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Abstract Three types of nanomechanical methods

including static nanoindentation, modulus mapping

and peak-force quantitative nanomechanical mapping

(QNM) were applied to investigate the quantitative

nanomechanical properties of the same indent location

in hardened cement paste. Compared to the nanoin-

dentation, modulus mapping and peak-force QNM

allow for evaluating local mechanical properties of a

smaller area with higher resolution. Beside, the ranges

of elastic modulus distribution measured by modulus

mapping and peak-force QNM are relatively greater

than that obtained from nanoindentation, which may

be due to a result of the shaper probe and local

confinement effect between multiple phases. More-

over, the average value of elastic modulus obtained

using peak-force QNM were consistent with those

obtained by modulus mapping, while the different in

modulus probability distribution could be related to

the different nanomechancial theories and contact

forces. The probability distributions of elastic mod-

ulus measured using nanomechanical methods to

provide a basis for the different types of phases

existing in cement paste. Based on the observation

with high spatial resolution, cement paste can be likely

found as nanocalse granular material, in which

different submicron scale or basic nanoscale grain

units pack together. It indicates that the peak-force

QNM can effectively provide an effective insight into

the nanostructure characteristic and corresponding

nanomechanical properties of cement paste.
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1 Introduction

There is a fundamental need for the quantitative

characterization of the nanomechanical properties for

cement-based materials. This is essential not only for a

better understanding of material behavior, but also for

providing a basis for the design and preparation of

novel cement composites with well-defined properties
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for specific structural applications [1, 2]. For instance,

it suggests that a binder-mineral interface with high

ductility and a significant stiffness contrast may

improve significantly the fracture resistance of con-

crete. Various investigations such as scanning electron

microscopy (SEM) and atomic force microscopy

(AFM) are excellent methods to characterize the

nano/microstructures of cement-based materials with

the surface morphology [3, 4]. However, measuring

local mechanical properties of cement-based materials

at nanoscale requires nanomechanical probe-based

methods. Investigations on the nanoscale properties

have received much attention in recent years [5–7].

Recently, three advanced nanomechanical techniques

have been developed including depth sensing nanoin-

dentation [8–10], quantitative modulus mapping in the

form of scanning probe microscopy (SPM) [11, 12]

and AFM based peak-force quantitative nanome-

chanical mapping (QNM) [13, 14]. The capabilities

of the three instruments cover a wide range of contact

area and displacement resolution from sub-micron

scale in the case of nanoindentation down to nanoscale

in peak-force QNM.

The nanomechanical methods can be used to assess

the nanomechanical properties and nanostructure of

the individual constituents of heterogeneous materials

and, in this way, to provide meaningful experimental

data for the parameters of multi-scale numerical

modeling. Nanoindentation is one of the most widely

adopted techniques for this purpose of nanoscale

characterization, and determines elastic modulus and

hardness based on the measured indenting force–

displacement curve. Among various methods to cal-

culate the elastic modulus and hardness from the

curve, Oliver and Pharr’s method has been widely

adopted because of its reliable/concise hypothesis [15,

16]. In contrast to nanoindentation tests, micro-

indentation tests do not probe phase properties, but

are found to reproduce composite properties, as shown

and discussed for cement paste and for other compos-

ite materials in [17, 18]. The modulus mapping

technique employs aspects of nanoDMA and in situ

SPM imaging to realize characterization capabilities

to oscillate the indenter tip with small forces while

monitoring the resultant displacement and phase lag

due to material responses [11, 19]. In situ SPM

imaging allows the indenter tip to be rastered across

the material surface and is typically used to produce a

topographic image of material surface. As for the

modulus mapping technique, the advantage is that the

contact stiffness can be obtained continuously during

scanning using smaller contact force, which could be

an ideal technique for multiphase and composite

materials. The peak-force QNM is a new operating

mode of AFM technique that can operate with a wide

variety of standard AFMprobes [13, 20]. In peak-force

QNM, the probe is oscillated at a typical frequency of

2 kHz (far below the resonance of the cantilever) with

typical peak to peak amplitudes in air of 300 nm. This

brings the probe periodically into contact with the

sample for a short period of time (less than 100 ls) and
a periodically oscillating force is exerted onto the

sample surface. Due to the high speed of modern AFM

controllers, the individual force versus separation

curves can be collected for each tap of the probe onto

the sample surface. Peak-force QNM has been recog-

nized as a useful method for the assessment of local

mechanical properties of materials, which can also

provide phase contrast maps for a qualitative charac-

terization of materials with a very high spatial

resolution [6].

