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a b s t r a c t
We investigate the applicability of alumina nanoﬁbers as a potential reinforcement material in ceramic matrix
compounds by comparing the mechanical properties of individual nanoﬁbers before and after annealing at
1400 °C. Mechanical testing is performed inside a scanning electron microscope (SEM), which enables observation
in real time of the deformation and fracture of the ﬁbers under loading, thereby providing a close-up inspection of
the freshly fractured area in vacuum. Improvement of both the Young's modulus and the breaking strength for
annealed nanoﬁbers is demonstrated. Mechanical testing is supplemented with the structural characterization of
the ﬁbers before and after annealing using SEM, transmission electron microscopy and X-ray diffraction methods.
© 2015 Elsevier Inc. All rights reserved.

1. Introduction
One-dimensional nanostructures (1DNSs) are perfect candidates to
serve as a ﬁller in composite materials due to their good compatibility
with matrix materials [1] and their superior mechanical [2], thermal [3],
and chemical [4] properties. In particular, 1DNSs have been used in ceramic matrix compounds (CMCs) to help reduce the problem of the intrinsic brittleness and mechanical unreliability of monolithic ceramics
[5]. The combination of the beneﬁcial characteristics of 1DNSs and ceramics, such as high strength, stiffness, and corrosion resistance and a
good thermal expansion coefﬁcient, together with high-temperature stability, light weight and electrical insulation, make CMCs attractive for a
variety of applications. At the same time, processing routes for CMCs involve high temperatures, strictly limiting the selection of reinforcement
materials [6]. Therefore, it is important to study the inﬂuence of thermal
treatment on the mechanical properties of a potential ﬁller material.
Alumina nanoﬁbers have been studied as a reinforcement ﬁller in
composite materials due to their high strength and elastic modulus,
low thermal conductivity and chemical stability [7]. Alumina nanoﬁbers
have been produced using various routes, including hydrothermal
growth [8], solvothermal growth [9], chemical vapor deposition [10]
and electrospinning [11], the latter being the most widely used
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technique. Electrospinning of alumina nanoﬁbers consists of the preparation and consequent spinning of the sol–gel solution to obtain asspun ﬁbers. The desired ceramic phase (γ, θ, or α) is obtained by the calcination of the as-spun alumina nanoﬁbers, with α-alumina emerging
at approximately 1300 °C [11,12]. Therefore, the resulting nanoﬁbers
should withstand the high temperature generated in the processing of
CMCs without a signiﬁcant alteration in the morphology/structure or
mechanical properties. However, coupled thermal analysis of commercially available alumina nanoﬁbers indicated a substantial change in the
surface morphology at 1480 °C [13].
The different techniques have been widely used for the mechanical
characterization of individual 1DNSs. The most common techniques include the tensile test [14], bending test [15], nanoindentation [16] and
resonance method [17]. However, the mechanical properties of alumina
nanoﬁbers remain poorly investigated, as only a few relevant works are
available [12,18]. In these works, the Young's modulus was measured in
a 3-point bending test conducted with an atomic force microscope
(AFM). In particular, Zhao et al. [12] investigated α-alumina ﬁbers that
were 450–550 nm in diameter and were obtained by electrospinning
with the addition of SiO2. Zhang et al. [18] characterized single αalumina ﬁbers with diameters in the range from 300 to 400 nm composed of nanosheets produced via the sol–gel method combined with
the electrospinning process. However, important properties, such as
strength and fatigue, as well as the inﬂuence of thermal treatment on
these properties, were not measured. Moreover, from the CMC's point
of view, ﬁbers thinner than those studied by Zhang [18] and Zhao [12]
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are of greater interest because an enhancement of mechanical properties is typically expected for diameters ranging from 100 nm and below.
In this work, we study the applicability of commercially available alumina nanoﬁbers (MemPro Ceramics) of diameters ranging from several
tens to a few-hundred nm as a reinforcement material in CMCs by comparing the mechanical properties of individual ﬁbers before and after annealing at 1400 °C. Temperature was chosen as the common sintering
temperature required for densiﬁcation of ceramics [see e.g. [19]]. The mechanical testing of individual nanoﬁbers is based on the cantilever beam
bending method [20], which enables the measurement of the Young's
modulus and two essential mechanical properties associated with potential reinforcement materials: bending strength and fatigue resistance.
Moreover, the investigation includes the mechanical characterization of
the branch-like structures formed by the fusion of the individual nanoﬁbers after annealing. All of the mechanical tests are performed inside a
scanning electron microscope (SEM), which enables the observation of
the deformation and fracture of the ﬁbers in real time under loading
and provides a close-up inspection of the freshly fractured area in vacuum. To the best of our knowledge, this is the ﬁrst experimental work dedicated to mechanical properties and their dependence on annealing
temperature of individual alumina nanoﬁbers with diameters below
100 nm. Mechanical testing is supplemented by the structural characterization of the ﬁbers before and after annealing using the SEM, transmission electron microscopy (TEM) and X-ray diffraction (XRD) methods.
2. Experimental
2.1. Sample preparation
The alumina nanoﬁbers were purchased from MemPro Ceramics
(Akron, Ohio, USA) and had diameters in the range of a few tens to
few-hundreds of (nm), with an average diameter of 156 nm and lengths
of over 100 μm. To reveal the inﬂuence of thermal treatment on the mechanical properties of alumina nanoﬁbers, mats of the nanoﬁbers were
annealed at 1400 °C in air for 1 h using an alumina tube furnace (HTRH,
Nabertherm). The ramping rate of 200 °C/h was used. The annealed and
untreated nanoﬁber mats were dispersed by placing them in isopropyl
alcohol, followed by sonication for 45–100 min in an ultrasonic bath.
Dispersion with a very low concentration (0.3 mg/ml) was performed
to guarantee individually dispersed nanoﬁbers. Immediately after the
ultrasonic treatment, a drop of dispersed solution containing alumina

