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Abstract

The role of pressure, temperature, and particle size on cold sintering of ZnO has

been investigated with a view to developing transparent thick films for device

applications. Coarse ZnO (∼90–250 nm, cZnO) particles exhibited equiaxed grain

growth under all conditions eventually achieving grain sizes of ∼ 0.5–1.0 µm

at 300◦C/375 MPa. In contrast, nano-ZnO (40–80 nm, nZnO), exhibited grain

growth along the c-axiswith a broader grain size distribution (0.5–4 µm) at higher

temperatures and pressure (300◦C/375 MPa) than cZnO. The broader grain size

distribution is attributed to greater dissolution for nZnO compared with cZnO

coupled with redistribution of Zn acetate/acetic acid into pores. ZnO contin-

ues to dissolve and reprecipitate within the pores throughout the densification

process resulting in localized, larger grain sizes. In plane grain growth normal

to the pressing direction was observed at and near the sample surface partic-

ularly in nZnO, which is attributed to constrained-sintering. Some abnormal

grain growth (10–20 µm) was also sporadically observed near or at the surface

of nZnO (300◦C/375 MPa) due to greater rates of reprecipitation as the transient

solvent volatilizes adjacent to the die wall/plunger. Tape casting was used to fab-

ricate single and multiple layers (≈30 µm) of ZnO on Kapton R© to demonstrate

the potential for device fabrication. Transparency was achieved by choosing cold

sintering conditions (200◦C/250 MPa) for nZnO that gave ∼95% relative density

while restricting a majority of grain growth to <200 nm so that internal light

scattering from grain boundaries was avoided.
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1 INTRODUCTION

The successful densification of most powdered ceramic
materials requires sintering temperatures 0.5–0.75 of the
melting temperature (Tm) in

◦C to achieve a high rela-
tive density. This often leads to processing temperatures
in excess of 1000◦C.1 Such high processing temperatures
lead to high energy requirements and severely limit cosin-
tering compatibility with metals, polymers and glass. It is
estimated that sintering accounts for ≈30% of total energy
costs in the ceramic industry.2

Recently, an ultra-low temperature sintering technique
was reported and referred to as “cold sintering” in which
a target material is combined with a small amount of
a ‘transient solvent’ then die-pressed at ≤300◦C.3,4 The
solvent evaporates out of the side of the die and sub-
sequent reprecipitation on the particle surface results in
full or near-full density.5 Early theories focused on a
mechanism adapted from liquid phase sintering6 whilst
others described the process as a defect transport based
mechanism,7 and some arguing that there wasn’t enough
space between grains for dissolution mass-transport to
occur.8 However, the most recent theory proposes a hyper-
accelerated “pressure-solution creep” mechanism,4 preva-
lent in nature and observed by geologists since the early
1860s.9 In this mechanism, small amounts of solution are
hosted between the grain boundaries, leading to a chem-
ical potential gradient, resulting in a mechanism that can
be broken into 3 stages: (i) dissolution, (ii) mass transport,
and (iii) precipitation, with each of these stages acting as
a rate limiting step, depending on the conditions. Disso-
lution takes place in zones of high hydrostatic pressure,
which produces the driving force for the material to dis-
solve. In the second stage, dissolvedmaterial is transported
across the chemical potential gradient to a low-chemical
potential zone, before finally precipitating, on the surface
of particles/grains.10 Depending on conditions, deposition
can follow a densification or coarsening path, the latter
occurring via a mixed-mode process of Ostwald ripening
and coalescence. Cold sintering has not only shown to sig-
nificantly lower energy requirements for densification,11

but opens up the prospect of cosintering ceramics
with materials, previously not compatible, for example,
polymers.12

Transparent conducting oxides (TCOs) are critical com-
ponents in an enormous range of electronic applications,
from LCD touchscreens to semiconductor lasers.13 The
most popular method for TCO film manufacture is mag-
netron sputtering, a physical vapor deposition technique
with the ability to produce thin-films over a large area.
However, it suffers from a low deposition rate and prob-
lems with plasma stability.14 Cold sintering may offer a

newmethod of TCOmanufacture not previously explored.
One of the most popular TCO materials is indium tin
oxide (ITO) due to its superior conduction.14–16 How-
ever, there is a recent push to find a replacement
for ITO due to toxicity concerns17,18 and environmen-
tal impact.19 ZnO doped with either Ga (GZO) or Al
(AZO) are two of the promising replacements of ITO due
to ZnO being nontoxic, cheap to produce, and easy to
source; while being able to achieve high conductivity and
transparency.20,21

