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Mechanisms of Bonding Effect-
ed by Nanoparticles in Zirconia
Coatings Applied by Spraying of
Suspensions

Abstract

Zirconia coatings consisting of a mixture
of coarse and fine grained zirconia pow-
ders prepared by spraying of suspensions
and subsequent thermal treatment at li-
mited temperatures (up to 500°C) are
poor in adherence and in intrinsic me-
chanical strength. We have shown else-
where that mechanical properties of these
coatings can be improved clearly by ad-
ding a small amount of nanoscaled zir-

conia.

Here, the structural and the chemical de-
velopment of this coating material and of
the nanoparticles is examined to gain in-
formation about the underlying bonding
mechanisms. The applied temperature is
relatively low in comparison to the usu-
al onset temperature of accelerated sinte-
ring. Nevertheless, the results show that
diffusion controlled material transport
mechanisms play their role in bonding.
The condensation of surface OH groups

may participate in bonding, too.
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These first results confirm the potential
of nanoparticles to act as inorganic bin-
der. Additional research effort to clarify
the underlying mechanisms in detail is of
interest. For the practical side, it can be
concluded that the resulting effect of me-
chanical consolidation of ceramic struc-
tures at relatively low temperatures enab-
les new ceramic applications, for example
a new type of ceramic coatings on metal-

lic substrates.

Keywords: ZrOZ, ceramic coatings, nano-

particles, bonding, colloidal processing.

Introduction

Different surface functionalities can be
realised on metals by thick ceramic coa-
tings. PVD/CVD and sol-gel routes lead
to a limited coating thickness. Usually
coatings with a thickness in the order of
100 pm are applied by using high tem-
perature processes. Corresponding main
routes are enamelling and various ther-
mal spraying processes [1]. These coa-
tings are also suitable for long term ope-
ration at high temperatures. When coa-
ting methods on the basis of particle sus-
pensions with subsequent heat treatment
are used, drying and sintering shrinkage
are detrimental effects on formation of
dense and well adhering coatings on ri-

gid substrates.

One approach to reduce shrinkage is to
include fractions of larger particles. Lan
and Xiao [2] minimized drying stress and
cracking of ZrO, coatings during drying
by adding sub-pm or pm particles to a

suspension of nanoparticles.

Their colleagues, Wang et al. [3] avo-
ided overall shrinkage with the so-called
‘bricks and mortar’ concept using 10-60
pm ZrO, particles as structural backbone.
The coatings with a thickness of 200-600
pm were fired at 1200°C with the ‘mor-
tar’ consisting of 14 nm ZrO, particles to

obtain mechanical strength.

However, many substrates do not allow
such high heat treatment temperatures.
Applications that require neither sophis-
ticated coating strengths nor dense coa-
tings would be simply and economically
accessible by colloidal coating methods
(dipping, spin coating, spraying) if bon-
ding could be realised at low applicati-
on temperatures. At 500°C we achieved
ZrQ, coatings with a remarkable strength
if ~ 8 wt.-% of the ceramic fraction con-
sisted of nanoparticles [4]. This interes-
ting result directly leads to the question
about the underlying bonding mechanis-

ms.

Surface diffusion is the first expected sin-
tering mechanism in the low tempera-
ture sintering stage. A rough estimation
of the onset temperature of surface diffu-
sion is given by the “Hiittig temperature”
T, =03T (T in K) which is 620°C
in the case of ZrO,. Akash [5] determi-
ned the temperature dependence of the
surface diffusion coefficient in the tem-
perature range of 900-1050°C for yttria
stabilized zirconia particles with a mean
particle size of 15 nm, determined by
XRD/Scherrer equation. Extrapolating
the surface diffusion coeflicient given by
Akash down to a temperature of 500°C