The testing parameters of the three nanomechanical

methods are different from each other. For these

methods, it needs tip radius, probe stiffness, applied

force, etc., which are set up according to the

parameters in Refs. [5, 6, 12]. For both nanoindenta-

tion and modulus mapping, the applied force is needed

as an input parameter before measurements. For

modulus mapping, in addition to the applied force,

the indent radius of curvature is also needed;

specifically, its value can be determined during the

calibration. As for peak-force QNM, the input pa-

rameters include tip radius, probe stiffness and

deflection sensitivity. All the calibrations of the three

nanomechanical methods are conducted with standard

quartz [21].

The objective of this study is to comparatively

investigate the nanomechanical properties of cement

paste using three different methods (nanoindentation,

modulus mapping and peak-force QNM). The relative

merits of the application of these three methods are

specifically discussed for the determination of elastic

modulus of cement paste from 1-lm length scale to

tens of nanometers scale. It will provide an insight into

the application of various nanomechanical methods as

applied to cement-based materials. Due to the hetero-

geneity of cement paste, it is important to understand

their basic mechanical behaviors at micro/nanoscale.
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Therefore, the nanomechanical properties of cement

paste will be experimentally measured by the three

nanomechanical methods, and these measurements

will be used to help illuminate the discussion regard-

ing the multiple modal distributions of nanome-

chanical properties in cement paste.

2 Experimental program

2.1 Nanomechnical devices

A static nanoindenation experiment was performed

with a nanomechanical testing system (Hysitron)

equipped with an in-place imaging mode [5, 8]. The

nanoindentation instrument consists of a force–dis-

placement transducer with electrostatic force ac-

tuation and displacement sensing electronics. A two-

dimensional Berkovich indenter with a high elastic

modulus is used. 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.

Quantitative modulus mapping in the form of

SPM images is acquired using the direct force

modulation (nanoDMA) operating mode of the

nanomechanical testing system [11, 12]. A cube-

corner diamond tip is attached to a force–displace-

ment 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 displacement. The

contact stiffness and material damping are calculated

from the amplitude and phase shift using a dynamic

model.

Peak-force 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 [6, 13]. This technique

(Bruker AXS) can provide compositional mapping of

a complex composite material while providing high

resolution. In peak-force 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 vibration

amplitude as a constant, peak-force 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. The testing parameters

of the three techniques are listed in Table 1.

2.2 Sample preparation

There are three primary goals of the sample prepara-

tion procedure for the three nanomechanical methods,

including achieving as flat a surface as possible,

obtaining repeatable results, and minimizing the

sample disturbance [22, 24]. The procedure described

here is optimized to satisfy these three goals. In the

first step, a 5 mm thick 10 mm 9 10 mm block of

hardened cement paste (w/c = 0.40) was produced

from type I Portland cement (see Table 2) and water

cured under 20 �C and 95 % relative humidity con-

dition. At an age of 90 days, the resulting cement paste

cube with a size of 5 mmwas impregnated with epoxy.

After the epoxy impregnation, a small cylindrical

sample 20 mm in diameter with the cement paste

residing inside was prepared. Subsequently, the small

cylindrical sample was then affixed with cyanoacry-

late glue to a circular steel disc 15 mm in diameter.

Table 1 Testing parameters of the three techniques

Nanoindentation Modulus mapping PeakForce QNM

Probe type Berkovich (2D 142.3�) Berkovich (1D cube-corner) AFM cantilever

Tip radius 600 nm – 5 nm

Tip material Diamond Diamond Diamond

Indent depth (nm) 200–800 7–12 2–8

Radius of curvature – 557.14 nm –

Applied force 1200 lN 20 lN 50 nN

Deflection sensitivity – – 70 nm/V

Maximum resolution (nm) 800 60 5
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The exposed flat surface of the cement paste sample

was ground and polished using the similar techniques

presented in Refs. [5, 23, 24], which has been proven

to be useful and efficient for sample preparation of

cement-based materials.

