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a b s t r a c t

Atomic force microscopy (AFM) based indentation is compared to conventional nanoindentation for mea-
suring mechanical properties of cement pastes. In evaluating AFM as a mechanical characterization tool,
various analytical and numerical modeling approaches are compared. The disparities between the
numerical self-consistent approach and analytical solutions are determined and reported. The measured
elastic Young’s modulus determined from AFM indentation tests are compared to elastic Young’s modu-
lus determined from nanoindentation tests of cement paste. These results indicate that the calcium sil-
icate hydrate (C–S–H) phase of hydrated Portland cement has different properties on the different length
scales probed by AFM versus nanoindenters. Packing density of C–S–H particles is proposed as an expla-
nation for the disparity in the measured results.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Nanoscale mechanical characterization of Portland cement
paste has yielded interesting new findings about this ubiquitous
construction material but has also raised many questions as well.
Nanoindentation has long been the method of choice for microme-
chanical characterization of a variety of materials [1–5], but when
applied to cementitious materials, the interpretation of the
measured results are complicated by the somewhat ambiguous
nanometric structure of Portland cement paste. Specifically in
question is the source of the multimodal distribution of measured
properties reported in virtually every nanoindentation based study
of Portland cement paste [6–16].

The source of the multimodal distribution of measured mechan-
ical properties could be attributed to distinct levels of packing den-
sity in the C–S–H phase as proposed by Ulm and co-authors
[9,10,12,14–18] or the distribution of measured mechanical prop-
erties could be attributed to stiffer crystalline phases present in
the C–S–H phase as proposed by Trtik et al. [19,20]. Both explana-
tions are tractable and have basis in well established existing the-
ories. The packing density explanation owes to the colloidal model
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for C–S–H first proposed by Powers [21] and then later developed
by Jennings and coworkers [12,22–26]. Similarly, crystalline hydra-
tion products have long been known to exist in hydrated Portland
cement [27] and the mechanical properties of the crystalline
phases do differ from those of the C–S–H phase [28]. Chen et al.
provided additional support for the presence of nanometric crys-
talline phases within C–S–H that could influence nanoindentation
results [16]. It should be noted that neither explanation necessarily
excludes the other and that the debate on this topic has mainly
centered on determining the most likely explanation for the mostly
undisputed experimental results.

Atomic force microscopy (AFM) can illuminate this discussion
to some degree because it interacts with a smaller volume of mate-
rial than is typical of nanoindentation experiments.2 A reduction in
interaction volume should reduce the porosity in the interaction vol-
ume and the probability of other phases residing with the interac-
tion volume, causing the measured values to approach those of the
intrinsic C–S–H particles. The measurement of mechanical proper-
ties with AFM is not a new idea, but obtaining consistent, accurately
calibrated properties from AFM based indentation experiments has
proven difficult. Furthermore, since nanoindentation produces per-
fectly acceptable results for homogeneous materials, the added com-
plexity of AFM based measurements makes AFM based indentation
less appealing for large classes of materials. Nevertheless, given
the heterogeneous structure of C–S–H on the micron to nanometer
In this paper, the term ‘nanoindentation’ will refer strictly to experiments
erformed using a traditional nanoindenter (e.g. with a Berkovich indenter tip and
N force range).
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scale, useful and distinct information can be gained from AFM that is
not garnered from nanoindentation.

AFM based characterization of Portland cement paste has been
initiated by various researchers. Mondal et al. performed nanoin-
dentation experiments coupled spatially with AFM to correlate
various results with particular morphological phases [29]. Simi-
larly, Saez De Ibarra et al. used AFM and nanoindentation to char-
acterize cement paste with carbon nanotube dispersions [30].
More recently, Kim et al. used atomic force acoustic microscopy
to quantify the elastic properties of Portland cement paste [31].
However, none of these approaches use the AFM probe as one
would use a nanoindenter to extract a force versus displacement
curve to characterize the material elastic properties.

The objectives of this study are to address the interpretation of
AFM indentation data and provide insight into the application of
various approaches for modeling AFM indentation as applied to
cement paste. Additionally, the elastic properties of C–S–H will
be experimentally measured on the tens-of-nanometers length
scale with AFM and these measurements will be used to help illu-
minate the discussion surrounding the multi modal distribution of
C–S–H mechanical properties measured with nanoindentation.

2. Theory

The theory that is used to model indentation tests generally
arises out of the field of contact mechanics where two arbitrarily
shaped bodies interact with one another. Indentation is also similar
to the Boussinesq problem of a rigid foundation interacting with an
elastic half space. The primary difference between the classic ana-
lytical contact theories is the geometry of the body interacting with
the elastic half space. More recently, numerical approaches have
been proposed that avoid some of the simplifying assumptions
present in the analytical theories.

