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Nanoindentation, quantitative modulus mapping, and PeakForce
quantitative nanomechanical mapping (ONM) are applied to inves-
tigate the quantitative nanomechanics of hardened cement paste
at different spatial resolutions. The elastic modulus measured by
static nanoindentation is slightly higher than those measured by
the other methods. The average elastic modulus and probability
obtained by PeakForce ONM are typically consistent with those
found by modulus mapping. Both modulus mapping and Peak-
Force ONM can be used to discriminate different material phases
in cement paste at the nanoscale. It concludes that cement paste is
a granular material in which the sub-micron scale grains or basic
nanoscale units pack together. Moreover, the high resolution Peak-
Force QNM can provide an efficient tool for identifying nanome-
chanical properties, particle sizes, and thickness of the interface
between different nanoscale grains.
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INTRODUCTION

Exploring the properties of cement-based materials at the
nanoscale has received much attention in recent years.'™
Measurement of nanoscale mechanical properties of cement-
based materials is necessary in understanding the phase char-
acteristics, the initiation of microcracking under loading,
and physical transport properties of concrete. Recently, three
advanced techniques have been developed: 1) depth-sensing
nanoindentation®”’; 2) quantitative modulus mapping in
the form of scanning probe microscopy (SPM)*!!; and
3) atomic force microscopy (AFM)-based PeakForce quan-
titative nanomechanical mapping (QNM).!>!> The capabili-
ties of these instruments cover a wide range of contact areas
and displacement resolutions from the sub-micron scale in
nanoindentation down to nanoscale in PeakForce QNM.

Nanomechanical testing can be used to assess the mechan-
ical properties of the individual constituents of heteroge-
neous materials and, in this way, to provide meaningful
experimental data for multi-scale numerical modeling.
Nanoindentation has been a popular technique used for
this purpose.!®!” In nanoindentation, the in-place imaging
method allows for observing the surface topography and
placing the indents at the desired locations.'®!” Statistic tech-
niques have been argued to determine the elastic modulus of
different phases in cement paste.?>>* During nanoindenta-
tion testing, a diamond indenter is inserted into the surface
of the sample, which would cause damage to the surface. As
for the quantitative modulus mapping technique, the advan-
tage is that the contact stiffness can be obtained continuously
during scanning using a smaller contact force, which could
be an ideal technique for multi-phase and composite mate-
rials.!%!! PeakForce QNM has been recognized as a useful
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Fig. I—Nanoindentation device.

method for the assessment of local mechanical properties of
materials, which can also provide phase contrast maps for
qualitative characterization of materials with a high spatial
resolution. !> !4

RESEARCH SIGNIFICANCE

The objective of this study is to use correlative quantita-
tive nanomechanical methods to measure the nanomechan-
ical properties of cement paste. The relative merits of the
application of these three methods are specifically discussed
for the determination of elastic modulus of cement paste
from one-micrometer length scale to tens of nanometers
scale. This fundamental understanding will be helpful in
improving the basic behaviors of concrete, such as strength
and durability.

NANOMECHANICAL METHODS

Nanoindentation

A static nanoindenation experiment was performed with
a nanomechanical testing system equipped with an in-place
imaging mode (Fig. 1). The nanoindentation instrument
consists of a force-displacement transducer with electro-
static force actuation and displacement sensing electronics.
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Fig. 2—Typical representation of indentation load versus
indentation depth."”’

A two-dimensional Berkovich indenter with a high elastic
modulus is used. The suggested Poisson’s ratio v of the
cement paste is 0.2.% The system is calibrated with standard
quartz crystal before performing the actual indentation on
the sample to ensure that the probe is not contaminated or
damaged.

A typical representation of the indentation load versus
indentation depth or displacement for an indentation experi-
ment is shown in Fig. 2. The elastic modulus £ of the sample
is calculated as follows
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where P is the indentation load; / is the indentation depth;
S is the initial unloading stiffness; 4 is the projected contact
area; E, is the reduced elastic modulus; E; and v, are elastic
modulus and Poisson’s ratio for the sample, respectively;
and E; and v; are the corresponding parameters for the
indenter, respectively. For the indenter used in this study, the
elastic modulus £; = 1140 GPa (165,300 ksi), and the Pois-
son’s ratio v; = 0.07.

