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Abstract
The microscopic physical properties of Hardened Cement Paste (HCP) surfaces were
evaluated by using Scanning Probe Microscopy (SPM). The cement pastes were
cured under a hydrostatic pressure of 400 MPa and the contacting surfaces with a
slide glass during the curing were studied. Scanning Electron Microscope (SEM) observation at a magnification of 7000 revealed smooth surfaces with no holes. The
surface roughness calculated from the SPM measurement was 4 nm. The surface potential and the frictional force measured by SPM were uniform throughout the
measured area 24 h after the curing. However, spots of low surface potential and
stains of low frictional force and low viscoelasticity were observed one month after
curing. This change was attributed to the carbonation of hydrates.
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1. Introduction
Many studies focused on the reliable prediction of the extent of chloride ion ingress into concrete. Electrostatic effects from the pore wall become important when chloride
ions transfer through small pores into concrete [1]. Because the surface potential of
pore walls is difficult to measure directly, these effects have been modeled by using the
zeta potential formalism [2] [3]. Zeta potential is generally evaluated by measuring the
amount of solution or ions that migrate through the concrete specimen, driven by potential difference. The obtained zeta potentials, however, are average values and their
distribution has not been well understood. The understanding of the surface potential
distribution is important from the perspective of multi-scale modeling of cement paste
matrices. Scanning Probe Microscopy (SPM) is a general term for methods that derive
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information from the physical interaction between a probe and the object being studied
[4]. The SPM method allows for the atomic scale investigation of surfaces and can
measure the distribution of surface potential, where SPM was applied to study thin
films [5] [6], minerals [7] [8] or organic molecules [9]. Some researchers measured the
surface geometry of Hardened Cement Paste (HCP) or cementitious material by SPM
[10]-[13]. Scanning probe microscopy, however, can only evaluate the surface properties of reasonably smooth surfaces, so the Maximum Heights of the Profile should not
exceed a few μm. Accordingly, SPM hardly gives reasonable results on objects with
rough surfaces or large pores, such as normal concrete or cement paste. In a previous
study, triaxial tests were carried out on HCP under confining pressures of 0, 30, 100,
and 400 MPa [14]. The porosity decreased significantly after the test under 400 MPa. In
another study, hydrostatic pressure was applied on crushed HCP, which resulted in the
plastic deformation of the powder, along with particle adherence [15]. These results
show that porosity, which hinders SPM measurement, might be reduced by applying
high pressure on cement paste. Therefore, in this study, SPM was applied on HCP
cured under high pressure, in order to measure the microscopic distribution of the surface potential. The surface morphology of the samples was evaluated by Scanning Electron Microscopy (SEM) and field emission scanning electron microscopy with energy
dispersive X-ray spectroscopy (FE-SEM/EDS).

2. Experimental
2.1. Specimen Preparation
The water to cement ratio of the HCP studied was 0.25. Ordinary Portland cement was
used and its properties are shown in Table 1. The mixing procedure was based on JIS R
5201; the paste was first mixed for 60 s at low speed. The mixer was stopped to scrape
off cement paste on the side of the mixing bowl and the paddle. Then the paste was
mixed for 90 s at high speed. The mixed cement paste was placed on a cut glass plate
(25 × 20 × 1.5 mm3). The cement paste and the plate were wrapped in a plastic film and
an industrial wiper, and were vacuum packed. The wiper and the film were used for
removing excess water and preventing the sticking of cement paste on the wiper, respectively. A hydrostatic pressure of 400 MPa was then applied for 24 or 72 h. After
depressurizetion, the samples were taken out from the pack and immersed into acetone
for 24 h to stop the hydration reaction. The prepared samples were approximately 15
mm wide, 30 mm long, and 3 mm tall. The samples were kept at 20 °C and 20% relative
humidity for 24 h, 72 h, or 1 month after the acetone immersion and then tested. The
conditions for the sample preparation and the tests conducted on the samples are
Table 1. Cement properties.
Ignition Loss
2.00
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Chemical property (%)
MgO

SO3

Na2Oeq

Cl−

Density
g/cm3

Specific surface area
cm2/g

1.45

1.95

0.58

0.02

3.15

3350
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summarized in Table 2. A photograph of the sample after high-pressure curing for 72 h
and acetone immersion is shown in Figure 1.

2.2. SEM and FE-SEM/EDS
A 1 mm3, cubic sample was taken from the HCP sample and the surface contacting with
a glass plate during the high-pressure curing was studied by SEM. Of the remaining
sample, FE-SEM observation and EDS analysis were applied on the surface that was in
contact with a glass plate.

2.3. Scanning Probe Microscopy
The surface geometry of the samples was measured in dynamic force mode, in which
the distance between the probe and the sample was controlled in order to achieve oscillation amplitude. The surface geometry was measured on the same area studied with
FE-SEM/EDS. The scanning resolution and scanning frequency were 512 × 256 and
approximately 0.3 Hz, respectively. Surface potential was calculated based on the feedback potential, by keeping the amplitude of the electrostatic component (due to excitation) zero. A frictional force was derived from the torsional displacement of the cantilever during scanning. The samples were axially vibrated and the flexural oscillation of
the cantilever was measured in order to evaluate viscoelasticity. At the current stage,
the absolute values obtained using these techniques have no physical meaning, but can
only be used for qualitative description. The surface geometries of all samples were

Figure 1. Photograph of press-cured cement paste.
Table 2. Experimental conditions.
High pressure
curing period

Interval between
immersion and measurement

Measurements

72 h

72 h

SEM, SPM(Surface geometry)

24 h

24 h

FE-SEM/EDS, SPM
(Surface geometry, surface potential and frictional force)

24 h

1 month

SPM(Surface geometry, surface potential,
frictional force and viscoelasticity)
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measured; additionally, the frictional force was measured on the sample that was rested
for 24 h between acetone immersion and the test. The frictional force and viscoelasticity
of the sample that was rested for a month were measured as well.