The cold sintering of ZnO was first reported by Funa-
hashi et al.22 using a range of low molarities of acetic
acid. Work was also undertaken by Kang et al.23 who
performed a comprehensive study of the mechanisms
of cold sintering of ZnO. A broad study of the effects
of pH, ion concentration, temperature, pressure, envi-
ronmental conditions, and choice of solvent phase were
examined. Their work generally supported Funahashi
et al.’s findings however, Raman spectroscopy revealed
the presence of small amounts of secondary acetate
phase. More aggressive solvents such HNO3 and HCl
did not give rise to high densities and the consensus
is that Zn2+ concentration is the most important factor
in achieving high density rather than pH. Thus, later
studies have used either Zn acetate24,25 or most recently
formic acid26,27 as transient solvents. Formic acid results
in superior mechanical properties when compared with
acetic acid or zinc acetate, owing to its lower ther-
mal stability which encourages faster precipitation and
densification.
There are however, still many aspects of cold sinter-

ing process that require greater understanding if consis-
tent quality control is to be achieved and the process
commercialized.26 For example, Serrano et al.28 studied the
nanoparticle-microparticle ratio, showing that an increase
in nanoparticle volume increased localized disorder, and
affected themorphological, structural and physical proper-
ties.More recently furtherwork studying the cold sintering
mechanisms has developed master sintering curves29 and
in operando impedance spectroscopy has been used to
undertake in-situ characterization of the cold sintering
process.30

Here, we further investigate the role of pressure,
temperature and particle size on the cold sintering
of ZnO. We also demonstrate through the required
control of grain size and porosity, proof of concept
for the development of transparent thick films of
ZnO on the surface of polymer (Kapton R©) sheets to
illustrate its potential in device/display technology,
building on the work of Baker et al.31 who used cold
sintering to produce flexible printed electroceramic
devices.
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F IGURE 1 Histogram distribution of grain sizes of each of the two powders: (A) nano-Zinc oxide, and (B) a coarser meso-Zinc oxide
powder.

2 EXPERIMENTAL

2.1 Cold sintering of ZnO ceramics

Nano-ZnO (nZnO) (US Research Nanomaterials
Inc., >99% pure) with a spherical morphology had a
majority particle size of 30–80 nm, with a small number
of particles (total <10%) in size ranges of 20–30 nm and
80–214 nm. “Coarse” ZnO (cZnO) (Sigma Aldrich, 99.9%
pure) quoted as <5 µm particle size was decreased by
mechanical ball-milling with 10 mm alumina media. Mea-
surement determined the processed cZnO starting powder
to have a much more varied and elongated morphology
compared to nZnO, with a broader particle size range.
≈90% of the particles falling into the 70–370 nm range
with a total of <10% of particles in the 40–70 nm and
370–670 nm range, and ∼1% as much larger particles at
0.67–1.03 µm. Histograms of this particle size distribution
of starting powders are given in Figure 1.
0.5 g of ZnO powder was combined with ≈20 (cZnO), or

≈30 wt% (nZnO), 1.0 molar acetic acid, and mixed contin-
uously in a pestle andmortar to a fine powder. The powder
was poured into a 10 mm die, and pressed at either ≈190,
250, or 375 MPa at room temperature for 10 min. While
maintaining pressure, the temperature was raised to either
125, 200, or 300◦C, and held 1 h before being cooled using
a 20 mm fan to room temperature. Heating and cooling
rate was not controlled but was estimated to be between
20 and 40◦C/min. Some samples were heat treated for 8 h
at 500◦C in air with a 5◦C/min ramp to remove resid-
ual acetate groups. Densities of all samples (unpolished)
were calculated via the geometric method and compared
to theoretical method.32

Undoped ZnO samples were successfully densified
across all tested temperatures and pressures similar to
previous studies.22,23 However, early work was initially dif-
ficult to repeat until the apparatus was moved to a fume

cupboard. This leads to a stable environment with the
laminar airflow drawing away accrued moisture, result-
ing in ceramics with much better handling characteristics,
consistent with previous observations by Lowum et al.25

