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It is widely believed that the fundamental properties of concrete
are affected by the material properties at the nanoscale. Hence, to
improve cement and concrete properties, it is necessary to first
understand the nanoscale properties. In this research, sample
preparation techniques were developed to image the nano- and
microstructure of hardened cement paste using atomic force
microscopy (AFM). A special type of nanoindenter along with
in-place scanning probe microscopy imaging has been used to
determine the nanoscale local mechanical properties, including
the Young’s modulus of the interfacial transition zone.

Keywords: atomic force microscopy; cement paste nanostructure; interfacial
transition zone; mechanical properties; nanoindentation.

INTRODUCTION
Concrete is heterogeneous at all length scale with very

complex micro- and nano-structure. To be able to control
macroscopic properties and develop new nano-engineered
materials, it is necessary to study the cement paste nano-
structure and understand how this relates to the local
mechanical properties.

Atomic force microscopy (AFM)1 with a local probe can
in principle determine local mechanical properties along
with high-resolution imaging, and it is just starting to be used
to study the nanostructure of cementitious materials.2-8 For
example, AFM has been used to study the surface changes of
cement clinker immersed initially in saturated calcium
hydroxide solution, followed by water and sucrose solution;2

the change in hydrated cement paste microstructure with
exposure to different humidity levels;3 the carbonation
process of calcium hydroxide present in hydrated cement
paste;4 and for imaging the denser microstructure of the
cement paste with silica fume or fly ash.5 One advantage of
AFM is that it can be used with a special diamond indenter
probe to extract nanoscale local mechanical properties along
with high-resolution imaging. This has been successfully
implemented for different soft materials9; but, in general, it
only provides qualitative information and proportional
values for the elastic modulus.10,11 A different type of local
probe—nanoindentation—has proved to be a reliable technique
to quantitatively determine local mechanical properties.12-18

The disadvantage of nanoindentation is the absence of any
imaging ability, which is an issue for heterogeneous materials
such as cement paste. To overcome this problem, in some
recent nanoindentation studies, a large number of indentations
were performed on hydrated cement paste samples and the
calculated modulus values were grouped statistically to
obtain the modulus of different phases present.16,17 In
another study, to make the experiment more reliable, a cold
field emission scanning electron microscope (CFE-SEM)
was used to add an imaging capability.13

In this paper, results from an extensive atomic force
microscopy study of the nanostructure of cement paste are
presented. A special type of nanoindenter, triboindenter

was used that combines nanoindentation to determine the
local mechanical properties at the nanoscale with high-
resolution in-place scanning probe microscopy (SPM)
imaging that allows pre- and post-test observation of the
sample. A triboindenter allows for a more direct approach
where one can identify different phases in cement paste
through imaging and determine the local mechanical properties
of these phases with minimal ambiguity. This unique advantage
has already been used in the case of other materials.19 This
paper presents results of nano-mechanical testing on cement
paste and on mortar samples. The imaging technique along
with nanoindentation proved to be the most advantageous in
determining the local mechanical properties of the interfacial
transition zone.

As studied by many researchers, the interfacial transition
zone (ITZ) is the region of cement paste around aggregate
particles that develops due to the so-called wall effect of
cement particles packing against a much larger, relatively
smooth aggregate surface.20 This is a region of gradual
transition where the effective thickness varies with the
microstructural feature being studied and the degree of
hydration.21 In many studies, it was concluded that in ordinary
portland cement concrete, the ITZ consists of a region up to
50 µm around each aggregate with less unhydrated particles,
less calcium-silicate-hydrate, higher porosity, and greater
concentration of calcium hydroxide and ettringite. Simeonov
and Ahmad22 reported the influence of ITZ on the overall
elastic properties of mortar and concrete. In normal concrete,
it is considered to be the weakest link in the mechanical
system.21,23 Although it is widely accepted that the properties of
the ITZ have to be taken into account in modeling the overall
mechanical properties of concrete,20,22-28 it is difficult to
determine its local mechanical properties because of the
complexity of the structure and the constrains of existing
measurement techniques.29 Most of the time, the modulus of
ITZ is assumed to be uniform and less than that of the paste
matrix by a constant factor.24 This factor is assumed to have
a value between 0.2 and 0.8, although there is no theory or
experimental data to support this assumption.28 In their
model, Lutz et al.26 assumed that the elastic properties vary
smoothly as a power law within the ITZ. By fitting macroscopic
bulk modulus data, they found that the modulus of ITZ is 30 to
50% less than that of the bulk matrix. In some recent studies,
attempts were made to determine the local mechanical properties
of the ITZ using microindentation or microhardness testing,30-32