2.1. Classic analytical approaches

The two most common contact theories regularly in use are the
Hertz and Sneddon theories and the major difference in these the-
ories involves the assumed geometry of the contact, or for indenta-
tion, the assumed shape of the indenter being used to press into
the material and the related pressure field in the contact area. In
the case of Hertzian indentation, the indenter is a half sphere of
radius R [32]. The central equation of the Hertz solution that
relates indentation depth to load may be cast as

F ¼ 4
3

MR=2d3=2; ð1Þ

where F is the load applied to the spherical indenter, d is the inden-
tation depth, and M is the indentation modulus expressed as

1
M
¼ 1� m2

material

Ematerial
þ 1� m2

indenter

Eindenter
; ð2Þ

where E is the elastic Young’s modulus, m is the Poisson’s ratio, and
the subscripts denote whether the property is of the indenter or of
the material being indented. For diamond indenters (E � 1 TPa), the
second term in (2) is often negligible such that

M � Ematerial

1� m2
material

¼ E
1� m2 : ð3Þ

In traditional nanoindentation and with many AFM probes,
pyramidal indenters are the norm and can be idealized as conical.
The Galin–Sneddon solution is appropriate for these experiments
and the solution for conical indentation can be cast as

F ¼ 2M tanð/Þ
p d2; ð4Þ
where / is the half angle of the conical indenter probe [33,34].
Eqs. (1) and (4) can be used to fit experimental force versus dis-
placement data and determine M for the indented material.

2.2. Surface forces

Classical contact mechanics has adequately described the inter-
action and deformation between bodies in the cases of micro and
nanoindentation for many years, but with the increase in popular-
ity of AFM, new questions have been raised regarding the applica-
bility of classical solutions to the AFM contact problem. Since the
attractive forces measured with AFM are often approximately the
same order of magnitude as those applied to the AFM probe, ignor-
ing adhesive surface forces may result in significant error. Fig. 1
schematically shows a generalized contact scenario and a general-
ized indentation scenario. For two axisymmetric bodies or for an
axisymmetric indenter and a flat surface, the separation between
the bodies h varies as a function of the radial coordinate r. For most
materials, the combination of varied surface separation as a func-
tion of position and general surface physics causes the indenter
probe to experience both attractive and repulsive forces while in
contact. While separation dependent surface forces do exist in
micro and nanoindentation experiments, generally the load ap-
plied to the indenter tip is so much larger than the contribution
of the adhesive surface forces that the surface forces can simply
be neglected. The bodies experience various surface forces which
in aggregate can often be adequately described by the empirical
Lennard–Jones potential function [35].

The Lennard–Jones model proposes that the two bodies in ques-
tion experience negligible surface forces at large separations,
attractive surface forces at intermediate separations, and repulsive
surface forces at very small separations (what would generally be
known as ‘‘in contact’’). The Lennard Jones equation can be cast as

psðhÞ ¼
A

6ph3

z0

h

� �12
� z0

h

� �6
� �

; ð5Þ

where ps(h) is the pressure profile between the two bodies as a
function of surface separation h, z0 is the equilibrium separation
distance, and A is Hamaker’s constant, which can be related to the
interfacial surface energy of the interacting bodies according to

c ¼ A
16pz2

0

: ð6Þ

For the purposes of this study, c is not precisely the intrinsic
interfacial surface energy of the interacting indenter and substrate;
rather, it is a sum of surface energy, meniscus forces, and electro-
chemical forces. The Lennard–Jones expression has the advantage
of describing both the attractive and repulsive phenomena known
to exist in contact mechanics of most materials. For minimally
adhesive materials, or for large indentation depths where the
adhesive contribution to the total force is minimal compared to
the repulsive contribution, a simpler Poisson–Boltzman repulsion
form may be more appropriate [36]. The exponential repulsive
form considered here is

psðhÞ ¼ Pr expð�jhÞ þ Pr
z0

h

� �9
; ð7Þ

where Pr controls the magnitude of the pressure while j and z0 con-
trol the separation at which the interaction takes place. The term z0

is taken to be small so that the second term in (7) dominates the
pressure response at small separations and prevents negative val-
ues of h from being encountered in the simulation.

