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EFFECT OF CREEP IN EVALUATION OF
NANOINDENTATION OF CEMENT PASTES
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Summary: This paper deals with nanoindentation of cement paste as a
representative of heterogeneous and time-dependent building material. The paper
concerns on the appropriateness of methods used for evaluation of
micromechanical properties. Limitation of traditional elastic solution is shown on
the unique experimental program. Better descriptions of indentation process
based on analytical viscoelastic solution and finite element model with general
viscoelastoplastic constitutive relation are proposed. These models are used for
simulation of indentation and for estimation of material parameters at micrometer
scale.

1. Introduction

It is a doubtless fact that the overall materiahdgor is directly dependent on t
microstructure and its individual phase propertMedern constitutive models for compos
materials try to respect this fact and link the rallematerial response with its microlevel
can be done using multiscale approach that upstiaése properties from microlevel to -
engineering macroscale properties. The developmerarious experimental techniques
the past decades made possible to access mechanigadrties of various materials
submicron length scales. Nanoindentation plays m@portant role among the ne
experimental technigues. This technique is basedhendirect measurement of the lo
displacement relationship using a very sharp diahtgnpressed into the material. The de
of penetration starts from the level of nanometéithough, nanoindentation was origina
developed and used mainly for studying homogenetatgrials like metals, coatings, filn
glass, and crystal materials, the evolution of thethod allows us to use it also for mater
like concrete and cement. The major studies cafobied e.g. in Constantinides, Ulm a
Van Vliet (2003), Constantinides and Ulm (2004),leze et al. (2001). However, tl
interpretation of measured data is more complicdtezlto the large heterogeneity of conc
and cement as well.

In contrary to classical macroscopic tests, numenmicroscale phenomena can oc
during indentation tests. Size-dependent indentatigsults are commonly obtained ¢
reported mainly for metals by many researchers Gtoal. (2003), Wei et al. (200«
Elmustafa and Stone (2002). Creep of the materias Wiound to be the main fac
contributing to such interpretations. Ignoring @ae the evaluation of results can leac
overestimation of size effect on hardness and gpsisize effect on elastic properties.
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Simulation of indentation process and comparisaih wkperimental data can answer
guestion on the appropriateness of different ctutste relations and the underlying mate
behavior.

2. Nanoindentation of cement pastes

Cement paste is a very specific and important mdrtbuilding materials. Althoug
cementitious matrix is a heterogeneous materiadait be treated as homogeneous
micrometer length scale. The major constituents hyelrated phases (C-S-H ge
Portlandite), unhydrous phases (rest of clinkensyl @orosity. Nanoindentation can
employed for assessment of micromechanical pregsedi these individual phases in the \
that a large number of indents is produced andesjulently separated into specific ph
groups. Since the scatter of results is commonlghriigher than for metal materials,
instance, the results are treated in the statistiag.

An example of indented cement paste sample, wisiaisually produced in a rectangt
area, is shown in Fig. 1. Typical pyramidal shapadenter imprints is formed by the she
of Berkowich indenter tip. Micromechanical propestican be evaluated for each indent ir
matrix. Separation of indents in to phase group$oise with the aid of electron microscc
(ESEM).
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Fig. 1 ESEM image of indented cemnt paste- matitix Iage indents (5500 nm in deptk

3. Evaluation of nanoindentation results

Experimental results from nanoindentation cover ltde vs. depth of penetration diagr
(the P-h curve). This diagram contains loading anlbading branch and may contain &
holding (dwelling) period at the peak of the diagrérig. 2).
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Fig. 2 Nanoindentation load vs. depth of penetratimgram (P-h curve).

Traditionally, only elastic properties such as #tamodulus and hardness are evalu:
from the unloading branch. The method for intelipgehanoindentation results is of cruc
importance to evaluation of micromechanical prapsrtSeveral methods have been prop
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in the past. One of the favorite methods is authdre Oliver and Pharr (1992). The mett
Is based on the assumption of indentation in a lyggmeous body modeled as an isotr
elastic half-space. In such case, the solutioma@nk in analytical form and experimente
measured contact stiffness can be used for an savanalysis of material paramett
However, there are still many open questions camiegrthe indentation process itself and
subsequent evaluation of the material propertipe@ally for time-dependent materials |
cement paste.