but there is little information available at the nanoscale. 
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RESEARCH SIGNIFICANCE
This is an interdisciplinary research with a goal to improve

the understanding of the basic properties of concrete and
cementitious materials. This research provides a better
understanding of the nanostructure of cement paste and
nanoscale local mechanical properties. This also provides
better insight into the mechanical properties of ITZ. Findings
from this research will provide better input for modeling the
nanoscale properties of cementitious materials.

SAMPLE PREPARATION
Sample preparation is a very important step because it

affects the microstructure. Getting an extremely smooth
surface is critical for AFM because the ability to image the
intrinsic micro- and nano-structure of a sample depends on
effective elimination of the sample roughness without any
damage. Having a smooth surface is also necessary for the
determination of reliable local mechanical properties. Cubes
of cement paste 1 x 1 x 1 in. (25.4 x 25.4 x 25.4 mm) were
made out of Type I portland cement with a water-cement
ratio (w/cm) of 0.5. Samples were demolded after 24 hours,
and then cured at 77 °F (25 °C) under water for 6 months.
Once cured, approximately 1/5 in. (5 mm) thin sections were
cut out of these specimens and mounted on a metal sample
holder using an adhesive (softening temperature: 159.8 °F
[71° C]) for polishing. Different polishing techniques
were studied to understand the effectiveness of these
techniques and estimate the damaging effect that might
be associated with them.

Samples were successively dry polished using paper discs
of gradation 34.2 µm, 22.1 µm, 14.5 µm, and 6.5 µm. The
use of water was avoided at these steps to prevent any
damage. At every step, a microscope was used to check the
effectiveness of the polishing. Samples were finally polished
down to 0.1 µm in the following four different ways and
comparative studies were done to select the most efficient one:

1. An auto-polisher was used with diamond suspensions in
water of gradation 6 µm, 3 µm, 1 µm, and 0.1 µm as
polishing liquids on a texmat cloth;

2. Oil-based diamond suspensions of gradation 6 µm, 3 µm,
1 µm, and 0.1 µm were used to polish samples on a texmat
cloth in the auto-polisher;

3. Instead of an auto-polisher, a dimpler was used with
diamond suspensions in oil of gradation 3 µm, 1 µm, and
0.1 µm as polishing liquids; and

4. Diamond lapping films of gradation 6 µm and 3 µm
were used to polish samples down to 3 µm and, as a final
step, a diamond suspension in water of 0.1 µm was used in
an auto-polisher.

Figure 1 shows SEM images of samples polished using the
techniques mentioned previously. After a careful study, it
was found that the use of silicon carbide papers down to 6.5 µm,
then the use of diamond lapping films of gradation 6 and
3 µm, and finally the use of a diamond suspension in
water of 0.1 µm (Method 4) produced a very smooth surface
with minimal damage. It was decided not to use a suspension
in oil because oil made the samples difficult to clean. Also, a
suspension in water did not cause any additional damage
compared with a suspension in oil. Instead of using a
conventional polishing wheel or an auto-polisher, the effect
of using diamond suspension in a dimpler was also investigated.
A dimpler is generally used to prepare transmission electron
microscopy samples because it applies less force on the
sample and offers more controlled polishing. The area
polished, however, is relatively small and it is also difficult
to polish the exact same area in successive polishing steps.
Considering all these, Method 4, as described previously, was
selected for the rest of the experiments. For most of the
polishing steps, water was avoided. Otherwise, effects, if
there were any, due to the use of water were always tested
with methods without any water. For longer storage, samples
were placed in nitrogen to avoid any change in the micro-
structure due to atmospheric conditions. As a final step, 0.08 in.
(2 mm) thick polished samples were ultrasonically cleaned to
remove polishing debris. Both ethanol and water were
considered as cleaning medium. Samples cleaned in water
for 1 minute did not show any damage compared with
samples cleaned in ethanol. Cleaning in water for more than
3 minutes caused sample damage. Considering this, it was
decided to clean samples in water for 1 minute for the rest of
the experiments.