Two primary analytical theories exist that account for the influ-
ence of adhesive surface forces on the contact problem. The solution
proposed by Johnson, Kendall, and Roberts (JKR) [37] accounts for
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Fig. 1. (A) As two arbitrary bodies come into contact, separation dependent surface forces (assumed to obey a Lennard–Jones form) dictate that there must be a region of
repulsive action and an attractive region. The forces are a function of separation between the bodies which is in turn a function of radial position for curved bodies. (B) In the
case of indentation, the force applied to the indenter body deforms the material being indented and the area of repulsive surface forces grows as the contact area increases
while the attractive zone remains roughly constant.
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adhesion within the area of contact while the solution proposed by
Derjaguin, Muller, and Toporov (DMT) [38] considers adhesion out-
side the area of contact. Both the JKR and DMT theories account for
the effect of adhesive surface forces but both do so while making
assumptions about the region of contact and the pressure profile
between the interacting bodies. Furthermore, both theories are
applicable to spherical contact which does not generally extend
well to conical indenters. Also, neither theory describes the interac-
tion between bodies in the pre-contact regime.
2.3. Numerical approaches

A few numerical solution approaches have been formulated for
modeling contact problems. The solution proposed by Paul and
Hashemi focused on accounting for nonspherical geometries often
encountered in real engineering problems and was solved by
assuming positive pressure within the ‘‘contact area’’ and zero
pressure outside [39,40]. Another method proposed by Kalker in-
volves minimizing elastic strain energy by iterating pressure and
deformation profiles and also assumes no interaction outside the
contact area [41]. A more recent numerical solution method was
proposed by Attard that makes fewer assumptions and is therefore
considered to be potentially more accurate [42–46]. Attard’s meth-
od assumes small deformation gradients and linear elasticity ap-
ply, and that all displacements occur strictly along the axis of the
indenter motion.
2.4. Attard’s self-consistent method

Attard’s self-consistent approach involves modeling the surface
forces such that their affect on the indenter pressure profile is sep-
aration distance dependent [42,43]. In other words, the axisym-
metric pressure profile between the indenter and the material
being investigated is

psðrÞ ¼ psðhðrÞÞ; ð8Þ

where ps is the surface pressure profile and h(r) is the separation be-
tween the surfaces at a radial coordinate r. Furthermore, the sepa-
ration of the surfaces can be determined by subtracting the
surface displacement u(r) from the separation expected if the mo-
tion were considered rigid, such that

hðrÞ ¼ h0ðrÞ � uðrÞ; ð9Þ

where h0(r) is the rigid separation (negative indicating interpene-
tration of the original undeformed surfaces) for the two surfaces.
The surface displacement may be expressed as
uðrÞ ¼ � 1
pM

Z
psðhðsÞÞ
jr � sj ds; ð10Þ

where ds is the element of the area over which the integration takes
place, and s is simply a spatial variable in the plane that bisects the
axis of contact.

The self-consistent approach conceptually mimics a displace-
ment controlled indentation experiment. The method begins with
the indenter and the material far apart such that no surface force is
expected. In this initial state it is assumed that

uðrÞ ¼ 0;
hðrÞ ¼ h0ðrÞ:

ð11Þ

Then, the indenter makes one small step toward the material
such that the new h0new = h0old + D, where D is small (on the order
of 10�10–10�12 m). With a new h0 a new displacement, u(r), is
guessed according to

uðrÞguess ¼ h0ðrÞnew � hðrÞold: ð12Þ

With the guessed displacement, a new separation, h(r), can be
calculated with (9) and a new pressure profile can be calculated
with (8) and either (5) or (7). With a new pressure profile, a new
displacement, u(r), can be calculated. This calculated displacement
profile is then blended with the guessed displacement from (12) at
a prescribed mixing ratio to create a new ‘‘guessed’’ displacement
profile and the loop is started anew. For each h0 step, this loop will
continue until the difference between the newly calculated dis-
placement profile and the previously guessed displacement profile
differ by a small amount (1 � 10�12 m in this study). Once the error
in the deformation is minimized, a new h0 step is made and the
process is repeated for each successive h0 step. This process is illus-
trated in Fig. 2 in flow chart form.