2.2 Fabrication of transparent ZnO
thick films

Transparent ZnO thick filmwas fabricated using tape cast-
ing with a water-based formula (Polymer Innovations,
Inc.) consisted of plasticizer (PL005), dispersant (DS001),
defoamer (DF002), binder (WB4104), distilled water and
nZnO powder. This mixture was placed into a speed mixer
for 5min at 1000 rpm, 2min at 1200 rpm, and 4min at 1400
rpm to produce a slurry of the desired consistency. The
slurry was allowed to de-gas in air for 2 h, before being cast
over the surface of an A4 sheet of 50 µm-thick Kapton film
and allowed to dry. 1″ circular sections of the tape/Kapton
were cut out. The binder was then burned-out in a fur-
nace at 300◦C over 20 h with a ramp rate of 0.1◦C/min.
Post-binder burnout, 25 µL of 1.0 M acetic acid was pipet-
ted onto the surface of the samples before being placed
into a die, where the sample was heated to 200◦C under
250MPa to densify nZnO. Tomaximize adhesion, the Kap-
ton layer was cleaned using isopropanol, and 5 mm PTFE
pucks were positioned on either side of the sample in the
die to avoid heat degradation.

2.3 Characterization

X-ray diffraction for phase analysis was performed from
10≤ 2θ≤ 90◦ on aBrukerD2 Phaser usingCuKα (λ= 1.5419
Å) with a step of 0.02◦. Raman spectroscopy was carried
using a 20MW 514.5 nm green laser on a Renishaw InVia
microscope calibrated using a manufacturer supplied Si
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F IGURE 2 X-ray diffraction (XRD) of the two different ZnO powders conventionally and cold sintered under various conditions.

wafer. Scanning electron microscopy images (SEM) were
obtained using an FEI Inspect F50 equipped with energy
dispersive X-ray analysis at 10 kV and 3.5 spot size from
fracture and top surfaces of samples mounted and coated
in either gold or carbon. Grain sizes measured using SEM
fracture surface and top surface imageswere obtained from
a minimum of 500 grains across 2 areas per sample using
ImageJ software.
Cross sections of Kapton-ZnO samples were cold-

mounted in epoxy-resin, before being ground with 400,
800, 1200, 2000 silicon carbide paper, followed by polish-
ing with 6, 3, and 1 µm diamond paste. Samples were then
sputter coated with gold.

3 RESULTS AND DISCUSSION

3.1 Cold sintering of bulk ZnO

The color of cold sintered samples at lower temperatures
(<300◦C) ranged from yellow to green but a persistent
green color was observed at 300◦C. This color change has
been previously associated with high concentrations of
oxygen vacancies (VO), resulting in F-centers, formed by
reduction33,34 and consistent with Gonzalez-Julian et al.7

who reported their presence in cold sintered ZnO.
Figure 2 shows the X-ray diffraction (XRD) patterns

for ZnO powder, cold and conventionally sintered. X-ray
data agreed with available literature7,22,23 and displayed
the expected wurtzite structure for all samples without
any peaks for an acetate phase. Its absence in XRD sug-
gests that either the volume fraction of residual acetate is
below the detection limit of the diffractometer under the
described conditions of operation or the phase is absent.

The hexagonal wurtzite structure of ZnO belongs to the
P63mc space group made up of 2 group units per unit cell.
This gives an irreducible symmetry representation of:

Γ𝑃6−3−mc = 𝐴1 + 𝐸1 + 2𝐸2 + 2𝐵1

where, only the A1 and E1 polar modes and E2 modes are
Raman active.35,36 Raman spectra from cold sintered sam-
ples (Figure 3) agree with available literature across23,28,36

and compares well with conventionally sintered ZnO.
Intense modes at ≈99 and 438 cm1 correspond to E­2

low

and E2
high respectively. E2

low is influenced by Zn sublat-
tice vibrations, and E2

high by oxygen vibration.35 Several
modes are prescribed to second-ordermodes, including the
E2/A1 at 328 cm

−1, A1­(TO at 372 cm−1, A1 at ≈541 cm−1,
A1(LO) at ≈569 cm−1, and E1(LO) at ≈585 cm−1. The last 2
of these modes dominantly arise from second-order back-
ground, but can be influenced by impurities, particularly
E1(LO).