IMAGING OF HARDENED CEMENT PASTE
Experimental details

A scanning probe microscope was used in this study, both
in contact and tapping modes, although tapping mode was
found to be more effective. Along with AFM, a microscope and
an environmental scanning electron microscope were used to
find representative areas of the sample after polishing and to
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Fig. 1—Scanning electron microscope image of cement
paste samples following different polishing techniques.
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provide surface information at millimeter to nanometer
scale. SEM was used in low-vacuum mode. AFM images of
samples were compared before and after SEM imaging. This
was to make sure that the AFM images were not affected
by any possible damage that the low-vacuum of the SEM
may cause to the samples.

Results
Figure 2 shows a 50 x 50 µm AFM image of cement

paste—on the left, the topography, and on the right, the
amplitude signal. The topography image shows the coarse
height variations of the sample, brighter regions being higher
than darker ones. The amplitude image shows local variations
in height after removal of the coarse topography variations, in

effect a high-pass filtered image. Because of the large difference
in mechanical properties of unhydrated particles and the
surrounding cement paste, great care had to be taken to polish
both of these phases together with the same effectiveness.
The maximum height difference between different areas in
this image is 1.5 µm.

Images of C-S-H gel show nearly spherical particles of
different sizes in different areas. Depending on the effectiveness
of polishing technique, it was possible to image C-S-H
particles of different sizes. The sizes of the spherical
particles range from 40 nm to 200 to 700 nm. Figure 3 is a
4.7 x 4.7 µm AFM image of C-S-H gel. This clearly shows
particles of sizes of 200 to 350 nm. With the most effective
polishing technique, it was possible to explore the structure
of C-S-H gel at a scale of 40 to 50 nm. Figure 4 is a 1.5 x 1.5 µm
AFM image that shows spherical particles of size in the
range of 40 nm. It should be noted that the feature size in an
AFM image of a somewhat rough material such as this
should only be interpreted as an upper bound on the true
feature size in the object; in many cases, the images are a
convolution of the tip shape and the sample roughness.

DETERMINATION OF LOCAL
MECHANICAL PROPERTIES

Experimental details
A triboindenter as shown in Fig. 533 was used to determine

the nano-mechanical properties. Both a Berkovich tip with
total included angle of 142.3 degrees and a cube corner tip
with total included angle of 90 degrees were used for indentation
and SPM imaging. From initial tests, the cube corner tip was
found to be more effective for high-resolution imaging
because of the smaller included angle and the smaller effective
radius (as mentioned previously, there can be an effect due
to convolution of the images by the tip radius). The imaging
feature using the same indenter tip provides the capability to
identify different phases and to position the indenter probe
within 10 nanometers of the desired test location. Post-test
imaging also provides the ability to verify that the test was
performed in the anticipated location, which maximizes the
reliability of the data. Multiple cycles of partial loading and
unloading were used to make each indent, eliminating creep
and size effects.14 The Oliver and Pharr method was used to
determine the mechanical properties15 where indentation
modulus is calculated from the final unloading curve and
hardness is defined as the maximum indentation load divided
by the contact area.

