM images of the as-spark-plasma sintered sample at different magnification.
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Fig. 5. SEM images of samples (SPS) annealed at various temperatures in an oxygen flow.

from standard references. After annealing at 500 °C in air the
XRD signals get more narrow and the intensity ratio between
the t-ZrO; signals are in good agreement with the value pro-
vided by the standard references. This change in pattern feature
is attributed to the effective release of residual surface stresses
in the specimen, which was introduced by cutting and polish-
ing. At 26 of about 28° a minor peak of monoclinic zirconia is
observed after annealing. From this XRD pattern an amount of
less than 3 vol.% monoclinic zirconia is estimated using Toraya’s
method.!> This small amount of monoclinic zirconia is prob-
ably also present in the as-polished sample but is difficult to
be observed because of peak broadening. Nevertheless, it can
be stated that a sample densified by SPS contains almost only
tetragonal zirconia. This result is very remarkable in contrast to
the large amounts (80 vol.%) of monoclinic zirconia for ceramics
prepared by pressureless sintering (PLS).>~’

A relative small signal is observed at 26 of 43.5° in the XRD
pattern of the as-polished SPSed specimen, which is ascribed
to metallic Cu. After annealing at 500 °C the metallic Cu signal
significantly reduces, while CuO (11 1) and CuO (11 1) reflec-
tions appear. These phenomena clearly indicate that the CuO
phase in the starting 3YZ-8C powder is reduced to a metallic
phase during the SPS process and re-oxidises by annealing in
air. During the SPS processes a vacuum was applied to protect
the graphite dies from oxidation, while additionally the powder
was put in a graphite die/punch system with adjacent graphite
sheets to facilitate sample removal. So a strong reducing envi-
ronment was expected during the SPS process, in which Cu(II)
could easily be reduced to Cu(0) at elevated temperatures. The

presence of metallic Cu in these composites after SPS treatment
was also visible by the metallic shine of the sample.

The significant difference in sintering behaviour and
microstructure between the specimens produced by SPS and
PLS can be explained by the influence of the processing method
and processing temperatures on the reactions between CuO and
3Y-TZP, i.e., dissolution of CuO in the 3Y-TZP and formation
of Y2Cu,0Os in case of PLS® and the formation of Cu metal and
tetragonal 3Y-TZP during SPS. In general it can be said that both
reactions as observed during PLS are significantly suppressed
by the extremely fast heating rate (400 °C min~! from 450 °C to
850°C and 100°C min~! from 850 °C to 1100°C), or in other
words the very short processing time (about 7 min in total) of
the SPS process. It may be due to the fact that those reactions
do not have sufficient time to occur to a sufficient extent. Con-
sequently, densification in the 750-850 °C range is negligible
(segment II in Fig. 1), whereas a significant densification as
activated by CuO dissolution was observed in the correspond-
ing temperature range in the case of PLS.>® Additionally the
destabilisation of tetragonal zirconia, arisen from the formation
reaction of Y2Cu205,6 is prevented when the SPS procedure is
applied. The reduction of CuO to metallic Cu, as revealed by
XRD analysis (see Fig. 4), can also contribute to the retention of
the tetragonal zirconia phase in the material densified by SPS.
As described in Refs..° the formation of Y,CuyOs is a result
of the reaction between CuO and yttria as segregated to the 3Y-
TZP grain boundaries. Assuming metallic Cu does not react with
Y03, the reduction of CuO obviously results in the removal of
one reactant for this reaction and consequently prevents the for-
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Fig. 6. XRD patterns of samples (SPS) annealed at various temperatures in an
oxygen flow.

mation of Y,Cu;Os. If this reaction takes place (as for PLS) it
initiates the formation of the thermodynamic stable monoclinic
zirconia phase (at 7< 1200 °C) by reducing the kinetic energy
barrier for phase transformation (AG*)°.%

The microstructure of the SPS ceramic can be further adjusted
by subsequent annealing. Fig. 5 shows SEM images of polished
cross-sections of SPSed samples after annealing at various tem-
peratures in an oxygen flow. The XRD patterns of these annealed
specimens are shown in Fig. 6. The volume fraction of mono-
clinic zirconia phase in these specimens is listed in Table 2 and
compared with 3YZ-8C produced by PLS.°

After annealing at 850 °C the specimen shows identical grain
size and zirconia crystal phase as the as-SPSed specimen (i.e.,
an average grain size of 70nm and almost pure tetragonal zir-
conia). For a sample, annealed at 900 °C for 1 h, only a slight
increase in average grain size (110 nm) can be observed. In con-
trast to the almost negligible microstructure development during

Table 2
Properties of 3YZ-8C ceramics produced by different techniques.

Code®  p(%) Vi (vol.%) d Hy (GPa)  Kjc (MPam'?)
PS1130 95 80 >lum  87+£02  3.7£0.1
PS960 96 80 120nm 109402 3.7+0.1

SA- 96 0 70nm  n.m. n.m.

SA850 96 0 70nm  114£09 43+04
SA900 96 0 110nm 118402 54407
SA950 96 30 120nm  10.5£0.5 3.1+03
SA1000 96 75 ~500nm  9.3+0.1  3.8%0.1

p: relative density; V;,: volume fraction of m-ZrO;; d: average grain size; Hy:
Vickers hardness; Kjc: fracture toughness. n.m.: not measured (values expected
to be identical with SA850).

