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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government.  Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights.  Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof.  The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government
or any agency thereof.



ABSTRACT

 Bulk structures of unstabilized ZrO2-x, with x in the range of 0 < x < 0.44, at ambient
pressure have been found to exist in three different structures. (monoclinic, tetragonal and
cubic.).  At ambient temperature and elevated pressures above 3.5 GPa, unstabilized
zirconia at these same compositions is found as a fourth phase, the orthorhombic phase.
Work done in this project has demonstrated that nanoscale zirconia particles containing
the orthorhombic phase in addition to amorphous material can be produced through sol-
gel methods.  Extensive characterization of this material including recent high
temperature x-ray diffraction work has indicated that the structure of the synthesized
zirconia appears to be linked to the oxygen vacancy population in the material, and that
water appears to be a critical factor in determining the type of material formed during
synthesis.  These results suggest that surface energy alone is not the controlling factor in
determining crystal phase.
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EXECUTIVE SUMMARY

The objective of this project was to explore the feasibility of synthesizing unstabilized
orthorhombic zirconium oxide powders.  Orthorhombic zirconium oxide is a high
pressure room temperature phase that is more stable to thermal cycling than the ambient
pressure monoclinic phase, and one that yields a much smaller volume change upon
thermal transformation to the tetragonal phase as compared to the monoclinic material.
For these reasons, it was hypothesized that orthorhombic zirconia might be a suitable
thermal barrier coating material if (a) it could be synthesized in powder form, and (b) it
possessed suitable thermal and mechanical stability.  Calculations suggested that the
powder would only be stable at room temperature in the nanoscale form, so the major
effort in this project focused on synthesizing and characterizing nanometer scale zirconia
powder.

In this final report, we summarize our efforts in this program that led to our meeting the
program objective.  Specifically:

Zirconia particles in the 2-5 nm range were produced using sol-gel methods at low pH
conditions (pH ranging from 0.1 to approximately 2).  X-ray diffraction (XRD) indicated
that the as-synthesized material did not produce a distinct diffraction pattern.  Rather, two
broad peak regions were observed.  Electron diffraction of single particles suggested the
presence of the crystalline orthorhombic phase.

Heat treatment generally resulted in transformation to the tetragonal phase at 600oC with
sharp peaks indicated in XRD patterns.  At 1000oC, the material transformed to the
monoclinic phase.

FTIR analysis indicated a loss in OH content with increasing heat treatment temperature,
suggesting dehydration and/or dehydroxylation of the structure.

BET surface areas for dry powder peaked at greater than 500 m2/g for the dehydrated
material heat treated at 400oC, suggesting good potential as a catalyst or catalyst support.

Mechanical properties testing of sintered pellets produced from the nanoscale powder was
commenced during this reporting period. A zirconia pellet was prepared and fired at
1500oC.  After polishing, an average hardness of 1491 on the Knoop scale was
determined.  An expected value for zirconia is around 1160 on the Knoop scale  At a
value of 1491 the material has hardness in the range of a tungsten carbide alloy.

From all of the analytical data obtained from this material, it appears that some other
factor or factors may play an important role in the formation of metastable phases of
zirconia besides surface energy.  Oxygen vacancy concentrations and water (OH) content
are the most likely candidate causes.  This is most clearly seen in the results of high
temperature x-ray diffraction work conducted at the DOE High Temperature Materials



Laboratory (Oak Ridge National Laboratories) at the end of this project.  In these
measurements, as-synthesized zirconia was heated under vacuum, under air, under
gettered argon, and under ungettered argon that contained 30 ppm oxygen.
Under conditions where the zirconia was denied oxygen, it remained in the tetragonal
structure between 800oC and 1100oC, where it would normally transform to the
monoclinic structure.  This strongly suggests that vacancies contribute to the stabilization
of the metastable tetragonal phase.



TECHNICAL AND SCIENTIFIC RESULTS

I. Background

The objective of this project was to explore the feasibility of synthesizing unstabilized
orthorhombic zirconium oxide powders.  Orthorhombic zirconium oxide is a high
pressure room temperature phase that is more stable to thermal cycling than the ambient
pressure monoclinic phase, and one that yields a much smaller volume change upon
thermal transformation to the tetragonal phase as compared to the monoclinic material.
For these reasons, it was hypothesized that orthorhombic zirconia might be a suitable
thermal barrier coating material if (a) it could be synthesized in powder form, and (b) it
possessed suitable thermal and mechanical stability.  Calculations suggested that the
powder would only be stable at room temperature in the nanoscale form, so the major
effort in this project focused on synthesizing and characterizing nanometer scale zirconia
powder.

In this Final Report, our successful effort to synthesize nanoscale zirconia is described.
Results obtained from electron diffraction and other analytical techniques suggest that the
synthesized material did contain the orthorhombic phase, although transformation to the
tetragonal pahse was observed upon heating.  Exhaustive characterization of the material
using analytical techniques at our facility as well as at the High Temperature Materials
Laboratory (HTML) of Oak Ridge National Laboratories suggested that the high surface
energy of nanoscale powders may not be the only factor contributing to the formation of
these metastable materials, in contrast to the majority of reports on nanoscale ceramic
powders in the literature.  There is strong evidence that oxygen vacancies within the
lattice structure also contribute to the apparent stability of the metastable phases
synthesized in this study.

II.   Introduction

Bulk structures of unstabilized ZrO2-x, with x in the range of 0 < x < 0.44, at ambient
pressure have been found to exist in three different structures. (monoclinic, tetragonal and
cubic.).  At ambient temperature and elevated pressures above 3.5 GPa, unstabilized
zirconia at these same compositions is found as a fourth phase, the orthorhombic1,2 phase.
Within the temperature range that this phase exists, two different high pressure
orthorhombic structures have been identified3,4.  The equilibrium high temperature phases
of both tetragonal5 and cubic zirconia6 have also been achieved at ambient pressure and
temperatures by synthesizing the material in the nanoscale region or through the use of
stabilizing dopants7.  Partially stabilized Phase I (3.5 GP to 16.6 GPa) orthorhombic
zirconia has also been synthesized by Marshall et al.8, Suyama et al.9, Pissinberger and
Gritzner10, Guinebretiere et al.11, and Kisi and Howard12 using methods of doping or
quenching the material from high pressures and/or temperatures.  To date, however, there
are no reports in the literature of the synthesis of unstabilized forms of orthorhombic
zirconia, a material of interest because of potential usefulness as a thermal barrier coating.



III. Experimental

A. Synthesis Procedure

Sol-gel methods were selected for initial powder synthesis experiments in this study.
Previous studies13, 14, 15 had shown that amorphous and crystalline nanoscale ZrO2 could
be synthesized by sol-gel methods, suggesting that the method was sufficiently flexible to
permit manipulation of both crystal size and phase.  Literature reports on the synthesis of
nanoscale ZrO2 suggested that the smallest particles would be produced under dilute, low
pH conditions.  Experiments were therefore initiated as follows: anhydrous 1-butanol,
zirconium (IV)-n-butoxide (Zr(O C4 H9)) (Strem Co.) and 1 N. nitric acid (HNO3) were
acquired.  Two hundred ml of anhydrous 1-butanol (Fischer Scientific) were added to a
clean polypentene beaker. The beaker was then immediately placed on a stirring plate and
a magnetic stirrer added.  The magnetic stirrer was set at a moderate speed (~30 on scale
of 10 to 100) and 2000 µL of 1 N HNO3 were then quickly pipetted into the solution.