With the development of more effective polishing techniques
as described in the “Sample preparation” section (Method 4),
it was found that the Berkovich tip was also capable of

Fig. 2—50 x 50 µm atomic force microscopy image of
polished cement paste: (a) topography; and (b) change
in amplitude.

Fig. 3—4.7 x 4.7 µm AFM image of C-S-H gel: (a) topography;
and (b) change in amplitude.

Fig. 4—1.5 x 1.5 µm atomic force microscopy image of
polished cement paste: (a) topography, and (b) change
in amplitude.

Fig. 5—Triboindenter.
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imaging the sample with adequate resolution. This has one
advantage over using a cube corner tip because the Oliver
and Pharr method gives a slightly higher modulus for most
of the materials when a cube corner tip is used. Image of a
representative area of a cement paste sample was first
captured with the Berkovich tip, and then nearly 60 locations
were selected for indentation both on the unhydrated particle
and on the area around it. Using the same tip, an image was
captured after indentation to make sure that the indents were
made at the desired locations. This whole testing process was
repeated on 10 different areas of three different samples.
Some of the indentation test data were discarded due to the
irregular nature of the load-displacement plot (Fig. 6),
which could be due to the presence of a large void or
cracking of the material.

Results
Figure 7 shows images of different areas after indentation,

and Fig. 8 shows that the elastic modulus decreases with
distance from an unhydrated particle. For unhydrated particles,
the calculated modulus and the hardness values were 125 and
7.66 GPa (18,130 and 1111 ksi), respectively. For C-S-H gel
close to an unhydrated particle, the values measured were 40
and 1.32 GPa (5802 and 191 ksi). For C-S-H gel further
away from an unhydrated particle, the calculated modulus
was 23 GPa (3336 ksi) and the hardness 1.01 GPa (146 ksi).
Difference in mechanical properties of the C-S-H gel in
different areas was repeatedly observed.

Figure 9 shows a 60 x 60 µm image of a cement paste with
a bright, unhydrated particle near the center. It also shows
the modulus values calculated from the indentation data.
Values are written on the respective indent locations on the
image. Again, observed mechanical properties of the C-S-H
gel in different areas were different. Statistical analysis
showed that a normal distribution can be fitted for the variation
in modulus with a mean of 19 GPa (2756 ksi) and standard

Fig. 6—Force-displacement plot: (a) acceptable; and (b) possible
fracture of material, not acceptable.

Fig. 7—(a) 5 x 5 µm image of unhydrated particle after
indentation; (b) 10 x 10 µm image of C-S-H gel close to
unhydrated particle; and (c) 10 x 10 µm image of C-S-H
gel further away from unhydrated particle.

Fig. 8—Change in modulus of C-S-H with distance from
unhydrated particle.

Fig. 9—60 x 60 µm image of gel with unhydrated particle
showing locations of indents and Young’s modulus in GPa.
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deviation of 7.2 GPa (1044 ksi). Figure 10 shows the
frequency distribution plot of the data. Effect of bin size on
the frequency distribution plot was investigated and a
frequency plot with smaller bin size showed two high peaks,
one in the range of 20 to 25 GPa (2900 to 3626 ksi) and
another one in the range of 30 to 35 GPa (4351 to 5076 ksi).
This correlates well with the mean of the bimodal distribution of
the modulus reported by Constantinides and Ulm16 and
Constantinides et al.,17 though the data did not represent a

combination of two normal distributions. The Young’s
moduli of unhydrated particles as obtained in this study are
a little lower than the results reported by Velez et al.18 This
is expected because Velez et al. used pure clinker phases,
whereas unhydrated cement particles seem to be more
porous. As seen in the initial study, many areas show a
decreasing trend in the modulus values with the distance
from the unhydrated cement particles. From a more rigorous
test like this one, however, it is clear that there are low stiffness
areas near the unhydrated particles, as can be shown in Fig. 9.
Similar tests have been repeated on different samples ten
times and the results are reproducible. On an area without an
unhydrated cement particle nearby, modulus values obtained
are in a range of 25 to 15 GPa (3626 to 2176 ksi), which is
less than values observed around unhydrated cement particles.