The self-consistent numerical method yields many advantages
and some disadvantages over analytical solutions. First, h(r), u(r),
and ps(h(r)) are determined (and recorded) at every step, in addi-
tion to simply recording the force. Recording these quantities
yields a wealth of information that is not available in the analytical
solutions. However, the major problem with this method is the
computational expense required to arrive at a solution. Since each
incremental step must be iterated to find the correct displacement
and separation, the process can be computationally expensive.
Additionally, the value of Hamaker’s constant is generally not
known a priori for most materials. Drawbacks aside, the Attard
method of modeling the contact between two bodies is the most
general approach currently in use. Both the Attard method and
the analytical methods discussed in this paper are subject to inher-
ent error based on the assumptions of material and geometric



Fig. 2. A flow chart representing the self-consistent method [42] shows the equations and the routine for simulating an indentation experiment.
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linearity presumed in all Hertzian-based contact theories. The
assumption of linearity is a particular problem with sharp indenta-
tion probes such as are typical with AFM. The error associated with
nonlinearity is acknowledged but not addressed in this work.
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Fig. 4. The simulated pressure profiles for an AFM probe with tip radius 2 nm at
several indentation depths show the ability of the self-consistent solution to
capture both repulsive and adhesive effects. Also plotted are the Hertzian pressure
profiles for the same indentation depths. Notice that because the Hertz solution
neglects the adhesion outside the area of contact, the overall magnitude of the
pressure profile is reduced to achieve an equivalent total applied force.
2.5. Advantages of the self-consistent method

As alluded to above, the self-consistent method has two pri-
mary practical advantages compared to traditional analytical tech-
niques. First, given the generalization of the self-consistent method
by Graham et al. [47], realistic tip geometries can be considered for
any axisymmetric indenter shape. Second, realistic surface forces
and their related pressure profiles can be considered. Fig. 3 shows
a simulated indenter probe with a 40 nm tip radius and an in-
cluded cone half angle of 48.5�, which represents a typical cube
corner indentation probe.

The benefits of accurately accounting for the actual tip geome-
try in an indentation experiment depends on the particular exper-
imental conditions, specifically, the indentation depth compared to
the characteristic geometry of a particular tip. For example, if a
spherical indenter is displaced to a depth much less than the radius
of the spherical tip, then the geometric assumptions of the Hertz
solution are perfectly acceptable [48,49]. Similarly, if a cono-spher-
ical tip is indented such that the depth of penetration is much
greater than the radius of the conical tip, then the geometric
assumptions of the Sneddon solution are suitable [50]. An advan-
tage of the self-consistent method is that the geometry of the con-
tact is accounted for at any indentation depth.

With AFM based indentation, one approach has been to use rel-
atively large spherical probes with low applied forces in an effort to
meet the conditions of the Hertz solution [46]. This approach
unfortunately neutralizes one of the great advantages of AFM,
which is the extremely small tip dimensions available and the po-
tential for measuring properties of adjacent dissimilar materials.
By accurately accounting for the tip geometry of sharp AFM probes,
one retains the ability to extract accurate material properties from
very small areas of a material sample. For large classes of materials
such as composites and naturally heterogeneous materials like
Portland cement paste, the material properties can vary on short
length scales of the same relative magnitude as the tip dimensions.
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Fig. 3. The idealized cono-spherical tip geometry representing a diamond cube
corner probe at h0 = 42 nm generated with the self-consistent solution. The inset
shows that the surfaces never ‘‘touch’’ with realistic separation dependent surface
forces.
The second major advantage of the self-consistent approach is
the flexibility in the pressure profile between the indenter and
the material. For the Boussinseq problem to be analytically solved,
a mathematical form of a pressure profile must be assumed. For
example, in the case of the Hertz solution, the pressure is of the
form of an ellipse such that

PsðrÞ ¼ P0 1� r2

a2

� �1=2

; ð13Þ

where P0 is the maximum pressure and a is the radius of the circular
‘‘contact area’’. The first major advantage of accurate geometric
accounting is also related to the second major advantage through
the concept of contact area in the analytical expression of p(r) given
in (13). As is expected from an understanding of realistic surface
forces, the two surfaces in contact never actually ‘‘touch.’’3 This sep-
aration between the two surfaces, even at positive applied force levels,
is preserved in the self-consistent solution and is shown in the inset in
Fig. 3. Since the self-consistent method only predefines the pressure–
separation relationship, this allows for a more general ps(h(r)) and, as a
result, a more general solution to the contact problem.

