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The densification of zirconia at very low temperatures (< 400°C) requires enhanced synergy
between thermodynamics and Kkinetics. This work demonstrates an efficient single step approach
combining amorphous hydrated zirconia and Spark Plasma Sintering at 350°C and 600 MPa. The
resulting zirconia ceramics exhibit a cohesive nanostructure with small average grain sizes (20
nm) and a predominantly monoclinic structural polymorph confirmed by both X-ray scattering
analyses and High Resolution Transmission Electronic Microscopy. Remarkable Vickers
hardness of 3.8 GPa for high level of porosity (30%) is explained by the density and homogeneous

distribution of grains boundaries and meso/microporosities.
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The development of more energy and environmentally friendly manufacturing processes has recently
encouraged intensive research on low-temperature sintering [1]. This work has opened new
opportunities in topics such as the integration of inorganic materials with varying structures, processing
of new composites, nanostructured ceramics and the co-sintering of ceramics, polymers or metals [2-4].
Emergent processes allowing the reduction of sintering temperatures have also led to the development
of new materials and composites for microwave devices (Ultra Low Temperature Co-fired Ceramics)
[5]. In addition to the sintering techniques categorized as Field Assisted Sintering Technology (e.g. Flash
Sintering, Spark Plasma Sintering (SPS)) that are well recognized for advantageous enhanced kinetics
[6-8], the exploration of non-equilibrium sintering, through transient liquid phase or by using solvent
assisted sintering (Cold Sintering Process, Hydro-Solvothermal Sintering) was also shown to be
particularly efficient for very low temperature sintering of functional oxides such as ZnO, BaTiOs, -

Quartz and composites [9-15]. Cool-SPS has also demonstrated the solvent-free sintering of



thermodynamically fragile materials, including reactive sintering of hydrated precursors at temperatures
below 400°C [16-18]. Although these new methods have been applied to an impressive number and
variety of compounds, the promise of low temperature sintering processes still remains limited for the
sintering of refractory oxides such as zirconia [19]. The structural versatility of zirconia and its link with
functional properties has given rise to increasing interest from both a scientific and applications point
of view. Since the discovery of its reinforcement by phase transformation, zirconia (ZrO,) has become
a reference in the field of ceramics [20]. From thermal barriers to biomaterials, zirconia is used in
multiple applications [21,22]. High tensile strength and tenacity were observed in two-phase samples
with tetragonal and monoclinic as the major and minor phases, respectively [23]. Doping zirconia with
oxides is necessary in order to stabilize the tetragonal phase at room temperature, for example Yttria
(Y203) is one of the most commonly used dopants (e.g. 3 mol% (3Y-TZP). However conventional
sintering requires temperatures as high as 1500°C and can result in the stabilization of the additional
cubic phase that has a detrimental impact on aging resistance. The attractive features of zirconia are thus
closely linked to the control of crystalline phases and depend on defect chemistry for charge
compensation associated with aliovalent substitutions. In addition, a retention of nanostructure in the
final ceramic is expected to improve properties. The metastable phase diagram, and the control of both
grain size and of defect chemistry in the processing of zirconia ceramics are thus distinct issues that
must be mastered, all of which strongly depend on the sintering conditions. To meet the challenge of
low temperature sintering of zirconia in one step, our approach described in this work targets the
enhanced synergy between thermodynamic and kinetics effects by combining Spark Plasma Sintering
(SPS) processing with amorphous hydrated zirconium oxide as precursor. As mentioned above, key
performance criteria for zirconia ceramics are intimately tied to structural and microstructural features
(phase stabilization, grain size, level of porosity) which require tuning for the targeted properties of
specific applications (biomedical, fuel cells, thermal barrier, abradable coating). Inspired by the recent
advances from Cold Sintering Process, Hydro/Solvothermal sintering, SPS and Cool-SPS, our work here
demonstrates that single-step low temperature SPS of amorphous hydrated zirconia is highly relevant to

fulfill the challenging requirements for numerous applications.

