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Abstract

30 Dense alumina composites with different carbon nanotube contentpregrared by
32 colloidal processing and consolidated by Spark Plasma Sinterir).(Sihgle—wall
carbon nanotubes (SWNTs) were distributed at grain boundaries laadirgo
35 agglomerates homogeneously dispersed. Carrying out Vickerselsardests on the
37 cross—section surfaces instead of top (or bottom) surfaces has shawticeable
increase in the reliability of the hardness measurements. ifiprovement has been
40 mainly attributed to the different morphology of carbon nanotube agglomsesaiich
42 however does not seem to affect the Vickers hardness value. Gaspesh lower
44 SWNT content maintain the Vickers hardness of monolithic alumivigereas it
significantly decreases for the rest of compositions. Theedsimg trend with
a7 increasing SWNT content has been explained by the presence hadfr HEYWNT
49 gquantities at grain boundaries. Based on the results obtaineethadrfor optimizing
Vickers hardness tests performance on SWNJAlcomposites sintered by SPS is
52 proposed.
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1. Introduction

Based on the exceptional combination of axial strength and resil@nsigh—aspect—
ratio carbon nanotubes (CNTs) [1-4], either single-wall or muiHMWNTS), the
development of composites has been significantly promoted laghdecade. Much of
the work has been focused on CNR@d composites, specially using MWNTs despite
their “sword and sheath” failure type make them less tstraily stable than SWNTs. A
great variety of conflicting results are reported in liter@t In some works no
reinforcement is observed [5-7] while in others fracture tough(kgsk increases [8—

16], but no clear trend is found when changing the amount of CNTSs.

The effect of CNT addition on composite hardness is not well edtatleither. While
several studies found the composite hardness worsens noticealsiyonating carbon
nanotubes compared to the hardness value of monolithic alum@&ad,23-15], other
authors reported enhanced hardness for composites with CNTs [11LTPR,16or
instance, Yi et al [10] found a decreasing trend in Vickers hasdoé SWNT/A}Os
composites prepared by combustion reaction and quick pressing. By adslidgand 2

wt. % SWNT, hardness values dropped 21%, 26% and 58% respectivalynpared
with alumina. Bakhsh et al [14]so found decreasing hardness values for 1, 2 and 3 wt.
% MWNT/AI,O; composites prepared by conventional sintering in flowing argon
atmosphere. On the contrary, Mo et al [11] found that MWNT adddf 1.5 and 3 vol.

% slightly enhanced the hardness of CNT/alumina compositesawithcrease of 5%

and 7% respectively as compared with monolithic alumina.

Regarding top views of Vickers indentation sites published elseVi®d@, it should

be noted that the diagonals of indenter imprint are not observed @ortiy@osite with
carbon nanotubes. Recently, Thomson et al. [7] have questionedlitigyvof the
Vickers method to quantify the hardness in 10 vol. % SWNUAlcomposites
fabricated by Wang et al. [Blecause the surface finishing was not acceptable, arguing
that the presence of large pores impedes indents measuringvétpne considerations
about the absence of impression of the pyramid’s edges aftegr¥imdentation were

discussed.
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Heterogeneous dispersion and distribution of CNTs in the ceramigxmpbor
chemical compatibility between CNTs and alumina hinderifeca¥e transfer load and
the large differences in the scales of the matrix minwotire and the carbon nanotubes
have been stated as main obstacles to transfer the desiftdiblenechanical properties
to the brittle ceramic matrix [5,7,11,14,15]. Adequate disper®f CNTs is very
difficult owing to their tendency to form bundles in order to minartizeir surface area.
Although aqueous colloidal processing has been assessed as amtefficimique
producing adequate dispersion of CNTs throughout ceramic matrix grain l@snda
after sintering [18-20], the presence of agglomerates saembe unavoidable.
Recently, Poorteman et al [21] fabricated MWNT/alumina cong®svith low MWNT
content (0.6 and 1.4 vol. %) by a colloidal processing route tongetielectrostatic
repulsion. The suspension was rapidly frozen with liquid nitrogeoviell by freeze—
drying to preserve the homogeneity of the mixture. Even those hssepreomposites
showed extended CNT agglomerated zones (frBGsize) despite all the precautions

taken.