nanoﬁbers was deposited onto a TEM grid (1500 mesh copper grid,
Agar Scientiﬁc) so that some of the single nanoﬁbers were halfsuspended over the mesh opening. Adhesion between the surfaces of
the nanoﬁbers and the copper TEM grid was sufﬁcient to hold one end
of the objects ﬁxed to the substrate.
2.2. Structural characterization
The crystalline phases for the samples were determined by powder XRD at 2θ from 20° to 80° with a step width of 0.01°. An
Ultima + X-ray diffractometer (Rigaku, SmartLab) with Cu-Kα radiation at λ = 1.5406 Å was used at room temperature. The morphology and geometry of the nanoﬁbers before and after the annealing
and dispersion processes were characterized by high-resolution
SEM (HRSEM, NanoSEM 450, FEI). The inner structure of untreated
and annealed nanoﬁbers was revealed using a TEM (Tecnai GF20,
FEI) operated at an accelerating voltage of 180 kV.
2.3. Mechanical characterization
The mechanical characterization of individual half-suspended alumina nanoﬁbers was based on the cantilever beam bending technique.
The given conﬁguration enables the extraction of the Young's modulus,
bending strength and fatigue. All of the measurements were performed
inside the SEM, providing real-time visual feedback on the behavior of
the loaded nanoﬁber, including the actual contact point between the
probe and ﬁber at every stage of the bending test, the corresponding
proﬁle of the ﬁber, the events of crack formation and propagation, as
well as the close-up inspection of the freshly fractured area in vacuum.
The measurements were performed using the two different setups. The Young's modulus was measured inside a Tescan Vega SEM
using a 3D nanomanipulator (SLC-1720-S, SmarAct) equipped with
a self-made force sensor [21]. The force sensor was fabricated by
manually gluing the cantilever of an AFM probe (ATEC-CONT,
Nanosensor) onto one prong of a commercially available quartz
tuning fork (QTF, f res = 32.768 kHz). During the measurements,
the QTF was excited to its resonance frequency and the oscillation
amplitude signal was ampliﬁed by a lock-in ampliﬁer (SR830,
Stanford Research Systems) and recorded through an ADC–DAC card
(National Instruments). An SEM image of an individual alumina nanoﬁber during the bending test and the corresponding QTF signal were