The completed polishing surface is shown in

Fig. 1a. It should be noted that the focus of the sample

preparation was to achieve a flat surface that would, at

the same time, be easily accessible to three kinds of

techniques. Figure 1b shows the surface topography of

a porous square region of the polished sample acquired

by high resolution tapping mode AFM. As expected,

the root-mean-square surface roughness of sample

based on the topography map is 93.9 ± 20 nm for

scanning size of 50 lm 9 50 lm, which is sufficient-

ly low enough for nanoindentation, modulus mapping

and peak-force QNM testing [6, 20, 22]. The three

nanomechanical methods are applied to measure the

nanomechanical properties on the same location of the

sample surface, respectively. As the sample surface

could potentially be damaged by the larger force in

static nanoindentation, thus peak-force QNM and

modulus mapping were performed always first on the

sample compared with nanoindentation testing.

As mentioned earlier, the modulus mapping and

peak-force QNM were performed on two devices

(Hysitron and Bruker AXS, respectively). For this

reason, when switching peak-force QNM testing to

modulus mapping from one method to the other, it is

necessary to fully confirm that the measurements are

each performed at the same position on the same

sample. To achieve this, extra high resolution images

were captured, and image analysis was applied to

measure the distance and adjust the test position and

location distance to make sure all measurements are

conducted at the same region of the tested sample. As

for the tested area, the deviation should be acceptable

less than 0.5 lm.

3 Measurements and results

3.1 Nanoindentation

The nanoindentation was performed on cement paste

sample by single loading with a maximum load of

1200 lN, which is similar to those presented in [5, 23,

24]. The completed polished surface is shown in

Fig. 2, which indicates surface topography of a square

region of the tested sample. The distance between

indents was set at 3 lm, in order to avoid possible

overlapping of plastic deformation zone onto neigh-

boring indents. In order to achieve a more precise

profile, two different regions were indented to cover

more phases for statistical analysis.

Table 2 Physiochemical compositions of Portland cement

Materials Type I Portland cement

SiO2 20.2

Al2O3 4.7

Fe2O3 3.3

SO3 3.3

CaO 62.9

MgO 2.7

Na2O –

K2O –

LOI 1.1

Total 98.2

Density (g/cm3) 3.10

Fig. 1 Cement paste

sample after polishing.

a AFM image, b surface

topography (50 lm 9 50

lm)
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As identified by the past works [25–29], the areas

with relatively high indentation modulus value (higher

than 50.0 GPa) are ascribed to the existence of

unhydrated, or partially hydrated cement particles, and

the regions that have indentation modulus values

ranging from 10.0 to 50.0 GPa are hydration products.

Moreover, the lower values of indentation modulus

(less than 10 GPa) are predominantly due to the porous

regions in cement paste. Based on the nanoindentation

measurements results, different representative indent

load-depth cures which located in different modulus

distribution ranges were shown correspondingly.

Figure 3 shows typical loading and unloading curves

during indentations on different phases of cement

paste, including porosity, hydrates (predominantly

calcium silicate hydrate and others such as slight

ettringite), calcium hydroxide (CH), and unhydrated

cement grains. Each load/displacement diagram was

plotted and inspected for signs of problems due to

surface roughness, such as abnormal or discontinuous

shapes. The grid indentation method was performed

large number of indents on the sample, and statistical

analysis of these data obtained from all the indenta-

tions provides information about the overall nanome-

chanical properties of the sample. Figures 4 and 5 are

contour maps and statistical analysis of indentation

modulus for the areas of 100 lm 9 100 lm and 15

lm 9 15 lm, respectively. Results indicate that the

general quantitative correlation between the me-

chanical properties and phase features can be obverted

clearly. It shows that the peak value of the modulus

probability plot for the area of 100 lm 9 100 lm falls

between 10.0 and 15.0 GPa, while the peak value of

modulus probability plot for the area of 15 lm 9 15

lm is between 15 and 20 GPa. From the probability

distribution, it is found that the peak value of the

modulus probability plot in the area of 15 lm 9 15

lm is visually higher than that in the area of 100

lm 9 100 lm. This indicates that more volume

fraction of hydration products such C–S–H phase

exist in the smaller indent area. Moreover, the

modulus distributions that correspond to the porosity

low than 10.0 GPa and cement clinker above 50.0 GPa

are significantly increased for the larger indent area,

resulting in a greater indentation modulus distribution

range and variation correspondingly. The illustration

of cumulative probability of cement paste for the areas

of 100 lm 9 100 lm and 15 lm 9 15 lm are shown

in Fig. 6. It indicates that modulus results ranging

Fig. 2 Cement paste

sample after polishing.

