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bstract

he behavior of alumina nano-particles taken from a commercial powder is investigated during in  situ  compression experiments in a transmission
lectron microscope (TEM). Small particles of 40 nm in diameter can undergo severe plastic deformation without failure, whereas brittle fracture

s observed for 120 nm sized nano-particles. This is evidence of a critical size under which alumina, at least in the form of nano-particles, cannot
e considered as brittle materials even at room temperature and a direct observation of the grinding limit generally observed during ball milling.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Nanometer-size polycrystalline ceramics are currently
ttracting attention, due to specific mechanical properties, such
s high hardness, crack propagation resistance, or optical prop-
rties such as transparency. Many research projects are currently
n progress to optimize the properties of nanometer-size grain
eramics since they are expected to present great potentials.1 It
as been reported2 for example that bulk ceramics composed of
ano-grains could undergo ductile deformation under pressure
t very low temperature (180 ◦C).

An important point to improve the processing of nano-
eramics is the better understanding of how single particles
ehave under pressure or applied external stresses even before
intering. Propensity to plastic deformation during compaction
ay for example open a new route to deformable ceramics, even

t room temperature. Ball milling is often used to decrease par-
icle sizes toward the nano-scale. Particles are submitted to very

arge mechanical solicitations and broken to reduce their sizes.
owever, there is a critical size, the grinding (or comminution)

imit, below which the particles cannot be broken further.3 It is
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herefore of great interest to follow and understand the behavior
f ceramic nano-powders under load. In  situ  testing of ceramic
ano-particles, coming from commercial source, and with sizes
f less than hundred nanometers has never been conducted,
espite its potential impact for the processing (i.e.  compaction,
all milling) or the design (i.e.  mechanical properties) of nano-
tructured bulk ceramics.

In  situ  mechanical testing inside a TEM is probably the
est-suited strategy to investigate the mechanical behavior of
aterials at the nano-scale or more precisely the mechanical

ehavior of nanometric particles. Impressive nano-compression
xperiments were, for example, carried out recently on CdS
ollow spheres, with diameters ranging from 200 to 400 nm,4

r on silicon nano-particles of roughly 100 nm.5 Failure was
bserved at a very high stress, after considerable deformation.
ecent investigations showed that Si nanopillars could exhibit a
rittle–ductile transition during compression tests: pillars having

 diameter larger than 400 nm developed cracks as expected for
rittle materials, whereas smaller pillars could present a ductility
omparable to metals.6

However, these results cannot be extrapolated to alumina in

he form of spherical nano-particles, since the hollow sphere or
illar geometry undoubtedly plays a major role on the mechan-
cal properties of the particles and plasticity in alumina may
ccur for different sizes than that of CdS or Si.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.029
mailto:Lucile.Joly-Pottuz@insa-lyon.fr
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.029


2068 E. Calvié et al. / Journal of the European C

F

m
s
i

2

i
J
a
t
l
t
m
H
f
b
r
t
c
a
m
s
a
s
t
p
a
p
fi
t

c
e
d
N
w
s
p
a
2

c
p
f
a
s
r
t
fi
a
1
w
t
t
t
o
c
c
p
r

3

c
p
t
n
f
N
F
S
t
f
a
w
c
c
t
i
i
p

w
a
n
m
t
l
1
d

m
a
constants taken from literature for bulk alpha alumina because
ig. 1. XRD diffractograms of the native powder and powder treated at 900 ◦C.

This is therefore the aim of this paper to investigate the
echanical behavior of a commercial alumina during compres-

ion tests in a TEM, in order to investigate such a plasticity limit
n a real powder and check its relevance in ceramic processing.