This low pH condition was found, using dynamic light scattering, to produce ZrO2

particles in the 2-5 nm range.  A series of synthesis experiments was carried out at 1 N.
HNO3 concentrations of 2000 µL, 1600 µL, 1200 µL, 800 µL and 400 µL, to determine
the effect of pH on the system.  pH values corresponding to those volumes of acid ranged
from 1 to 2.  To determine the effect of increasing acid strength on the size of the
crystallites, 2000 µL of 15.8 N. nitric acid were substituted for the 1 N. nitric acid in
selected experiments.  The pH corresponding to this condition was 0.1.

Directly upon adding the 1 N HNO3 to the solution, parafilm was placed over the mouth
of the beaker and the beaker then immediately transferred to a nitrogen glove box to limit
exposure to atmospheric moisture.  Placed in the glove box along with the 1-butanol
solution were a stirring plate, a metered pipette with disposable tips, and a sealed bottle of
zirconium-n-butoxide (Zr(O C4 H9)).  Pump-down of the nitrogen glove box took
approximately 20 minutes.  While the glove box was pumping down, the 1-butanol
solution was placed on the stirring plate to stir at a moderate speed (~30 on scale) to keep
the mixture well blended.  After 20 minutes the zirconium-n-butoxide (Zr(O C4 H9)) was
opened under N2, 410µL were pipetted out of the reagent bottle and added to the stirred 1-
butanol solution.

Once the zirconium-n-butoxide (Zr(O C4 H9)) had been added to the 1-butanol-HNO3

solution, nitrogen to the box was turned off and parafilm again placed over the mouth of
the beaker.  Approximately 7 ml of the dilute sol-gel solution were removed and stored in
a chemical refrigerator (5oC) for later analysis.  The remainder of the sol-gel solution was
placed on a hot plate-stirring plate and the liquid evaporated in a hood at a moderate
temperature (~70oC-80oC) while being stirred at a moderate speed (~30 on a scale of 10
to 100).  Evaporation to dryness was found to take approximately 24 hrs.  Approximately
70 mg of a yellow-orange powder was found at the bottom of the polypentene beaker
after drying, which was stored in a glass vial for future analysis.



B. Results

I. Structure Determination

(1) Dynamic Light Scattering (DLS)

The dynamic light scattering (DLS) method was used to determine the average size of a
suspended population of particles or clustered particles in the dilute sol-gel solution.  This
involved the use of an argon laser (wavelength 514.5 nm) focused through the center of a
sample tube.  The intensity of scattered laser light is recorded using a photomultiplier
tube at a series of predetermined angles from 20o to 150o off the detector.  The results of
the correlated scattered light measured at each given angle are then analyzed using
commercially available software to determine the average size of the sol.

Using DLS, it was found that particles of 2-5 nm had been synthesized using 2000µL 1N.
nitric acid.  The effect of decreasing the amount of 1 N. nitric acid was to increase the
size of the particles synthesized.  Dynamic light scattering determined that the average
particle size for 2000 µL, 1600 µL, 1200 µL, and 800 µL, 1N. nitric acid were 3.5 nm,
12.5 nm, 15.0 nm, and 84 nm.  For the synthesis performed using 15.8 N. nitric acid
dynamic light scattering determined the average diameter of the particles to be slightly
less than 2.0 nm.

Each of the DLS tests were run within an hour of synthesis.  The tests provide only a
snapshot of the average particle size at a given time.  During several runs, the computer
display of counts-per-second during the 1.5 hr. test, indicated that for the samples with
lower concentrations of 1 N. nitric acid either the particles were growing or larger
agglomerates were being formed.  At 2000 µL, the counts-per-second showed no size
growth during the test.  Therefore, results from DLS were only useful in determining an
accurate particle size at the higher concentrations of 1 N. nitric acid.  For the lower
concentrations of 1 N. nitric acid, DLS could only provide a snapshot of either particle or
agglomerate size at a given moment.

      (2) X-ray Diffraction

Norelco/Philips and Bruker diffractometers were used to determine the structure of the
synthesized ZrO2 by X-ray diffraction.  Standard X-ray diffraction patterns from the Joint
Committee on Powder  Diffraction Standards (JCPDS) for different crystal phases were
compared against the resulting XRD patterns of the laboratory samples to identify the
crystal  phase(s) present.

XRD results indicated that for concentrations of 2000 µL, 1600 µL, and 1200 µL of 1 N.
nitric acid, the as-synthesized material did not produce a distinct diffraction pattern.
Rather, two broad peak regions were observed (Fig. 1-3).  The pattern did indicate



however, that the material was crystalline and was consistent with particles small enough
to cause sufficient broadening that peaks close to one another would convolve into broad
overlapping regions.  The broad peak regions corresponded closely with the cotunnite
structure (synthesized at 21 GPa and 1000oC region) of orthorhombic zirconia, as shown
in Figure 2.  In contrast, XRD results for the 800 µL of 1 N. nitric acid sample, showed a
distinct pattern that corresponded to the tetragonal zirconia structure (Figure 4).

      (3) Transmission Electron Microscopy

Particles were also examined by transmission electron microscopy (TEM).  TEM samples
were prepared by thermophoretic deposition on carbon coated copper TEM grids as
follows:  Grids were dipped in liquid nitrogen for approximately 2 to 3 seconds and then
rapidly immersed in the sol-gel solution.  The large difference in temperature between the
grid and the solution drove ZrO2 particles toward the colder surface of the grid.  Grids
were held in the sol-gel solution for approximately 3-4 seconds before removal.

A Philips 420S Transmission Electron Microscope was used to both image the ZrO2

particles and perform electron diffraction on them.  Electron diffraction patterns for a
variety of possible crystalline structures were calculated using the DPS program16 and
subsequently used as reference diffraction patterns.  Each of the calculated patterns (Fig.
5-7) was then compared with the electron diffraction pattern obtained from the
synthesized ZrO2 using the Philips 420S TEM.  The calculated patterns which best
matched the only electron diffraction pattern (Fig. 8) obtained from each of the particles
examined was that for the highest pressure form of zirconia (cotunnite) normally found at
21 GPa and 1000oC.  Note that the single particle electron diffraction pattern contained
primary reflections weaker than the calculated pattern predicted.  Also, secondary
reflections were found.  The most likely explanation is that these were caused by oxygen
vacancies present within the structure.

Ring patterns using electron diffraction were also taken.  Analysis of the results showed a
d-spacing characteristic of only two zirconia structures, monoclinic and cotunnite
(orthorhombic).  Since the single particle electron diffraction pattern had eliminated the
monoclinic structure, this strongly supported the presence of the cotunnite structure in the
synthesized zirconia.

      (4) Raman Spectroscopy

A Renishaw Ramanscope Raman Spectrometer was also used in an attempt to confirm
the structural information provided by diffraction methods.  Tetragonal and monoclinic
zirconia powders obtained from Magnesium Elektron Inc. were used to generate patterns
that could be used as standards.  Raman spectra could not, however be obtained for any of
the laboratory samples, a result of strong fluorescence at both the 514 nm and 785 nm
wavelength regions when the material was excited by an argon and then krypton laser,
respectively.  This fluorescence may be a result of chemical impurities of oxygen
vacancies within the structure.