DETERMINATION OF LOCAL
MECHANICAL PROPERTIES OF ITZ

Experimental details
Cement paste samples were cast with Illinois river sand

particles in them. These are model mortar samples with few
sand particles to create ITZ. To avoid complexity, sand
particles with size between 1.18 and 2.36 mm (0.05 to
0.09 in.) were used. These were cured and polished
following the same procedure as described for cement paste
samples. Because of the large difference in mechanical
properties between the sand particle and the ITZ, great care
had to be taken to have a smooth ITZ to do the nanoindentation
tests. Sand particles being much stiffer than the ITZ, they
have a tendency to stick out of the sample, which makes
imaging and indentation difficult at the extreme vicinity of
the particle. After careful sample preparation, nanoindentation
tests were performed, imaging the area before and after
indentation to ensure the effectiveness of the sample
preparation, representativeness of the area under investigation,
and finally to make sure that the indentations were done at
the desired locations.

Results
Figure 11 shows an image of the ITZ with a sand particle

on the right side. Imaging along with nanoindentation
proved to be the most effective in identifying the narrow area
of ITZ and in performing nanoindentation on the same region.
After imaging, approximately 50 locations were chosen on
the sand particle and on the cement paste. Superimposed
on the image are the Young’s modulus values obtained from
the nanoindentation tests. The Young’s modulus is clearly
less near the sand particle and increases with distance. There
are areas near the sand particle that seem stronger and less
porous from the image, and these show a higher modulus as
would be expected—for instance, the area near the top left-
hand corner of the image. For this particular test set, similar
statistical analysis showed that a normal distribution can be
fitted for the variation in modulus with a mean of 18 GPa
(2611 ksi) and standard deviation of 4.3 GPa (624 ksi).
Figure 12 shows the frequency distribution plot of the data.

Fig. 10—Frequency plot of calculated Young’s modulus with
fitted normal distribution.

Fig. 11—60 x 60 µm image of gel with sand particle and ITZ
showing locations of indents and Young’s modulus in GPa.

Fig. 12—Frequency plot of calculated Young’s modulus in
ITZ with fitted normal distribution.

Table 1—Average Young’s modulus of different 
phases of cement paste and mortar

Unhydrated 
cement particle 

Cement paste 
matrix

Interfacial
transition zone

Average Young’s
modulus, GPa (ksi) 110 (15,954) 21 (3046) 18 (2611)

Note: 1 GPa = 145.038 ksi.
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Results presented herein compare well with the results of Zhu
and Bartos30 and Zhu et al.31 Considering all the test data in
different regions, Table 1 presents the average Young’s
modulus for unhydrated cement particles, paste matrix, and
interfacial transition zone where the average modulus of ITZ
is 85% of that of the paste matrix. This compares well with
the modeling results of Sun et al.28

CONCLUSIONS
From this study, it has been found that AFM is a promising

technique to image and characterize cement paste micro- and
nano-structure. The structure of C-S-H gel in different areas
showed spherical particles of different sizes in the range of
40 nm to 200 to 700 nm. It has also been found that sample
preparation is very critical for micro- or nano-scale charac-
terization. With the development of an improved polishing
protocol, it was found that in many areas of C-S-H, there were
spherical particles as small as 40 nm.

This study also shows that nanoindentation along with
imaging is a powerful technique to determine the mechanical
properties of different phases of cement paste micro- and
nano-structure. The Young’s modulus of unhydrated cement
particles and C-S-H gel has been determined, and differences in
the Young’s modulus have been found in different areas of
cement paste microstructure. In many cases, paste around
unhydrated particles has a higher modulus. Using the
imaging capability of the nanoindenter tip, it was possible
to position the indenter exactly in the narrow region of ITZ
and perform nanoindentation to determine the local
mechanical properties directly. It was found that the paste
in the ITZ has, in general, a lower Young’s modulus.
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