a Optical image, b indent

location
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Fig. 3 Representative load–depth curves of different phases in

cement paste
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from 10 to 50 GPa are representative of hydration

phases, and the main effect on the volume fractions of

the different phases presented by nanoindentation in

the hardened cement paste in the measurement area [5,

26]. Although many studies have been conducted on

the nanomechanical properties of cement paste, little

has been reported to characterize and provide quan-

titative measurements considering different sizes of

investigated area. From the measurements, the basic

distribution range and volume fraction of the phases in

cement paste are obviously influenced by the tested

areas, and the nanoindentation measurements should

further consider the different sizes of investigated

areas.

3.2 Modulus mapping

The modulus mapping was further performed to study

the nanomechanical properties with higher resolution

compared to static nanoindentation [12, 19]. When

switching the modulus mapping testing mode to

nanoindentation mode to study the nanomechanical
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Fig. 4 Elastic modulus distribution obtained by nanoindentation (area of 100 lm 9 100 lm). a Indentation modulus contour map,
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properties of cement paste, the position of the tested

sample remains unchanged. Eventually, it is efficient

to conduct reliable comparison between the three

different method measurements on the same region of

the same sample.

Figure 7 presents the elastic modulus contour maps

and statistical analysis of the area of 15 lm 9 15 lm.

The range of measured elastic modulus is found to be

significantly greater than that obtained by nanoinden-

tation. It can be attributed to the higher resolution and

smaller contact area of modulus mapping compared

with nanoindentation. The results of modulus mapping

for the scanned area 5 lm 9 5 lm are shown in Fig. 8.

It is found that the quantitative modulus variations in

modulus mapping are larger than those in nanoinden-

tation. It reveals that the modulus mapping technique

is more sensitive than nanoindentation with a lower

contact force. In general, obvious local elastic

modulus variations were observed at the sample

surface which comprised different phases and inter-

faces between hydration products such as inner and

outer hydration products. Previous workers also have

identified variations in elastic modulus as being due to

different phases in the cement [8, 26]. On the other

hand, clear abrupt changes in the elastic modulus

could be due to the interfaces between the porous areas

and different hydration products. The peak of the

modulus probability plot for the area of 15 lm 9 15

lm falls between 15 and 20 GPa, while the peak of

modulus probability plot for the area of 5 lm 9 5 lm
is between 20 and 25 GPa. More importantly, it seems

that the peak value of elastic modulus in the

probability plot in the area of 5 lm 9 5 lm is a

somewhat higher than that in area of 15 lm 9 15 lm.

Moreover, it is needed to note that it is likely for the

probability distributions of elastic modulus measured

using modulus mapping to provide an obvious indi-

cation for the different types of hydration products.

However, probability distribution of elastic modulus

can’t exactly indicate how many different types of C–

S–H exist in cement paste such as high density and low

density C–S–H [6, 7]. The difference in the cumulative

probability distribution of phases between the differ-

ent measured area of 15 lm 9 15 lm and the area of 5

lm 9 5 lm is typically consistent, as shown in Fig. 9.
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Assuming that the C–S–H phase can be identified with

two characteristic forms, low density C–S–H and high

density C–S–H [26, 30], the area of 5 lm 9 5 lm is

found to have a smaller volume fraction of low density

C–S–H, compared to the area of 15 lm 9 15 lm.