Fig. 4 shows the calculated pressure profiles at multiple inden-
tation depths determined from a simulated experiment with a typ-
ical silicon AFM imaging probe and Portland cement paste. It is
interesting to note that as the indentation depth increases, the
shape of the pressure profile changes to match the shape of the in-
denter, since the repulsive contribution dominates the ps(h(r)) re-
sponse. Also plotted in Fig. 4 is (13) plotted at the same
indentation depths with a assumed to equal the r position corre-
sponding to the inflection point of the numerically generated pres-
sure profile. The particular P0 values chosen for the solid curves in
Fig. 4 were determined by matching the total force applied to the
indenter probe. Since the Hertz solution does not account for adhe-
sive surface pressure clearly shown, the peak repulsive pressure in
the Hertzian case is lower than that generated by the self-consis-
tent solution.
3 In continuum mechanics, the idea of ‘‘contact’’ is ambiguous since bodies are
assumed to be comprised of points having no dimension, but no two points are
allowed to coexist in the same space.
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Fig. 6. Typical low force elastic indentation data obtained with a typical AFM
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regime that highlights the difference between self-consistent and analytical
models.
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2.6. Applicability of the self-consistent method

Since the self-consistent method must iterate each rigid body
displacement step, and because the method simulates an indenta-
tion experiment given a set of input parameters, obtaining a best-
fit representation of an arbitrary indentation experiment can be
cumbersome. Given the computational expense needed to imple-
ment the self consistent method, particularly when compared with
the relative simplicity of analytical solutions, one naturally ques-
tions when the extra effort is necessary. This subsection aims to
identify conditions where the self consistent method of modeling
AFM contact provides tangible benefit over analytical solutions.

As alluded to in the previous sections, the applicability of an
analytical solution may depend on the particular experimental
conditions, or conversely, the necessity of the more cumbersome
self-consistent solution may depend on specific experimental con-
ditions. With this in mind, several AFM indentation tests are mod-
eled with both analytical solutions and the self-consistent method.
First, Fig. 5 shows typical force (F) versus h0 data from an AFM
indentation test fitted with Hertz, Sneddon, and self-consistent
models. These data were obtained with a diamond cube corner
tip with an effective tip radius of 40 nm. The loads applied to the
tip in this case are in the range of lN, which is roughly comparable
to very low nanoindentation loads.

Best fit values for the Hertz and Sneddon solutions for the fit
parameter M were coincidentally both found to be 42 GPa while
the self-consistent solution yielded 45 GPa. Fig. 5 shows that for
this experiment, the self-consistent model does not provide a sub-
stantially better description of the experiment than the analytical
solutions.

The results in Fig. 5 should not be generalized, however, as the
applicability of the self-consistent routine is highly dependent on
the experimental conditions. Fig. 6 shows a typical indentation test
performed on cement paste with a very small probe and a very
shallow indentation depth. For these data, the probe has a tip ra-
dius of approximately 2 nm and the maximum force is in the
tenths of nanonewtons.

The most noticeable improvement that the self-consistent ap-
proach gains over the analytical solutions is the description of
the pre-contact behavior. The inset in Fig. 6 highlights the tradi-
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Fig. 5. AFM based indentation data for cement paste indented with a diamond cube
corner probe are fitted with the self-consistent, Hertz, and Sneddon solutions. The
data shown are obtained from the retraction of the probe from the hydrated cement
surface to minimize incorporation of plasticity. The Hertz and self-consistent
solutions are virtually identical for h0 < 0.
tional contact region (i.e. h0 < 0). Since the analytical contact theo-
ries are only defined in the repulsive contact regime, the pre-
repulsive (adhesive force) region is not described in either the
Hertz or the Sneddon theories. Furthermore in terms of fitted elas-
tic indentation modulus, there is great disagreement between the
models. The self-consistent model data shown in Fig. 6 was gener-
ated with M = 5 GPa, while the Hertz and Sneddon solutions
yielded M = 0.95 GPa and M = 10 GPa, respectively, as best fit mod-
ulus values. Since neither analytical solution accounts for the rela-
tively large affect of surface forces in this test, the error introduced
by modeling with the analytical solutions is significant.

Two cases have been shown where AFM obtained indentation
data has been fitted with Attard’s self-consistent solution and with
traditional analytical solutions. For the data shown in Fig. 5, the
benefit of using the self-consistent solution to model the experi-
mental data is negligible, while for the data in Fig. 6 the self-
consistent method is all but required. This section will conclude
with an analysis of the relative accuracy of the analytical solutions
versus the self-consistent method. A simple dimensionless param-
eter, h, by which various test conditions can be compared was pro-
posed by Fuller and Tabor [51] and Tabor [52] and will be modified
slightly here. This parameter can simply be thought of as the force
required to displace a given indenter to some depth in the material
compared to the maximum adhesive pull off force exerted between
that indenter and the material being tested, such that

h ¼ F indentation-peak

Fattraction-peak
: ð14Þ

Specifically the terms in (14) can be substituted with (1) and (4)
in the numerator, depending on the maximum indentation depth
and the geometry of the tip used, while the denominator can be de-
fined as