A variety of reasons are responsible for compldatenaterial behavior ar
misinterpretations of experimental data at the ascale. The most important are: specit
preparation, oxidation of surface, surface rougbhnessessment of contact area u
indenter, development of dislocations in the spearhody and last but not least effect:
loading time and associated material creep. Simedittst series of reasons can be minimi
in most cases, the later reason cannot be fulljdadoand thus it was studied in large ex
in this paper.

4. Experimental results

White cement paste samples (CEM-I 52,5 White, hiolc8K) mixed in water/cement ra
w/c=0.5 were prepared and stored in water for A8 .dBefore testing, a 2 mm thick sli
from the bulk material was cut and polished on sedo very fine emery papers to achi
very smooth and flat surface, e.g. Detwiler (20@Pecimens were washed in ultrasonic |
to remove all the dust. The resultant surface hadroughness about several tens of ni
checked by AFM.

To study creep effects two different series of speas were tested. The first series
was tested without holding period at the peak. Lioolgling period was applied for the sect
series “C”. Both series were tested in several leadls in the range of 2-300 mN.

It can be seen in Fig. 3a that the P-h curve costai‘bulge” or “nose” at the beginning
unloading in each cycle. It shows the role of créegt is present even on the unloac
branch. As a consequence of this finding the assangpof elastic solution are not fulfille
and evaluation of results leads to spurious sileeebn elastic properties as discussed latt

5. Analysis of indentation data and their numerical ssmulation

5.1 Elastic solution

Commonly, two elastic properties, the hardnessthedelastic modulus are extracted fr
indentation data. The most popular method was eddbd by Oliver and Pharr. The ela:
properties are evaluated from an unloading patth®fP-h curve. The analysis is based or
analytical solution known for rotational bodies phed into the elastic isotropic half-space

Hardness and indentation modulus are than defiaddllaws:
P

H = max
A 1)
_sin

T oA o
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wherePnaxis the peak loadA is the projected contact area at peak load&isdthe contac
stiffness evaluated as the initial slope of unlogdcurve (Fig. 2). The effect of non-ric
indenter can be accounted for by the following d¢igna

2
1 1-v2 1-v
EE | E
r | (3)

whereE andv are tested material elastic modulus and Poisgaii®, respectivelyE; and v
are indenter’s parameters (for diamobk@1141 GPa and =0.07).
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Fig. 3. Experimental results- examples of indeatatoad-depth diagrams.
(a) Series “O"- multiple loading cycles with incedag load (subrange 2-20 mN) with 1
dwell period at the peak.
(b) Series “C”- 5 loading/unloading cycles to tlaen® load (8 mN) with dwell period at tt
peak 120 s.
(c) Time course of loading process of a single &yekponential loading to the peak, dw
period (only “C” series) and linear unloading.
(d) example of indentation creep during the 120nmeldperiod at the peak of loadin
diagram (series “C”) for the load level 8 mN.

5.2 Viscoelastic solution

According to experimental evidence cement pastea iime-dependent material whc
behavior cannot be characterized only by elasti€tgstic modulus can be extracted fromn
h curve in case of a special loading with long dwefkiods and cyclic loading (“C” serie
where the effect of creep on the unloading brasaminimized. However, simulation of t
indentation process cannot be achieved. Severakelsiathn be proposed to solve s
phenomena. Recent work of Vandamme and Ulm (20@Suraes that the indentati
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response is dominated by viscoelastic behaviortiMalformulations can be constructec
such case. Vandamme and Ulm derived closed forntytasz solution based on tt
assumption of linear viscoelastic material with idéw creep. The best results are obta
using 5-parameter combined Kelvin-Voigt-Maxwell rebdas shown in Fig. 4. Viscol
deformation in this model is given by

Gyn N, 2&, (t) + G,G,N,, 2€, (t) =
=0, 0,0+ (Gon, + oy +G1, )9, (1) + GG, 0, (1) @

where £, ando, are deviator part of strain and stress tensor,ectselly. Dots over th

tensors have the meaning of time derivati@sandG, are elastic stiffness parametens,
andn, are viscosity parameters as also can be seeg.id Fi

Fig. 4 Schematic representation of 5-parametealinescoelastic deviator creep model be
on combined Kelvin-Voigt-Maxwell chain.