Fig. 1. X-ray diffraction patterns of the α-alumina (a) and the γ-alumina (b) nanoﬁbers, with their characteristic peaks.
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Fig. 2. Scanning electron microscope images of the nanoﬁber mats and individual nanoﬁbers before (a, c) and after (b, d) annealing respectively. Individual nanoﬁbers are obtained by
soniﬁcation of the corresponding mats. Histogram of the size distribution of the ﬁbers before and after annealing (e).

simultaneously recorded. After the experiments, the force sensor
was calibrated by conducting analogous bending tests on the cantilever with a known spring constant, and the force values were extracted from the recorded QTF data.
The bending strength of the individual alumina nanoﬁbers was measured inside a high-resolution SEM (HRSEM, Helios Nanolab 600, FEI)
using a polar coordinate nanomanipulator (MM3A-EM, Kleindiek)
equipped with an AFM probe. Each nanoﬁber was gradually bent until
breaking while SEM images were simultaneously captured.
The numerical values of the Young's modulus and the bending
strength were extracted from the results of the cantilever beam bending
experiments using elastic beam theory [22]. The differential equation
for the bending proﬁle in relation to the Young's modulus (E) of a
bent elastic beam with area moment of inertia (I) and loaded at its
end by a point force (F) is expressed as follows:
2

EI

d θ
dl

2

þ F cos θ ¼ 0;

ð1Þ

where l is the natural axis of the beam and θ is the angle between the tangent of the bent proﬁle and the initial proﬁle of the beam. The moment of

inertia for an object of circular cross-section (e.g., nanoﬁber) is given
by Icirc:
I ¼ I circ ¼

r4 π
;
4

ð2Þ

where r is the radius of the cross-section. The nanoﬁber proﬁle from the
SEM images was numerically ﬁtted to the curve given by Eq. (1), and the
value of Young's modulus was extracted as described in more detail in
our previous paper [23]. The maximum stress in a bent beam before fracture is denoted as the bending strength (σst):
σ st ¼ E  r  jκ j;

ð3Þ

where κ = dθ/dl is the curvature at which the bent beam fractures [24].
Fatigue tests on single alumina nanoﬁbers were performed using the
oscillation function of a Kleindiek nanomanipulator, where the relative
amplitude and frequency can both be changed. The tip was brought into
contact with the ﬁber; subsequently, an oscillation was applied, with
the amplitude chosen to ensure nanoﬁber deﬂection slightly less than
usually required for breaking a nanoﬁber. The oscillation amplitude of
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and annealed nanoﬁbers (Fig. 2e). However, the diameters of the
annealed ﬁbers were less uniform.
TEM inspection of the untreated alumina nanoﬁbers revealed a polycrystalline structure, with nanocrystals in the range of a few nm to 10–
20 nm (Fig. 3a, c). The heated nanoﬁbers exhibit a monocrystalline
structure with irregular internal voids (Fig. 3b, c). The development of
the unusual microstructure during thermal treatment may be ascribed
to a change of density, which leads to inner strain and the subsequent
formation of voids [27].
Dispersion and ultrasonic treatment of the mats resulted in individual
nanoﬁbers with lengths of up to several μm. However, even after
soniﬁcation, some fraction of the ﬁbers in the annealed sample remained
connected in the form of branched structures. Close-up SEM and TEM inspections of intersecting nanoﬁbers revealed no boundaries at the junctions, indicating complete monocrystalline interfusion caused by
annealing (Fig. 4). Thinning of the nanoﬁber was often observed near
an intersection, which can be explained by the softening of the material
and the diffusion of atoms. Although the melting point of Mempro alumina nanoﬁbers is above 2032 °C, intersecting nanoﬁbers were previously
demonstrated to soften and form interﬁber bonds at lower temperatures
starting from approximately 1000 °C [11].