Fattraction-peak ¼ 4cpR; ð15Þ

where for this case, R is the radius of the spherical indenter tip or
the radius of the tip of the conical–spherical indenter tip. Eq. (15)
may be recognized as the adhesive pull off force term defined in
[38]. For Hertzian indentation where the geometry is spherical or
where the indentation is spherically dominated
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h ¼ Md3=2
max

3cR1=2 ð16Þ

and for Sneddon indentation where the indentation geometry is
conically dominated

h ¼ d2
maxM tanð/Þ

2pRc
: ð17Þ

As a way of characterizing the error one might encounter from
applying an analytical solution versus the self-consistent numeri-
cal solution, one may define

Error% ¼ jMfitted �Msimulationj
Msimulation

� 100: ð18Þ

Fig. 7 represents the error in fitted M (determined via analytical
solutions) compared to the same value from Attard’s self-consis-
tent numerical solution (Msimulation). The data points in this figure
were created by generating combinations of M, dmax, R, and c that
resulted in h values that were spaced over a large range. Next, the
self-consistent solution method was used to simulate indentation
experiments with these combinations of input parameters and
the force versus displacement data were exported and fitted with
the Hertz, JKR, and DMT solutions to determine Mfitted using a non-
linear optimization routine in Mathematica. Finally, the error for a
given h was computed with (18).

Fig. 7 shows that for high values of h the error introduced by
modeling indentation experiments with analytical solutions is
minimal, while as h decreases the error increases rapidly. This is
an important fact to note because the maximum indentation depth
and the tip geometry can be selected when designing the experi-
ment. It is also interesting to note that for these simulated inden-
tation tests, neither the JKR nor the DMT theories produce tangible
benefit compared to the Hertz theory, though for traditional con-
tact mechanics applications such as determining the contact area
between bodies, the JKR and DMT theories may provide more ben-
efit. In general, for d = 0 both the JKR and DMT theories over predict
the adhesive force compared to the self-consistent simulation. For
experimental conditions where h must be small such as very shal-
low indentation depth or very low modulus or high surface energy
materials, numerical modeling such as the Attard self-consistent
method should be employed to achieve accurate results.
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Fig. 7. As h decreases, the error introduced by using the analytical solutions rapidly
increases. Since some of the parameters that define h are experimentally control-
lable, AFM based indentation experiments can be designed such that minimal error
is introduced by modeling with analytical solutions.
3. Experimental

3.1. Materials

The specimens used in this study were cast from a typical Type
I/II cement with a w/c of 0.4. The cement and water were mixed
according to ASTM C305-99 and the resultant paste was placed
into acrylic tubes with a square cross-section and an inner dimen-
sion of 1 cm (0.394 in.). On one end, an acrylic plate was affixed
with a two-part epoxy. The length of the tubes was approximately
10 cm (3.94 in.). The fresh paste filled molds were vibrated and
vacuumed to remove any entrapped air. The specimens were then
sealed and placed into a 98% relative humidity room at a temper-
ature of 23 �C for 24 h. Once the initial curing had taken place, the
specimens were carefully demolded and placed in lime water for
approximately 90 days.

The cured ‘‘beams’’ were radially sliced across the long axis of
the beam into 3 mm thick 1 � 1 cm2 plates using an Isomet preci-
sion wet saw. The slices were allowed to dry in the laboratory envi-
ronment and were then affixed with cyanoacrylate glue to circular
steel discs measuring 15 mm (0.591 in.) in diameter. The exposed
flat surface of the cement paste sample was polished using tech-
niques similar to those presented in [53], with the addition of final
polishing using diamond slurries in five steps with diamond parti-
cle sizes ranging from 6 lm to 0.25 lm. In these final steps the dia-
mond slurry was placed on a glass plate and the specimen was
manually oscillated against the glass. After each diamond slurry
polishing step the specimen was wiped dry with denatured alcohol
to remove any residue from the slurry.
3.2. Atomic force microscopy

Fig. 8 schematically illustrates the concept of AFM based inden-
tation. As the actuator presses the probe tip into the material, the
cantilever bends upward and the difference in these displacements
is interpreted as the penetration depth. Additionally, if the stiffness
of the cantilever is known, the deflection of the end of the cantile-
ver also defines the force applied to the tip.