For a specific load-time function an analytical dmn was derived for loading ai
holding periods. Unloading cannot in general becdeed by this solution since tl
derivation of the analytical form was based on @ssumption of monotonically increasi
contact area that is not the case of unloadingcoékastic model parameters can be obta
by nonlinear fitting of the experimental data frdrlding period where the force is ke
constant over the time.

5.3 Finite element analysis

It follows from the previous paragraphs, that atief solutions of the indentation proble
are presently available only for some simple causéie models and special loading histor
It also appears that neither the elastic, nor theoelastic model fully represent the beha
of cement paste. Therefore, performance of moreptamaterial models was examinec
conjunction with the finite element (FE) method.

The employed constitutive model utilizes the decositjpon of the strain tensor:

— oE C P
& =8 T *E

()
where eijE is the time-independent and fully recoverabletelaomponent of strainsif is the

time-dependent viscous component of strain (craamnsy, andgijp is time-independent plast
strain. The elastic strain is related to stressufpn isotropic elastic compliance tensor.
The evolution of creep strain is governed by agifemv rule:

Eij _yaa-ij

(6)
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where a dot symbol above indicates time rate &nd the creep potential expressed by

second invariant of deviatoric stress tensor. $c@aepends on the current value
equivalent stress

1
7=(3J,)? e
and the equivalent creep strain, which is exprebgdte power creep law:
EC = aoa-antaz (8)

Hereay, a;, a, are material constants angtands for time.

In contrary to creep strains, plastic strains dgwednly upon satisfaction of the von Mi
yield condition

3 9)

whereoy is a material parameter (uniaxial yield strengfiije evolution of plastic strain th
follows the associated flow rule and perfect ptasti

In general, the constitutive model is characteribgdtwo elastic parameterg,(V), three
creep parametersq, a;, az) and one plastic parametexy].

The geometry of the nanoindentation experimentssiaplified in FE model by assumil
axial symmetry of both the indenter and the maltespecimen. The height of the mode
domain was equal to that of the real specimen (4,mihile the diameter was reduced to
half (15 mm — which is still much larger than thene affected by any indent). The FE m
consisted of 1800 isoparametric four-node elemants it was significantly refined in ti
proximity of the indent (Fig. 5). The indenter wasdeled as perfectly rigid and its varia
contact with the specimen was identified and impdseeach loading step. The analysis !
performed with consideration of large strains aardé¢ displacement.

z
by
FRESCRIBED

DISPLACEMENT
TIME 20.00

F.294E-23

TIME 20.00

Fig. 5 Finite element mesh and boundary conditions



J. Némecek, P. Kabele, P. Jin 7

6. Results and discussion

First the experimental data were evaluated accgrtiinstandard Oliver-Pharr methodolc
(i.e. assuming elastic behavior at the unloading ignoring creep effects). It was founc
leads to spurious size effect on elastic modulusvel as hardness. It is caused by
presence of creep in the initial part of the uningdranch of P-h curve (“bulge”) as can
seen in case of “O” samples (Fig. 3a). In casesoigulong dwell period in the combinati
with cyclic loading this size effect was minimized elastic modulus (Fig. 6b). Hardnes
still influenced since different loading paths letd different contact areas in Eq. 1 ¢
consequently it leads to size effect on H everf@rsamples.

o, —2C —_—C
T
0 T T 1 1
0 2000 4000 6000 0 2000 4000 6000
Penetration depth [nm] Penetration depth [nm]
(a) (b)

Fig. 6 (a) Hardness and (b) elastic modulus evetu&ir hydrated cement paste. “O” sta
for series with increasing loading cycles withowutetl period at peak, “C” stands for ser
tested by cyclic loading to the same load with $2@well period at the peak. Dotted |
represents macroscopic limit measured on full-sspézimens.

Second, analytical viscolelastic solution was aplito the simulation of son
experimental P-h curves. Material parameters wbétaimed by nonlinear least-square fitt
(standard nonlinear Levenberg-Marquardt procedaheed in software Matlab) of materi
creep during holding period (Fig. 7a). Such sepafameters was used for simulation of
loading curve. The results are quite satisfactsrgam be seen in Fig. 7b.

