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Abstract

In this work, a nanoindentation of cement paste trough a two-dimentional (2-D) axisymmetric model
was investigated using the capacities of the ANSYS finite element (FE) code. The indentation process
under consideration involves three forms of Calcium-Silicate-Hydrate (C-S-H) substrates indented by a
rigid indenter under the condition of frictionless contact. For the 2-D model, the indenter has a half-
angle of 70.3°, and thus has the same projected area-depth function as the standard Berkovich indenter.
The model have the ability to simulate the trapezoidal load history, study the influence of mechanical
properties of each form of C-S-H on indentation response and simulate the development of viscoelastic
and plastic deformation during indentation. The simulation results agree well with the experimental
ones and show that the Low Density (LD) form of C-S-H provides the maximum value of viscoelastic
deformation and the higher plastic deformation normalized over the total deformation was observed in
the Ultra High Density (UHD) form of C-S-H of cement paste.
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1. Introduction

The nanoindentation is one of the most promising techniques that emerged from the
implementation of nanotechnology in material science and engineering to assess mechanical
properties at small scales. The idea is simple: by pushing a needle onto the surface of a
material, the surface deforms in a way that reflects the mechanical properties of the indented
material. Yet, in contrast to most metals and ceramics, for which this technique was originally
developed, most materials relevant for civil engineering, petroleum engineering or
geophysical applications, are highly heterogeneous from a scale of a few nanometers to
macroscopic scales. The most prominent heterogeneity is the porosity.

Take, for instance, the case of concrete. Groundbreaking contributions date back to the 1950s
with the work of Powers and his colleagues [1], who by correlating macroscopic strength [2]
and stiffness data [3] with physical data of a large range of materials prepared at different
wi/c-ratios early on recognized the critical role of the C-S-H porosity (or gel porosity),
respectively the C-S-H packing (“one minus porosity”’) on the macroscopic mechanical
behavior; in particular for cement pastes below a water-to-cement ratio of w/c<0.42, for
which the entire porosity of the material is situated within the C-SH (no “capillary water” in
Powers' terminology), and for which the hydration degree a of the hardened material is
smaller than one. Powers considered the C-S-H gel porosity (gel pore volume over total gel
volume) to be material invariant and equal to @, = 0.28 independent of mix proportions,
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hydration degree, C-S-H morphology, etc. The application of advanced microscopy, X-ray
mapping and Neutron scattering techniques to cement-based materials later on revealed that
the assumption of a constant gel porosity could not be but an oversimplification of the highly
heterogeneous nanostructure of cement-based materials, overlooking the particular
organizational feature of cement hydration products in highly dense packed “inner” products
and loosely packed “outer” products (see, for instance [4]). The quantitative translation of
these morphological observations into a concise microstructure model of the gel
microstructure is due to Jennings and co-worker [5], who recognized that outer and inner
products are two structurally distinct but compositionally similar C-S-H phases; that is,
amorphous nanoparticles of some 5 nm characteristic size pack into two characteristic forms,
a Low Density (LD) C-S-H phase and a High Density (HD) C-S-H phase, that can be
associated with outer and inner products.

The existence and mechanical importance of these phases have been confirmed by
nanoindentation [6]: LD C-S-H and HD C-S-H were found to be uniquely characterized by a
set of material properties that do not depend on mix proportions, type of cement, etc. Instead,
they are intrinsic material invariant properties. The link between these mechanical C-S-H
phase properties and C-S-H packing density has been established, showing that the C-S-H
phases exhibit a unique nanogranular morphology [7], with packing densities that come
remarkable close to limit packing densities of spheres; namely the random close-packed limit
(RCP, [8]) or maximally random jammed state (MRJ, [9]) of n~0.64 for the LD C-S-H
phase; and the ordered face-centered cubic (fcc) or hexagonal close-packed (hcp) packing of
n = m/v/18 = 0.74 [10] for the HD C-S-H phase. Recent study made by Ulm and all [11]
was shown that the packing density distributions for different w/c provides strong evidence of
three statistically significant C-S-H phases; namely a Ultra-High-Density (UHD) C-S-H
phase, in addition to the already known LD C-S-H and HD C-S-H phases. The
nanomechanical properties of the UHD C-S-H phase, M and H, are found to follow similar
packing density scaling relations as LD C-S-H and HD C-S-H. This suggests that the UHD C-
S-H phase is structurally distinct but compositionally similar to the other C-S-H phases. That
is, it is made of the same elementary building block, the C-S-H solid, and differs from LD and
HD C-S-H only in its characteristic packing density. The UHD C-S-H phase has a packing
density of n = 0.83 + 0.07, which comes remarkably close to a two scale limit random
packing of 0.64 + (1 — 0.64) x 0.64 = 0.87.