35,37 Two modes form one extended broad peak at
1094 cm−1 and 1146 cm−1. The former is a TO+LO mode
at M and L Brillouin points. The latter is a combination of
2A1(LO), 2E1(LO), and 2LO modes occurring at the center
point (Γ) of the Brillouin zone.37

A single weak secondary acetate phase was observed
previously23,24,38 in Raman studies with 4 modes caused
by symmetric stretching of C–C bonds at ≈950 cm−1, C–
O at ≈1400 cm−1, C = O at ≈1600 cm−1, and C–H at
≈3000 cm−1. From available data,39,40 acetate is expected
to be removed at 300◦C which is above its decomposition
temperature. However, acetate was repeatedly observed in
300◦C samples possibly due to the limited time at temper-
ature which prevents total decomposition. Heat treatment
at 500◦C completely removed the acetate but also caused
increased expression of second order A1 and E1 modes at
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F IGURE 3 Raman spectroscopy shows the presence of the acetate phase in cold sintered samples. Following 500◦C heat treatment it
shows complete removal.

F IGURE 4 Density comparison of nano-ZnO (nZnO) and coarse ZnO (cZnO) at various cold sintering pressures and temperatures
compared to conventional. nZnO showed a significantly broader density range which is thought to relate to an increased sensitivity to
processing parameters that often occurs when densifying nanomaterials.

≈580 and ≈586 cm−1, respectively. These modes relate to
c-axis Zn–O bond vibrations and are influenced by the O
stoichiometry of the samples.
Figure 4 summarizes the density of cold sintered sam-

ples under a range of experimental conditions. Relative
densities of >90% theoretical were achieved for all sam-
ples with >95% for samples cold sintered at 300◦C and
≥250MPa and conventionally sinteredmaterials. Densities
of cZnO were higher than nZnO in conventional sinter-
ing and cold sintering, consistent with Serrano et al.28

Temperature had a greater impact on the final density
than pressure which showed little effect on cZnO or nZnO
at <300◦C. At 300◦C, a modest increase in density with
increasing pressure is noted in nZnO compared to cZnO,
for which density remained largely constant. At 125◦C,
density varied greatly with little reproducibility in the data.
Overall, densities broadly match those reported by Funa-
hashi et al.22 and Kang et al.23 who employed starting
powders with similar particle size (≈200 nm) to cZnO.
Although nZnO has a smaller primary particle size and
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F IGURE 5 Fracture surface scanning electron microscopic (SEM) images of cold sintered nZnO showing significant growth and
elongation of grains with increasing temperature and pressure. Arrows 1 and 2 indicate grain growth observed in some areas of samples at
300◦C. Arrow 3 highlights triple points.

therefore a higher driving force for sintering compared
to cZnO due to its much higher surface energy, there is
greater agglomeration,41which counteracts the advantages
associated with smaller primary particles.
Figures 5 and 6 show SEM images selected from the

nZnO and cZnO sample sets, respectively, as described in
Figure 3 whereas Figure 7 compares fracture surfaces of
optimized coldwith conventionally sintered samples. Con-
ventionally sintered cZnO showed closely packed elon-
gated grains of 18–20 µm, with large intragranular pores
of 1–3 µm, and smaller intragranular pores of 300–600 nm.
Similarly, conventional sintered nZnO also showed a con-
tinuous, dense microstructure but with a wider grain size
distribution of 5–20 µm, and larger numbers of intra-
granular pores ranging from 100 to 500 nm in diameter.
Figure 8 graphically depicts the grain size distribution for
all cold sintered samples in which the grain size distribu-
tion increases with temperature for both cZnO and nZnO
and the median grain size remains close to the mean for
both materials and nearly all conditions (Figure 8).
At 125◦C 190 MPa, no grain growth was observed

in either nZnO or cZnO, however some densification
occurred, with SEM images showing intergranular con-

tacts (triple points). As temperature increased, the grain
size for nZnO and cZnO increased while retaining a nar-
row grain size distribution. At 300◦C for cZnO, grain size
was 285 nm (±144) 190MPa and increased to 505 nm (±330)
and 538 nm (±458) to 250 MPa and 375 MPa, respectively.
Although the average grain size increased only slightly
with from 250 to 375 MPa at 300◦C for cZnO, the mean
grain size for cZnO became much larger than the median,
indicating a greater population of larger grains, supporting
the premise of a more inhomogeneous microstructure.
For nZnO, at 300◦C, grain size and distribution

increased to 733 nmat 375MPa compared to cZnO (458 nm)
under the same conditions. The majority of cZnO and
nZnO pellets showed no signs of in plane grain growth
within their interior normal to the pressing direction.
However, at or near the surfaces, both materials showed
in-plane grain growth, especially at higher pressures. This
is attributed to “constrained sintering”, a common feature
of pressure sintering technology.8,14,41

Microstructures observed in cZnO samples compare
well to those of Funahashi et al.22 and Kang et al.23

However, our results show that the effect of pressure
is understated by these authors when cold sintering at
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F IGURE 6 Fracture surface scanning electron microscopic (SEM) images of cZnO showing lower grain growth until 300◦C and a
consistent equiaxed grain morphology with respect to nZnO.

