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Abstract A microstructural modelling of the micro-
structure in single wall carbon nanotubes reinforced alu-
mina ceramics has been developed. The model accounts for
the main microstructural features, being quite useful to
describe the carbon nanotube distribution along the cera-
mic matrix. The microstructural analysis derived from this
model is found to give a deeper insight into the high-
temperature creep of these composites.

Introduction

Since lijima discovered carbon nanotubes (CNTs) [1],
there has been a growing interest in the study of the
structure and properties of CNTs [2-5]. Particularly over
the past decade an intense effort has been carried out in
ceramic matrix composites with single wall carbon nano-
tubes (SWCNTs). This interest stems from the idea that one
can impart some of attractive properties of the SWCNTSs to
the ceramic matrix composites, resulting in materials with
interesting properties, such as mechanical [6, 7], electrical
[8, 9], thermal [10] and thermoelectric [11] properties. One
of the most studied properties are the mechanical ones, due
to the exceptional SWCNTs stiffness and strength [2, 12—
15]. Physical properties of polycrystalline ceramics depend
on grain boundaries structure [16]. In ceramic matrix
composites with SWCNTSs, grain boundaries can be engi-
neered by the adequate control of the SWCNTSs dispersion
into the ceramic matrix. Different dispersion routines have
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been performed to increase the dispersion grade of
SWCNTs and to avoid bundles of nanotubes driven by Van
der Waals attraction [17-24]. SWCNTs are distributed
along ceramic matrix grain boundaries, Padture et al. [25]
explain the SWCNTs distribution as 3D network of a 2D
mat comprising entangled 1D SWCNTs bundles. Recently,
in a small angle neutron scattering, Koszor et al. [26]
showed that predominant part of SWCNTSs can be found in
loose networks surrounding the ceramic matrix grains. In
this work, a modelling of SWCNTs distribution along grain
boundaries will be discussed. A relationship between
SWCNTs volume fraction f, ceramic matrix grain size d,
mean SWCNTs bundles diameter w and ceramic matrix
grain surface fraction without contact with SWCNTs (D)
will be developed. Quantitative microstructural data mea-
sured by transmission electron microscopy (TEM) and
electron energy loss spectroscopy (EELS) will be carried
out to prove the developed model validity and its appli-
cation to understand high temperature mechanical proper-
ties of Al,O3/SWCNTSs composites.

Experimental procedure and results
Sample preparation

Two sets of composites were fabricated: Al,O3/SWNTs
and Al,Os/acid-treated SWNTs (TSWNTs); the difference
being in the dispersion routine. The fabrication of the
Al,O3/SWNTs composite is described in a previous study
[6], and the as-received SWNTs were dispersed in a
methanol solution with Al,O3 nanopowders; with the aid of
ultrasonic agitation, yielding in 90 vol% Al,O3 + 10 vol%
SWNTs in the solution, followed by Spark Plasma Sin-
tering (SPS) at 1350 °C and 5-min holding time. In the
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acid-treated sample an aqueous colloidal processing with a
SWNTs acid-treatment are carried out as dispersion routine
[19], the SWNTs volume fraction and SPS sintering are
identically than Al,O3/SWNTs sample. Densities were
measured using Archimedes method resulting in 94.9 and
97.6% for AlLLO3/SWNTs and Al,O3;/TSWNTs, respec-
tively. The theoretical density values for the composites
were obtained from the literature, which are based-on-rule
of mixtures calculation using the following density values
[27]: AlL,O; 3.97 g/lem® and SWNTs 1.80 g/cm?.