A commercial Zr(OH)4 powder (99.9%, 40 nm) was purchased from US Research Nanomaterials, Inc.
Houston, TX., USA. Thermogravimetric and Infrared absorption analyses were conducted on the raw
powder (Figs S1, S2). In situ variable temperature Powder X-ray Diffraction (PXRD) studies were
performed from room temperature up to 500°C (Fig. S3). The hydroxide precursor was sintered using a
Dr Sinter 5155, Syntex, Japan, loading directly the amorphous powder in a 10mm tungsten carbide
mold. A pressure of 600 MPa was applied and the temperature was raised up to 350°C with a heating
rate of 50°C/min. The pressure was maintained at 350°C during the temperature dwell of 10 min.

Pair Distribution Function (PDF) analysis was performed on X-ray scattering data collected at ambient

temperature on powder samples loaded inside 1.0 mm diameter polyamide capillaries at beamline 11-
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ID-B of the Advanced Photon Source at Argonne National Laboratory, using 59 keV X-rays (A~ 0.211
A) and a large-area detector. The software programs pyFAI [24] and PDFgetX3 [25 ] were used to obtain
atomic pair distribution functions G(r) which were subsequently analyzed with structure modeling
capabilities in the TOPAS 6.0 software package [26]. Instrumental resolution and damping terms have
been determined by fitting data obtained from a standard Ni powder calibration sample. Five samples
were measured, the initial Zr(OH)4 precursor, the ceramic obtained by SPS at 350°C and three reference
samples corresponding to commercial powders, monoclinic ZrO, with large micron crystallite size,
tetragonal ZrO- (3%mol. Yttria) with large crystallite size (> 100nm) and nano crystallite size (~10nm).
SPS ceramic was analyzed by Raman spectroscopy (confocal microscope RAMAN Labram HR 800
Yvon Jobin, 633 nm) in three different zones. Data collection was performed in the range 100 - 700 cm”
! (240s of measurement per accumulation and 3 accumulations per segment). Phase percentages were
calculated taking into account an average spectrum over the three collected. HRSEM micrographs were
obtained using a field emission-gun scanning electron microscopy (FESEM, JEOL JSM 7800F).
HRTEM experiments were performed on 110 JEOL 2200 FS equipped with electron field-emission gun
operating at 200kV with a point-to-point resolution of 0.23 nm. High resolution micrographs and videos
were acquired with a Gatan Ultrascan CCD 2 k x 2 k camera and digital diffractograms were calculated
with the Gatan Digital Micrograph software. Mechanical tests were performed on polished surface
samples by loading 2.94N at room temperature during 10s with a Vickers indenter (Mitutoyo HM 200).
The diagonals of the indentation were measured using an optical microscope attached to the indenter.

The calculated microhardness value corresponds to the average of ten measurements.

Microstrain and defect concentration are high in the amorphous phase, with both dehydration and
crystallization involving grain rearrangement which can contribute to densification in the primary
stages. In order to determine optimized sintering conditions, the dehydration through TGA and the
sequence of structural changes as a function of temperature through in situ variable temperature PXRD
were first investigated (Figs S1, S3). Complete dehydration at 200°C (total mass loss of 42%) is followed
at 300°C by the onset of crystallization of the amorphous phase into tetragonal phase, confirming
previous reports of the crystallization of a metastable high temperature phase from an amorphous
precursor [27,28]. The lower surface energy of the tetragonal phase compared to the monoclinic phase
and higher lattice strain were considered to explain the formation of metastable tetragonal zirconia at
low temperature from amorphous precursor [29-31]. However the reported temperature windows for
crystallization and the critical size towards phase stabilization do not meet a general agreement and
depend on the method of preparation of the initial zirconium hydroxide [32]. In the work reported here,
an abrupt increase of the tetragonal (101) peak is observed in the PXRD scans recorded between 350
and 400°C. The transition towards a monoclinic phase starts above 400°C leading to the coexistence of
the two polymorphs by 500°C (approximate fractions of 96% tetragonal / 4% monoclinic by PXRD

analysis). The amount of monoclinic phase was subsequently shown to increase first slightly on re-
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cooling and then much more abruptly down to 25°C. On the basis of these TGA and in-situ PXRD
preliminary investigations, the SPS sintering temperature was set at 350°C under a pressure of 600 MPa

(dwell 10 min.) to prevent grain growth and to favor densification.

