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Abstract: Nanoindentation is usually used to investigate local elastic properties and hardness of
materials. In this paper, the nanoindenter served as a loading tool to perform micro scale bending
tests and measure the global response of micro-scale specimens. For testing, cement paste cantilever
beams with a square cross-section of 300 um x 300 um were fabricated using a micro dicing saw.
Monotonic, cyclic and sustained loading bending tests were conducted on the beams using the
nanoindenter. The load-deflection behaviours of micro-cantilever beams subjected to various
loading conditions are presented in this paper. The interpretation of experimental results regarding
the measured deflection of beam is discussed. With this micro-scale test method, the fracture
strength as well as time-dependent responses of cement paste at the micrometre level can be

assessed in a straightforward manner.

1 INTRODUCTION

It is well known that the macroscopic
performance of cementitious material mainly
depend on the material structure and properties
at micro-scale [1]. In the past decades, many
studies have been devoted to characterizing the
fundamental properties of hardened cement
paste [2—4]. Among them, nanoindentation has
emerged as a powerful tool for this purpose.
By indenting a very sharp tip into the surface
of a material, local elastic properties and
hardness of the material microstructure and
nanostructure can be determined [5]. Apart
from the mechanical properties, the time-
dependent properties of cement paste (i.e.
creep) can also been investigated using the
nanoindentation technique [6-9]. However,
one major concern of this technique is that the

indentation results may be affected by the
spatial heterogeneity of the cementitious
material [4] as the mechanical properties and
geometry of the elastic/plastic zone below the
indenter vary with the local material structure.
An alternative approach is to create a micro-
scale specimen, for example using focus ion
beam milling technique, which has been
widely applied to other materials [10—15]. The
fabricated specimens are then loaded by a
blunt indenter tip, such as a flat punch or a
custom-made loading probe [16]. In this way
the mechanical properties of materials can be
assessed. Recently, Schlangen et al. [17] and
Zhang et al. [18] developed a procedure to
prepare small scale specimens with the
application of a precision micro dicing
instrument. A range of tests with different
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geometries of specimens have been performed,
including cubic splitting, cantilever bending
and three-point bending [19-21]. These tests
provide valuable information of the
micromechanical behaviour of cement paste
under monotonic loading. Furthermore, it is
also interesting to investigate the time-
dependent properties of cement paste at micro
level. In this paper, the micro-cantilever beams
were prepared using the micro dicing saw.
Micro-bending tests were performed using the
nanoindenter with a cylindrical wedge tip. The
responses of beams to monotonic, sustained
and cyclic loading were investigated.

2 MATERIALS AND SAMPLE
PREPARATION

All samples were prepared using standard
grade OPC CEM-I 425 N cement and
deionized water. The water/cement ratio was
0.4. After casting in a cylindrical bottle with
24mm diameter and 39mm height, the cement
paste was cured in sealed conditions for 28
days at room temperature (20 °C). Afterwards,
slices with a thickness of 2-3 mm were cut
from the sample and then ground to obtain
smooth and parallel surfaces using a Struers
Labopol-5 thin sectioning machine. The slices
were then immersed in isopropanol to stop the
hydration. For more details of the sample
preparation, the reader is referred to [20].

The next step is to prepare the miniaturized
cantilever beams. This is achieved by utilizing
a precision micro dicing machine (MicroAce
Series 3 Dicing Saw, Loadpoint Limited),
which is mainly applied to cut semiconductor
wafers. Resin blade with the thickness of 250
pum was used and two perpendicular cutting
directions were applied in the cutting process.
In this way a row of cantilever beams with a
square cross section of 300 um x 300 um were
obtained. The average cantilevered length was
1.65 = 0.01 mm. The cutting process is
schematically shown in Figure 1. The
environmental scanning electron microscope
(ESEM) was used to check the cross-section of
the beams (Figure 2). It is found that the
fabrication process yields an overall accuracy
for the cross-sectional dimensions of + 5 pum.
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Figure 1: Schematic diagram of sample preparation.
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Figure 2: ESEM image of the cross-sections of beams.

3 TEST PROCEDURE

A KLA Nano indenter G200 was used to
conduct bending tests on the cantilever beams.
The tests were conducted at room temperature
with the relative humidity of 40%-45%. The
experimental set-up is shown in Figure 3. The
beams were horizontally attached on a flat
wall of the fixed nut using cyanoacrylate
adhesive (Loctite Superglue 3). A diamond
cylindrical wedge indenter tip (Figure 4) with
a length of 200 pum was used to apply
vertically line load at the free end of beam.