The presence of agglomerated CNTs, usually related to high ¢c@N@entration, has
been pointed out as responsible for both the decrease of the fraoigteness
[11,14,15] and for the same decreasing trend followed by the hardakss with
increasing CNT content [14]. Moreover, sintering of CNT/allm@omposites usually
results in reduced density with increasing amount of CNTs in thexnjibd,16]. This
reduction in density has been attributed to the presenceylumagrates and leads to a
reduction in mechanical properties. Recently, Sarkar and Ddfs ift6rporated
MWNTs into ALO3 from a low level (i.e. 0.15 vol. %) to minimize the effef severe
agglomeration. These authors found a trend of decreasing sihtynatih increasing
CNT content above 0.6 vol. % MWNT and pointed out that with only 1.2 %ol
MWNT, the aggregates acted as pores of similar dimengiaysg a negative role in
densification. It is assumed that agglomeration becomes nelfarahigh CNT content
due to dispersion difficulties during processing [18], however no regdie studies
have been carried out to quantify this assumption. Unfortunately, l#uk of
publications providing quantitative information to characterize abpglomeration of
CNTs impedes to precisely compare the goodness among diffeoersping methods

and dispersion routines.
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Besides the CNT tendency to gather and the difficulty aboveiomed for comparison,
the mechanical properties of brittle ceramic matrix comp®gieesent an inherent
substantial scatter. Large scatter of mechanical datakgeld be analyzed according to
statistical methods for component designing with these matdfiamising results in
this direction have been recently published [22]. This studgaled that MWNTs
enhance mechanical properties of MWNT@4 compared to pure alumina and the data
treatment performed with statistical tools suggestecebsttuctural reliability of the
former [22]. Unfortunately, reliability studies of mechanipedperties of CNT/ceramic
composites are extremely limited, which keeps away theabmtal-life application of

these composites.

In this paper, aqueous colloidal processing of SWNTs and alumina ptadebeen
performed to minimize the heterogeneity in the CNT dispersion andasit@ powders
were subsequently consolidated by SPS to avoid damage the carbon naaoulibes
excessive grain growth of the matrix. The SWNT agglomerdigtsibution has been
characterized for the different SWNT content and the Vickeaglness has been
evaluated for these SWNT/AD; composites. Additionally, the effect of agglomerate
distribution on the Vickers imprint formation has been addressechéofirst time.
Weibull statistical analysis of Vickers hardness datadtss been performed to assess
the reliability of SWNT/ALO3; composites for structural applications and to establish the
actual effect of the agglomerates on mechanical proparti€NT/alumina composites.
In view of the results obtained, a method for improving hardneasumaments in such

composites has been proposed.

2. Experimental procedure

21 Raw materialsand processing

Monolithic polycrystalline alumina and SWNT/alumina compositeigh wdifferent
carbon nanotube content (1, 3, 5 and 10 vol. % SWNT) were preparedfatumina
powder (99% purity and 30—-40 nm particle size) supplied by Nanostrucaned
Amorphous Materials Inc. (Houston, TX) and HiP—co SWNTs provided dénbdh
Solutions Inc. (Riverside, CA). Details about colloidal processingpmposite powder

with acid treated SWNTs have been reported elsewhere [19]. pfbcedure was



O©CO~NOOOTA~AWNPE

specifically developed to achieve a highly homogeneous distributicddWifiTs at

ceramic grain boundaries [19].

The materials were consolidated by SPS (Syntex Inc. Model T6Sinter Inc.,
Kanagawa, Japan) using the following sintering conditions: swgteemperature of
1300°C for 5 minutes, applied uniaxial pressure of 75 MPa, and heatthgooling
ramps of 300 and 50 °C/min, respectively. These conditions weéreted based on a
previous study of the authors [23] devoted to optimize the sinteonditons for
monolithic alumina in order to achieve maximum density valuéls minimum grain
coarsening. Prepared samples were 15 mm diameter and 3 mmmnessick

approximately.

2.2 Density and microstructural characterization

Bulk densities were measured by the Archimedes method usingedistiater as
immersion medium. Theoretical density values for the composiées calculated by
the rule of mixtures assuming density values of 3.97 g &wn Al,O; and 1.80 g cif
for SWNTSs.