Modulus mapping

Quantitative modulus mapping in the form of SPM images
is acquired using the direct force modulation (nanoDMA)
operating mode of the nanomechanical testing system. The
schematic representation of the instrument configuration
and dynamical mode are shown in Fig. 3. A cube-corner
diamond tip is attached to a force-displacement transducer.
As with nanoindentation, the system was calibrated with a
standard quartz crystal. A lock-in amplifier is used to analyze
the sample response, yielding displacement amplitude, and
the phase shift between the contact force and the displace-
ment. The contact stiffness and material damping are calcu-
lated from the amplitude and phase shift using a dynamic
model.®!°
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Fig. 3—Schematic of modulus mapping technique.’®!!

To apply a load, a voltage is applied to generate an elec-
trostatic force F,. The mode of the direct force modulation
applies a parallel loading configuration. The relevant equa-
tion of motion is

o nton e €] o
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where o is the angular frequency; Fj is the amplitude of the
applied sinusoidal force; m is the mass of the moving trans-
ducer; = B; + B is the combined damping coefficient of the
indenter and the sample; k = k; + k. is the combined stiffness
of the indenter and the sample; z is the resulting sinusoidal
displacement; and ¢ is time. The solution to this differential
equation is

z = zosin(o? + §) “4)

where the displacement amplitude z, is given by the dynam-
ical compliance function
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where the phase ¢ of the displacement is dictated by

tan() = _k—B—::u)z (6)

Determination of m, [, and k; is accomplished by
nonlinear curve fitting of the dynamic compliance versus the
frequency trace obtained in air. The storage K’ and loss K"’
components of the complex contact stiffness are extracted
from the spatially correlated set of amplitude and phase
images to generate quantitative stiffness maps

K=k, %
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Table 1—Testing parameters of three techniques

Nanoindentation

Modulus mapping PeakForce QNM

Probe type Berkovich (two-dimensional, 142.3 degrees) Berkovich (one-dimensional, cube-corner) AFM cantilever
Tip radius 600 nm (23.6 pin.) — 5nm (0.2 pin.)
Tip material Diamond Diamond Diamond
Indent depth 200 to 800 nm (8 to 32 pin.) 7 to 12 nm (0.28 to 0.47 pin.) 2 to 8 nm (0.08 to 0.32 pin.)

Radius of curvature —

557.14 nm (22 pin.) —

Applied force 1200 uN (270 x 107 1b)

20 uN (4.5 x 107 Ib) 500N (11.2 x 10 Ib)

Deflection sensitivity _

— 70 nm/V (2.8 pin./V)

Maximum resolution 800 nm (31.5 pin.)

60 nm (2.36 pin.) 5nm (0.2 pin.)

K" =B.o ®)

Rearrangement of the familiar equations of Hertzian
theory yields the following relationship for the contact

radius a
ue 3FR 9
G ©)

where F corresponds to the nominal contact force, and R is
the tip radius. The modulus then can be calculated as

_1K

E =
2 a

(10)

In static nanoindentation, a minimum separation of 3 um
(118 pin.) between indentations is required to avoid possible
interactions between adjacent indentions. The modulus
mapping technique in the form of scanning probe micros-
copy (SPM) images, however, can overcome these short-
comings. This is because the material under the tip is probed
within the elastic region, and once the tip force is removed,
the material can fully recover without local residual stress or
permanent deformation.

PeakForce QNM

Recently, a high resolution method called PeakForce
QNM was developed to study the quantitative mechanical
properties of cement-based materials at approximately 10
nm (0.4 pin.) resolution.'*2%?” PeakForce QNM is a mode
with improved force resolution combined with real time
calculation of elastic modulus at each surface contact, which
can detect local elastic modulus. This technique can provide
compositional mapping of a complex composite material
while providing high resolution. In PeakForce tapping,
the probe and sample are intermittently brought together
(similar to tapping mode) to contact the surface for a short
period, which eliminates lateral forces. Unlike tapping
mode, where the feedback loop keeps the cantilever vibra-
tion amplitude as a constant, PeakForce tapping controls the
maximum force on the tip. This protects the tip and sample
from damage while allowing the tip sample contact area to
be minimized.
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Fig. 4—PeakForce QNM schematic.>!3

For the PeakForce QNM, the schematic diagram of the
collected force-separation curve is shown in Fig. 4. To
elucidate the elastic properties from the PeakForce QNM,
the Derjaguin-Muller-Toporov (DMT) model can be used
for the estimation of reduced elastic modulus.?® The forces
during the tip-surface interaction can be described by

4 *
EngE Rd’+F, (11

where F' is the tip-sample force during the tip-surface inter-
action; E" is the combined elastic modulus of the tip and
the sample; R is the tip radius; d is the sample deformation;
and F 4, is the adhesion force during the contact. The elastic
modulus of the sample E; can be derived from the following
equation

s tip (12)

where v; is the Poisson’s ratio of the sample; v, is the Pois-
son’s ratio of the tip; Ej is the elastic modulus of the sample;
and £y, is the elastic modulus of the tip. Calibration was also
performed by the relative method!® using a standard quartz
crystal. The testing parameters of the three techniques are
listed in Table 1.