3.3 Peak-force QNM

In addition to nanoindentation and modulus mapping,

peak-force QNM technique was used to evaluate

nanomechanical properties at a very high resolution

(5–10 nm). When switching peak-force QNM testing

to modulus mapping from one method to the other, it is

necessary to fully confirm that the measurements are

each performed at the same position on the same

sample. To achieve this, extra high resolution images

with distinguished features were captured, and image

analysis was applied to measure the distance and

adjust the test position based on a precise distance and

direction from the features to make sure all measure-

ments are conducted at the same region of the tested

sample.

Based on the elastic modulus contour image of

cement paste offered in Fig. 10, visual nanostructural

characteristics of the area of 5 lm 9 5 lm can be

obtained. There is a significant difference observed in

modulus distributions between the multi-phases in

cement paste. The porosity and the interfaces between

nanoscale grains with a lower elastic modulus appear

darker, while the calcium hydroxides, unhydrated

cement particles and other phases with higher elastic

modulus exhibit brighter. In order to analyze the

nanostructure and nanomechanical properties in more

details, the results of smaller area of 1 lm 9 1 lm
were presented in Fig. 11. The elastic modulus

contour maps also demonstrate that the cement paste

is a granular material, where the sub-micron scale

grains or basic nanoscale units pack together densely,

which has been also been reported in other researches

[31, 32]. Based on the basic composition of the

selected cement, the hydration products should be

predominantly composed of C–S–H grains. Hence, the

discussion was focused on the aforementioned C–S–H

grains and the shape characteristics of them. Com-

pared to the different scanned areas with peak-force

QNM, the elastic modulus distribution range of the

area of 5 lm 9 5 lm is slightly larger than that of the
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Fig. 8 Elastic modulus distribution obtained by modulus mapping (area of 5 lm 9 5 lm). a Elastic modulus contour map,

b probability distribution (bin size = 2.0 GPa)
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area of 1 lm 9 1 lm because of the different

nanoscale grains experiencing different intrinsic elas-

tic modulus, respectively. The probability distribu-

tions of elastic modulus for cement paste seems to

provide a indication for the occurrence of different

types of C–S–H, but can’t exactly distinguish present

there are how many types of C–S–H which are

representative of low density and high density C–S–H,

as reported in previous researches [9, 17]. When

comparing the analogous probability distribution

results of the two different scanning areas, the peak

value of the modulus probability plot for area of 5

lm 9 5 lm appears to be consistent with that of 1

lm 9 1 lm, which is found to around 20–25 GPa. It

indicates that the measurement result of area of 5

lm 9 5 lm has a similar cumulative probability

distribution with the area of 1 lm 9 1 lm, as shown in

Fig. 12. Furthermore, it can be found that the phase

volumes fractions in cement paste typically keep

constant with each other for different scanning areas

using peak-force QNM testing.

4 Comparison analysis

4.1 Nanoindentation and modulus mapping

Compared to nanoindentation, the modulus mapping

allows for evaluation of local mechanical properties

over a smaller area with higher spatial resolution at
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nanoscale [16, 33]. In nanoindentation, although the

nanomechanical properties of different phases in

cement paste can be estimated by statistical analysis,

the separation between indentations is required to be

large enough to avoid the effects of residual stress and

interaction between the neighboring indents on the

results. For Berkovich diamond tips, the lateral

dimension of the indentation is greater than the depth

of indentation. Therefore, to avoid error in elastic

modulus due to possible interaction between adjacent

indentions, a separation of 5–10 times the lateral

indentation dimensions is employed as a general

guide, which means a minimum separation of 3 lm for

nanoindentation testing. As a result, determination of

the local quantitative variation at the nanometer level

is practically impossible for nanoindentation, howev-

er, the modulus mapping technique in the form of SPM

images can overcome these shortcomings [8]. This is

because the sample under the tip are probed at a

shallow indent depth (elastic deformation), and once

the tip force is removed, the probed materials can fully

recover without local residual stress or permanent

deformation. Moreover, the modulus mapping can

provide measurements on independent phases with

greater precision.