Microstructural characterisation

Grain size measurements were carried out in a previous
work by TEM [28]: grain size values of 0.83 + 0.07 and
0.50 £ 0.04 um were measured for Al,O3/SWCNTSs and
Al,O3z/TSWCNTs composites, respectively. Grain size was
defined by d = 1.56L, where L is the mean interception
length. This grain size definition is usually used in alumina
ceramics [29]. Carbon maps were obtained by EELS for
both composites to measure the width of SWCNTSs phase w
and alumina grain surface fraction (A) under contact
with SWCNTs. The width of SWCNTs phase w range,
obtained by EELS and TEM, is 2 nm < w < 0.2 pm and
24 nm <w < 1.5 um for Al,Oz/SWCNTs and Al,Os/
TSWCNTs composites [30], respectively. The mean
SWCNTs width phase w measured for Al,O3/TSWCNTSs
composite is 24 += 8 nm and w = 120 £ 40 nm for Al,O3/
SWCNTs composites using EELS carbon maps [28]. The
EELS carbon maps were acquired in a CM200 (Philips
Electron Optics, Eindhoven, The Netherlands) operated at
200 kV and at EELS lowest magnification, which was not
enough to characterise regions with agglomerated SWNTs
presence. This magnification is suitable to characterise
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Fig. 1 Bright Field TEM picture showing SWNTs agglomeration in
Al,O3/SWNTSs composites

width of SWNTs bundles up to 300 nm in order to acquire
a map with more than 15 grains and its boundaries, with the
aim of obtain a precise statistical assessment. A correction
using Bright Field imaging in the latter TEM microscope
was performed, obtaining after that a value of w =
300 £+ 100 nm. Agglomerated SWNTs in Al,O3/SWNTs
composite can be observed in Fig. 1. For further details
about EELS see Ref. [28]. Values of P = 0.27 &+ 0.03 and
P =0.81 £ 0.08 were measured for alumina grain
perimeter fraction under contact with SWCNTs P for
Al,O3/SWCNTs and AlL,O3/TSWCNTs composites [30],
respectively.

Modelling and discussion

Assuming a homogeneous SWCNTs distribution, a 2D
picture of the system based on a projected area modelling is
shown in Fig. 2. Prismatic hexagonal grains, with mean
grain size d and the height of layer thickness, L, are con-
sidered. Cylindrical SWCNTs, with mean diameter w are
also modelled, as depicted in Fig. 2. With these assump-
tions, the volume fraction of SWCNTs f can be written as
follows:

naw?L naw?

B naw?l + gdzL B naw? + @dz

(1)

where n is the mean number of nanotubes per hexagonal
grain.

The surface fraction of Al,O5; grain boundaries under
contact with SWCNTs can be written as follows since a
projected SWNTs area on Al,O; grain surfaces, as an
assumption of the contact geometry, was made:

Fig. 2 Schematic picture of a 2D model layer of Al,O; grains and
SWNTs modelling
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Thus, a closed expression between A and f can be achieved:
f
A=——— (3)
21 -)

The surface fraction of Al,O5 grains without contact with
SWCNTs ® = 1 — A, written as follows:

(14
D= d d
21 =)

Obviously, when ® = 0 no Al,O; free surface is found.
This fact is SWCNTs diameter dependent. In a real
SWCNTs distribution, the SWCNTSs diameter has to be
changed for the mean SWCNTs width phase, due to
agglomeration by Van der Waals forces [18, 19] of
SWCNTs during composites fabrication. In order to study
the quality dispersion of SWCNTSs, a relationship between
the f and @ follows from (4):

_ qa-o)
1+24(1 — @)

(4)