Table 2—Typical nanomechanical properties for

‘:“‘ ’W i indented phases?®%2°
SOpm
Maximum Elastic Hardness,
- Material phase depth,nm | modulus, GPa GPa
Unhydzgted cem ntgrﬁ‘ .. B Porosity 843.1+127.5| 475478 | 0.04+021
a Hydrates (primarily | 300 5 976 | 203141259 | 0.64 045
e ; C-S-H)
4
g Fa & Calcium hydroxide (CH) | 157.2+50.0 | 55.75+15.80 | 1.51 =0.67
(b) Unhydrated cement |3 5, 374 | 994741919 | 452 1.57
particle

Note: 1 nm = 0.04 pin.; 1 GPa = 145 ksi.

tion should be less than one fifth of the average indentation

Fig. 5—Cement paste sample after polishing: (a) optical
depth. The roughness of the samples tested in this study is

image, and (b) AFM image.

1200 —o— Porosi . . .
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~ ol 352 e g sample. During the first 5 seconds, the indenter was driven
21 38 g into the sample at a 240 uN/s (54 ulb/s) loading rate. After
2004 3 £ g reaching the maximum load of 1200 uN/s (270 ulb/s), the
A g indenter was held in place for 2 seconds to reduce the creep
0 £ A . . . & effect before unloading at a rate of 240 uN/s (54 ulb/s).
0 100 200 300 400 500 600 700 800 900 Indentations were made on separate 15 x 15 um (591 x
Depth (nm) 591 pin.) and 100 x 100 um (0.004 x 0.004 in.) regions
to compare profiles and cover more phases for statistical

Fig. 6—Load-depth diagrams of different phases in cement
paste.”?’ (Note: 1 uN = 0.225 x 10°° Ib; 1 nm = 0.04 pin.)

SAMPLE PREPARATION
A 5 mm (0.2 in.) thick 10 x 10 mm (0.4 x 0.4 in.) block
of hardened cement paste with a water-cement ratio of 0.40
was produced from Type I portland cement. The cement
paste was cured for 90 days under 25°C (77°F) and 95%
relative humidity condition. The sample was initially ground
on paper disks with gradation of grits. One polishing method
can provide repeated success by long durations of polishing
under light load. An auto-polisher was used with diamond
suspensions in ethanol with gradations. Each step lasted
approximately 30 minutes. In the following steps, diamond
lapping films with gradations were used."?"** The completed
polished surface is shown in Fig. 5(a). Figure 5(b) shows the
surface topography of a square region of the polished sample
as acquired by high-resolution tapping mode AFM. The
root-mean-square (RMS) of the surface roughness based on
the topography map is 93.9 + 20 nm (3.7 £ 0.79 pin.) for
a scan size of 50 x 50 um (0.002 x 0.002 in.). The RMS
value can be used to evaluate the surface roughness because
there is no standard criterion of roughness of cement pastes
for nanomechanical testing due to the inherent roughness of
hardened cement pastes, particularly which would be appli-
cable to the three methods presented.? For nanoindenta-
tion, the most commonly used method for nanomechanical
characterization of cement hydration products is Miller et
al.,’® who reported the RMS roughness measured over an
area with one side 200 times the average depth of indenta-

4

analysis.
Figure 6 shows typical loading and unloading curves

during indentations on different phases of cement paste. The
tested indentation modulus*’ for porosity, hydrates (predom-
inantly calcium silicate hydrate [C-S-H]), calcium hydroxide
(CH), and unhydrated cement grains are given in Table 2.
Figures 7 and 8 are contour maps of indentation modulus
for the area of 100 x 100 pm (0.004 x 0.004 in.) and 15 x
15 pum (591 x 591 pin.), respectively. Results indicate the
general heterogeneity of mechanical properties in the tested
sample, which might be due to the different phases shown in
Fig. 6. The areas with a relatively high indentation modulus
value, higher than 50 GPa (7252 ksi), would be unhydrated
or partially hydrated cement particles. This value is in agree-
ment with the values of the elastic modulus measured exper-
imentally for partially hydrated clinker residues by other
researchers.> The regions with indentation modulus values
ranging from 10 to 50 GPa (1450 to 7252 ksi) are hydration
products.®?131-33 The lower values of indentation modulus,

less than 10 GPa (1450 ksi), are likely due to porous regions

in the cement paste.?0?!
Figure 9 shows the indentation modulus probability distri-

bution to compare the statistical analysis of two different
scanned areas. The peak modulus of the probability plot in
the 15 x 15 um (591 x 591 pin.) area is higher than that in the
100 x 100 pum (0.004 x 0.004 in.). The distribution of phases
is clearly influenced by the size of the scanned area: for the
larger area, the amount of cement clinker and porosity phase
increase, which results in a greater variation in the inden-
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Fig. 7—Elastic modulus of cement paste obtained by nanoin-
dentation (100 x 100 um): (a) indentation modulus contour
map; and (b) indentation modulus distribution. (Note: 1 um
=39.4 pin.; 1.0 GPa = 145 ksi.)