      (5) Infra-Red (IR) Spectroscopy

Infra-red spectroscopy was performed using a Nicolete S20 Spectrometer on the heat
treated material.  In order to obtain semi-quantitative analysis of the heat treated
materials, pellets of similar composition and weight were fashioned.  This permitted an
examination of the relative amounts of water and 1-butanol for each sample.

Results from the IR tests (Table 1) show an interesting trend in the number of O-H bonds
present as a function of synthesis conditions and crystal phase.  Taken in conjunction with
the dynamic light scattering data, the initial trend would appear reasonable.  As the
particles become larger there is less surface area, hence fewer O-H bonds overall per unit
of mass.  Instead, in the crystallites synthesized at a concentration of 400 µL, which X-ray
powder diffraction indicates is a tetragonal structure, there is a dramatic increase in the
amount of O-H bonds per unit weight.  This might indicate that there are fewer surface
defects (i.e. fewer missing atoms) on which O-H bonds can form at the surface of the
tetragonal structure than the structure (identified as the high pressure orthorhombic phase
(21 GPa) synthesized at 2000 µL nitric acid.

Table 1  Infra-red analysis of heat treated material

Sample HNO3

Content
(µL)

Temp.
(oC)

Pellet Weight
(g)

Area Under
O-H Peak

Zirconia(19) 2000 25 0.0736 196.4
Zirconia(21) 2000 200 0.0715 73.1
Zirconia (21) 2000 400 0.0719 14.4

Zirconia (23A) 2000 600 0.0730 6.3
Zirconia (23B) 2000 800 0.0722 4.9
Zirconia (24) 2000 1000 0.0698 27.7

      II. Heat Treatment of Zirconium Oxide

The effect of heat treatment on the sol-gel derived zirconium oxide powders was
examined.  Five separate samples of zirconium oxide powders, synthesized using the
same amounts of 1 N. nitric acid, zirconium(IV)-n-butoxide and anhydrous 1-butanol,
were heat treated at 200oC, 400oC, 600oC, 800oC,and 1000oC.  This was accomplished in
a furnace where the powders were open to the atmosphere for one hour.  Subsequently,
these powders were subjected to Infra Red Spectroscopy, X-ray powder diffraction,
dynamic light scattering and Raman Spectroscopy.  As synthesized zirconium oxide was
also put through thermal cycling using Differential Thermographic Analysis and Digital
Scanning Calorimetry  to identify temperatures associated with any phase transitions in
this material.



      (1) X-ray Powder Diffraction

Norelco/Philips and Bruker diffractometers were used to determine structure of the
synthesized ZrO2.  Standard X-ray diffraction patterns from the Joint Committee on
Powder Diffraction Standards (JCPDS) for different crystal phases were compared
against the resulting XRD patterns for the laboratory samples.

• The XRD pattern (Fig. 9) of the as-synthesized zirconium oxide heat treated 
at 200oC showed little change from that of the non heat treated sample.

• The XRD pattern (Fig. 10) of the as-synthesized zirconium oxide heat treated 
at 400oC indicated that a structural change was occurring.  Particle sizes were 
still too small, the XRD peaks are too broad to provide any definite 
information as to which structure might be emerging.

• The XRD pattern (Fig. 11) of the as-synthesized zirconium oxide heat treated 
at 600oC showed a sharp diffraction pattern and indicated that the material had
transformed to the tetragonal phase.

• The XRD pattern (Fig. 12) of the as-synthesized zirconium oxide heat treated 
at 800oC showed that the material was still tetragonal, but that the
characteristic peaks for the monoclinic structure were appearing.  This
indicated that the material heat treated under these conditions, was beginning
to transform to the monoclinic structure

• The XRD pattern (Fig. 13) of the as-synthesized zirconium oxide heat treated 
at 1000oC showed that the material had transformed completely to the
monoclinic structure.

      (2) Infra-Red (IR) Spectroscopy

Infra-red spectroscopy was performed using a Nicolete S20 Spectrometer on the heat
treated material.  In order to obtain a quantitative analysis of the heat treated materials,
pellets of similar composition and weight were fashioned.  This permitted an examination
of the relative amounts of water and 1-butanol for each sample.

• From Table 2 it can easily be seen that as the structure of the heat treated
material transforms from the as-synthesized material, the water and the 1-
butanol at the surface of the particles are reduced.  The loss of water is most
likely due to the growth in the crystallite size, providing less surface area.
What is interesting is that the material has achieved the monoclinic structure,
the amount of water at the surface has increased substantially.  It is suggested
that surface defects, such as missing oxygen atoms may have been filled by
O-H groups.



• Table 2 shows that as the material is heat treated, the peak for 1-butanol is
greatly diminished at 200oC and has all but disappeared at 400oC.  This 
suggests that the black coloring of the material heat treated at 600oC is more 
likely due to oxygen vacancies than carbon from the solvent or reactants since 
the source of the carbon (1-butanol) has disappeared at the substantially lower
temperature than at which black crystallites begin to appear due to heat 
treatment.

Table 2. Infra-red analysis of heat treated material.

Sample HNO3 Content
(µL)

Temperature
(oC)

Pellet Weight
(g)

Area Under
O-H Peak

Zirconia(19) 2000 25 0.0736 196.4
Zirconia(21) 2000 200 0.0715 73.1
Zirconia (21) 2000 400 0.0719 14.4

Zirconia (23A) 2000 600 0.0730 6.3
Zirconia (23B) 2000 800 0.0722 4.9
Zirconia (24) 2000 1000 0.0698 27.7

      (3) Raman Spectroscopy

A Renishaw Raman Scope Spectrometer was used to determine material structures.
Raman Spectra were run using laser wave lengths of 514 nm and 785 nm.  Standards
obtained from Magnesium Elektron Inc. were used as standards for the tetragonal and
monoclinic zirconia structures.

Raman spectra could not be obtained for zirconium oxide as-synthesized and heat treated
at 200oC, 400oC and 600oC since all of them fluoresced.  Zirconium oxide heat treated at
800oC produced the Raman spectrum for the tetragonal structure.  Material heat treated at
1000oC produced a spectrum consistent with the monoclinic structure.  These two spectra
confirmed the structures found using X-ray powder diffraction for these two samples.

The existence and subsequent loss of F-centers in the material with heat treatment would
also appear to explain the change in color of the material.  According to Wachsman et
al17, single crystal zirconia which has a large population of oxygen vacancies with trapped
electrons has an orange-yellow color, while polycrystalline zirconia is black.  When these
oxygen vacancies are filled, single crystal zirconia becomes clear, while polycrystalline
zirconia becomes white.

The as-synthesized material prepared in this study is an orange-yellow translucent
crystallite.  As the material is heat treated at 200oC the material becomes a semi-
translucent yellow-gray.  Heat treatment at 400oC also produces a semi-translucent



yellow-gray material.  At 600oC the material has transformed to black.  By 800oC the
powder has become an off-white and by 1000oC is a bright white.  These color changes
are most likely due to oxygen vacancies being filled as the material is heat treated.

      (4) Differential Thermographic Analyzer (DTA) and Thermogravimetric Analysis
          (TGA)

A Simultaneous Thermal Analyzer 409 Netzsch DTA and TGA was used to perform the
tests.  The temperature range over which the analysis was run was 25oC to1500oC.  Both
test were run concurrently.  The temperature was ramped up at 10oC/min.