The structural integrity of SWNTs in the composites afte® Skatering was assessed
by Raman spectroscopy performed on fracture surfaces using asilispaicroscope
(Horiba Jobin Yvon LabRam HR800, Kyoto, Japan) equipped with a 20—raWNéd
green laser (532.14 nm).

Microstructural studies of composite fracture surfaces e performed by high—
resolution scanning electron microscopy HRSEM (HITACHI S5200) tdyamahe
distribution of SWNTSs in the alumina matrix, and to charaatetie ceramic grains
morphology. Distribution and morphology of SWNT agglomerates present in the
composites were characterized by low magnification conventionafl SEEOL
6460LV). Cross—section (c.s.) and in—plane (i.p.) slices, sugfaces parallel and
perpendicular to the SPS pressing direction were polished with dianasiel yp to 1

pm for morphological studies. Additionally, polished surfaces devtdecharacterize

the alumina grains were thermally etched at 1200 °C for 20 msimugar to reveal grain

boundaries. The morphology characterization was made measuring abaua230or
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agglomerates respectively to obtain the equivalent planaretkaras size parameter, d
(or D) = 2(areat)*’?, and the shape factor, f (or F) I(drea)/(perimetet) Hereafter,
lowercase letters will refer to alumina parameters and opperetters to agglomerates.
Surface density of agglomerates was evaluated from thefra&ion covered by them

in low magnification SEM micrographs.

2.3  Mechanical testing

Vickers hardness measurements were carried out on sampigisegoup to 1um
diamond paste. 19.6 N load was applied for 10 seconds using a diamonds Vicker
indenter (Duramin Struers, Germany). Vickers hardnessuests performed on both
c.s. and i.p. surfaces. 30 indents were made on each surtadm@woundary effects
(i.e. keeping the appropriate distance from sample edges and beinkaTiation
marks), in well-separated and randomly selected regions tfy w&tia consistency.
Only 15 indents were performed on each orientation in monolithic alufuna
comparison. The hardness valug (th GPa) was calculated from the indentation load P
and the diagonal of the Vickers imprint a; #11.854 (P/3.

For samples exhibiting more than 9 suitable tests, thed&ta—set was statistically
analyzed using a 2—parameWeibull distribution to quantify its scatter. According to
Weibull statistics, the cumulative probability) (of a parametetly, in our case, can be
expressed agp = 1 — exp[—(Hy/Hy )™] whereHy is the Weibull scale parameter,

i.e. the characteristic value of hardness having 63.2% probahitidm is theWeibull
modulus that describes the extent of scatter in a given data—set.cUinelative
probability can be obtained from empirical data using the apprgach:(i — 0.5)/n
where i is the rank of theith observation corresponding to data—set arranged in

ascending order and n is the total number of observations.

Hvwo parameter is a measure of the nominal hardness of theiahatad usually
increasingHyo values will be found with increasing values of average hardness.
Parametem is related to the reliability of a distribution, so highewvalues indicate a

lower scatter (narrower data distribution) and, hence, highabitgy. Thus a 1/(1-p)
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plot on a natural log(log) scale versHg/Hy, on a natural log scale should give a

straight line of slopenand from its intercept can be evaluatgg value.

3. Results and discussion

3.1 Microstructural characterization

Table 1 shows the density values of monolithic alumina and SWNJ{Alomposites

after consolidation by SPS. The nomenclature used to refiaetoomposites is also
included. The increase in relative density of SWNJTOAI composites with rising
carbon nanotubes content implies that SWNTs promote densificattbese materials.
Present results differ from most of the published results Nii/&l,O3; composites

[9,101214,16] where CNTs inhibit densification of AD;. Only few works report
relative densities ~100% [8] or densification enhancement @NA incorporation

[11,17]. In our case, this favorable sinterability suggests thespcesof an effective
diffusion layer bonding the SWNTs and the alumina grains. Accorditigetgintering

temperature used, the formation of an aluminum oxy-carbide pAkge—C interphase
among SWNTs and ADs grains) is possible [22,24].