From Fig. 13a, the elastic modulus distribution

obtained by modulus mapping is generally consistent

with that by nanoindentation at the same area of 15

lm 9 15 lm. However, the average nanoindentation

modulus was around 23.8 ± 8.7 GPa, while the

average modulus by modulus mapping was around

22.2 ± 9.8 GPa. Generally, the average elastic

modulus measured by nanoindentation is consistent

with those measured by modulus mapping. Nonethe-

less visually, the a little bit higher average modulus

value in nanoindentation could be a result of the local

confinement effect and interaction between multiple

phases in the indent area, because the indent depth of

nanoindentation is much higher than the probed depth

in modulus mapping. Furthermore, Fig. 13b shows

that the peak value of the modulus probability plot

extracted from nanoindentation is a somewhat higher

than the corresponding peak value measured with

modulus mapping. More importantly, the large indent

area can reduce the influence of porosity, and unhy-

drated cement residuals in the nanoindentation mea-

surement compared with modulus mapping

measurement could explain the generally concentrated

contribution in the measured elastic modulus by

modulus mapping.

4.2 Modulus mapping and peak-force QNM

Compared to the contact radius (60 nm) of modulus

mapping testing, the probe radius of peak-force QNM

mode is significantly sharper (5 nm), which makes the

spatial resolution significantly higher [6, 7]. For this

reason, the peak-force QNM appears more useful

when investigating local nanomechanical properties

of a small area in more details. For peak-force QNM, a

typical scan takes 10 min, which is significantly faster

than the modulus mapping. After a scan is completed,

512 lines of data are available with 512 data points in

each line. On the other hand, compared to peak-force

QNM mode, the modulus mapping will be more

convenient for a larger measured area.

As indicated in Fig. 14a, except for the variation

characterization, the modulus distribution of the same

measuring area of 5 lm 9 5 lm obtained by peak-

force QNM is typically consistent with those by

modulus mapping. The average elastic modulus

(25.6 ± 9.2 GPa) measured by modulus mapping is

basically consistent with the average elastic modulus

(25.2 ± 6.6 GPa) obtained by peak-force QNM. At

the same time, the modulus probability characteriza-

tion measured from peak-force QNM is similar to that

measured with modulus mapping, which can be

clearly seen in Fig. 14b. Furthermore, the peak value

of the modulus probability plot measured by peak-

force QNM is typically higher than the value obtained

by modulus mapping. Consequently, the plausible
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Fig. 12 Cumulative probability distribution of elastic modulus

obtained by peak-force QNM
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explanation for this slight difference could be related

to the different related nanomechancial theories and

contact forces during testing for these two nanome-

chanical methods. Overall, it seems that the mean

value and distribution characteristics of the measured

values obtained by peak-force QNM are in good

agreement with the measured results by the modulus

mapping. Based on the probe radius of the peak-force

QNM is quite sharper than that of modulus mapping

(as shown in Table 1), the measured values are less

likely to involve influence from the interaction

between multiple phases and are thus likely more

representative of the intrinsic properties of the C–S–H

particle. In particular, the homogenized elastic

modulus of the composite obtained from peak-force

QNM measurements should present a relative smaller

error when compared to the modulus mapping.

4.3 Peak-force QNM and nanoindentation

Based on the existing literature [7, 21, 30], the C–S–H

phase is the primary phase of the hydration products in

Distance (µµm) 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

0

5

10

15

20

25

30

35

40

45

50

55
El

as
tic

 M
od

ul
us

 (G
Pa

)

Nanoindentation
Modulus mapping

0 10 20 30 40 50 60 70
0.00

0.04

0.08

0.12

0.16

0.20

0.24

Pr
ob

ab
ili

ty

Elastic Modulus (GPa)

Nanoindentation
Modulus mapping

(a) (b)

Fig. 13 Elastic modulus distribution of nanoindentation and modulus mapping (area of 15 lm 9 15 lm). a Elastic modulus

distribution, b probability distribution (bin size = 2.0 GPa)

Distance (µµm) 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0

10

20

30

40

50

60

El
as

tic
 M

od
ul

us
 (G

Pa
)

Modulus mapping
Peak-force QNM

0 10 20 30 40 50 60 70
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Pr
ob

ab
ili

ty

Elastic Modulus (GPa)

Modulus mapping
Peak-force QNM

(a) (b)

Fig. 14 Elastic modulus distributions of modulus mapping and peak-force QNM (area of 5 lm 9 5 lm). a Elastic modulus

distribution, b probability distribution (bin size = 2.0 GPa)