results in a massively smaller surface dif-
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fusion coefficient (13 orders of magnitu-
de lower). At first sight, it can be con-
cluded from this extrapolation and from
the Hiittig temperature, that surface dif-
fusion should not be relevant at 500°C.
But, the results of Skandan [6] show that
the impact of particle size on sintering in
the lower nm-range has to be considered.
Compacts made of 6 nm zirconia partic-
les exhibit a linear dilatometric shrinka-
ge of -~ 2 % [6] with increasing tempe-
ratures up to 500°C due to coarsening
and particle rearrangement. Particle coar-
sening and shrinkage give the hint that
diffusion is relevant at 500°C for partic-
les < 10 nm. Next to surface diffusion
even volume and grain boundary diffu-
sion would take place because these two
mechanisms are connected with shrin-
kage. Other work [7] confirms by speci-
fic surface area measurements, XRD and
TEM that ZrO, particles in the same size
range are coarsening with increasing cal-
cination temperatures from 400 to 450
and 600°C. For example from XRD data
crystallite sizes of 6, 8, 11 nm for the res-

pective temperatures were calculated.

Coalescence has to be mentioned as a
further particle coarsening mechanism.
In-situ TEM observations at 890°C re-
vealed this mechanism for 20-200 nm
zirconia particles next to formation of

sintering necks [8].

Physisorbed and chemisorbed surface
water becomes quantitatively relevant for
nanoparticulate powders because of their
high specific surface area. For their study
the authors of [9] annealed ZrO, pow-

der with a specific surface area of 80 m?/g

at 600°C to remove organics. Then, they
found a reversible water uptake of 2.5
wt.-% from air as determined by weight
loss up to 400°C by TG analysis. In ag-
reement with this result and on the ba-
sis of quasielastic neutron scattering ex-
periments, they conclude the existence of
two hydration layers on top of the layer of
surface OH groups. The number of lay-
ers results from the assumed areal densi-
ty of about 4.6 molecules per nm? which
was a cited literature value, given for sili-
ca surfaces. The question arises if a high-
er water amount could have been found
if final TG analysis temperature had been
higher. A report [10] leads to this conclu-
sion because their FTIR spectral analysis
shows that OH groups are still present on
zirconia surfaces after heat treatment at

400°C under vacuum.

Anyway, several OH groups per nm? are
present on zirconia surfaces representing
an amount being worth to consider when
nanoparticles are used generally. Dehyd-
ration alters chemical bonds and is also
causing material transport. So, it may
contribute to the formation of interpar-

ticle bonds, as will be discussed.

The present work investigates the che-
mical and microstructural development
of coatings based on a nanoparticula-
te “mortar” in a temperature range up to
500°C in order to identify possible bon-

ding mechanisms in our coatings [4].

Experimental

In our work we compare the behaviour

of a) the pure ZrO, nanoparticle fraction
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(“n-ZrO,”) and b) the coating material
(termed as the “mix”) that did not under-
go thermal consolidation at 500°C prior

to the examinations.

The n-ZrO, (doped with 4 mole-% Y,0,)
was produced by a precipitation and hyd-
rothermal treatment. Afterwards, as con-
tinuation of the nanoparticle preparati-
on process [11], the particles were che-
mo-mechanically surface modified to ob-
tain stable colloids (d, (vol) = 14 nm) in
ethanol. XRD reveals tetragonal crystalli-
tes with an average size of 6.1 nm. A spe-
cific surface area of 164 m?/g can be cal-
culated (Aspec = 6000 / [d

XR
this value which is in good agreement

5 Pl) from

with BET measurements: 166 m?/g for

the powder being free of organics.