Figure 1 presents the characteristic fracture surfaces ehibjtthe composites which
illustrate the adequate dispersion of SWNT bundles surrounding alugnaas.
Transgranular fracture zones are appreciated in composite Cle Wie other
composites mostly exhibit intergranular fracture. CNTs remtaclzed to the grains
taking their shape and no pull-out is observed after intergranaletufe. SWNTs
located mainly parallel to the fracture surface, implying fll-outs, have also been
observed in SWNT reinforced zirconia toughened alumina (ZTA) compd&ts
Whereas the alumina grains surrounded by SWNTs are scarce it &pears that
SWNTs cover most of the grain boundaries in the composites witlehCNT content.
The series of high—magnification micrographs show that SWNTs likeka black
covering that coats an increasing portion of alumina grain surfaitksincreasing
SWNT content. The higher the amount of carbon nanotubes, the tlaeggnain surface
coated by them. Dark regions are composed by SWNTs as confirmdraringan

spectroscopy (not shown). Similar microstructure has been preyvioistrved in other
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SWNT/AIL,O3 composites [6,19,20]. In MWNT/AD; nanocomposites only Huang et al.
[26] observed this particular microstructure also in thecténe surface. These authors
relate the observation of printed CNTs like stamps on the alumamasgwith carbon
diffusion into alumina lattice [26]. This idea suggests thatappearance of CNTs like
a blanket coating the grains observed in these composites coutditetive of the

presence of AI-C—O interphase between CNTs and alumina geéensed by [22,24].

Table 1 displays global results of morphological parameterdunfi@a grains. No
differences were observed on results from i.p. and c.s. sgrfao the mean grain size,
its standard deviation and the shape factor values presentdaeiritare the average
parameters from both orientations. HRSEM observations of polishedhanmally
etched surfaces evidenced the existence of anomalous alurainaggpwth together
with an elongated aspect of the matrix grains regardlessatmposition and orientation
(not shown). Similar mean grain size (beloyarh) and shape factor (about 0.7) were
measured in composites with lower SWNT content (C1 and C3) andgniicsint
differences were observed compared to monolithic alumina grainsep@#pt for
narrower size distributions (smalley). Conversely, finer grain size with narrower
distributions were found in composites with high carbon nanotube contenan5

C10), but differences in relation to the grain shape werapmeciated.

Low—magnification SEM micrographs (figure 2) illustrate theaagement and
morphology of SWNT agglomerates in the i.p. and the c.s. surfatth®ugh many
processing efforts were devoted to obtain a homogeneous distribut®VNTs, it is
obvious that the presence of agglomerates in the composites haenavoided. It is
interesting to note that the existence of agglomerateadtaantailed detrimental effect
on density values (table 1). The rough finish observed is due to pubi-the alumina
grains, which takes place during the polishing process of the coewo$his is in
agreement with the observations of Echeberria et al. ¢85fougher finishing in
surfaces with small alumina grains and CNTs compared tofifieshing in areas
consisting of large—grains without CNTs. These latter zonesingastent in our

composites due to the adequate dispersion of SWNTs achieved.

While the agglomerates (dark phase) are randomly oriented omptlseiiface (fig. 2a),

a strong alignment is clearly observed from micrographs onshelane (fig. 2b), with
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their major axis disposed perpendicular to the direction of appliedsure during
sintering. Only Thomson et al. [7] have also referred amipmt orientation of CNT
agglomerates in alumina. Similar agglomerate size, abo@& |s-(table 2), was found
regardless the SWNT content on the i.p. sections. Snwfles were measured on the
c.s. surfaces for each composite. Furthermore, agglomerapessiwere also very
sensitive to orientation. Whereas more rounded shape is found on. therfigqees (F =
0.6), a marked elongation was observed in the c.s. aggloméfate8.4 — 0.5). These

morphological characteristics suggest that the agglonseasgeflattened structures.

Regarding the surface density of agglomeratego remarkable differences have been
found in relation to surface orientation. A considerable increade surface density of
agglomerates with increasing SWNT content up to 5 vol. % atserved, changing
from 0.6 % in C1 to 2.4 % in C5 (table 3). However, similgglamerate surface
density was found for C5 and C10 composites. These results higtiligmeed to
characterize agglomerate densities for each prepared compdsitdifferent SWNT

content.