Materials and Structures (2016) 49:1591–1604 1601



cement paste, and the properties of cement paste are

governed through the nucleation, packing, and stiff-

ness of the nanoscale C–S–H particles. As the grains

form at random sizes, improving the diversity in the

size of nanoscale units can eventually lead to a denser

and disorderly packing of the particles, which corre-

sponds to a stronger and higher performance cement

paste. The topography features of cement paste are of

different sizes to the nanoscale grains hypothesized in

the colloidal spheres model of granular particles, as

shown in Fig. 15. It indicates that cement paste is a

granular material, where the particles or basic

nanoscale units pack together most orderly. When

comparing the nanostructure characterization of ce-

ment paste from peak-force QNM measurement to the

analogous results Refs. [34, 35], it demonstrates that

the observed spatial variety of the grains packing

fraction and grains shape can be associated with the

diversity model of granular particles (predominately

C–S–H). On the other hand, the topographical image

obtained from peak-force QNM has not only great

intrinsic quantitative information on the gains size and

shape but also insight into nanostructural morphology

for cement paste.

The grain packing density considering a colloidal

spheres structure in cement paste at nanoscale seems

to provide a significant framework for reconciling the

differences between the peak-force QNM measure-

ments and those obtained by nanoindentation.

Therefore, it is hypothesized that the significant

difference between the elastic modulus measured

from peak-force QNM and those from nanoindenta-

tion is primarily due to the differences in grains

packing at two different length scales (from one

micrometer to tens of nanometers scale). With regard

to the peak-force QNM testing which probes a much

shallower depth than nanoindentation one, the peak-

force QNM is likely more sensitive to surface grinding

and polishing artifacts which seem to influence the

packing density of the sample surface. During the

sample preparation, the grinding and polishing may

cause the nanoscale grains compaction of the sample

surface. Such influences explain why the distribution

range of elastic modulus measured by peak-force

QNM in this study is found to be greater than those

obtained from nanoindentation testing. It is hy-

pothesized that the difference between the measured

modulus obtained from nanoindentation and from

peak-force QNM is also due primarily to differences in

particle packing between the two length scales. One

possibility should be noted that the increased grains

packing is confined to the surface layer of sample due

to the artifact of polishing process. As a results,

whether the granular particles in cement paste are of

colloidal sphere structure will still be a debate, as the

granular particles may be formed from the layered

model C–S–H, which can be stacked together during

the sample grinding and polishing [8, 34].

Fig. 15 Nanoscale grains characteristic of hardened cement paste (area of 15 lm 9 15 lm and 1 lm 9 1 lm). a Topography by

nanoindentation mapping, b topograghy by peak-force QNM
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5 Conclusions

The investigations on nanostructure and nanome-

chanical properties of cement paste were investigated

using three correlative nanomechanical methods.

Based on the analysis and comparisons on these

different measurements, the following conclusions

can be drawn:

(1) Compared with nanoindentation, modulus map-

ping and peak-force QNM allow for evaluating

local mechanical properties at smaller measur-

ing areas. The range of elastic modulus distri-

bution measured by modulus mapping is

relatively greater than that obtained from

nanoindentation.

(2) The average value of elastic modulus measured

by nanoindentation is generally consistent with

those obtained using modulus mapping and

peak-force QNM. The different modulus prob-

ability between them may be due to a result of

the local confinement effect and interaction

between multiple phases.

(3) The peak-force QNM can provide local me-

chanical properties in more details with a higher

spatial resolution than modulus mapping. The

peak value of modulus probability distribution

plot measured by peak-force QNM is typically

higher than the value obtained by modulus

mapping, which could be related to the different

related nanomechancial theories and contact

forces during testing.

(4) Cement paste is likely found to be a granular

material at nanocalse, in which the sub-micron

scale or nanoscale grain units pack together.