Fig. 3. Transmission electron microscope images of the untreated (a, b) and annealed
(c, d) alumina nanoﬁbers.

the manipulator and the subsequent deformation of the nanoﬁber were
measured by taking a SEM image at a slow scan speed. Using Eq. (3), the
maximum stress during fatigue test was determined.
3. Results and discussion
3.1. XRD analysis
The XRD patterns for the untreated and annealed alumina nanoﬁbers are presented in Fig. 1. All of the broad diffraction peaks on the
XRD pattern (Fig. 1b) of the untreated nanoﬁbers can be indexed as
cubic γ-Al2O3 (COD No. 2015530). The XRD pattern of the annealed
nanoﬁbers (Fig. 1a) shows strong and sharp peaks due to the hexagonal
α-Al2O3 phase (COD No. 1000032). The XRD analysis indicates that the
phase transition of γ-alumina to α-alumina occurs below 1400 °C,
which is consistent with the previously reported results [25,26].
3.2. Electron microscopy
The SEM images of the untreated and annealed alumina nanoﬁbers
before and after dispersion are shown in Fig. 2a–d. No considerable
change in the average diameter was observed between the untreated

3.3. Young's modulus
Measurements of the Young's modulus were conducted on 18 untreated and 12 annealed alumina nanoﬁbers of radii in the range between 60 nm and 129.0 nm. Deformation during the entire bending
cycle was purely elastic, i.e., upon removal of the external force, the ﬁbers completely restored their initial straight proﬁle. The median
Young's modulus value for untreated nanoﬁbers was found to be
143 ± 38 GPa, while the annealed ﬁbers possessed almost twice as
high values, with the median Young's modulus of 245 ± 35 GPa
(Fig. 5a). These values are approximately one order of magnitude higher
than the value of 23.8 GPa reported by Zhang [18] and 15.1–22.5 GPa reported by Zhao [12], which can be explained by the differences in the
structure and diameter of the ﬁbers. Higher Young's modulus values
for annealed nanoﬁbers compared with untreated nanoﬁbers may be
caused by the higher crystallinity of the α-phase, thereby leading to
an improvement in the mechanical properties [28]. An increase of crystallinity for annealed alumina nanoﬁbers is found in the XRD patterns
(Fig. 1, sharp α-peaks vs. wide and low intensity γ-peaks) and TEM images (Fig. 3, monocrystalline structure vs. polycrystalline). However,
both of our values are lower compared with the reported Young's modulus for bulk alumina of 370 GPa [29]. The lower values for oxide nanoﬁbers produced by electrospinning can be explained by the effect of the
crystal orientation, diffusional creep at room temperature and neglected
shear deformation [30].

Fig. 4. Scanning electron microscope (a) and transmission electron microscope (b) micrographs of the intersecting nanoﬁbers in an annealed sample.
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Fig. 5. Young's modulus (a) and bending strength (b) values of the untreated and annealed alumina nanoﬁbers.

3.4. Bending strength
Bending strength tests were performed on 18 untreated and 18
annealed alumina nanoﬁbers with radii between 38 nm to 90 nm. The
ﬁbers were gradually bent until fracture (Fig. 6). The bending strength
was determined via Eq. (3) using the previously determined median
Young's modulus values and the radius of the nanoﬁber measured
form the HRSEM image. The median bending strength value for the
annealed nanoﬁbers was two-times higher than that for untreated
nanoﬁbers: 11.3 ± 2.3 GPa and 5.3 ± 1 GPa for the annealed and untreated cases, respectively (Fig. 5b).
To quantitatively compare the uniformity of the mechanical properties for two sets of ﬁbers, the Weibull distribution was implemented.
Weibull statistics is widely used for the representation of a distribution
of a material's strength [31,32]. The Weibull distribution gives the cumulative probability distribution of the fracture PS at the maximal
bending stress σ for a specimen as:
  m 
σ
:
P S ¼ 1− exp −
σ0

ð3Þ

Here, σ0 is the bending strength at which 63% of the specimens will
break and m denotes the Weibull modulus, which is a dimensionless parameter used to describe the variability in the measured strength.
Higher m values correspond to a steeper slope in the Weibull plot and
indicate lower deviations of the bending strength.
The plot of the Weibull statistics for the strength of alumina nanoﬁbers is depicted in Fig. 7. The Weibull modulus value for untreated and
annealed nanoﬁbers are 4.27 and 3.76, respectively. This result suggests
that, although annealed ﬁbers possessed much higher bending strengths,
there is no considerable difference in the scatter of the results between
untreated and annealed nanoﬁbers.