f (5)
Equation 5 can be understood as a relationship between the
volume fraction and SWCNTs width phase for a specific
value of surface fraction @ and grain size d. Other geo-
metrical configurations were developed. A thorough anal-
ysis shows that the factor 4 obtained in hexagonal
geometry ranges between 2\/ 2 and 4\/ 3 for different
geometries. Hexagonal geometry was chosen because it
provides a useful and simple view of the problem. With
this geometrical assumption, the surface fraction of Al,O3
grain boundaries under contact with SWCNTs is calculated
from Al,O; grain perimeter fraction under contact with
SWCNTs (P). The perimeter fraction squared is the surface
fraction. Alumina grain surface fraction without contact
with SWCNTs @ can be calculated as 1 — A. Therefore,
values of ® =0.93 £ 0.02 and ® = 0.34 £ 0.08 were
obtained for Al,O3/SWCNTs and Al,O3/TSWCNTs com-
posites, respectively. A plot of volume fraction versus the
mean SWCNTs width is shown in Fig. 3a for different
values of surface fraction ® and grain size d. In this model,
for 0.8% of volume fraction all the Al,O3 grain boundaries
are completely covered by SWCNTs admitted 1 nm
SWCNTs diameter. This is not the case in a real system
because of the presence of agglomerated SWCNTSs. These
agglomerated SWCNTs can be imagined as a SWNT with
a diameter equal to the bundle width. In Table 1 the
SWCNTs bundle width w, surface fraction ®@ and grain size
d measured by TEM and EELS in Al,O3;/SWNTs and
AlL,Os/TSWNTs composites are shown. The values of
volume fraction f, grain size d and surface fraction @ of
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Fig. 3 a Theoretical model plot; volume fraction versus mean
SWCNTs width for different values of surface fraction @ and grain
sizes d. b Correlation between experimental values of mean SWCNTs
width and theoretical model developed for Al,03/SWNTs and Al,O3/
TSWNTs composites

Table 1 SWCNTSs bundle width w, surface fraction @ and grain size
d for Al,O3/SWCNTs and Al,O3/TSWCNTSs composites

Composite SWCNTs Surface Grain
width w (nm) fraction @ size d (um)

Al,O3/SWCNTs 300 £ 100 0.93 £0.02 0.83 £ 0.07

AlLO3;/TSWCNTs 24 +°8 0.34 + 0.08 0.50 £ 0.04

ALO3/SWNTs and Al,O3/TSWNTs composites can be
used to prove the validity of the developed model. A plot of
theoretical and experimental values of Al,O3/SWNTs and
AlL,O3/TSWNTs composites volume fraction versus
SWCNTs width phase w is shown in Fig. 3b, including the
tolerance of surface fraction ® carried out in the theoretical
calculations and the tolerance of SWCNTSs width phase w.
A good agreement between theoretical calculations and
experimental values prove the model validity.
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Application to high temperature creep

All existing high temperature creep results are interpreted
in terms of the conventional creep equation [31]:

I3 n

) ()
where ¢ is the strain rate, A dimensionless constant, G the
shear modulus, b the magnitude of the Burgers vectors, k
the Boltzmann's constant, 7 the absolute temperature, o the
applied stress and d is the average grain size. The term D,
is the frequency factor of an appropriate diffusion coeffi-
cient, whose Arrhenius dependence includes the corre-
sponding activation energy Q. This diffusion coefficient is
the one for the migrating species involved in the accom-
modation process. The parameters p and n, respectively,
the grain size and the stress exponent, as well as the acti-
vation energy (, and the microstructural changes after
deformation are the fingerprints of possible deformation
mechanisms. In our work all the creep data have been fitted
to Eq. 6.

In a previous work, high temperature creep tests under
uniaxial compression stress were performed. The tempera-
tures used were selected to be high enough for diffusion
processes to occur, but sufficiently low to avoid grain growth.
Argon gas atmosphere was used in order to avoid oxidation of
the SWNTs [7, 28]. The composites were characterised using
Raman spectroscopy with the aim of detecting SWNTS pres-
ence after creep tests [7]. All this data can be summarised as
follows. An stress exponent close to 3 and an activation energy
of about 680 kJ/mol were obtained for Al,Oz/SWCNTSs and
Al,O3/TSWCNTs composites and at the same stress and
temperature the Al,O3;/TSWCNTs composite shows a 3 times
higher creep resistance than Al,O3/SWCNTs composite as is
shown in Fig. 4. Microstructure of Al,O3/SWNTs and Al,Os/
TSWNTs composites before and after deformation can be
observed in Fig. 5. Dislocation density was measured and
dislocation slide were identified as deformation mechanism in
Al,O3/SWCNTs and Al,O3/TSWCNTSs composites [7, 28].
One can understand these results in terms of SWCNTs
agglomeration in both composites, or alumina grain surface
fraction without contact with SWCNTs ®. The dislocation
density p would fit to the critical resolved shear stress t
through Friedel's law [32] as follows:

T = CGb\/p (7)

where b is the dislocations Burgers vector and C is a
material constant, between 0.2 and 0.5 [33]. The critical
resolved stress T is the applied stress ¢ multiplied by
Schmidt factor, a mean value for the Schmidt factor of a
polycrystal can be around 1/3, so Eq. 7 becomes:

0= Gb\/p (8)
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Fig. 4 Plots of high temperature steady-state creep rate (&) versus
applied stress (o) data for the AlLO3;/SWCNTs and Al,O3;/TSWCNTs
composites at: a 1300 °C and b 1350 °C

SWCNTs phase acts as rigid phase. In consequence, the
Al,Oj3 phase has a restricted mobility, since a high fraction
of grains are under contact with one or more SWCNTs
phase regions. This fact is a strong restriction for grain
boundary mobility, inhibiting grain boundary sliding. Thus,
the main mechanism for plasticity is intragranular defor-
mation of alumina grains through recovery creep. The
applied stress has a relationship with dislocation density
given by Eq. 8. Therefore, the recovery dislocation
velocity V [34] will be proportional to the effective diffu-
sion coefficient, applied stress and number of free sinks
(points which can act as source of defects for dislocation
glide or dislocation annihilation, which are proportional to
surface fraction of Al,O5 grains surface without contact
with SWNTs @) as follows,

Dy

%
<kT

O 9)

where k is the Boltzmann constant. The Orowan’s law [31]
can be written as,
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500 nm
I

500 nm

Fig. 5 Bright Field TEM picture of a AlL,O;/SWNTs before deformation. b Al,O3/SWNTs after deformation. ¢ ALO3/TSWNTs before

deformation. d Al,Os;/TSWNTs after deformation

i = pbV (10)

With the substitution of Egs. 8 and 9 into Eq. 10, next
equation is obtained,

Dett
11
T (11)

where K is a material constant.

In our materials, a stress exponent close to 3 has been
measured. Therefore, the Eq. 11 allows us to explain the
mechanical behaviour of our composites. Figure 6 is a
plot of steady-state strain rate versus stress normalised by
surface fraction of Al,O5 grains surface without contact
with SWNTs ®. Good fit can be observed between
experimental data and the model developed. Notice that a
stress exponent lower than 3 has been measured due to
some grain boundary sliding. Recently a new model
developed by our group [35], has put forward a theo-
retical approach to grain boundary sliding in ceramics
systems, without the presence of dislocation activity
during deformation, as it is observed in most polycrys-
talline ceramics as YTZP [36], MgO [37] and -SiAION
[38]. Arising from this model a stress exponent of 2 is
explained for grain boundary sliding during deformation.
The grain boundary sliding mechanism can be explained
as the consequence of the peculiar compromise between
grain dynamics and mass transport among grains when
the material is mechanically stressed. In the AlL,O3/
SWNTs and Al,O3/TSWNTs composites, SWNTSs inhibit

&= K®g>
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Fig. 6 Theoretical analysis of high-temperature creep data of Al,O3/
SWCNTSs and Al,O3/TSWCNTSs composites

diffusion partially along grain boundaries and blocked
grain boundary sliding, subsequently a harder mechanism
as recovery creep take place. Nevertheless, marginal
grains may slide resulting in a stress exponent lower
than 3.

Conclusions

Ceramic/SWCNTSs composites properties are related with
the unique grain boundary structure. A geometrical model



J Mater Sci (2010) 45:2258-2263

2263

of SWNT distribution along grain boundaries has been
developed to study the relationship between the different
quantitative SWCNTs distribution magnitudes measured in
a previous study [28]. The model gives a good accuracy of
the ratio of SWCNTs in contact with alumina grains.
Therefore, this model can be of great help for ongoing
works to correlate physical properties with SWCNTs
ceramic matrix composites microstructure.
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