Both analyses were performed on zirconium oxide, synthesized using 2000µL of 1 N
nitric acid (Fig. 14).  The results were quite remarkable.  At 190oC the material showed a
thermal event in both tests, indicating that a substantial amount of material was lost
(~78% by weight).  It is suggested that this was most likely 1-butanol and water trapped
in the interstitial pores of the agglomerates.  This is supported by the Infra-red spectra
discussed earlier.  From 190oC to1500oC the material showed no apparent change in
structure.  There was an 80% by weight loss over the course of the run.

A second set of DTAs (Figures 15 and 16), also run on material synthesized using
2000µL HNO3, were run using a General V4.1c DuPont 2000 at M&P Labs in
Schenectady, N. Y..  The first run was done under argon (50mL/min) at 10oC/min, and
second also at 10oC/min was run under air (50mL/min).  TGAs were performed on the
material during each run.

In these sets of runs, the loss of material again occurs at 180oC, but for these two runs
there are a series of thermal incidents recorded.  The results of the DTA tests are given in
Table 3.  The sample used for these two runs lost only 47% its original weight.  These
thermal events most likely indicate structural changes occurring within the material.  This
is supported by the X-ray powder diffraction work, that shows that at 400oC , a structural
shift has occurred and by 600oC the material has become tetragonal.  These structural
changes may be the transformation of the higher pressure phase orthorhombic zirconia to
the lower pressure forms of orthorhombic zirconia and then to the tetragonal form, where
the structure does not appear to change for the rest of the thermal cycle.

      (5) Digital Scanning Calorimetry (DSC) and TGA

To investigate the thermal events which occurred at the lower end of the DTAs in greater
detail, a V4.OB DuPont 2100 Differential Scanning Calorimeter was used (Fig. 17).  The
scan range was from 25oC to 600oC.  A temperature ramp of 10oC/min was used.

The DSC run supported the results from the DTA run at M&P labs, showing that a series
of four thermal events occurred at the lower end of the temperature range.  Again, the
most likely explanation for these thermal events was structural changes in the material as
discussed earlier.  This is further supported by the same material being put through the



first DSC, them immediately rerun through exactly the same thermal cycle.  The result of
this second DSC was that no thermal events were observed.  This indicated that the
structure attained by the end of the first DSC, was thermally stable from 25oC to 600oC.



Table 3  Results of DTA tests on zirconium oxide

Description of Event Cycle Temp. in Air
(oC)

Temp.  in
Argon
(oC)

Endothermic peak heating 123 127
exothermic peak heating 179 181
exothermic peak heating 243 245
inflection point heating 302 305
inflection point heating 384 380
inflection point heating 516 519
inflection point heating 606 605
baseline shift heating 1256 1244

exothermic peak cooling 831 826

TGA runs on the same material in the temperature range from 25oC to 1000oC showed a
loss of approximately 31% by weight from the original weight of the material both under
nitrogen and air/nitrogen.

      (6) X-ray Diffraction Patterns for TGA Material

Diffraction patterns of the zirconium oxide on which the TGAs were performed under
strictly nitrogen (Fig. 18) and oxygen/nitrogen mixture (Fig. 19) showed an interesting
difference.  The material for both tests came from the same synthesis batch.  The material
run strictly under nitrogen gave a diffraction pattern showing a mixture of both tetragonal
and monoclinic structures.  For the material run under and oxygen/nitrogen mix the
material was found to have transformed completely to the monoclinic structure.  This
might be accounted for if nitrogen entered the material and substituted for oxygen in the
vacancies that exist within the structure17.  Nitrogen has been known to substitute for
oxygen in zirconium structures, acting in the same manner as other dopants, such as
yttrium, niobium, tantalum, etc..  A second possibility might be that under a blanket of
nitrogen, and at high temperature, oxygen diffused through the material creating oxygen
rich regions which became monoclinic and oxygen poor regions where the material
remained in the tetragonal form.  Regardless, these results open some intriguing questions
about the part oxygen plays in the structural transformation of the material.

      (7) Color Change with Temperature

Heating the as-synthesized zirconium oxide powder causes it to change color.  The as-
synthesized zirconium oxide powder is a translucent orange-yellow.  On heating the
material transforms to black, then gray, off white and finally to a brilliant white.  Table 4



provides the temperatures and correlates the structures associated with the color of the
color.



Table 4  Observed colors of heat treated material

Sample HNO3

(µL)
Temp.
(oC)

Structure Color

Zirconia(19) 2000 25 Orth:Phase II (21
GPa)

Semi-Translucent,
Yellow-Orange

Zirconia (21) 2000 400 Orthorhombic Semi-Translucent,
Dull Yellow-Grey

Zirconia (23A) 2000 600 Tetragonal Non-Translucent
Grey-White

Zirconia (23B) 2000 800 Tetragonal +
Monoclinic

Non-Translucent
Off-White

Zirconia (24) 2000 1000 Monoclinic Non-Translucent
Brilliant-White

      (8) High Temperature x-ray Diffractometer

Samples for high temperature X-ray diffraction were synthesized using a combination of
800 µL of zirconium-n-butoxide (Zr(O C4 H9)), 2000 µL 1N. nitric acid (HNO3) in 200
ml 1-butanol.  Approximately 4 grams of the material were produced from a series of 12
syntheses.  All of the powders were orange-yellow in color and were combined to make a
single final sample.

A Scintag PADX verticle q/q goniometer equipped with a modified Buehler HDK-2
diffraction furnace, using CuKa radiation (45 kV and 40 Ma), and an Si (Li) Peltier-
cooled solid state detector at the Oak Ridge National Laboratories HTML was used for
these measurements.  The sample temperature was monitored using a Pt/Pt-10%Rh
thermocouple, spot-welded to a Pt-30Rh heater strip where a thin layer of ZrO2 powder
was dispersed.  Sample temperature was checked using an optical pyrometer.  Data were
collected as step scans, with a step-size of 0.02o 2-theta, at a scan rate of 1 deg/min,
between 25o and 60o 2-theta.  Samples were run under (1) vacuum, (2) gettered argon (0
ppm O2) to study the effects of an oxygen-free gas environment, (3) ungettered argon (30
ppm O2)  and (4) bottled air (grade XXX).  Data were collected at room temperature
(25oC), at 50oC intervals from 50 oC to 1500oC under vacuum and from 100oC,  every
100oC for bottled air runs.  Diffraction patterns were also taken at room temperature
(25oC), then at 100oC intervals starting from 100oC to 1400oC for gettered argon (30 ppm
O2) and ungettered argon (0 ppm O2) environments.  Samples were heated at a rate of
25oC/min. between scan temperatures and held at the desired temperature for 60 seconds
before data collection commenced.



•   The XRD pattern (Fig. 20) for material run at 400oC under vacuum gave two
distinct peaks, at 30.4o and 50.2o 2-theta indicating that the structure emerging
was the tetragonal phase.  The material maintained this structure from 500oC to
1500oC.  After cooling the material under vacuum it was found to have
transformed to the monoclinc phase.   An interesting note, the intensity of the
monoclinic peaks were found to be noticeably less than those of the tetragonal
structure, indicating that there was less crystalline material scattering the X-ray
beam. It should also be noted that after the runs under vacuum had been carried
out, metal was found to have deposited on the beryllium window.  The apparent
source for this metal deposit was the zirconia powder sample.

