
Please cite this article in press as: A. Rincón, et al., Colloidal processing of fully stabilized zirconia laminates comprising graphene
oxide-enriched layers, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.01.035

ARTICLE IN PRESSG Model
JECS-10492; No. of Pages 8

Journal of the European Ceramic Society xxx (2016) xxx–xxx

Contents lists available at www.sciencedirect.com

Journal  of  the  European  Ceramic  Society

journa l homepage: www.e lsev ier .com/ locate / jeurceramsoc

Colloidal  processing  of  fully  stabilized  zirconia  laminates  comprising
graphene  oxide-enriched  layers

Acacio  Rincón a,  Rodrigo  Moreno a,  Carlos  Fidel  Gutiérrez-González b,  Raquel  Saiz c,
María  Dolores  Salvador d,  Amparo  Borrell d,∗

a Instituto de Cerámica y Vidrio (ICV), Consejo Superior de Investigaciones Científicas (CSIC), Kelsen 5, E-28049 Madrid, Spain
b Centro de Investigación en Nanomateriales y Nanotecnología (Consejo Superior de Investigaciones Científicas, Universidad de Oviedo, Principado de
Asturias), Avenida de la Vega 4-6, 33940 El Entrego, Spain
c Nanoinnova Technologies SL, Parque Científico de Madrid, Faraday, 7, E-28049 Madrid, Spain
d Instituto de Tecnología de Materiales (ITM), Universitat Politècnica de València (UPV), Camino de Vera s/n, 46022 Valencia, Spain

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 11 November 2015
Received in revised form 22 January 2016
Accepted 24 January 2016
Available online xxx

Keywords:
Colloidal processing
8YSZ
Graphene
Functional properties
Spark plasma sintering

a  b  s  t  r  a  c  t

Multilayer  materials  have  demonstrated  to  provide  an  efficient  mechanism  for toughening  by deflection
of  a propagating  crack  by  weak  interlayers.  Therefore,  the aim  of  this  work  is  to study  the  colloidal  pro-
cessing  of 8  mol%  yttria  stabilized  zirconia  (8YSZ)  based  laminates  by  intercalating  thin  layers  of  graphene
enriched  with  8YSZ,  and  to  evaluate  the  advantages  of  such  multilayered  structure  in the  propagation  of
cracks  induced  by indentation.  Green  tapes  of  8YSZ  and  graphene-oxide  with  YSZ  were  obtained  by aque-
ous  tape  casting  and  sintered  in  one-step  by spark  plasma  sintering  at 1400 ◦C. Microindentation  results
showed  that the indentation  cracks  propagate  within  the  horizontal  direction  within  the  ceramic  layer,
but in  the  cross-sectional  direction  the  presence  of  the GO-rich  layers  stops  the  cracks  without  deflec-
tion  or  bifurcation.  The  hardness  and  elastic  modulus  values  were  higher  than  17.6  GPa  and  230  GPa,
respectively,  and  similar  for all  layers.

©  2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

8 mol% yttria stabilized zirconia (8YSZ) has been extensively
used as an electrolyte because of its low electronic and high oxide
ion conductivity over wide ranges of temperature and oxygen par-
tial pressure, as well as excellent chemical stability under reduced
and oxidized atmospheres at a high temperature. These properties
make 8YSZ a powerful material for applications as oxygen sen-
sors and solid oxide fuel cells [1–5]. The basic structure of a solid
oxide fuel cell (SOFC) comprises at least three layers of ceramics or
cermet: i.e., electrolyte, anode and cathode layers [6,7]. The elec-
trolyte is a dense ceramic, typically yttria stabilized zirconia (YSZ)
or gadolinium doped ceria (CGO), whereas the electrodes must be
porous and can be either a ceramic or a cermet. Typical anode mate-
rials are Ni-YSZ and Ni-CGO while LSM (La, Sr, Mn  oxide)-YSZ and
LSCF (La, Sr, Co, Fe oxide) are the most frequently used as cathode
materials [8–10]. The most important designs for SOFCs include
tubular and planar configurations [11,12]. Among them, the anode-
supported planar configuration is probably the most extensively
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used. Planar cells are fabricated by considering the different layers
(electrode and electrolytes) produced by different techniques, such
as tape casting and screen printing, which are the most suitable to
produce large surfaces and fast, low cost mass production. Because
of the multi-layer nature of the cells, any mismatch in the free sin-
tering kinetics of the individual layers leads to stress and distortion
during the sintering process [13–15]. Hence, the electrolyte layer
must have high fracture strength and toughness, good thermal con-
ductivity and a thermal expansion coefficient similar to that of the
other components. Fully stabilized zirconia has not the excellent
mechanical properties that partially stabilized zirconia has so that
the development of strengthening mechanisms is strongly desired
to meet the requirements of SOFCs.