Moreover, compared with the nanoindentation,

the peak-force QNMmeasurements can provide

more insight into the characteristics of nanos-

tructures and nanoscale granular particles for

cement paste.
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of nano-indentation technique in application to hardened

cement paste. Cem Concr Res 41(1):20–29

9. Sorelli L, Constantinides G, Ulm F-J, Toutlemonde F (2008)

The nano-mechanical signature of ultra high performance

concrete by statistical nanoindentation techniques. Cem

Concr Res 38(12):1447–1456

10. Wang XH, Jacobsen S, Lee SF, He JY, Zhang ZL (2010)

Effect of silica fume, steel fiber and ITZ on the strength and

fracture behavior of mortar. Mater Struct 43(1–2):125–139

11. Syed Asif SA, Wahl KJ, Colton RJ, Warren OL (2001)

Quantitative imaging of nanoscale mechanical properties

using hybrid nanoindentation and force modulation. J Appl

Phys 90(3):1192–1200

12. Balooch G, Marshall GW, Marshall SH, Warren OL, Asif

SAS, Balooch M (2004) Evaluation of a new modulus

mapping technique to investigate microstructural features of

human teeth. J Biomech 37(8):1223–1232

13. Young TJ, Monclus MA, Burnett TL, Broughton WR, Ogin

SL, Smith PA (2011) The use of the PeakForceTM quanti-

tative nanomechanical mapping AFM-based method for

high-resolution Young’s modulus measurement of poly-

mers. Meas Sci Technol 22(12):125703

14. Sahin O, Erina N (2008) High-resolution and large dynamic

range nanomechanical mapping in tapping-mode atomic

force microscopy. Nanotechnology 19(44):445717

15. Oliver WC, Pharr GM (1992) Improved technique for de-

termining hardness and elastic modulus using load and

displacement sensing indentation experiments. J Mater Res

7(6):1564–1583

16. Constantinides G, Ulm F, Van Vliet K (2003) On the use of

nanoindentation for cementitious materials. Mater Struct

36(3):191–196

17. Constantinides G, Ulm F-J (2007) The nanogranular nature

of C-S-H. J Mech Phys Solids 55(1):64–90

Materials and Structures (2016) 49:1591–1604 1603

http://dx.doi.org/10.1617/s11527-014-0292-9
http://dx.doi.org/10.1617/s11527-014-0292-9


18. Randall NX, Vandamme M, Ulm F-J (2009) Nanoindenta-

tion analysis as a two dimensional tool for mapping the

mechanical properties of complex surfaces. J Mater Res

24(3):679–690

19. Uskokovic PS, Tang CY, Tsui CP, Ignjatovic N, Uskokovic

DP (2007) Micromechanical properties of a hydroxyapatite/

poly-L-lactide biocomposite using nanoindentation and

modulus mapping. J Eur Ceram Soc 27(2–3):1559–1564

20. Vanlandingham MR, McKnight SH, Palmese GR, Elings

JR, Huang X, Bogetti TA, Eduljee RF, Gillespie J (1997)

Nanoscale indentation of polymer systems using the atomic

force microscope. J Adhes 64(1–4):31–59

21. Li WG, Xiao JZ, Kawashma S, Shekhawat GS, Shah SP

(2014) Experimental investigation on quantitative

nanomechanical properties of cement paste. ACI Mater J

111(1–6):603–612

22. Miller M, Bobko C, Vandamme M, Ulm F-J (2008) Surface

roughness criteria for cement paste nanoindentation. Cem

Concr Res 38(4):467–476

23. Li WG, Xiao JZ, Sun ZH, Kawashima S, Shah SP (2012)

Interfacial transition zones in recycled aggregate concrete

with different mixing approaches. Constr Build Mater

35:1045–1055

24. Xiao JZ, Li WG, Sun ZH, Lange DA, Shah SP (2013)

Properties of interfacial transition zones in recycled aggre-

gate concrete tested by nanoindentation. Cem Concr Com-

pos 37:276–292

25. Jennings HM, Thomas JJ, Gevrenov JS, Constantinides G,

Ulm F-J (2007) A multi-technique investigation of the

nanoporosity of cement paste. Cem Concr Res

37(3):329–336

26. Constantinides G, Ulm F-J (2004) The effect of two types of

C-S-H on the elasticity of cement-based materials: results

from nanoindentation and micromechanical modeling. Cem

Concr Res 34(1):67–80

27. Vandamme M, Ulm F-J, Fonollosa P (2010) Nanogranular

packing of C-S-H at substochiometric conditions. Cem

Concr Res 40(1):14–26
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