• The XRD patterns (Fig. 21) of material run under ungettered argon (30 ppm O2)
show that the material appears to begin transforming to the tetragonal phase of
zirconia by 400oC.  As with the run previously described, the material remained
tetragonal from 500oC to 1400oC.  When cooled under ungettered argon, the
material was also found to have transformed to the monoclinic phase and peak
intensities were again noticeably reduced.

• The XRD scans made for material run under gettered argon (0 ppm O2) showed
an XRD pattern (Fig 22) similar to those found for material heated in a furnace
open to the atmosphere at 300 oC.   By 400oC, a cluster of convolved peaks can be
seen emerging, indicating a change occurring within the structure.  This
transformation might be from the higher to the lower pressure form of
orthorhombic zirconia, based on DTA (Figs. 15 and 16) and DSC (Fig. 17)
results.  By 500oC the material has transformed to the tetragonal phase.  As with
the material heated under vacuum, it remained tetragonal from 500oC to 1400oC.
When cooled under ungettered argon, the material was found to have transformed
to the monoclinic phase and peak intensities were also noticeably
reduced.

 • The XRD patterns (Fig 23) for zirconia run under bottled air shows a definite
transformation to the tetragonal structure by 400oC.  This is far more distinct and
occurs at a temperature 100oC lower than any of the other runs. Also, unlike the
materials examined under vacuum, gettered and ungettered argon, this material
begins to transform to the monoclinic phase at 900oC.  The characteristic
monoclinic peaks found at 28.2o and 31.5o 2-theta can be clearly seen in the XRD
pattern.  These two peaks then increase from 1% intensity to 4% intensity by
1000oC.  At 1100oC both monoclinic peaks have disappeared and the material has
returned completely to the tetragonal phase. When cooled under gettered argon,
the material was also found to have transformed to the monoclinic phase and peak
intensities were again noticeably reduced.

Color changes were also noted in the materials after each of the high temperature XRD
runs.  Results from these observations are reported in Table 5.  Note that the color



Figure 20.  High temperature XRD patterns for material treated under vacuum.  Top:
(1) 350oC, (2) 400 oC, (3) 450 oC, (4) 500 oC.  Bottom:  (1) 800 oC, (2) 850 oC ,
(3) 900 oC , (4) 950 oC , (5) 1000 oC , (6) 1050 oC , (7) 1100 oC.



Figure 21.  High temperature XRD patterns for material treated under ungettered argon.
Top: (1) 300oC, (2) 400 oC, (3) 500 oC, (4) 600 oC.  Bottom:  (1) 800 oC, (2) 900 oC , (3)
1000 oC , (4) 1100 oC.



Figure 22. High temperature XRD patterns for material treated under gettered argon.



Top: (1) 300oC, (2) 400 oC, (3) 500 oC, (4) 600 oC.  Bottom:  (1) 800 oC,
(2)

900 oC , (3) 1000 oC , (4) 1100 oC.



Figure 23. High temperature XRD patterns for material treated under air.
Top: (1) 300oC, (2) 400 oC, (3) 500 oC, (4) 600 oC.  Bottom:  (1) 800 oC,
(2) 900 oC , (3) 1000 oC , (4) 1100 oC.



changes were not the same as those reported in Table 4 for samples that had been heat
treated in the presence of air.

Table 5 Changes in the material color after high temperature X-ray diffraction runs.

Processing
Atomosphere

Tmax (oC) Initial Color Final Color

Vacuum 1500 Yellow-Orange Metallic Dull Grey
Ungettered Argon

 (30 ppm O2)
1400 Yellow-Orange Slightly Off-White

Gettered Argon
(0 ppm O2)

1400 Yellow-Orange Grey-Black (mostly
Black)

Air 1500 Yellow-Orange White

III. Morphology of the Nanoscale Zirconium Oxide

      (1) High Resolution Transmission Electron Microscope

Samples were deposited on holed carbon TEM grids.  The samples were prepared by
drying several drops of the sol-gel solution on a glass slide set on a hot plate for 20
minutes.  The powders left after drying were scraped off the glass slide into a vial of
isopropanol alcohol.  The powder in the isopropanol solution was allowed to soak
overnight in order to dissolve much of the amorphous gel around the zirconia particles.  A
drop of the isopropanol solution was then placed onto the holed carbon TEM grid and
allowed to air dry for 3-4 minutes.

A Hitatchi HF-2000 High Resolution Transmission Electron Microscope at Oak Ridge
National Laboratory was used to image the particles.  Samples synthesized in the
presence of 2000 µL, 1600 µL, 1200 µL, 800 µL, and 400 µL of 1 N nitric acid were
examined.  It was found that even with a change in acid concentration particle diameters
remained within a narrow size range (~3.5 nm to 5.0 nm).  Instead, agglomerate sizes
were found to increase with a decrease in acid concentration, which are in agreement with
Dynamic Light Scattering measurements of syntheses at lower 1 N nitric acid
concentrations. D-spacings were calculated from these values, using Equation 1

d(nm) =
2.2 ∗103

kMag ∗ D ∗ F ∗ D
(1)

where:

N  FFT size factor



d d-space of the crystal structure in nanometers
D distance from a diffraction spot to the center in Diffractogram

 (in pixel value)
 F image size factor between film plate and CCD camera

Kmag magnification shown on TEM(in 1000x)

Of the values found, the majority are characteristic of either the tetragonal (P-42m)  or
Ortho: Phase II (21 GPa, Pnma).  There were however six values of d-spacings (Table 6),
which are characteristic only of the orthorhombic and monoclinic structures.  These d-
spacings were found for all of the ZrO2 synthesized samples (2000 µL through 400 µL
HNO3).  Since the monoclinic form of ZrO2 had been specifically ruled out (as discussed
earlier), these results were considered secondary proof that the Ortho: Phase II (21 Gpa,
Pnma) had been synthesized.

Table 6
d-spacings from high resolution TEM micrographs

Concentration of HNO3   
(µL)

Characteristic d-Spacing
o

(Α)
2000 3.15

3.12

1600 None

1200 3.26

3.26

800 3.23

400 3.22

      (2) BET: Specific Surface Area

Five point BET specific surface area analyses were performed on the as-synthesized and
heat treated material (200oC, 400oC, 600oC, 800oC, and 1000oC) using a Quantachrome
NOVA 1000 surface area analyzer.  Three runs were performed on each powder.  The
average surface areas of these samples are shown in Table 7.

The change in the average specific surface area shows an interesting trend.  The as-
synthesized material has an average specific surface area of 187 m2/g.  After heat
treatment at 200oC and 400oC there is a dramatic increase in the average surface area.
Beyond 400oC the surface areas decrease for each sample with increasing temperature.



By 1000oC the average surface area returns to a value about the same as that found for the
as-synthesized material. As the amorphous gel is heat treated at the lower temperatures
the amorphous gel is removed.  Since the temperature is not sufficient to grow the
crystals, the surface area of only the particles is then measured.  By 600oC the particles
have begun to sinter (i.e. grow) and the actual surface area decreases.  At 800oC,  particle
size appears to have reached an optimum size due to the heat treatment,  since the particle
size changes only slightly for the 1000oC sample.