The AFM based indentation experiments in this study were per-
formed with a Veeco Dimension Icon AFM. In concept, the experi-
ment is identical to the nanoindenter based experiment but with a
few key procedural differences that are inherent to the atomic
force microscope. First, the deflection sensitivity of the cantilever
Laser

Probe

Detector

Cantilever of 
known stiffness

δcantilever δActuator

u0 = δ Actuator − δ Cantilever

Fig. 8. A schematic representation of an atomic force microscopy probe shows the
deflection of the cantilever being generated by the movement of the base of the
cantilever. The deflection of the cantilever and the movement of the actuator define
the penetration depth d of the AFM probe.
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used must be determined. Second, the spring constant or k value
must also be obtained for the cantilever. The calculated value of
deflection sensitivity is obtained by deflecting the cantilever
against a very stiff material such that negligible deformation of
the surface can be expected and all of the movement of the actua-
tor is directly related to deflection of the cantilever. For these
experiments a calibrated cantilever was used that had a k value
of 219 N/m. It should be noted that the deflection sensitivity is
dependent on the mounting of the cantilever and alignment of
the internal laser in the atomic force microscope and therefore
should be calibrated each time an experiment or batch of experi-
ments is performed. Finally, the tip of the diamond cube corner
probe was scanned across a polycrystalline titanium reference
sample to calibrate the tip shape. With the Veeco supplied tip
shape deconvolution routine, the tip radius was found to be
approximately 40 nm which is in good agreement with the tip
specifications. For these AFM based experiments the indentation
depth averaged 36.6 nm such that only the spherical tip of the
otherwise pyramidal indenter probe interacted with the sample.

Since the cantilever deflection values are calculated based on
changes in photodiode voltage values from a baseline, the resultant
data must be shifted to accurately match the zero force and zero
indentation depth points of the curve. This is done by simply set-
ting an offset to the indentation depth and to the applied force data
to accurately shift the origin of the plot to the correct point. This
correction is necessary simply due to the inherent design of the
atomic force microscope.

For this work, 5 � 5 grids of indentation points were performed
at 8 different randomly selected locations on the surface of the ce-
ment paste specimen.
4. Results

4.1. Measured results

As noted previously, a total of 200 AFM based indentations were
performed at various locations on the cement paste sample as well
as 44 traditional nanoindentation tests, originally presented in
[17]. Since the h value associated with the AFM indentation tests
was approximately 1000 on average, the retraction portion of each
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Fig. 9. (A) The elastic Young’s modulus measured with AFM shows an apparent bimodal d
multimodal trend.
test was fitted with (1) to determine M and a value of m = 0.2 was
assumed to calculate E from (3). Fig. 9 shows a histogram of the
measured elastic Young’s moduli from the AFM indentation tests
along with the comparable results obtained from
nanoindenatation.

It is interesting to note in Fig. 9A that the distribution appears to
be bimodal in nature as opposed to the multimodal distribution
obtained via nanoindentation as suggested in recent literature
[16,22] and in Fig. 9B. It is also interesting to note that the average
value of E extracted from the AFM tests is higher than that mea-
sured with nanoindentation.

Two plausible explanations exist in the literature for the modal-
ity of the distribution of elastic properties measured with indenta-
tion tests. The first plausible explanation of the modality of E
obtained from indentation tests can be gleaned from the colloidal
model for C–S–H. This model proposes small spherical particles
as the basic building block of C–S–H. According to the model, these
particles flocculate into larger, roughly spherical clumps that in
turn flocculate into the C–S–H gel. Jennings [24] suggested that
C–S–H particles are packed in two distinct densities: low density
and high density forms. Based on Jennings’ model, Ulm et al.
[9,15,54] have suggested that there are a limited number of distinct
packing densities (either 2 or 3) of the C–S–H particles, with each
distinct packing density reflecting a peak in the measured Young’s
modulus determined through nanoindentation. The second plausi-
ble explanation for the modality of measured E is related to the
presence of multiple phases (i.e. C–S–H with other phase(s)) within
the interaction volume of the indentation test [19,20]. Either pro-
posed mechanism (alone or in concert) could explain the observed
modality in nanoindentation results.