The ethanolic suspension for the spray
application of the coatings contained 80
wt.-% ZrO, and 1.3 wt-% 3,6,9-trioxa-
decanic acid as surface modifier / disper-
sing agent. The ceramic fraction consis-
ted of 65.8 wt.-% calcined spray dried
granules (Tosoh TZ-3Y, exhibiting 4.6
m?/g after calcination at 1200°C), 26.3
wt.-% of de-agglomerated ZrO, (Tosoh
TZ-3Y, 13.5 m?/g) and 7.9 wt.-% of n-
ZrO,. This suspension was sprayed on
steel substrates, dried, and the coating
was removed to gain the “mix”. For the
results in [4] the coatings have been con-
solidated at 500°C and it is shown the-
re that their abrasion resistance is clear-
ly higher, in comparison to coatings wi-
thout nanoparticles. Further details on
suspension and coating preparation can

be found in [4].

Here, the mix and n-ZrO, were exami-

ned by ...

e Dilatometry - Linseis “Dilatome-
ter L25”. Samples have been com-
pacted without binders or pressing
additives by axial and isostatic pres-
sing, 10 K/min heating rate in the

dilatometer

e N2 ad-/ desorption - Quantachro-
me “Autosorb-AS6”, for BET spe-
cific surface area determination and
to receive the BJH pore size distri-

bution

e TG/DSC - Netzsch “STA 449 C”,
10 K/min heating rate, in air at-

mosphere

e C/H analyser (carrier hot gas ext-
raction method) - Leco “RC-4127,
50 K/min heating rate

e XRD - Philips “X’Pert MRI”

Results and Discussion

Sintering shrinkage measurements as well
as measurements to determine the deve-
lopment of the specific surface area and
of the pore structure have been executed
to allow conclusions about sintering me-
chanisms. The accompanying characteri-
zation of mass loss, heat low and C/H re-
lease completes the examinations on the
side of chemical reactions taking place

upon heating the material up to 500°C.

1 Dilatometry

Shrinkage curves of the mix and n-ZrO,

are shown in figurel. Due to the use of
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a coarse ZrO, fraction (calcined granu-
les in the size range 10-100 pm) the mix
material does not undergo relevant shrin-
kage, even up to 1000°C, which is an im-
portant requirement to receive crack free
and adhering coatings on a rigid subst-

rate.

In contrast, the shrinkage of n-ZrO,
starts above 200°C and passes to accelera-
ted sintering at about 900°C. This broad
temperature range of first linear shrinka-
ge and the observed shrinkage of 3.2 %
at 500°C leads to the conclusion that ma-
terial transport mechanisms (particle re-
arrangement, diffusion) take place. Thus,
neck growth and shrinkage are relevant
for n-ZrO, at 500°C, although those me-
chanisms appear at much higher tempe-

ratures for sub-pm particles.

The coarsening of n-ZrO, particles is
confirmed by XRD measurements (6.1 —
7.8 nm after heat treatment at 500°C).
From dilatometry it can be concluded
that nanoparticles themselves can under-
go shrinkage at comparatively low tem-
peratures. Therefore, nanoparticles in the
coatings being in contact with larger par-
ticles can act as binding bridges by the
formation of sintering necks without
shrinkage. The binding effect of the na-
noparticles can be explained on the ba-
sis of material transport mechanisms that
have been proven indirectly by dilatome-
try, XRD and specific surface area mea-
surements, as will be shown in the next

section.

2 Specific surface area and pore size

The specific surface area of the n-ZrO,
decreases from 166 m?*/g at room tempe-
rature to 115 m?/g at 500 °C (table 1).
The reduction of the specific surface area
is in good agreement with the theoretical
values calculated from XRD data due to
particle coarsening and formation of par-
ticle contact areas that are not longer ac-

cessible for N, adsorption.

calculated from

XRD data

imeasured

n-ZrO,

RT 6.1 nm —164 m*/g {166 m?/g (a)
500°C 7.8 nm — 128 m?/g (115 m%/g

Table 1: Specific surface area of n-ZrO,.(a): mean
value of measurements on 2 samplesafter stripping

off organics

Table 2 summarises specific surface areas
for the mix. Values slightly above 21 m?/g
have been measured. The calculated va-

lue was obtained by adding the weighted

£ 01
S mix
3 5
107 at s00°c:
Mix: dL/L0 = - 0,087 %
-15 7 n-Z2r02: dUL0 =-3.2 %
n-Zro2
-20 T T | | |
0 200 400 800 1000 1200
termperature [°C]