. Experimental

In situ  nano-compression tests were carried out using a ded-
cated sample holder from Nanofactory Instruments, fitted in a
EOL 2010F microscope operating at 200 kV accelerating volt-
ge. The sample holder was equipped with a truncated diamond
ip (flattened area of about 1 �m2) and a load cell (maximum
oad of 3 mN). Particles were positioned on a substrate, moving
oward the tip during compression tests at a controlled displace-

ent rate (2.5 nm/s). This setup configuration does not allow
RTEM observations because too much vibrations are present,

urthermore diffraction patterns are not able to be obtained
ecause the beam focalization is too intense for the particle to
esist, and the particle is ejected from the substrate. Images of
he experiment were directly recorded using a Gatan Orius 200
amera installed on the microscope. The nature, thickness and
lignment of the substrate must be optimized to obtain reliable
easurements of the normal force applied during compres-

ion. Indeed, substrates that are too thin, as those commercially
vailable, present two major drawbacks: a deformation of the
ubstrate which can be observed during the nano-compression
est and/or the nanoparticle can slip from the edge of the sup-
ort. On the contrary, a substrate that is too thick often induces

 shadowing effect on the region of interest, hindering a precise
ositioning of the particle–substrate contact area. The best con-
guration was found to be nano-particles deposited onto a 1 �m

hick silicon wafer.
Specific alumina nano-particles with a spherical shape were

hosen. This is simply because, plastic deformation of a sphere is
asier to observe, quantify and model. A transition alumina pow-
er produced by physical vapor synthesis (PVS) (NanoTek®,
anophase Technologies Corporation, Romeoville IL, USA)
as used in this study. XRD revealed that the powder con-

isted of a mixture of δ  ≈  70 wt.% and γ  ≈  30 wt.% alumina

hases (see Fig. 1). The as-received powder was dispersed in
cidified water at pH = 47,8 using a 100 W ultrasound probe for

 min. In order to start with particles of a given well known

d
o
(
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rystallography (δ  phase), some batches of the alumina nano-
articles underwent a heat treatment at 5 ◦C/min up to 900 ◦C
ollowed by natural cooling. XRD shows that the heat treatment
ffects the nano-particles crystallinity: they are almost exclu-
ively in the δ phase, with only 1% and 4% of θ  and γ  phases,
espectively. HRTEM images obtained from several nanopar-
icles deposited on copper grid (covered by a holey carbon
lm) have confirmed the crystallinity and the nature of delta
lumina crystallographic phase whatever their size (40 nm or
20 nm). During these observations no phase transformation
ere observed even after long time of electron beam irradia-

ion. A slight surface degradation can occur but it only concerns
he first atomic layers and not the whole particle, and it leads
o a characteristic faceting of the surface of the particles, easily
bservable on TEM images. Native and heat treated nanoparti-
les were deposited onto the silicon substrate and tested by in  situ
ompression. For each kind of particle tested, experiments were
erformed on at least 10 isolated nano-particles to insure a good
eproducibility of the behavior observed.

. Results  and  discussion

A full compression experiment of two alumina nanoparti-
les of 40 nm diameter with a final applied force of 40 �N is
resented in Fig. 2. Strong, irreversible, deformation of the par-
icles is observed, which is typical of plastic deformation, and
o crack is visible even at high strains. The particles have there-
ore plastically deformed without failure for such small sizes.
ote that these observations shown on the two particles as in
ig. 2 were obtained for all small size particles of around 40 nm.
ome tests were also performed on native powders (without any

hermal treatment) that also exhibited the same behavior. There-
ore, even if not statistically significant, it appears that transition
lumina nano-particles of around 40 nm can plastically deform,
hatever the crystallography may be. The loading–unloading

urves were technically not able to obtain for small nanoparti-
les because such small particles always slide and deformed in
he same time during compression test, therefore the real load-
ng curve measured does not reflect what really happened. An
mprovement of the loading procedure of small particles is under
rogress to obtain reliable loading–unloading curves.

To investigate the effect of the nanoparticle size, experiments
ere performed on both types of nano-particles (before and

fter heat treatment) in the 120 nm diameter range. All tested
ano-particles exhibited an elastic behavior up to the maxi-
um load reachable with the nano-compression device or up

o failure in a few cases. Fig. 3 shows the TEM pictures and the
oad–displacement curve recorded during the compression of a
25 nm diameter nano-particle. Failure occurred at an applied
isplacement of 30 nm with a corresponding load of 50 �N.