3. Results
3.1. SEM and FE-SEM/EDS
The result of SEM observation of the 1 mm3 cubes is shown in Figure 2. The surface
was flat and no holes were seen, although there was some observable surface roughness.
The results of FE-SEM are shown in Figure 3—hexagonal hydrates are seen. The elemental mapping obtained by EDS is shown in Figure 4. The analysis was carried out on
the area enclosed by the dashed lines in Figure 3. More Ca and less Si were detected on
the hexagonal hydrates denoted by the letter A in Figure 3. Fe and Al were detected in
some parts of the rest of the sampled area.

Figure 2. SEM image of press-cured cement paste.

Figure 3. FE-SEM image of cement paste.
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(a)

(b)

(c)

(d)

Figure 4. Distribution of some elements on cement paste. (a) Mapping of Ca; (a) Mapping of Ca;
(c) Mapping of Al; (d) Mapping of Fe.

3.2. Scanning Probe Microscopy
The surface geometry of HCP, which was cured under high pressure for 72 h and
measured 72 h after acetone immersion, is shown in Figure 5. Brighter colors indicate
more elevated regions. The maximum height difference in Figure 5 was 25 nm and no
holes were observed. The calculated surface roughness (the arithmetic average of the
absolute values of the profile height deviations from the mean line) was 4 nm.
The surface properties of the HCP, which was cured under high pressure for 24 h
and measured 24 h after acetone immersion, are shown in Figure 6. The letter A indicates the same hydrates shown in Figure 4(a). Botryoidal and platy hydrates can be
seen on the flat surface in Figure 6(a). The surface potential and frictional force distribution are shown in Figure 6(b) and Figure 6(c), respectively. Brighter colors indicate
higher values in both figures. Both properties appeared to be different over the edges of
hydrates than in those in flat areas. Surface properties of the HCP, which were measured one month after acetone immersion, are shown in Figure 7 and Figure 8. Frictional force and viscoelasticity were measured in the same area but the surface potential
was measured at a different location. There were spots with lower surface potential in
Figure 7(b). Lower frictional force and lower viscoelasticity were obtained in distinct
patches, as seen in Figure 8.
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Figure 5. Surface shape scanned by SPM.

(a)

(b)

(c)

Figure 6. Surface properties of cement paste evaluated by SPM (24 h after acetone immersion).
(a) Surface geometry; (b) Surface potential; (c) Frictional force.
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(a)

(b)

Figure 7. Surface properties of cement paste evaluated by SPM (1 month after acetone immersion). (a) Surface geometry; (b) Surface potential.

(a)

(b)

(c)

Figure 8. Surface properties of cement paste evaluated by SPM (1 month after preparation). (a)
Surface geometry; (b) Surface potential; (c) Frictional force.
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4. Discussion
4.1. SEM and FE-SEM/EDS
SEM observation at the magnification of 7000 showed that the HCP surface was flat
and had no holes. These results indicate that the dense HCPs with flat surfaces were
prepared by curing under high pressure with a slide glass. High Ca and low Si signatures indicate that the hydrate A in Figure 3 and Figure 4 may be Ca(OH)2.

4.2. Scanning Probe Microscopy
The hydrates on the specimen, which was measured 24 h after the acetone immersion,
exhibited a variation of surface properties along their edges, as seen in Figure 6(b) and
Figure 6(c). This change in the surface properties is attributable to the differences in
height but not to the actual variation of surface properties, because both properties are
affected by the surface geometry. The surface potential and frictional force of the hydrates therefore may be similar over the measured area. The spots of low surface potential were observed on the sample that was tested one month after the acetone immersion. This result likely indicates an actual difference in surface potential because the
change is not limited to the edges of the hydrates. Carbonation of hydrates might have
caused the low surface potential areas, because the zeta potential of cementitious materials decreases significantly after carbonation [16]. Frictional force showed similar distribution over the measurement area 24 h after acetone immersion but there were less
intense areas one month after the immersion, as shown in Figure 8. The hydrates generated by carbonation therefore likely had different frictional forces, compared to the
other hydrates. The carbonated hydrates might have different viscoelasticity as well, as
suggested by the low viscoelasticity areas in Figure 8, although the viscoelasticity was
not measured 24 h after acetone immersion.

5. Conclusions
The conclusions obtained in this study are summarized as follows.
-The HCPs cured under 400 MPa with a slide glass were dense and no holes or surface porosity were detected by SEM observation and SPM measurement.
-The hydrates had a similar surface potential and frictional force over the measured
area when the HCP was measured 24 h after acetone immersion.
-The spots of low surface potential, low frictional force and low viscoelasticity were
detected when the HCP was measured with SPM one month after acetone immersion.
The change in these properties was attributed to the carbonation of hydrates.
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