tation modulus distribution. Although many studies have
been conducted on the nanomechanical properties of phases
in cement paste, little has been reported to characterize and
provide quantitative measurements considering different
sizes of the investigated area.

Modulus mapping

When switching the testing mode to study the nanome-
chanical properties of cement paste by modulus mapping
and nanoindentation in the indenter, the position of the
tested sample remains unchanged. As the sample surface
could potentially be damaged by the larger force required
by static nanoindentation, modulus mapping was always
performed first on the sample. Figure 10 shows topograph-
ical maps for the areas 15 x 15 um (591 x 591 pin.) and 5 x
5 pum (197 x 197 pin.), respectively, which were obtained by
modulus mapping. It reveals that cement paste is composed
of different types of phases.

Figure 11(a) shows the elastic modulus contour maps for
the area of 15 x 15 um (591 x 591 pin.). From Fig. 11(b),
it is found that quantitative modulus variations in modulus
mapping are larger than those in nanoindentation. The range
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Fig. 8—Elastic modulus of cement paste obtained by
nanoindentation (15 x 15 um): (a) contour map of inden-
tation modulus; and (b) indentation modulus distribution.
(Note: I um = 39.4 uin.; 1.0 GPa = 145 ksi.)
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Fig. 10—Surface topography obtained by modulus mapping:
a) 15x15 um; and b) 5 x 5 um. (Note: 1 um = 39.4 uin.)

Modulus (GPa

of elastic moduli, from 0.2 to 124.5 GPa (29 to 18,057 ksi),
is found to be significantly greater than that obtained by
static nanoindentation.!®* The results for the scanned area
5x 5 pum (197 x 197 pin.) are shown in Fig. 12. The results
reveal that the modulus mapping technique is more sensitive
than static nanoindentation, as indicated by the higher spatial
resolution. Significant local elastic modulus variations were
observed at the sample surface, which was comprised of
different phases and interfaces between hydration products.
Moreover, clear abrupt changes in the elastic modulus were
measured, and found to be due to the interfaces between the
pores and different hydration products. The modulus proba-
bility histograms for two different areas are presented in Fig.
13. It is clear that the peak modulus in the probability plot
is slightly higher for the area 5 x 5 um (197 x 197 pin.) than
for 15 x 15 um (591 x 591 pin.).

PeakForce QNM

Modulus mapping and PeakForce QNM were performed
on two separate devices. Thus, when switching from one
method to the other, it is necessary to confirm that they are
each performed at the same position on the sample. To do
this, high-resolution images were captured during the test,
and image analysis was performed to measure the distance
and adjust the test position accordingly.

Figure 14 shows the 512 x 512 pixel topography images of
two scanning areas, 5 x 5 um and 1 x 1 um (197 x 197 pin.
and 39.4 x 39.4 pin.), of a cement paste sample obtained
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Fig. 11—Elastic modulus obtained by modulus mapping (15 x 15 um): (a) modulus contour map; and (b) elastic modulus

distribution. (Note: 1 um = 39.4 uin.; 1.0 GPa = 145 ksi.)
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Fig. 12—Elastic modulus obtained by modulus mapping (5 x 5 um). (Note: 1 um = 39.4 uin.; 1.0 GPa = 145 ksi.)
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(a)

(b)

Fig. 14—Surface topography obtained by PeakForce QNM:
a) 5x5 um; and b) 1 x I um. (Note: 1 um = 39.4 pin.)