      (3) Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis
          (EDAX)

A sample was prepared from zirconia powder heat treated at 600oC.  Silver paint was
applied to an aluminum disk and the powder sprinkled onto the painted area and left to
dry.  This test was used to determine if the black regions found within the material after
heat treatment at 600oC was unoxidized carbon, rather than oxygen deficient regions.

An AMR Model 1000 Scanning Electron Microscope (SEM) and EDAX were used.  The
beryllium window was removed so that carbon could be detected.  Three spectra from the
zirconia sample were taken.  The carbon peak from a section of carbon tape was obtained
for use as a standard against which the spectra, obtained from the zirconia samples, could
be compared.  It was found that carbon was not present in the zirconia sample.  Therefore,
the black color found in the zirconia heat treated at 600oC is most likely due to oxygen
deficient regions17.

Table 7
Specific Surface Area of Zirconia Powders

   Sample I.D.
(heat treatment
temperature)

Sample Weight
(g)

    Outgassing
Time
(Hr.)

Outgassing
Temperature

(oC)

Average
Specific

Surface Area
(m2/g)

Zir(1200µL)
As-Synthesized

0.143 1.0 120 187

Zir(200oC) 0.059 0.5 120 426

Zir(400oC) 0.050 1.0 120 556

Zir(600oC) 0.106 0.75 120 268

Zir(800oC) 0.184 0.75 120 154

Zir(1000oC) 0.188 1.0 120 156

(4) X-Ray Peak Broadening



The average crystallite diameter for a zirconia powder population was determined using
XRD patterns obtained from heat treated zirconia and as-synthesized tetragonal zirconia
powders.  All XRD patters were obtained on a Bruker 5005 X-Ray Diffractometer.  An
XRD pattern from a tetragonal powder where no peak broadening had occurred was used
as the standard.  The two programs, PROFILE and CRYSIZE, part of an evaluation
package, were used to determine the average diameter of the crystallites.

The average crystallite diameter for the as-synthesized tetragonal zirconia (Table 8)
powder was found to be 1.9 nm, smaller than that found using HRTEM.  This is not
surprising, since different measurement techniques usually give values that vary from one
another.  What is interesting is that for all of the heat treated powders, regardless of their
structure, all are below the critical 30 nm diameter determined by Garvie5 as the transition
point from the tetragonal phase.  This is a strong indication that surface energy does not
appear to play the dominant role in determining structure in a metastable zirconia
structure.

Table 8
Crystallite size determined from X-ray diffraction peak broadening

Sample Heat Treatment
Temperature (oC)

1 N HNO3

Content (µL)
Structure Average

Crystallite
Length (nm)

Zir (400oC) 400 2000 Tetragonal 2.9 + 0.004
Zir (600oC) 600 2000 Tetragonal 12.5 + 0.007

zir600 600 2000 Tetragonal 7.9 + 0.01
Zir (800oC) 800 2000 Tetragonal+

Monoclinic
10 + 0.006

zir800 800 2000 Tetragonal+
Monoclinic

11.3 + 0.005

Zir (1000oC) 1000 2000 Monoclinic 15.8 + 0.03
zir1000 1000 2000 Monoclinic 14.4 + 0.006
zir1619 900 2000 Tetragonal+

Monoclinic
8.3 + 0.008

zir20 25 800 Tetragonal 1.9 + 0.02
zir12 800 2000

(15.8 N)
Tetragonal+
Monoclinic

9.8 + 0.006

z(200uL) 800 200 Tetragonal 10.0 + 0.01
z(400uL) 800 400 Tetragonal+

Monoclinic
4.0 + 0.3

OR#1 500 2000 Tetragonal 20.8
OR#2 700 2000 Tetragonal+

Monoclinic
7.9

OR#3 900 2000 Tetragonal+
Monoclinic

12.8

OR#4 1100 2000 Monoclinic 14.4



IV. Characterization of Electronic Properties: Fluorescence

Six zirconia samples synthesized at a concentration of 2000 µL were prepared using the
process described previously.  Each of the five of the zirconia powder samples was heat
treated at a given temperature for an hour under atmospheric conditions.  The
temperatures at which to which the respective samples were exposed were 200oC, 400oC,
600oC, 800oC, and 1000oC.

A Renishaw Ramanscope Raman Spectrometer was also used to determine which of the
zirconia powder optically fluoresces.  Table 9 shows where optical fluorescence was
found to occur in heat treated materials.  The fluorescence in the material is most likely
due to trapped electrons17.

Table 9
Raman spectroscopy fluorescence results – zirconia powder

Sample Heat Treatment
Temperature  (oC)

Structure Fluorescence
at 514 nm

Fluorescence
at 785 nm

Zir(14) As Synthesized Orthorhombic Yes Yes

Zir(200) 200 Orthorhombic Yes Yes

Zir(400) 400 Orthorhombic Yes Yes

Zir(600) 600 Tetragonal +

Monoclinic

Yes Yes

Zir(800) 800 Tetragonal +

Monoclinic

No No

Zir(1000) 1000 Monoclinic No No

V. Hardness Testing

      (1) Sample Preparation

The hardness of the orthorhombic zirconia powder was tested by pressing pellets of the
powder in a Carver Laboratory uniaxial press, using no binder in a one-half inch die



press.  The powder was initially heated in an open beaker at 190oC to drive off the
entrapped water and 1-butanol in the pores between the particles.  Three of the pellets
were cold isostatically pressed at 50,000 psi.  Cold isostatic pressing was not used on the
other pellets since it was found that they were too fragile for this procedure.  Each pellet
was then fired in a lidded alumina crucible a given temperature in a Thermolyne 46200
High Temperature Furnace. The temperature was increased at 10oC/min. to a given value,
held for 2 hours and then cooled at 10oC/min to ambient temperature.  The firing
temperatures used were 500oC, 700oC, 900oC, 1100oC, 1300oC, and 1500oC.

      (2) Density Measurements

Densities were calculated using Equation 2

        Density =             WD          * ρ (2)
     WW - WS

where

WD = weight of material in air with air within the pores
WW = weight of material in air with water within the pores
WS = weight of material submerged in water with water within the 
          pores
ρ = density of distilled water at a given temperature

A commercial tetragonal zirconia powder was obtained from Magnesium Elektron Inc.
and processed in the same manner described for the orthorhombic zirconia powder, save
that these pellets were all cold isostatically pressed at 50 kpsi.  The firing temperatures
used were 500oC, 700oC, 900oC, 1100oC, 1300oC, and 1500oC. The densities obtained
from both sets of samples are compared in Table 10.

      (3) Structure Determination Using X-Ray Diffraction of Pellets After Firing

A Bruker 5005 X-Ray Diffractometer was again used to determine the structure of the
sintered  ZrO2  pellets using X-ray diffraction.  Standard X-ray diffraction patterns from
the Joint Committee on Powder  Diffraction Standards (JCPDS) for different zirconia
phases were compared against the resulting XRD patterns of the laboratory samples to
identify the crystal phase(s) present. The structures found are shown in Table 10.

      (4) Hardness

The zirconia pellet fired at 1500oC was mounted in a mixture of alumina powder and
epoxy .  After the mount hardened, the surface containing the zirconia pellet was polished
using consecutively finer diamond particle paper until the surface was sufficiently smooth
to be tested.  To obtain hardness values a LECO DM-400 FT Hardness Tester was used.