Assuming that the area fraction covered by agglomerates in SEMgraphs is equal
to its volume fraction in composites (Delesse’s principletefemlogy), the percentage
of the CNT content that are agglomerated was estimated tinenbulk density of
agglomerates and the SWNT content for each composition (A% 06p,/
SWNT vol.%). The SWNT vol. % contained in the agglomerates can lecthir
inferred from agglomerate bulk density. The SWNT vol. % dsgetrat the grain
boundaries is directly the difference between the total SWblfent and the SWNT
content within the agglomerates. Hereinafter, A-SWNTs aBdSBVNTs will refer to
SWNTs arranged in agglomerates and at grain boundaries rgepeckrom these
calculations, similar percentages of the SWNT content (~ 80%) were agglomerated
in composites up to 5 vol. % SWNT, leading to both higher A— and GB-SWAIT
contents in composites with higher SWNT content (table 3). Thisepgage is even
smaller in the case of C10 (~ 20%) than for the former comgosjtwhich results in a
net A-SWNT content similar to that of composite C5 and a laageyunt of SWNTs
distributed at the grain boundaries. Although it has generally assuimed by other

authors that agglomeration increases in case of high CNT conterib diispersion
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difficulties, the results presented here point otherwise. Tladeulations are in
agreement with increasing amounts of SWNT bundles embedded aevamgic grain
boundaries observed by HRSEM (fig. 1). Besides, the matineraént found in high
SWNT content composites (C5 and C10, table 1) also supportthéharedominant
volume fraction of SWNTs is placed in networks surrounding the ceranaiins.
Despite the presence of agglomerates, the GB—SWNT fractoaffectively inhibited
the matrix grain growth since the presence of SWNTs a&nuergrain boundaries

disfavor both grain boundary sliding and diffusion during densificd#@28].

3.2 Evaluation of Vickershardnessin SWNT/AI,O3; composites

Since microstructural characterization revealed anisotropggdiomerate morphology,
hardness both on i.p. and c.s. surfaces was evaluated. Reggteliformation of the
indentation marks, most of the i.p. imprints were not well defioedll composites, i.e.
the diagonals of the Vickers imprint were not visible (fig), 3vhile a higher number of
proper well formed indentations were obtained on c.s. surfaces3(f)g Up to our
knowledge, no similar findings have been published in literature.eSWickers
hardness is calculated from diagonals of indenter imprints, the raggog of each
imprint was examined to discard those without the charadteNstkers indenter
regular shape. These optical images of typical indenter nadsksshow that polished
surfaces have a rough finish due to grain pull-out during polishing. gickis also

exhibit typical lack of classical radial cracks in the ind&inh impression [6,25].

A trend of decreasing on the number of Vickers marks showing vdié¢gnals with

increasing SWNT content can be clearly appreciated for alpositions in the bar
chart graph of figure 4. Furthermore, these results also poirthauthe use of cross—
section surface allows an accurate measurement of Vickedndssr in these
composites more efficiently. As an example of the inefficyeof the procedure on i.p.
surface, after 30 indentations performed in C3, only one proper measmase
accomplished (fig. 4). In contrast, 24 proper imprints were obtainecls. surface for
the same number of performed indentations. For composites withr \@MNT

content, no suitable imprints were found on their respectiveurfaces (therefore, bars

of C5 and C10 are not shown for these cases in fig. 4).
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Since the ceramic grain morphology resulted very similar ih bpt and c.s. surfaces,
any discrepancies found in the definition of the imprint between botacegrmay be
due to a different cause, most likely related to the differemnhgement and shape of
the CNT agglomerates. Taking into account that the agglomedipsrsed in the
alumina matrix are SWNT entangled networks, they are bent dia@ugng acquiring
the shape of the indenter. Once the load is removed they aretezkpecelastically

spring back to their original conformation.