Quantitative phase analysis conducted by Raman spectroscopy revealed that the majority phase in the
SPS processed ceramics adopts the monoclinic polymorph symmetry with a percentage reaching 80%.
The strong and sharp monoclinic doublet at 180 and 192 cm™ and the tetragonal band at 148 cm™,

respectively indexed m and t in fig. 1, were considered for phase quantification [33].

PDF and Rietveld X-ray analysis provided greater structure detail, including insight into local ordering
of the initial hydroxide precursor. The PDF data of the Zr(OH)4 powder definitively show that very short
range atomic ordering is present within the “amorphous” hydroxide powder (Fig. 2a), and that this local
structure can be well approximated by the ZrO, monoclinic polymorph (P2,/) crystallographic model,
in agreement with recent literature reports [34,35]. In particular, for low r < 10 A, clear features well
matching with expected peaks from first neighbor Zr-O pairs (~2.1 A) and Zr-Zr pairs (~3.5 A) are

observed.

It is suspected that the mismatch between the experimental and calculated intensity in the G(r) for r =
2.5 A arises from O-O pairs in uncoordinated H,O or OH" groups present in the precursor, as discussed
for Zr(OH)4 by King. et al. [34] Moreover, PDF studies of liquid H,O show that the most intense PDF
peak lies at (~2.5 A) [36]. However, incorporating these details into the Zr(OH), data model was beyond
the scope of the current work reported here.

Fig. 2b-c illustrates the refined fits to PXRD and PDF data for the SPS ceramic. Preliminary fits using
a purely monoclinic P2, model to fit the PDF data from the SPS ceramic showed broad agreement

establishing that the SPS ceramic predominantly contains the monoclinic phase.

However, the higher PDF statistical fit (Rwp = 17.3 %) is worse than that observed in refinements of
monoclinic and tetragonal ZrO, reference samples (Rwp = 10 %) (Figs S4 a-c). Adding an additional
minority phase of tetragonal P4,nmc ZrO, polymorph to the PDF refinement of the majority monoclinic
SPS ceramic improves the overall fit agreement (Rwp = 12.9 %) (Fig. 2c). This is in agreement with
Rietveld refinements of laboratory PXRD data (Fig. 2b) which also show the presence of peaks from a
minority tetragonal polymorph phase (<10 w%). Note that the slight discrepancy with the evaluation of
the fraction of monoclinic phase by Raman can arise from the different penetration depth probed [37].

The SPS ceramic PDF data show damping of G(r) intensity at high r values beyond that expected from
instrumental Qgamp term. Therefore, separate ZrO, crystallite domain diameters were included in the PDF
fits for the monoclinic and tetragonal polymorphs, which refine to ~ 12nm and ~ 11nm, respectively.

These values are in good agreement with crystallite size estimated from Rietveld refinements of



laboratory PXRD data of ~15 nm and ~ 12nm, respectively. Because the monoclinic phase fraction is
much greater that the tetragonal phase, it is likely difficult to extract very accurate domain size values
of the tetragonal component. Full details of refined parameters for two phase fits of SPS ceramic are

given in Table 1.

Microstructural analysis by HRSEM reveals a homogeneous nanostructure (Fig. 3). Image analysis
(Image J- mean linear intercept method and considering about a hundred grains) from naturally fractured
surfaces of the SPS ceramic confirms an average grain size of 15 + 4nm. The observed microstructure
is consistent with 25-30% of porosity (determined by geometric method) but clearly reveals effective

consolidation and the formation of grain boundaries (Insert Fig. 3).