In order to gain a better understanding of the viscous and plastic deformations of the three
phases of C-S-H of cement paste during the nanoindentation procedure, finite element
modeling (FEM) was performed and discussed. The indentation modeling was performed
with commercial ANSY'S software.

2. Theory

2.1. Mathematical modeling

Using the Oliver and Pharr method [12], the elastic modulus of the indented sample can be
inferred from the initial unloading contact stiffness, S =dp/dh, i.e., the slope of the initial
portion of the unloading curve, as shown in Figure 1.
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Figure 1. Loading and unloading curve

Based on the relationships developed by Snedden [13] for the indentation of an elastic half
space by any punch that can be described as a solid of revolution of a smooth function, a
geometry-independent relation involving contact stiffness, contact area, and elastic modulus
can be derived as follows:

S = 23\/%1;} 1)

Where B is a constant that depends on the geometry of the indenter. For Berkovich indenter,
£=1.034 and E, is the reduced elastic modulus, which accounts for the fact that elastic
deformation occurs in both the sample and the indenter. E, is given by

1 1-vZ  1-v?
- = + : 2
E, E E;

Where E and v are the elastic modulus and Poisson’s ratio for the sample, respectively, Ei
and v; are the same quantities for the indenter. For an indenter with a known geometry, the
projected contact area is a function of the contact depth. The area function for a perfect
Berkovich indenter is given by

A = f(h,) = 24.56h2 3)

Indenters used in practical nanoindentation testing are not ideally sharp. Therefore, tip
geometry calibration or area function calibration is needed. A series of indentations is made

on fused quartz at depths of interest. A plot of A versus he can be curve fit according to the
following functional form

1 1 1
A= f(hc) = 2456}13 + Clh% + Czhc/z + Cghc/4 + e C8h5/128 (4)
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where C; to Cg are constants. The lead term describes a perfect Berkovich indenter.

In case of analytical extraction of elastic properties through nanoindentation data it is possible
to assess roughly the yield stress as being directly correlated with hardness value according to
Tabor [14], and given by the following equation :

oy~ H/. (5)

where coefficient C can change in the range of 2.6-3.0.

2.2. Finite element modeling

The model consists of the simulation of nanoindentation test of cement paste on 2D planar
model using the commercial finite element package ANSYS v.11.0 [15]. A Berkovich
diamond indenter was used to perform the indentation test presented in this work. It had a
pyramid shape with face angle of 65.27°. For simplicity purposes, the Berkovich indenter is
commonly modeled as a conical indenter with a semi-apex angle of 70.3 degrees. This gives
the same area to depth function as that of Berkovich indenter. A square area with dimensions
including a base of 600 um, a height of 600 um was created to represent the cement paste
specimens. The indenter and specimen are meshed by 2D structural PLANE182 element as
shown in Figure 2.

Nodes along the centerline are constrained to move in x-direction and the nodes at the bottom
line are constrained to move in x and y-directions. Axisymmetry conditions are applied along
the centerline. The interaction of the indenter and the specimen is modeled as a contact pair
with no friction. Contact element TARGET169 is applied to the Berkovich tip and
CONTACT172 to the specimen. Load control technique is used to apply increasing load at
maximum of 2 mN to the upper portion of the indenter in y-direction and the displacement in
y-direction along the upper line of the specimen is measured.