Therefore, SWNT aggregates can be visualized as elastigorks which prevent
plastic deformation by indentation. Recently, Sarkar and Dasrgtgfred MWNTs
stayed intact in their positions in indented regions of pressure-dedered
MWNT/alumina composites, while alumina matrix exhibited permawukefbrmation.
The finding of unaffected carbon nanotubes by the indenter tip—CN¢t ditteraction
during the indentation load cycle [22] supports that the contacebatihe indenter tip
and elastic SWNT agglomerates prevents the formation ofintepproperly. The
probability of finding agglomerates is proportional to the agglateesurface density.
When the indenter is pushed in the direction of the sinteringeappressure, the
rounded shape and larger size of the agglomerates favors greatact surface with
the indenter. However, in the cross—section areas the aggtesesdibit smaller size
with a much higher aspect ratio, very thin and elongated idliteetion perpendicular
to the applied pressure, leaving larger agglomerate—frees @ameaontact with the
indenter, which allows permanent deformation of the matrix duiimgenter
penetration. This idea could also explain the decrea$e inumber of suitable imprints
with increasing SWNT content, which would be due to the increassyglomerate
density. This also suggests a control technique to compare SWphdArsiis in these
composites consisting of making a fixed number of Vickers indengtso that the
number of unsuitable marks can roughly provide direct information on Ve¢ &
SWNT agglomeration. The decreasing tendency in the number of proges
observed between C5 and C10 for indentations performed on their crass-sect
surfaces (figure 4) suggests that the extent of SWNT lkayezring the alumina grains
could also affects the imprint formation. These CNTs are ralyddmpersed in the
alumina matrix and acquire the tortuous shape of alumina grain basdaur results
suggest that the higher the surface contact among indenter and'sS\{Bhth in

agglomerates as at grain boundaries), the greater the nambesuitable indentations.
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Vickers hardness values were evaluated only from indentations rehowell defined
marks. Values determined for each material resulted werijas both for the different
orientations examined and for the different scanned zones on edabes(table 4).
Therefore, although applied pressure during SPS leads to prefemigmhent of
SWNT agglomerates perpendicular to the pressing direction, Idirebserved on
agglomerates distribution (fig. 2b), anisotropic effects hastebeen observed in the
values of Vickers hardness for these SWNIBlI composites. Except for the
composite C1 whose hardness is similar to that of monolithmialy H, values of the
composites with higher SWNT content are lower. This can beiaggldy the fact that
SWNTs are a softer component [17]. Despite the drop observarnposite hardness
with respect to alumina, it is interesting to note the high hasdradse measured for C5
on c.s. surface (15.4 GPa), a value 40 % higher than that fouadsforilar composite

also indented on its c.s. surface [7].

The greater number of proper imprints found in c.s. surfacewsakh higher accuracy
on the hardness measurements performed on these surfaces imismmiia those
carried out on i.p. surfaces. This is supported by the redudtithre standard deviation
of the data measured on c.s. surfaces due to the greatdremwh appropriate
measurements (table 4). Therefore, the indentation of the crossassurface is
proposed for these composites in order to achieve superior precisenessiness

measurement.

Weibull plots (figure 5) of § data obtained from indentations performed on c.s.
surfaces of the composites show satisfactory linear fits stensiwith the Weibull
distribution proposal. Results of Weibull statistics are tabdlst¢able 4.

A decreasing trend of thé/feibull moduli (i.e. slope of the linear regression lines) with
increasing SWNT content is observed. Hence, thed&ta present a higher scatter in
composites with higher SWNT content because the lawaneans the greater the
variability of hardness. Compared to monolithic alumima.¢. = 40.2), the addition of
SWNTs leads to a poorer structural reliability (i.e. lmwalues). Notwithstanding the
above, the decrease is not very pronounced in the case of lloenagzanotube content
(mc1 = 31.2). Nearly invariable reliability was found for G:¢ = 15.0) and C5n(cs =
14.8) composites. Such large variability would lead to uncertaintiesbitaining a
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precise H value for composites with high SWNT content. Since the aggktmer
density for all these composites is different, this simyan Weibull moduli found for

C3 and C5 rules out that the increased scattek afdth with increasing SWNT content
from 1 to 3 vol. % is due to a greater presence of agghieeerThe fact that interfacial
bonding between alumina grains degrades with SWNT addition, in agméemith
increasing tendency to intergranular fracture exhibited by the ca@padig. 1),
suggests that GB—SWNTs could be the weakest flaw controllingdthecatter. The
decreasing trend afeibull moduli with increasing SWNT content up to 3 vol. % could
be related to higher possibility of indentation zones with alumiaemg surrounded by
GB-SWNTs. HRSEM inspections support that the alumina grains surrounded by
SWNTs were scarce in C1 and an increasing fractioduofiina grains was coated by
carbon nanotubes with increasing SWNT content (fig. 1). Once BR&S@WNTSs cover
most of the grain boundaries in the composites, this effectasegsuteading to a
stabilization ofm value in composites with higher CNT content (C3 and C5). Thus, the
continuity degree in the GB—SWNT distribution could be the key point congdhe

variability of hardness.