F IGURE 7 Fracture surface scanning electron microscopy (SEM) of nZnO: (A) conventionally sintered at 1500◦C, and (B) cold sintered
at 300◦C, 375 MPa.

higher temperatures (e.g., 300◦C) with particularly nZnO
exhibiting a broader grain-size distributionwith increasing
pressure. Grain growth and broad grain size distribu-
tions are common problems in the sintering of nano-
powders, which evenwithout the presence of liquid phase,
are sensitive to factors such as heating rate.41 In addi-

tion, pressure impacts on grain morphology with nZnO
(Figure 5) equiaxed until 300◦C at low pressures but at
250 MPa grain growth is initiated at 200◦C with the for-
mation of elongated grains. In contrast, cZnO (Figure 6)
remained dominantly equiaxed at all pressures and
temperatures.
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F IGURE 8 Grain size distribution measured on the fracture surfaces of cold sintered cZnO and nZnO. Grain size distribution remains
stable with increase in pressure at lower temperatures. However, grain size distribution increases for both materials (especially nZnO) with
increase in pressure at 300◦C.

The difference in the grain morphology between nZnO
and cZnO are attributed to a number of factors. The greater
surface to volume ratio in nano (nZnO) compared with
meso (cZnO) particles leads to greater dissolution and pos-
sibly total dissolution of some of the ZnO particles (nZnO
has a surface area ∼3x that of the cZnO powder). The
rapid increase in grain size distribution at 300◦C may
be attributed to the much higher occurrence of break-
down of the zinc acetate complex27 when combined with
the rapid heating rate is hypothesized to cause a thermal
decomposition process in which Zn ions rapidly precipi-
tate out of solution as the acetate phase decomposes and
deposit locally. The form of deposition (heterogeneous
or homogeneous3) depends on what is most energeti-
cally favorable. Higher pressures leading to higher levels
of supersaturation and thus higher concentrations of Zn
deposition thus leading to a larger grain size distribution.
This effect at 300◦C, compounded by the higher pressure,
may not only lead to greater dissolution and thus supersat-
uration, but also Zn acetate/acetic acid being progressively
forced into fewer and fewer remaining pores as densifica-
tion proceeds. Overall, these experiments imply that while
high densities can be achieved across multiple conditions,
if cold sintering is to reach commercialization, much bet-
ter control of processing is required to optimize grain size
distributions and morphology.

3.2 Abnormal grain growth

Although a conventional grain structure with a
monomodal distribution was routinely observed for

nearly all samples, a minority exhibited microstructures
with evidence of abnormal grain growth, particularly
for nZnO. These may be separated into either individual
abnormally large ‘super’ grains in a matrix of smaller
grains (Figure 9A), or regions of larger grains with nano-
grains decorating their grain boundaries (Figure 9B)
giving a ‘cobblestone’ appearance. The former appeared
infrequently throughout samples but most commonly at
the surface, the latter was observed almost exclusively
very near to/or as a surface microstructure.
Regions of larger grains are not an uncommon fea-

ture in the conventional sintering of nano-powders. They
have previously been described to be caused by insuffi-
cient breaking up of powder agglomerates before sintering.
These agglomerates with better packing are thought to
experience accelerated growth leading to these structures.
Hynes et al.42 previously reported similar structures when
sintering nanophase ZnO conventionally.
It is thought that the formation of the “cobblestone”

structure may be caused by pressure progressively forcing
Zn-acetate/acetic acid to the surface where for a protracted
period (presumably the entire time to densification) dis-
solution/reprecipitation occurs, leading to abnormal grain
growth. Reprecipitation readily occurs at the surface of
the pellet since it is the region where the acetic acid
volatilizes and escapes though the gap between plungers,
die wall, and sample. This facilitates dissolution and mass
transport locally, leading to grain growth. The consistent
replenishing of the Zn-acetate/acetic acid rich regions near
the surface from the interior, means that these processes
continue to encourage grain growth longer, nearer to the
surface.
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F IGURE 9 Abnormal grain structures sometimes observed in cold sintered nZnO in the form of: (A) super-grain structures (arrowed),
and (B) grain boundary nano-grain formation (arrowed).