The indenter was placed on the 100lb setting to do the measurements.  The average of 5
indentation tests provided an average hardness of 1491 on the Knoop scale.  An expected
value for zirconia is around 1160 on the Knoop scale19.  At a value of 1491 the material
has hardness in the range of a tungsten carbide alloy19.  Even though the orthorhombic
pellet, sintered at 1500oC, had a density of only 77%, the toughness value indicates that
the material may be a good candidate for a grinding medium.

Table 10
Sintering results for orthorhombic and tetragonal powders

Sample Green
Density
(g/cm3)

Pressing
Pressure

(psi)

Sintering
Temp.
(oC)

Sintered
Density
(g/cm3)

Green
Density

(%)

Theoretical
Density

(%)

Structure Volume
Shrinkage

(%)

T1a 2.45 50,000 500 2.61 41.1 43.8 Tetragonal 9.1
T2a 2.63 50,000 700 2.60 44.2 43.7 Tetragonal 16.6
T3a 2.62 50,000 900 3.04 44.1 51.1 Tetragonal 10.9
T4a 2.67 50,000 1100 3.96 47.3 70.3 Monoclinic 33.7
T5a 2.56 50,000 1300 4.16 45.3 73.8 Monoclinic 50.5
T6a 2.52 50,000 1500 5.07 44.0 88.4 Monoclinic 49.3

OR#1 2.05 0 500 3.01 34.5 50.6 Tetragonal 41.2
OR#2 2.30 50,000 700 3.17 38.6 53.3 Tetragonal 41.7
OR#3 2.40 50,000 900 3.16 40.4 53.2 Tetragonal 39.9
OR#4 2.28 50,000 1100 3.42 39.8 59.6 Monoclinic 47.4
OR#5 2.28 0 1300 Monoclinic
OR#6 2.36 0 1500 4.41 41.1 76.8 Monoclinic 54.4

a powder obtained from Magnesium Elektron Inc.

IV.  Discussion

Having established that a high pressure form of orthorhombic zirconia has been
synthesized a number of discrepancies have arisen between the experimental work and
current theory.  According to the Laplace-Young equation a surface energy sufficient to
produce any high pressure form of orthorhombic zirconia would require crystallite sizes
less than 2 nm.  In this study, individual crystallites were generally in the range of 2 to 5
nm, sizes at which tetragonal zirconia would be expected according to the scientific
literature.  In this study, however, electron diffraction results strongly suggest that
material in this size range is of the orthorhombic crystal structure.  In addition, XRD
analysis of crystallites having a diameter at or below 2 nm, produced using 15.8 N nitric
acid as the initiator, were found to be amorphous.  This would appear to indicate that
below a certain size, the zirconium oxide may be unable to form a regular lattice
structure.



Another inconsistency with the work by Garvie5 are the crystallite sizes for the
synthesized material heat treated at 1000oC.  Using the peak broadening programs
PROFILE and CRYSIZE, crystallite sizes for all of the phases with well defined XRD
powder patterns were determined (see Table 8).  What is immediately clear is that all of
the average crystallite sizes are less than 30 nm, the value determined by Garvie5 to be the
critical size at which metastable zirconia transforms to the monoclinic structure.  Hence,
according to Garvie5, crystallites below 30 nm should not be monoclinic, since the
surface energy would be too high.  This is not the case for the monoclinic samples found
in Table 8, where the average size is between 8.3 nm to 15.8 nm.

An insight into what might be happening in the material might come from the color of the
as synthesized and heat treated materials at the various temperatures (Table 4).
According to Wachsman et al.17 certain colors in zirconia powders and single crystals
indicate oxygen vacancies with F-centers.  Normally, zirconia is transparent in its single
crystal form and white in the polycrystalline form.  This is due to the large band gap and
insignificant population of defects (oxygen vacancies).  Under reducing conditions where
oxygen vacancies are created, polycrystalline zirconia blackens, while single crystals
become highly colored (yellow-orange), indicating the presence of color or F-centers
which are defects with energy levels lying within the band gap, where an electron is
trapped to maintain local charge neutrality.

When the orthorhombic zirconia is first made, the crystals are a semi-translucent orange-
yellow color.  Since each of the crystallites made at high concentrations of HNO3 are
embedded in a clear gel matrix this may account for the powder having the color of the
single crystal zirconia with oxygen defects.  As the material is heat treated the orange-
yellow color changes to a gray metallic hue at the lower temperatures, a color akin to the
blackened color for polycrystalline zirconia with oxygen vacancies, possibly because the
gel is being removed.  With heat treatments at higher and higher temperatures the
polycrystalline zirconia eventually returns to a bright white, indicating a lack of oxygen
vacancies as discussed by Wachsman et al.17.

Looking at Table 4 it is observed that the color changes appear to be linked to the
structural changes found in the material.  Since, according to current theory5,20, particle
size alone does not appear to explain the existence of the high pressure phases of
orthorhombic or monoclinic zirconia, the oxygen vacancy population is implicated as a
contributing factor.  This would appear to be supported not only by the color of the
material heat treated at various temperatures, but also the electron diffraction pattern
found for the Ortho: Phase II material.  While all of the primary reflections are present in
the TEM micrographs (Fig. 8) for the high pressure (21 GPa) structure, a number of the
intensities are less than the calculated values expected.  Also, there are secondary
reflections found on the electron diffraction pattern.  Both of these conditions may be due
to oxygen vacancies in the structure.

An interesting trend also emerges from the IR data of the heated material.  The as-
synthesized material shows the highest content of O-H bonds, most likely in the form of



water trapped within the sample.  Upon heating to higher temperatures there is a
substantial reduction due to water being evaporated and a reduction in surface area
because of an increase in crystallite sizes.  For material heat treated at 1000oC, the
amount of O-H bonds suddenly increases over four-fold.  Since each of the materials was
stored in the same manner and IR pellets fashioned and tested at the same time it is
unlikely that this difference was due to moisture absorbed from the atmosphere.  An IR
run on a blank pellet of KBr showed that it was not the source of the excess amount of O-
H bonds.  Had the percentage of O-H bonds been the same or less, the area under the O-H
peak would have been less than all the other samples, which is not the case.  It is
therefore concluded that the greater number of O-H bonds on the surface of the
monoclinic material is not an artifact.  Rather this increase in O-H bonds may indicate an
increase of oxygen at the surface of the material due to a decrease in oxygen vacancies
within the structure.

Monoclinic and tetragonal powders obtained from Magnesium Elektron Inc. gave the
same results.  The average percent absorbance of O-H peaks per unit area was found to be
significantly higher for the monoclinic powder.  This also strongly suggests that the
oxygen vacancies found in bulk doped tetragonal zirconia are also present at the surface
of the material.

Recent work by Lu et al.21 and Zhu and Yan22 indicate that oxygen vacancies at low
temperatures do have an effect on the metastable tetragonal structure.  Both groups found
that increased oxygen vacancies created greater stability in a metastable tetragonal
zirconia, while conversely, loss of oxygen vacancies within the material destabilized the
structure.  In addition to this work, it is has been shown that at elevated temperatures the
phase transformation from tetragonal to cubic depends primarily on the number of oxygen
vacancies27.  Others21,22,23  have also demonstrated that oxygen vacancies have a definite
effect on the transformation of tetragonal and cubic zirconia at high temperatures, doped
and undoped.  The work appears to indicate that oxygen vacancies decrease with the
change in color which has been linked to the change in structure.  Finally,  monoclinic
zirconia produced in this study has been found to have critical diameters substantially
below the 30 nm predicted by Garvie5 for full transformation to that structure.