The characteristic values of Weibull distributioHs, exhibit the similar decreasing
trend than transversal\Hdata with increasing SWNT content (i.e., leftward shift
observed in Weibull plots for composites), changing from 19.3 to 15.8 GP
composites with 1 and 5 vol. % SWNT, respectively. The C1 coibepsisows a slight
increase iy, compared with the value of 19.0 GPa found for monolithic alumina in
agreement to meanyHvalues also reported in table 4. The composites C1 and C3
exhibited similar matrix microstructures whereas C5 even dhaekned grain size
(table 1). Therefore, the\l decreasing trend with increasing SWNT content observed
in figure 5 is not expected from matrix microstructure diffee=n Moreover, the
increasing agglomerate surface densities found in these coegpdsid to similar
percentages of SWNT content arranged into agglomerates imeall Wwith increasing
both A— and GB-SWNT vol. % as SWNT content increases (tabl€h®&).hardness
decrease could be explained arguing that CNT incorporation involveslitligon of a
softer phase and interfacial bonding between alumina grains worsdnsSWNT
addition. Therefore, more quantity of SWNTs at grain boundariest ineisthe

responsible of thelyy decrease.
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Performing similar statistical analysis, an improvemeritgfin pressure—less sintered
MWNT/alumina composites has been reported by Sarkar and DasT[#e authors
propose that the adequate grain boundary cohesion achieved by flexibienvailed
carbon nanotubes entangling alumina grains could be responsible stiglkrior K
reliability of the composites over pure alumina despite theepoes of CNT
agglomerates. Our results point in the opposite direction to siiggested by the
previous authors. SWNT addition reduces the reliability of hardradass in alumina—
based composites. It affects negatively the grain boundary cohesgMYNT/alumina
composites and SWNTs distributed at grain boundaries are pointeel adtital flaw.
It is suggested that the fraction of alumina grains surrounded BYTSWontrols the
variability of hardness values, whereas the increasing amdui@Be-SWNTs is
responsible of the decrease in characteristic hardnesssvalith increasing SWNT
content. The presence of agglomerates does not play a fundamsatah the W

distribution in these composites.

4, Conclusions

SWNT/AI,O; composites with carbon nanotube content from 1 to 10 vol. % were

prepared by colloidal processing and SPS. An increasing treheimrélative density
with increasing SWNT content has been observed. Dense compweifiesubmicron

alumina matrix were obtained with SWNTs distributed at glainondaries and into
agglomerates homogeneously dispersed. The agglomerate sizZeapedrasulted very
sensitive to orientation, exhibiting a much higher elongation in divection

perpendicular to the applied pressure in cross—section areas tharptané surfaces
where agglomerates were more rounded without exhibiting preferreutation. The
characterization of SWNT agglomerates performed in this waodicates that
increasing SWNT content (from 1 to 5 vol. %) involves similarceetage of the

SWNT content placed in agglomerates (~ 50%).

A decreasing trend of the number of Vickers marks showing visilalgonals with
increasing SWNT content was clearly appreciated for all coriposi In order to
optimize the performance of Vickers hardness tests, ind@mtah the cross—section
surfaces is proposed. Superior hardness measurement reliabiitytesting on cross—

section surfaces over in—plane ones is mainly attributed toiffeeedt agglomerate



O©CO~NOOOTA~AWNPE

morphology observed between these orientations. A control technigaenipare
SWNT level of agglomeration in these composites is proposedstiogsof evaluating
the number of imprints without pyramidal diagonal marks after makifiged number
of Vickers indentations. This number provides rough information oretred 6f SWNT

agglomeration.

Although applied pressure during SPS leads to preferential alignoie@®WNT
agglomerates perpendicular to the pressing direction, anisogfipats have not been
observed in the values of Vickers hardness. The decreasing trelgdaiith increasing
SWNT content observed for these SWNTR@d composites has been explained by the
presence of higher SWNT quantities at grain boundaries. Thengeesf agglomerates

does not play a fundamental role on thediktribution in these composites.
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Figure captions

Figure 1. HRSEM micrographs of fracture surfaces: (a) C1, (c)(€3C5 and (g) C10.
Details corresponding to higher-magnification micrographs are shogh, ifd), (f) and
(h). The dark regions are SWNT bundles (arrows) surrounding aluméias glight

regions).