For the diamond indenter an elastic linear isotropic model with Young modulus g;=1141 GPa
and Poisson ratio v;= 0.07 was used. For the cement paste, an elastic perfectly plastic
material model with Von Mises yield criterion (oy) and Bilinear isotropic time hardening
with implicit creep was chosen to extract the creep and plastic strains of the material.
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Figure 2. FE model of indenter and test specimens
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Based on published cement properties, the Young’s modulus, yield stress and Poisson’s ratio
of three forms of C-S-H phases (LD, HD and UHD) of cement paste prepared at very low w/c
=0.15 mass ratio were presented in Table 1.

Table 1. Material properties of cement paste

Material Young’s modulus Initial yield stress Poisson’s
E(GPa) oy (GPa) Ratio v
LD(C-S-H)!® 25.3 0.198 0.24
HD(C-S-H)M™ 39.21 0.347 0.24
UHD(C-S-H)™ 53.84 0.556 0.24
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3. Results and discussion
The simulation results of indentation test of cement paste at nanoscale with the visco-elasto-
plastic material model were presented in this section. The indentation depth is shown on X-
axis and load on Y-axis. It can be observed that the maximum load of 2 mN obtained against
maximum indentation depth of 405 nm, 320 nm and 255 nm for the LD, HD and UHD
respectively of C-S-H phase were in good agreement with those of the experimental results of

Vandamme and Ulm [17] shown in Figure 3.
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Figure 3. Load-indentation curves for LD, HD and UHD of C-S-H phase of cement paste

It reveals that model is able to capture the viscous strains for different forms of C-S-H
showing that the higher value of viscous deformation was observed in the LD of C-S-H phase.
This result remains logical since the LD of C-S-H posses the lower mechanical properties
with indentation modulus of M = 25.3 GPa and indentation hardness of H = 0.594 GPa.
While the water available for hydration increases the amount of hydration solid, it appears
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that the concurrent increase in gel porosity favors the formation of looser packed LD C-S-H to
the detriment of HD C-S-H; while the UHD C-S-H phase remains almost constant.

- A high w/c ratio entails an increase in the hydration degree. This increase is due an increase
in similar proportions of both the C-S-H solid and the gel porosity; roughly 5% per
A(w/c)=0.1 resulting in higher values of viscous deformation.

- A very low w/c=0.15 is characterized by a hydration degree on the order of a=0.6, a 10% gel
porosity and a 50% C-S-H solid volume fraction, favors (almost) exclusively the formation of
the UHD C-S-H phase [11].

A further study was conducted in order to studying the evolution of the plastic
deformation for the different C-S-H forms of cement paste using the developed FE model.
The plastic deformation normalized over the total deformation for each forms was extracted
from the numerical and experimental curves as h¢/hy,,, . Figure 4 shows the comparison of
the evolution of plastic deformation normalized over the total deformation for the three forms
of C-S-H phase between the experiment and FEM. Normalized plastic deformation was
found higher in the UHD forms of C-S-H phases of cement paste and was found lower in the
HD forms of C-S-H phases. It was about 90% for the UHD forms and 75% for HD forms.
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Figure 4. Normalized plastic deformation of different forms of C-S-H phases of cement paste

4. Conclusion

In this study, the response of nanoindentation test of cement paste was simulated by visco-
elasto-plastic material model. The viscous and plastic deformations of the indentation test
were investigated. The numerical and experimental results are compared, and the following
conclusions are obtained :

1. The proposed model is able to reproduce the full indentation response of three
forms of C-S-H phases of cement paste at nanoscale including viscous and plastic
strains.
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2. The viscous deformation was higher in the LD forms of C-S-H phases and was
lower in the U-H-D forms of C-S-H phases of cement paste.

Normalized plastic deformation was higher in the U-H-D forms of C-S-H phases.
The load-indentation depth curves of numerical simulation agree well with the
experimental ones while the elastic perfectly plastic properties are adopted in
ANSYS.

How
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