High temperature XRD patterns of zirconia obtained in both the presence and absence of
oxygen provide strong supporting evidence that small amounts of oxygen, in addition to
particle size (hence surface energy), are critically important in determining the zirconia
phase.  Between temperatures of 900oC and 1000oC, when oxygen was denied to the
structure by heating under vacuum, gettered, and ungettered argon, the sample remained
tetragonal.  When oxygen was provided by heating under air, the material began to
transform to the monoclinic phase between 900oC and 1000oC, strongly indicating that
for increased oxygen to zirconium ratio, partial transformation could begin.  Since
thermal histories were essentially identical for each run, it can be assumed that particle
growth by sintering was roughly similar for each.  Also, since a phase transformation to
the monoclinic structure did not occur for the three runs where oxygen was not provided



and did occur only where oxygen (air) was present, reduction in particle size can
reasonably be ruled out as the factor causing the shift in structure.

The phase transformation at 500 oC from some form of orthorhombic zirconia to the
tetragonal phase indicates that there is a second factor influencing the structure of the
material, this being the lattice energy.  Were the structure in the material dependent only
on the oxygen vacancy content, phase transformations would most likely occur at a
variety of temperatures, dependent upon the ratio of oxygen to zirconium atoms.  Instead,
under a variety of conditions, with identical thermal histories, a transition from the mixed
orthorhombic / amorphous material to the distinctly crystalline tetragonal structure always
occurred at 500 oC.  Therefore, it is suggested that a combination of the oxygen vacancy
population and a structure achieving the lowest lattice energy may be the two primary
factors determining the metastable structure of zirconium oxide in the nanoscale range.
Further, if these are the two primary factors determining structure in a material, this
implies that at the point where sufficient molecules coalesce to form a crystalline
structure, lattice, not surface energy considerations may dominate.

After each high temperature XRD run, all of the zirconia samples had transformed to the
monoclinic zirconia phase.  It was noted in the results that the intensity of the diffraction
peaks decreased markedly.  This indicates that there was probably less material scattering
the X-ray beam.  Since the samples were cooled simply by turning off the power to the
heating element in the XRD, this may have set up temperature gradients within the
material, leading to some sort of diffusion of the oxygen atoms.  Given that zirconia is a
good ionic conductor this is not an unreasonable supposition.  It was also found that
unstabilized orthorhombic zirconia, arc-melted under argon, became a silvery metal in
appearance. Yet when low-angle X-ray diffraction analysis was performed on the sample,
it was found to be monoclinic.   Since there was O2 available to the samples under air and
ungettered argon (30 ppm O2), some of this O2 may have been absorbed into the material,
filling in enough oxygen vacancies to allow the material to appear white.  Unfortunately,
it is not possible to determine the exact cause for why the material transformed to the
monoclinic phase on rapid cooling, since it is beyond the scope of this project.

A possible explanation for the metastable zirconia structures may be the number and
distribution of the oxygen vacancies observed in the material synthesized in this work and
partially and fully stabilized zirconia structures.  Work done by Martin24 and Hoskins and
Martin25, 26 on defect fluorite-type structures may provide the theoretical basis to explain
the non-equilibrium bulk structures created by synthesizing zirconium oxide in the
nanoscale region.  Martin24 puts forth the concept of an octahedrally coordinated anion
vacancy O6.  This resulting co-ordination defect was found to be quite stable within the
structure.  Martin found that the anion deficiency accommodated by point defects
gathered in oblique {213}crystal planes within the structure.  The structures created by
these ordered co-ordination defects are known as Magneli phases and have the general
formulae MnO3n-1 and MnO3n-2 which are from the ReO3 structure and the MnO2n-1 both
derived from the TiO2  structure.  Further, Martin contends that for some global
structures the intergrowth of one phase containing the ordered oxygen vacancies and a



second defect free structure, can also determine the global structure.  This description
may be analogous to partially stabilized tetragonal zirconia which comprises metastable
tetragonal zirconia within a matrix of the cubic phase

More recently others27, 28 have begun redeveloping the same model, independent of
Hoskins and Martin, for zirconium oxide.  Both Neder and Frey27 and Welberry et. al.28

have discussed a model for stabilized cubic zirconia where a co-ordination defect
structure has been found in the material.  These co-ordination defects have been surmised
to extend through the structure along linear chains, in the same manner proposed by
Hoskins and Martin.

Finally, the mechanism which allows the creation of a large population of oxygen
vacancies within the orthorhombic phase synthesized using the process is suggested here.
There are two factors considered critical.  First, all extraneous water has been removed
from the system.  Second, the chemical reaction is run at a very low pH.  With the water
removed from the system two conditions are achieved.

1. O-H ligands are reduced to a minimum.  These may be the source
    of oxygen linking the zirconium atoms in the structure.

2. There was a substantial excess of H+ ligands in the system restricting the
    amount of dissociated water, and therefore O-H ligands available.

As the reaction occurs, the 1N nitric acid reactant initiates the process.  The four butyl
alchohols are stripped off the zirconium (IV)-n-butoxide [Zr(OC4H9)] leaving four O-H
ligands attached to the zirconium atom.  In the next step, had an excess of O-H ligands
been available, due to the presence of dissociated water, these Zr(OH)4 molecules would
condense.  It is suggested instead, that as the Zr(OH)4 molecules form and condense, the
H+ ligands existing at the low pH conditions scavenge the surface of the crystallites,
removing the O-H ligands at the surface of the Zr(OH) to form water.  With few available
O-H ligands available from dissociated water in the solution, oxygen vacancies are
formed as condensation occurs.  Work by Hu et al.29 would appear to support the role that
water plays in determining the structure of metastable zirconia.  Hu et al. synthesized the
monoclinic structure using ZrOCl2 in an aqueous solution.  Tetragonal zirconia was
synthesized using the same precursors, but in solutions containing substantially less
water.  This strongly supports the argument that processing route (OH concentration,
oxygen vacancy concentration), not particle size, is critical in determining the structure of
zirconia.  Finally, excess electrons appear to become trapped. in the oxygen vacancies as
a mechanism to maintain charge neutrality.

V. Conclusions

(1) A form of high pressure orthorhombic zirconia has been synthesized at
ambient pressure and temperature using a dilute sol-gel method at very high



acid concentrations.

(2) Monoclinic zirconia was found to have a diameter well below the critical 30
nm size, where it was determined by Garvie that the material should be
tetragonal. This suggests that some other factor or factors may play an
important role in the formation of metastable phases of zirconia besides
surface energy.

 
(3) Zirconia heated under conditions where it is denied a sufficient amount of

oxygen remains in the tetragonal structure between 800oC and 1100oC, where
it would normally transform to the monoclinic structure, were it an
unstabilized, metastable zirconia structure.

The structure of the synthesized zirconia appears to be linked to the oxygen
vacancy population in the material.

(4) The amount of water available during the sol-gel synthesis appears to be a
critical factor in determining the phase of zirconia  formed during synthesis.

(5) Surface energy does not appear to be the critical factor in determining the
structure of metastable zirconia.
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APPENDIX

High Resolution TEM Images

As-synthesized and dried zirconia
2000 µL 1 N HNO3

Images acquired at HTML, Oak Ridge National Laboratories
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