Figure 2. SEM micrographs showing the SWNT agglomerate distribution on {a) in
plane and (b) cross—section surfaces of composite C10. CompressidarmgsSPS is

indicated in (b) by arrows.

Figure 3. Optical images illustrating the different appearance ofirtiq@ints in C1

composite after indenting on (a) i.p. and (b) c.s. surfaces.

Figure 4. Statistical bar chart with percentages of proper indentatimmigd out on the
different composites in both the in—plane (solid bars) and crosssdhbllow bars)

surfaces.

Figure 5. Weibull plots of H, data of C1, C3 and C5 obtained on transversal surface
orientation (solid regression lines). Data of monolithicQAl are represented for

comparison (dashed regression line).
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Table 1. Theoretical and relative density and morphological parameteeduaiina

grains.
, SWNT content Pth Pr <d> O<g>

Material (vol. %) (g cn®) (%) wm ) f

AlL,O5 0 3.97 97.7 0.7 0.€ 0.67 £ 0.1.
C1 1 3.9t 98.t 0.€ 0.2 0.68 = 0.1!
C3 3 3.90 99.7 0.7 0.4 0.67 £0.12
C5 5 3.87 99.8 0.5 0.4 0.71+0.12
C10 10 3.75 100 0.5 0.3 0.67£0.12

* Data from reference [23
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Table 2. Morphological parameters of SWNT agglomerates measured .oandpc.s.

surfaces for each composite.

I.p. C.S
Material <D> O<p> F <D> O<p> F
(um)  (um) (= 0.20) (um) (Um) (= 0.20)
C1 7.6 6.2 0.63 2.7 1.€ 0.5C
C3 6.4 3.8 0.61 55 3.9 0.53
C5 8.5 7.0 0.60 5.3 3.9 0.41
C10 7.6 5.7 0.56 6.0 6.0 0.43
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Table 3. Surface density of SWNT agglomerates, percentage of carbuotiube

content in agglomerates and A— and GB—-SWNT vol. % calculateshch composite.

Material  pq (%) A% A-SWNT  GB-SWNT

(vol. %) (vol. %)
C1 0.€ 60 0.€ 0.4
C3 1.3 43 1.2 1.7
C5 2.4 48 2.4 2.€
CiC 2.1 21 2.1 7.
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Table 4. Vickers hardness values of monolithic alumina and SWNOAtomposites.
The number of suitable measurements is indicated in parentResiglts of Weibull

statistics for c.s. fldata are also tabulated.

, Hy (GPa) Weibull parameters
Material

i.p. C.S. global m Hvo (GPa)

Al,O; 18.3+0.4 (15) 18.7+ 0.5 (15) 185+05 (30) 40.2+1.7 19.0
Cl 187+15(8) 18.9+0.7(27) 18.9+1.0(33L.2+15  19.3

C3 17.1 (1) 16.8+1.3(24) 16.8+1.0(25) 15.0+0.4 17.3
C5 n/a 154+15(09) 154+15(9) 14.8+1.0 15.9
C10 n/a 14.0+0.7(5) 14.0£0.7(5) n/a n/a
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Figure captions

Figure 1. HRSEM micrographs of fracture surfaces: (a) C1, (c) C3, (e) C5 and (g) C10.
Details corresponding to higher-magnification micrographs are shown in (b), (d), (f) and
(h). The dark regions are SWNT bundles (arrows) surrounding alumina grains (light

regions).

Figure 2. SEM micrographs showing the SWNT agglomerate distribution on (a) in—
plane and (b) cross—section surfaces of composite C10. Compression axis during SPS is

indicated in (b) by arrows.

Figure 3. Optical images illustrating the different appearance of the imprints in C1

composite after indenting on (a) i.p. and (b) c.s. surfaces.

Figure 4. Statistical bar chart with percentages of proper indentations carried out on the
different composites in both the in—plane (solid bars) and cross—section (hollow bars)

surfaces.

Figure 5. Weibull plots of Hy data of C1, C3 and C5 obtained on transversal surface
orientation (solid regression lines). Data of monolithic Al,O; are represented for

comparison (dashed regression line).