Fig. 1: Linear shrinkage of mix and n-ZrO,, dilatometric measurement (see text for specification of

mix).
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areas of the ZrO, fractions. The fact that
measured values are higher than the cal-
culated values can be explained by a slight
sedimentation of coarse zirconia granules
in the suspension prior spray application
and their resulting depletion in the coa-
ting. This effect probably causes varia-
tions of the fractional ZrO, coating com-
position which may also result in varia-
tions of surface areas. Another factor in-
fluencing surface area measurements can
be given by the presence of organics (1.6
wt.-% = 6.2 vol.-% surface modifier). To
check if the organic fraction masks a part
of the surface area, the mix was cleaned/
washed with Na(OH) to strip off the or-
ganics. The so treated mix exhibits a lar-
ger surface area of 23.8 m?/g. Compa-
red to the value after heat treatment at
500°C, it results in an apparent decrease
of surface area. This is a hint to conclu-
de that surface reducing sintering mecha-
nisms can also be present in the mix. But,
regarding the discussed possible compo-
sitional variations, this conclusion has to

be made with care.

Mix measured zaolrip.from

RT 21.1(b) / 23.8(c) m*/g {19.7 m?/g
15.7(d)

500°C 21.6 m?/g m?/g

Table 2: Specific surface area of the mix.
(b): with organics, (¢): free of organics, (d) used
value for n-ZrO,: 115 m*/g (see text for specifica-

tion of mix).

Increase in pore volume and average pore
size (11.3 — 13.7 nm) can be observed
in figure 2, when the mix in room tem-
perature state / after heating to 500°C is
compared (figure 2). On the basis of pre-

sent results, it cannot be concluded if this
is due to organics burn out and/or due
to sintering neck formation and “pore

smoothing” [5].

A complete disappearance of the micro-
pores (< 2 nm) being present in the room
temperature state of the mix give a strong
hint for sintering neck formation and/or

coalescence of particles at 500°C.

3 DSC / TG measurements
Figure 3 shows the DSC and TG plots of

the mix upon heating. There is one exo-
thermic DSC peak at 333°C which can
be ascribed to organics burn out and cor-
relates to the mass loss in this tempera-
ture range. A further step of mass loss
below 200°C can be explained with the

loss of adsorbed water.

0,001 - —_
ad
— Mix HT WE
=iz 500°C —
i}
=
=
o
=
0,0005 A =
o
= =
=T =
(= o
=,
=]
=
wo ]
2 10 100
= .
= pore diarmeter [nm]

Fig.2: Differential and cumulative pore volume distributions in the mix (see text for specification of

mix).
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4 C/H analyser
The DSC and TG data can be underlined

by measurements with the C/H analyser,
as shown in figure 4. Here, the appea-
rance of carbon coming from the sample
shows a maximum at 287°C. This lower
peak temperature can be explained by the

use of pure oxygen as analysis gas in com-
parison to air in the DSC/TG.

Water originates from different sources
like water adsorbed on the surface and in
the pores (appears at lower temperatures
than C), from oxidized H from organics
(signal decreases parallel to that of C) and
from surface OH groups (at higher tem-
peratures). Considering a C content of
50 wt.-% and a H content of 10.5 wt.-%
in the organics (this is close to the valu-
es of the surface modifier and of potenti-
al residual ethanol in the pores), it is pos-
sible to allocate 2.7 wt.-% of the measu-
red water to the organics. From two Karl-
Fischer titrations, a mean content of ad-
sorbed water in the mix of 0.44 wt.-%
was determined. Subtracting this physi-
sorbed water and the amount of water
due to organics from the total measured
water amount (3.54 wt.-%) leads to the
result that 0.4 wt.-% water may have sur-

face hydroxyl groups as origin.