Fixed nut

Indenter Adhesive

Cantilever beam Baseplate

Figure 3: Schematic diagram of test set-up.
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Displacement controlled loading procedure
with a loading rate of 50 nm/s was used in
static tests. The beams were statically loaded
until failure. Constant amplitude triangular
wave, see Figure 5(a), was used for the cyclic
loading. The loading frequency was 1 Hz and
the loading ratio between lower load and upper
load was 0.1. The applied upper load Pupper
ranged from 85% to 95% of the average failure
load in static tests. The beams were loaded to
failure with several identical loading blocks
(500 cycles). For sustained-loading bending
tests, after reaching the targeted loading level,
the load was kept constant for 800 seconds and
then unloaded to zero, see Figure 5(b). The
applied load level ranged from 60%-80% of
static failure load. In all three loading regimes,
the load-displacement curve was recorded by
the nanoindenter. After static or fatigue failure,
the distance between the load point and the
fracture point was measured by the in-situ
imaging technique.
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Figure 4: Diamond cylindrical wedge tip.
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Figure 5: Loading history of (a) the cyclic loading
tests and (b) the sustained loading tests.

4 RESULTS AND DISCUSSION
A typical fracture mode is illustrated in

Figure 6. Both static and fatigue fracture
exhibit similar failure mode. A major crack
always initiated at the beam section around 0-
100 pm near the fixed end, which eventually
leads to the complete fracture of the beam.
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Figure 6: Schematic diagrams of the fracture mode

The mechanical properties of cementitious
beams, in terms of flexural strength and elastic
modulus, can be calculated based on the load-
displacement curve. For determination of
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flexural strength, the maximum load was used
according to Equation (1).

Jo=Fodhl21, (D

where d is the distance between the load point
and the fracture point, % is the side length of
the square cross-section, and I, = #%/12 is the
moment of inertia. The slope of load-
displacement curve was used to determine the
elastic modulus according to Equation (2).

E=kI /31, )

where L is the length of the cantilever beam; k&
is the slope of load-displacement curve before
failure.

It is worth noting that the measured
deflection of beams consisting of -elastic,
plastic as well as viscous deformation should
be carefully interpreted considering the
boundary conditions and testing duration used
in this study. In general, there are several
possible sources of additional deformation,
such as the local deformation of the connected
part at the fixed end of beam, the deformation
of the adhesive and the local indentation depth.
The first two effects can be evaluated by using
the finite element method [20] and also by
conducting comparison tests on micro-
cantilever beam made of glass. For the
assessment of the deflection originating from
the third source, comparative tests were
conducted by directly indenting on the surface
of fixed cement paste block instead of
cantilever beam. By applying the same
magnitude of load, the measured indentation
depth was compared with the beam deflection
during the bending tests. However due to the
heterogeneous microstructure of cement paste,
the indentation depth may exhibit scatter. In
current preliminary study, all these effects
were not considered in the following presented
results.

A typical stress ratio-relative deflection
curve for the static test is shown in Figure 7. It
can be seen that under increasing monotonic
loading the beam exhibits elastic behaviour
before the peak load. It is then followed by an
overshoot of the indention tip. This is due to
the brittle failure and the fact that the

displacement control of the nanoindenter is not
fast enough to capture the post-peak behaviour
of the specimen.
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Figure 7: Load-displacement curves of static tests.

Several experimental results of sustained
and cyclic bending tests are shown in Figure 8§,
9, respectively. For the sustained loading test,
the creep behaviour of the beam was observed.
Similar findings are also reported in
nanoindentation tests [6—8]. For the cyclic
loading test, it is shown in Figure 9 that the
loading stiffness remained almost constant
while the residual deformation increases with
the loading cycles. The insignificant change of
stiffness indicates that there was little damage
accumulated inside the beams. However, the
increasing deformation under cyclic loading
may be attributed to the time-dependent
behavior of cement paste. This cyclic creep
phenomenon of cement paste [6] has also been
observed in most macroscopic experiments
[22,23].
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Figure 8: Load-displacement curves of creep tests.
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Figure 9: Load-displacement curves of fatigue tests.

12 CONCLUSIONS

A nanoindenter was utilized for the direct
measurement of micro-cantilever beam
deflection subjected to monotonic, sustained
and cyclic loading. This experimental method
enables us to directly investigate the
mechanical properties and time-dependent
behaviours of cement paste at micrometre
level. For future research, more systematic and
quantitative studies will be performed.
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