2 PSx: pressureless sintered at x °C; SAx: spark-plasma sintered (SPS-3) and
annealed at x °C for 1 h (SA: as-spark-plasma sintered—not-annealed).

annealing <900 °C, some remarkable changes in microstructure
are observed after annealing >950 °C. The sample annealed at
950 °C shows a non-uniform grain size distribution. A signif-
icant amount of large grains with a size of more than 200 nm
and an elongated shape are visible in the cross-section image
(Fig. 5; 950°C). However the average size of the grains sur-
rounding these large ones is only 120 nm. This result implies that
a strong grain growth starts. It is also revealed by XRD analysis
that around 30 vol.% of monoclinic zirconia phase was formed
during annealing at 950 °C (Fig. 6 and Table 2). After anneal-
ing at 1000 °C for 1 h almost all grains became elongated. The
length of these grains is as large as 500 nm. Accompanying with
this drastic microstructure evolution, 75 vol.% of monoclinic
zirconia phase was formed.

The significant microstructure change during annealing
above 950 °C can also be explained by the reactions between
CuO and 3Y-TZP grains, which are effectively suppressed dur-
ing the SPS process. During this 950 °C annealing treatment the
Cu phase has re-oxidised and reactions between 3Y-TZP and
CuO can occur, i.e., CuO dissolution in the 3Y-TZP grain bound-
aries and the formation reaction of Y,Cu;0Os. The consequences
of these reactions during annealing are the strong grain growth
and tetragonal to monoclinic zirconia phase transformation.®

Combining techniques like pressureless sintering, SPS and
subsequent annealing, one has extended tools to manipulate the
microstructure of these CuO doped 3Y-TZP composite ceram-
ics, and, moreover, to adjust properties of the material. As an
example of adjusting properties by means of microstructure
manipulating, hardness and fracture toughness of the 3TZ-8C
ceramics are presented in Table 2. All these 3TZ-8C ceramics
possess a relative density of more than 95% (presence of mono-
clinic zirconia phase is taken into account for theoretical density
calculation). The dependence of hardness (Hy) on grain size is
clearly revealed for the 3TZ-8C ceramic composites. The mate-
rials with small grain sizes exhibit remarkable higher hardness
values (Hy > 10.5GPa when d<200nm) than the coarse-
grained materials (Hy < 9.5 GPa when d > 500 nm). On the other
hand, fracture toughness (Kjc) shows a remarkably dependence
on the combination of the monoclinic zirconia content and grain
size. All materials containing 75—-80 vol.% of monoclinic zirco-
nia show similar fracture toughness (K;c ~ 3.7 MPa m”z). The
SPSed material annealed at 850 °C, which possessed no mono-
clinic zirconia phase and an average grain size of 70 nm, gives
a slightly higher fracture toughness (K;c & 4.3 MPam'/?). If the
tetragonal zirconia phase is maintained and a slight increase in
grain size is achieved, i.e., after annealing at 900 °C for 1h,
an improvement in fracture toughness (Kjc &~ 5.4 MPa m!'2) is
observed. However, generating 30 vol.% monoclinic zirconia in
the material by annealing at 950 °C significantly decreases the
fracture toughness (Kjc ~ 3.1 MPam!/?). It is concluded that
SPS processing followed by annealing at 900 °C for 1 h is the
optimal fabrication procedure for 3TZ-8C nano-ceramics from
a mechanical point of view.

For a profound understanding of the microstructural influence
on mechanical properties of the 3TZ-8C ceramics, more research
is of course required. Nevertheless, the results as presented here
have clearly shown that microstructure and properties of these



904

ceramics can be adjusted to a significant extent by utilising
various processing techniques.

It is important to note that the microstructure normally mat-
ters for many properties of a ceramic material. In this sense
some other structural and functional properties of the CuO doped
3Y-TZP composite ceramic, e.g. (super)plastic, tribological and
electrical properties can be tuned by utilising different process-
ing techniques. Tuning mechanical properties of the composite
ceramic is shown here just as an example. More investigation
on tuning other properties of CuO doped 3Y-TZP composite
ceramic (and other materials) by manipulation of microstructure,
via control of processing, is of great interest.

4. Conclusions

In summary we have proven that spark-plasma sintering
(SPS) is a very efficient technique for producing a dense nano-
structured CuO doped 3Y-TZP ceramic (average grain size:
70nm). The SPS composite possesses a phase composition of
purely tetragonal zirconia with metallic Cu, whereas, 80 vol.%
of monoclinic zirconia phase is always present in the conven-
tionally (pressureless) sintered composite. This difference in
microstructure is caused by the extremely fast heating rate as
well as the strongly reducing atmosphere associated with SPS
processing. As one of the consequences, the tetragonal to mon-
oclinic zirconia phase transformation caused by formation of
Y,CuyOs as observed in the case of conventional sintering is
totally prevented.

Moreover, the microstructural properties, i.e., grain size and
crystal structure of the zirconia phase in CuO doped 3Y-TZP
nano-powder composites can be manipulated to a large extent
by utilising different processing techniques, including pressure-
less sintering, spark-plasma sintering and subsequent annealing.
Hardness and fracture toughness of dense nano-ceramics of
8 mol% CuO doped 3Y-TZP can be tuned by using different pro-
cessing techniques and is presented as an example for adjusting
material properties via microstructural manipulation.
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