This equals to 11 OH groups per nm? of
the ZrO, surface area, which is signifi-
cantly higher than given in literature (4.6
OH groups / nm?) [9]. These authors as-
sumed the existence of three layers with
this density and stated that the adsorbed
H,O layers being directly on the layer of
OH groups are very immobile, too. So,

these inner immobile adsorbed water lay-

ers may not be detected by the Karl Fi-
scher method. This is a possible reason
why we found a higher number of surface

OH groups.

Anyway, from this calculation and the ge-
neral state of knowledge the existence of
several OH groups per nm? on surfaces
of oxides can be taken as fact. As they
become quantitatively relevant for na-
noparticles with e.g. surface areas > 100
m?/g, this publication suggests to consi-
der their role in binding effects by nano-
particles. At low temperatures where dif-
fusion mechanisms are not yet relevant,
binding could take place as condensation
of OH groups to form Me-O-Me bonds
(Me = metal).

— - _ =i
S 100 Mix 0,4 £
o —_— =
é 99 el JeskE
—DSC 8
T 020
98 mass at 500°C: 96,4 %
- 0,1
97 1 0
96 T T T '0, 1
0 200 400 600 800
temperature ["C]

Fig. 3: Thermo-gravimetric and differential scanning calorimeter signal of the mix (see text for specifi-

cation of mix).
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Conclusions

The remarkable bonding effect [4] of -
8 wt.-% zirconia nanoparticles in ZrO,
coatings that have been heat treated at
500°C is examined and discussed for the
first time. For this temperature, in agree-
ment with the literature it was concluded
that sintering mechanisms are active for
the nanoparticles used, even those me-
chanisms that cause grain coarsening and
shrinkage locally. Further, the condensa-
tion of surface hydroxyl groups may con-
tribute to inter particle bonding. This ef-

fect may be superimposed by sintering.

More research is needed to identify and
quantify the relevant bonding mechanis-
ms in detail. Further information would
be gained if neck growth and/or coale-
scence of -~ 6 nm ZrQO, particles at 500°C
could be confirmed by imaging, for ex-

ample with TEM observations.

The observed bonding effect was com-
bined with the use of multiple partic-
le fractions with different sizes to achie-
ve densely packed structures inhibiting
overall shrinkage. This approach allows
the preparation of porous, well adhe-
ring ceramic coatings on rigid substrates
with strength values sufficient for appli-
cations with limited requirements on the
strength. It opens the way to new appli-
cations because a large variety of substra-
tes can be equipped with such coatings
via simple wet coating processes using
suspensions and subsequent heating at

moderate temperatures as 500°C.

For the development of new applications

for those coatings it seems to be promi-

sing to apply further research effort. This
will utilise the described principles for
the realization of other ceramic systems.
It also seems to be realistic to achieve
further optimization of coating strength,

density and thickness.

This work was presented at the 10th In-
ternational Conference of the European
Ceramic Society, June 17 - 21, 2007,

Berlin and can be cited as:

J. Adam, M. Aslan, R. Drumm, M. Veith
“Mechanisms of Bonding Effected by
Nanoparticles in Zirconia Coatings Ap-
plied by Spraying of Suspensions” Proc.
10" ECerS Conf. (2007), edited by J.G.
Heinrich and C.G. Aneziris, Géller Ver-
lag, Baden-Baden, pp. 307-311.

=

total content:
1.42w.-% C

3.54 wt.-% H20
- 0.39wt-% H

—H20 —C

— |

200
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temperature [°C]

Fig. 4: Temperature dependent C and H,O release from the mix,

fication of mix).
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Abstract

PZT powder has been synthesized via re-
active dry milling using PbZrO, and Pb-
TiO, as starting materials. Stable sus-
pensions of the PZT particles in eth-
anol (dSO(Vol) = 115 nm) were ob-

tained by a chemomechanical disper-
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