However, there are distinct differences between the materials
probed in the AFM test versus the nanoindenter test. Fig. 10 shows
a typical AFM topography image of polished cement paste that indi-
cates rounded particles grouped into clumps, which ostensibly sup-
ports the colloidal spheres model of C–S–H, since the spherical
features observed in Fig. 10 are of similar size to the particles
hypothesized in the colloidal spheres model. Furthermore, the
clumps appear to have interspersed voids. In general, a topographi-
cal image from AFM does not have great intrinsic quantitative value
other than for determination of morphology, but in this case, AFM
images can be useful for providing insight into the interpretation
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Fig. 10. A typical AFM topographical image of cement paste seems to support the
colloidal structure of C–S–H. Inscribed on the image are representations of the
approximate contact areas of the AFM probe and a typical nanoindentation probe at
maximum indentation depth.
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of the AFM indentation results. Fig. 10 shows scaled representations
of the typical contact area between the indenter tip (AFM or nano-
indenter) and the cement paste. The significant difference in typical
contact area suggests that the nanoindenter is interacting with the
larger length scale porosity while the AFM based indentations are
not. As a result of this observation, it appears likely that the bimodal
distribution of measured E with AFM compared to the multimodal
distribution measured with the nanoindenter is explained by the in-
creased influence of porosity when testing with nanoindentation.
When comparing the results in Fig. 9A to analogous nanoindenter
results in Fig. 9B and the literature [16,17], the peak missing from
Fig. 9A appears to be that in the lowest stiffness range, which would
correspond to interaction volumes containing larger porosity that is
avoided in the AFM tests. It is possible that the AFM based indenta-
tion tests are resolving the ‘‘high density’’ and ‘‘ultra high density’’
phases of C–S–H.

The reduced influence of porosity on every AFM measurement
versus nanoindentation measurement could also explain the gen-
eral upward shift in measured E in AFM results versus nanoinden-
tation results. While the presence of crystalline material in the
otherwise amorphous C–S–H could still be an explanation for the
distribution of measured nanoindentation results, this explanation
is not as plausible for AFM indentation tests. Since the interaction
volume of the AFM probe is quite small, the measured values are
much less likely to involve influence from multiple phases and
are thus likely more representative of the intrinsic properties of
the C–S–H particles. Furthermore, the intrinsic E of C–S–H has been
approximated as 57 GPa [55], 60 GPa [9], 80 GPa [56], and 34–
300 GPa, depending on Ca2+ concentration [57]. Since the AFM re-
sults indicate E approaching 80 GPa, it is likely that the intrinsic E
of C–S–H must be at least 80 GPa. Indeed, DEM simulations of nan-
oindentation using 57 GPa as an intrinsic E of C–S–H under pre-
dicted nanoindentation results [58]. If the intrinsic C–S–H E is
greater than 80 GPa, then the existence of CH in place of CASAH
particles within the AFM interaction volume cannot explain the
measured AFM indentation results that approach 80 GPa since
the E of CH is (on average) approximately 40 GPa [28]. In addition,
perhaps due to sample preparation, virtually no crystalline materi-
als were readily observed on the surface (via AFM imaging) of the
samples.

While the presence of unhydrated cement grains (E � 118 GPa
[28]) in the AFM indentation interaction volume could theoreti-
cally explain the upper end of the measured E determined via
AFM indentation, the very shallow AFM indentation depth greatly
reduces the probability of interacting with unhydrated cement
particles since the water used during cutting and polishing would
ensure sufficient moisture for hydration of any exposed unhydrat-
ed cement particles. Furthermore, no indentation results ap-
proached the expected Young’s modulus for unhydrated cement
grains and no crystalline materials were identified during imaging.
Therefore, it is hypothesized that the difference between the mea-
sured E obtained from nanoindentation and from AFM is due pri-
marily to differences in particle packing between the two length
scales. The reader is cautioned of the possibility that the increased
particle packing is confined to the surface layer of the samples
tested and is an artifact of the polishing process (i.e. the polishing
may cause surface compaction of the C–S–H particles). Since AFM
probes a much shallower depth than nanoindentation, it is likely
that AFM would be more sensitive to surface polishing artifacts.
However, even if the surface layer were artificially of higher pack-
ing density than the subsurface, this does not change the conclu-
sion regarding the source of the differences in AFM and
nanoindentation results as differences in packing density but
rather speculates on the source of packing density differences.
5. Conclusions

Numerical and analytical modeling approaches are presented
and considered for application to AFM based indentation tests,
and the two approaches are compared to one another. The numer-
ical approach is considered more general but significantly more
computationally intensive. By evaluating a dimensionless parame-
ter h, the applicability of the analytical techniques can be deter-
mined and future experiments may be designed such that
analytical modeling is suitable and the computational expense of
numerical modeling avoided. For many cases, including the exper-
iments performed in this study, analytical techniques prove suffi-
ciently accurate for modeling indentation on small length scales.

Quantitative AFM based indentation experiments have been per-
formed on Portland cement paste and measured Young’s moduli val-
ues of the C–S–H phase have been reported. The mean and
distribution of the measured values obtained from AFM indentation
are distinct from the measured values obtained with nanoindenta-
tion both in average value and in distribution. Particle packing den-
sity considering a colloidal spheres structure for C–S–H seems to
provide the best framework for reconciling the differences between
the AFM results and those obtained with nanoindentation.
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