Finite elements simulations were performed to estimate the
aximum tensile stress that the 120 nm particle could sustain for

 load of 50 �N. A purely elastic model was used, with elastic
ata on bulk transition alumina is not available. Given the limits
f such model, especially where elastic constants are concerned
bulk alumina being in the α  phase), the calculated maximum
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ig. 2. Full compression of two alumina nano-particles: (a) initial state, (b) and 

uring compression.

ensile stress of 3.4 GPa, is more of a rough estimation rather
han a precise value. It can however, be noticed that this value is

uch higher than the ultimate tensile stress observed for sintered
lumina (generally between 400 and 600 MPa).9 It can also be
oticed that the calculated maximum stress is significantly lower
han the theoretical value necessary to cleave alumina (around
0 GPa, value depending on crystallographic planes involved10),
hich may be explained by the presence of a surface defect that

s big enough to initiate the crack. In order to further explain why
ailure was not observed for all 125-nm particles, it is proposed
hat this defect must probably be in a particular position inside
he particle (relative to the substrate and indenter positions) and
he non-ideal surfaces of the indenter/substrate must probably
llow to locally reach the maximum stress on the defect. For all
he other particles, an elastic behavior has been observed without
ny failure. It can be proposed that either the defect was absent or
he stress localization (due to the non perfect indenter/substrate

urfaces) did not appear on the defect. For the unbroken particles,
his means that tensile stresses higher than several GPa could be
ustained without failure.

i
c
o

ages during compression process, and (d) after unloading. No crack is observed

Even if the number of compressive tests performed in the
resent study is limited, it seems that small particles (i.e.  40 nm)
how plastic deformation (at high stresses) without failure, while
ig particles (larger than 100 nm) show elastic behavior until fail-
re. This is in agreement with the recent findings of Gerberich
t al. for other inorganic materials.6,11,12 The brittle-to-ductile
ransition in these alumina nano-particles is lower than for Si
anopillars (below 100 nm as compared to 400 nm). This is due
o the different crystallography and shape of the nano-objects
ested in this work. The brittle–ductile transition at 40 nm for an
lumina powder means that breakage of particles below this crit-
cal size is not possible, and is a direct observation of the grinding
imit (sometimes called the comminution limit) observed for
eramic materials (between 5 nm for zirconia and 50 nm for
aCO3).3 The fact that the brittle–ductile transition for this tran-

ition alumina is higher than the comminution limit observed for
lpha alumina (around 20 nm) is due to the different type of load-

ng and the different crystallography. However, the results are
onsistent. The grinding limit can therefore be viewed as the size
f particles for which the elastic energy stored in the particle is
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ig. 3. Compression experiment of a 125 nm diameter �-alumina nanoparticle.
oad–displacement curve, with emphasis on the detection of the fracture.

ot enough to lead to breakage and for which yield occurs before
leavage.

Further works are in progress to accurately determine the
ritical size of this transition alumina and to study how this
ransition is modified with the crystallography of alumina. The
tomic stacking of the transition alumina (γ , δ, η, θ  phases) is
uite similar: the oxygen atoms have almost a close-packed fcc
rrangement while the aluminum atoms are distributed inside
he octahedral sites (one site for one oxygen atom). Due to
he stoichiometry of Al2O3, only 2/3 of octahedral sites are
tatistically occupied. So, the vacancies and aluminum atoms
nside are more or less randomly distributed.13 On the contrary,
he crystallography of the stable alumina (α-phase), indicates
hat aluminum vacancies have well-determined positions. Their
obility is expected to be hindered leading to less plasticity

nd therefore still lower critical size for the ductile-to-fragile
ransition.

. Conclusion

The compressibility of the nanocrystalline transition alumina
as investigated by compression tests inside a TEM. These

xperiments revealed that particles in the 100 nm diameter range

ad an elastic behavior and the particles could be broken. On the
ontrary, nano-particles in the 40 nm diameter range exhibited a
lear plastic behavior. Plastic behavior of ceramic nano-particles
t ambient temperature is quite impressive and is of great interest
itial state, (b) during compression, (c) after unloading, and (d) corresponding

n practice for ceramic processing. First, this is a direct evidence
f the grinding limit for which particles cannot be broken any
ore. Second, it may apply to the compaction of nano-powders,

or which some plastic deformation could be observed and used
o obtain high green density.
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