The hardness depends significantly on the porosity level but does not seem to be significantly affected
by the nature of the crystalline phase [38,19]. The literature reports hardness on the order of 10 -13 GPa
for zirconia ceramics densified > 95% whether they are pure tetragonal or monoclinic [39,40]. The
obtained average hardness value in the case of ZrO, sintered at 350°C by SPS from ZrOHareaches 3.8
GPa. This value (see Table 2) is comparable to the ones obtained for yttria stabilized zirconia ceramics
(starting from ZrO,-6Y (commercial powder Tosoh — referred in Table 2 as 6YSZ) and ZrO»-5.1Y (sol-
gel synthesis - referred in Table 2 as 5.1YSZ) sintered by SPS at 1050°C with a comparable level of
porosity and final grain size in the same range (~50 nm) [41]. Note that the hardness of cold-sintered
zirconia ceramics processed at 180°C (85% relative density — mixed tetragonal/monoclinic 50/50) is
~0.5 GPa. An annealing at temperature higher than 900°C is necessary to increase the value up to 4 GPa
[19].

Microstructure to hardness relationships have been largely studied in particular for stabilized zirconia
ceramics. However a consensus about grain size effect on the yield strength has not been yet found and
is not as well understood as in the case of metals and metal alloys (Hall-Petch effect). Considering the
very small grain size (15nm) of the SPS ceramics, the high concentration of grain boundaries would
play a predominant role and contribute to the unexpected mechanical properties obtained. HRTEM was
used to probe their specificities when using SPS at a sintering temperature as low as 350°C. It is worth
noting that highly crystallized particles are observed in a size range that is in full agreement with the
one evaluated from PDF and XRD Rietveld refinements (Table 1). HRTEM observations reveal that
most of the particles are monocrystalline and crystallize in the monoclinic system (Fig. 4a). The second
noticeable feature is the presence of plastic interfaces (with evaluated lattice misfits ranging from 3 to
35% depending on grain orientations and grain boundary configurations) that are highlighted by the
presence of dislocation networks as illustrated on the inset of Fig. 4a. If there is no evidence of the
presence of residual amorphous phase that could lead to weaker GB, cavity nucleation occurs at grain

boundary triple junction contributing to the significant global mesoporosity. Grain boundary triple
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junctions are also formed by particles of different sizes (Fig. 4b), in particular several crystallites of
diameter lower than 5 nm whose structure does not match with the pure monoclinic structure determined
by PDF and XRD refinements but rather with a slightly distorted one. Tetragonal crystallites have not
been identified among the observed particles by HRTEM. Their expected size of 12nm (from PDF and
PXRD) is greater than that of the small distorted monoclinic particles described above and thus questions
on the stabilization of the tetragonal phase through a size effect. This apparent contradiction likely
underlines the role of constraints and more specifically the contribution of stress gradients arising from
both the very high applied external pressure during sintering and the surface strain given the size range
of the crystallites (< 20nm) [42] Competitive and/or combined size and stress effects will be deeply

investigated to deciphered the complex stress-size-structure relationships in such nanostructure.

Finally, the combination of a very high density of grain boundaries (grain size lower than 20nm) with a
homogeneous distribution of meso/microporosities ensures a cohesive nanostructure that could
contribute to explain a hardness as high as 3.8GPa for a sintering temperature of only 350°C. Deeper
investigations are nevertheless required to evaluate the mobility of grain boundaries and to determine
more accurately their impact on the mechanical properties. Our approach based on the use of specific
amorphous hydrated precursor to trigger the in situ formation of zirconia, and the fast kinetics of SPS,
allows to yield, in a single low temperature step, functional zirconia ceramics with a specific

nanostructure and whose properties could be of interest in the field of thermal barriers.
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