The main reinforcing mechanisms for zirconia ceramics are
those based on the phase transformation of zirconia from tetrag-
onal to monoclinic induced by mechanical stresses, and the use
of composites with second phase particles, whiskers, platelets
or fibers and, more recently, the development of ceramic matrix
nanocomposites is receiving great attention [16–19]. The use of
such nanocomposites has shown to significantly enhance the
mechanical properties even at high temperatures. For example, the
fracture strength and creep resistance of Al2O3 were improved by
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Fig. 1. Schematic flow chart showing the dip-coating, the stacking, the punching process that allows the conformation of the different architectures and then, the SPS process.

3–5 times and by 3–4 orders, respectively, by incorporating only
5% nano-sized SiC particles [20].

Another route for reinforcing the properties of ceramics that
is receiving increased interest is the use of composites containing
carbon nanodispersoids such as carbon nanotubes (CNTs), carbon
nanofibers (CNFs) or graphene. The incorporation of such carbona-
ceous derivatives have demonstrated to improve the electrical and
dielectric properties of the composites after reduction to reduced
graphene during the thermal treatment under vacuum, hot press-
ing (HP) or spark plasma sintering (SPS), but its efficiency as a
strengthening agent is still controversial [21–25]. For example,
the main factors responsible for the inhomogeneous dispersion
of CNTs in the ceramic matrix are the weak interfacial bonding
between CNTs and ceramic grains, and the damage of CNTs during
high temperature processing. Some strategies have been developed
to improve the dispersion of the carbon nanodispersoids and the
homogeneity of the sintered materials such as heterocoagulation,
colloidal dispersion, acid treatments and sonication, among others
[26–29].

Graphene oxide (GO) is easily dispersible in water so that uni-
form GO-ceramic composites with homogeneous microstructures
can be obtained. However the mechanical properties expected
for GO-ceramic composites are not as good as required, at least
for bulk materials. Some publications on graphene reinforced
yttria-partially stabilized zirconia composites obtained by SPS have
been recently reported [30,31]. Shin et al. obtained fully densified
reduced GO-YSZ composites with improved electrical conductivity
and fracture toughness, but hardness decreased with reduced GO
addition. Liu et al. reported the preparation of graphene platelets-
zirconia-toughened alumina (GPLs-ZTA) composites in which an
addition of 0.81 vol% GPLs into the ZTA composite resulted in a 40%

increase in fracture toughness. They also found that the hardness
decreased with the introduction of GPLs as a minor phase.

An effective way  for enhancing the properties of ceramic-based
composites is to produce laminates with tailored distribution and
thickness of the layers. Multilayer materials have demonstrated to
provide an efficient mechanism for toughening by either the deflec-
tion of a propagating crack by weak interlayers or by designing
strongly joined interfaces where an alternate tensile-compressive
residual stress state may  arise during cooling from sintering. A
broad body of work has been published concerning the processing,
sintering, and mechanical performance of zirconia-toughened lam-
inates focusing the key role of the residual stresses on the fracture
behavior [32–36].

Colloidal processing allows to obtain uniform dispersion of dif-
ferent phases with high reliability and through simple processing
methods [37,38]. In particular, great effort is being developed in
order to obtain uniform microstructures with a good dispersion
of the nanodispersoids by controlling the colloidal and rheological
behavior of the mixtures [39,40]. In previous works, the prepa-
ration of Al2O3-3YTZP-graphene multilayer materials combining
tape casting and fast spark plasma sintering technique with good
cohesion between layers and high hardness and Young’s modulus
values has been reported [41–43].

However, the processing, sintering and mechanical properties
of fully stabilized zirconia (8YSZ) reinforced with carbon deriva-
tives have not been studied in detail. In this case the preparation
of laminates containing GO could be an attractive route to intro-
duce weak interfaces capable to reduce the residual stresses and
to improve the mechanical resistance of the stack in the cells. The
aim of this work is to study the colloidal processing of 8YSZ-based
laminates by intercalating thin layers of GO-enriched with 8YSZ,

Fig. 2. Flow curves of suspensions of 8YSZ (45 vol% solids) prepared at different sonication (US) times (a) and of suspensions of 8YSZ after the addition of different amounts
of  binder in wt%  (b).
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