Separate bending tests were also conducted on interfused ﬁbers because such branched structures may enable an increase in the overall
strength of the reinforcing phase of CMCs. No sliding or breaking at
the intersection of the nanoﬁbers was ever observed, conﬁrming that
the annealed nanoﬁbers are strongly fused together. Breaking of the
nanoﬁbers occurred at the thinnest part near the joint. In total, 10 alumina nanoﬁbers protruding from branched structures were tested,
with the radii of the thinnest part in the range between 29 and
72 nm; yielding a medium bending strength value of 13.1 ± 4.1 GPa.
This bending strength value is even slightly higher than the value obtained for individual annealed nanoﬁbers, which can be explained by
the higher density of the material in the vicinity of the joint. The entire
branched structure demonstrated a dampening effect, which undergoes
compression or tension as a single nanoﬁber is bent. This behavior indicates that the stresses are delocalized and distributed more evenly,
thereby allowing the entire structure to withstand higher loads and
deformations.
3.5. Fatigue
Fatigue tests were performed on 3 untreated and 3 annealed alumina nanoﬁbers of 51 nm, 67 nm, and 89 nm and 47, 53, and 55 nm radii,
respectively. The single fatigue test lasted for 17 min, with an oscillation
frequency of 1000 Hz, yielding more than 1 million bending cycles. Special care was taken upon choosing an appropriate value of the oscillation
amplitude to ensure a bending degree close to the strength limits and at
the same time avoiding fracture in the very ﬁrst loading cycle. The maximum stress values for untreated and annealed alumina nanoﬁbers during the tests were 2.1, 3.06, and 2.35 GPa and 8.2, 6.92, and 7.65 GPa,
respectively. All of the tested ﬁbers passed the fatigue test without
failure and demonstrated no visible signs of fracture or residual
deformation.

Fig. 6. Bending strength test on an annealed alumina nanoﬁber. The AFM tip is ﬁrst brought into contact with a nanoﬁber (a) and then gradually bent (b–c) until the ﬁber fractures (d).
Diameter of the ﬁber is 106 nm, calculated bending strength is 14 GPa.
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Fig. 7. Plot of the Weibull statistics of the bending strength for untreated and annealed
nanoﬁbers.

4. Conclusion
In conclusion, we performed structural and mechanical characterizations of commercially available (MemPro Ceramics) alumina nanoﬁbers before and after annealing at 1400 °C. X-ray diffraction analysis
revealed the γ-alumina and α-alumina phases for the untreated and
annealed nanoﬁbers, respectively. The transmission electron microscopy inspection conﬁrmed the transition from a polycrystalline to a monocrystalline structure due to annealing. The mechanical characterization
was performed using the cantilever beam bending technique inside a
scanning electron microscope. We found that the values of both the
Young's modulus and the bending strength increased for the annealed
alumina nanoﬁbers, which can be explained by the higher density and
degree of crystallinity of the annealed sample. The fatigue test indicated
that alumina nanoﬁbers can be bent over 1 million cycles without visible signs of deformation or fracture. Moreover, thermal treatment led
to the fusion of intersecting nanoﬁbers, thereby creating branched
structures. The strength of the joints exceeded the strength of the individual nanoﬁbers. In addition, branched structures demonstrated
dampening effects, which can be beneﬁcial for composite materials because the stresses are delocalized, thereby enabling the entire composite to withstand higher loads and deformations. The results of the
present study demonstrated that alumina is a suitable material for use
as nanostructured ﬁllers for ceramic matrix composite materials.
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