F IGURE 10 (A and B). Transparent layer of ZnO cold sintered between two layers of Kapton. Note the 2 in image B is underneath the
sample.

3.3 Thick film ZnO-Kapton multilayers

Based on the bulk studies described in the above sec-
tions. Conditions for cold sintering (200◦C, 250 MPa)
were chosen for the thick films to ensure densifica-
tion of the tape cast ZnO layers that were unlikely to
induce grain growth (promoting transparency as the grain
size/residual pore size would remain less than the wave-
length of visible light) and protected the Kapton from
charring. Figure 10A,B shows low magnification optical
images of a transparent ZnO layer cold-sintered between
2 layers of Kapton. The ZnO was tape cast directly onto
Kapton (up to 4 layers) with a 5 mm thick PTFE spacer
used to protect the sample from damage during cold
sintering.
Single layer composites showed the highest trans-

parency (Figure 10: note the orange coloration is from
the Kapton, not the ZnO). Transparency decreased with
an increasing number of layers, with samples becoming
totally opaque by 4-layers. Adhesion of the ZnO to theKap-
ton varied and flexing resulted in cracking of the ZnO layer.

However, samples would often tear the Kapton before
detaching from the ZnO.
XRD patterns revealed peaks associated with the

expected wurtzite structure. Narrow peaks were observed
in the 1- and 2-layer samples, but broadening was present
in 4-layer samples, suggesting a smaller crystallite size.
Broad intensities are observed at ≈14◦, 22◦, and 26◦ from
the amorphous Kapton.
SEM images (Figure 11) revealed mostly faceted,

equiaxed nano-grains and a decrease in grain size with
increasing layers, consistent with XRD line broadening.
One layer samples showed a dense microstructure with
a grain size of 154 ±67 nm 2- and 4-layer samples had
a grain size range of ≈121 ±51 nm and ≈63 ±28 nm,
respectively, with greater porosity (lower density) and
less faceted grains, presumably due to the Kapton inhibit-
ing heat transfer which may be solved through further
optimization of the heating schedule.
Optical and SEM images of a 2-layer sample in

(Figure 12) shows sharpKapton/ZnO interfacewith no evi-
dence of interdiffusion or penetration. Detachment of the
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F IGURE 11 Fracture surface scanning electron microscopy (SEM) from ZnO-Kapton composites post cold sintering with (A) 1-layer of
ZnO; and (B) 4-layers of ZnO.

F IGURE 1 2 Cross sectional optical (A) and scanning electron microscopy (SEM) (B) images showing the sintered layer bonded to the
Kapton layers.

top layer of Kapton was resolved by ensuring the Kapton
surfaces were thoroughly cleaned.
ZnO layers were therefore successfully deposited by cold

sintering using a tape cast process onto a polymer substrate
without evidence of deterioration. Moreover, the high den-
sity and small grain/particle size of the ZnO ensured that
the layers were transparent. There was a slight variation in
the thickness of the ZnO layers across the sample shown
in Figure 12, a particular layer thickness was not the core
aim of this study; rather we aimed to demonstrate proof-
of-concept which opens up a large number of potential
applications for the development of optic and electro-optic
devices and displays. To truly develop this process how-
ever, further understanding would require electro-optic
measurements and the deposition of thinner layers.

4 CONCLUSIONS

The role of pressure, temperature, and particle size on
the cold sintering of ZnO has been investigated. All sam-
ple sintered to >90% dense for all conditions studied with
the microstructures of cZnO matching previous findings.

Samples cold sintered at 300◦C were uniformly green but
color variation was observed at lower temperatures. The
green color was attributed to the presence of VO. Raman
spectroscopy identified the presence of retained Zn acetate
which could be eliminated by heat treatment at 500◦C.
Overall, temperature rather than pressure was deter-

mined to be the primary parameter in the cold sintering
of ZnO, irrespective of particle size. However, at 300◦C,
increasing pressure promoted greater density of nZnO as
well as widening the grain size distribution. Generally,
cold sintering of nZnO proved more challenging and sam-
ples exhibited abnormal grain growth, particularly near
or at the surface. Using conditions that densified bulk
samples but restricted grain growth (200◦C/250 MPa),
thereby minimizing internal light scattering, cold sin-
tered, tape cast layers of transparent ZnO were deposited
on Kapton, opening up the possibility for the fabrica-
tion of optic and electro-optic devices and displays in the
future.
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