(a) S2.1 GPa (b) 60

by PeakForce QNM. The microstructural and nanostructural
contrast can be observed clearly in the surface topography.
It should be noted that the intrinsic porosity in cement paste
poses some constraint on the use of PeakForce QNM, for
which some noise could be expected. The images indicate
that the height distribution of local areas varies widely for
different measuring areas. The values of all local roughness,
however, are actually sufficiently low for PeakForce QNM
testing.>'3 The topography images also demonstrate that
the cement paste is a granular material, where the sub-mi-
cron scale grains or basic nanoscale units pack together
densely.?>-%°

Clear nanostructural features for the area of 5 x 5 um
(197 x 197 pin.) that can be discerned in the contour image
are presented in Fig. 15. In these images, the porosity and
the interfaces between nanoscale grains appear dark with
a lower elastic modulus. To analyze the nanostructure and
nanomechanical properties in more detail, a smaller area
of I x I um (39.4 x 39.4 nin.) was studied, as shown in
Fig. 16. Based on previous studies, the elastic modulus of
the measuring area identified as the pore space is typically
below 10.0 GPa (1450 ksi), while the elastic modulus of the
measuring areas identified as hydration products were found
to vary approximately between 10.0 and 50.0 GPa (1450 and
7252 ksi).”#%4! The probabilities of elastic modulus for two
different scanning areas are shown in Fig. 17. It demonstrates
that the probability distributions do not seem to provide a
very clear indication for the occurrence of different types of
C-S-H. When comparing the analogous probability results
of the two different scanning areas, the peak modulus value
of the probability plot for the area of 5 x 5 um (197 x 197
pin.) appears to be close to that of 1 x 1 pm (39.4 x 39.4
pin.), which is found to be approximately 25.0 = 2.0 GPa
(3626 + 290 ksi).

As shown in Fig. 18, it is suggested that the PeakForce
QNM technique can reveal the different types of grains in
hardened cement paste. This observation also highlights the
advantage of evaluating the interfaces between grains by
detecting the elastic modulus distribution. According to the
quantitative modulus value of the presented results, there is
a clear jump in the elastic modulus distribution across the
interfaces between grains. The elastic modulus of the grains
themselves, however, typically exhibits a constant value.
Moreover, abrupt changes in the elastic modulus across the
interfaces were clearly observed. The information stemming

—o— horizontal section
—o— vertical section

T T
10 15 20 25 30 35 40
Distance (um)

Fig. 15—Flastic modulus obtained by PeakForce QNM (5 x 5 um): (a) modulus contour map, and (b) modulus distribution.

(Note: 1 um = 39.4 uin.; 1.0 GPa = 145 ksi.)
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Fig. 16—Elastic modulus obtained by PeakForce ONM (1 x 1 um): (a) modulus contour map,; and (b) modulus distribution.

(Note: 1 um = 39.4 uin.; 1.0 GPa = 145 ksi.)
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Fig. 17—Statistical analysis of modulus (bin size= 2.0 GPa).
(Note: 1 um = 39.4 uin.; 1.0 GPa = 145 ksi.)

from the PeakForce QNM technique can reasonably identify
the grains with sizes from 20 to 400 nm (0.79 to 15.8 pin.) in
the nanostructure. To provide quantitative measurements of
the interface thickness between grains, radial lines (interface
A-A, B-B, and C-C) across the grain boundaries were applied
to indicate the elastic modulus variation corresponding to
the interface thickness. By definition, the interface starts
from the point where the elastic modulus begins to change
from that of one grain, and extends to another point where
the local elastic modulus is equal to that of another grain.
The distance between these two points corresponds to the
interface thickness. The thickness of the interface obtained
by averaging these lines, and the most probable thickness
of the interface between grains, was found to be 15 + 5 nm
(0.59 £ 0.2 pin.).

CONCLUSIONS

Based on the analyses and comparisons among the results
from nanoindentation, modulus mapping, and PeakForce
QNM, the following conclusions can be drawn:

1. The average modulus measured by static nanoindenta-
tion is higher than those measured by the modulus mapping
technique and PeakForce QNM, which may be due to
the confinement effect and the plastic deformation in the
nanoindentation.

2. Compared with static nanoindentation, modulus
mapping allows for evaluation of local mechanical proper-
ties within smaller measuring areas at the nanoscale. More-
over, modulus mapping avoids influence on elastic modulus
due to possible interaction between adjacent indentations.

3. The average elastic modulus and probability distribu-
tion obtained from PeakForce QNM are typically consistent
with those measured with quantitative modulus mapping.
Compared with the modulus mapping, PeakForce QNM can
provide local mechanical properties with a higher spatial
resolution.

4. Different types of grains are detected with the quan-
titative elastic modulus value. Obvious local interfaces
between grains could be observed from the abrupt change
in the mechanical properties distribution when crossing the
boundary between different phase grains.

5. It is proven that cement paste is a granular material, in
which the sub-micron scale grains or basic nanoscale units
pack together. Moreover, the correlative nanomechanical
methods provide an efficient tool for identification of prop-
erties and particle sizes of grains, and the interfaces between
grains.
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