The same procedure was applied for more complex ¢y@xperiment with cyclic loadir
(Fig. 7c). Since the loading path was too compdidafior the analytical solution simplifie
loading history without intermediate unloading wased. It is the reason why no cyc
loading is obtained in the simulation in Fig. 7mwever the numerical response does
wrap the experimental curve as it was expectedhdJgie same material parameters lea
underestimation of deformation in this experiménimotivated us to construct the FE mo
with more complex constitutive laws and with thesgbility of setting an arbitrary loadir
history.
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Fig. 7 Comparison of experimental results with gsastic solution. (a) Fitting of mater
parameters from creep in the holding period reduite Gp=10.48 GPa,G,=5.53 GPa
nN=3870 GPa.s amal, =43.7 GPa.s. (b) Simulation of loading curve.Johulation of loading
curve with cyclic loading.

In order to clarify the influence of different meshsms of deformation on the respons
cement paste in nanoindentation experiments, Fiysesawere carried out with some or ni
of the strain components in Eg. 5 assumed equzéro. In all calculations, the time histc
of applied indentation force earlier referred toCaseries was used (maximum force 50 1
attained in five equal steps).
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Fig. 8 Force vs. depth diagram for elastic-plastaterial
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Fig. 8 compares the experimental result and theorese calculated with elastic perfec
plastic material model. In this case, the matgpaiameters (E = 23.25 GPa amgd = 170
MPa) were determined so as to match the maximurmoefat maximum depth in tl
experiment. It is obvious from the figure, that daeexcluding the viscous effects, the mc
cannot capture the creep of the material during-thaell periods. The model also does
produce any hysteresis, which is typical for theloading-reloading periods of tl
experiment.
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Fig. 9 Force vs. depth diagram for elastic-creepen
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In another numerical experiment, we excluded mastrains while creep strains we
accounted for. The results are shown in Fig. & $een that even though material param:
were determined so as to fit well the first loaddwell-unloading cycle, the subsequ
cycles do not match. In particular, the model does capture the significant reduction
tangential stiffness that occurs during loadingquis of second, third, and fourth cycle.

Experiment
Numericky vypocet

0,00E+00 5,00E-07 1,00E-06 1,50E-06 2,00E-06 2,50E-06
hloubka [m]

Fig. 10 Force vs. depth diagram for elastic-plasteep material
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The model used for the last analysis includedtediirs components according to Eq. 5
this case, the number of parameters was too hifgje etermined by a simple trial and e
approach. The main difficulty consisted in the fdbat even during the dwell periods wt
the loading force was constant, creeping of theenwdt under the indenter resulted
changing contact area and consequently in charggnegs field. Thus, it was not possible
separate the response due to plastic yielding eeepmg. However, Fig. 10 shows that 1
model qualitatively matches all the major featuoésthe experimental response curve:
creep during load-dwell periods as well as varratd tangential stiffness during the load
phases. FE model also gives information on the rdeftons and stress field under
indenter probe as shown in Fig. 11.
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Fig. 11 FE model. Effective stress under indentebe.

7. Concluding remarks

The presented work concerned on the evaluatiomobindentation experiments measurel
cement pastes. Since the traditional approachesilas elastic solution are not adequate
the simulation of cement paste more complex moaedsneeded. The comparison of sev
approaches showed that classical elastic solu@indgr and Pharr, 1992) can be used for
estimate of elastic parameters only in connectioth & special loading path. A simg
viscoelastic solution (Vandamme and Ulm, 2005) capture the loading and holding peric
of the P-h curve for one cycle experiment. Howewusing of the same material parame
does not lead to satisfactory results for the @dsgyclic loading. Thus, a more general
model was proposed. The FE analyses showed thdé¢saription of the micromechanic
behavior of cement paste, both time-independerttiplatrains and time-dependent cr
stains appear to play an important role. Howevarameters of the qualitatively most suite
elastic-plastic-creep model are difficult to obtaHresently, the possibility of using a m
sophisticated method of parameter identificatiorseloa on genetic algorithms is be
researched.

8. Acknowledgements

This work has been supported by the Ministry of &dion of the Czech Republic (projt
MSM 6840770003) and Czech Grant Agency (GACR 108&#5). Their support |
gratefully acknowledged.



J. Némecek, P. Kabele, P. Jiin 11

9. References

Constantinides, G., Ulm F.J., Van Vliet K. (2003)n' the use of nanoindentation
cementitious materials’, Materials and StructuBs,191-196.

Constantinides, G., Ulm F.J. (2004) ‘The effecttwbd types of C-S-H on the elasticity
cement-based materials: Results from nanoindentatiad micromechanical modelin
Cement and Concrete Research, 34 (1), 67-80.

Choi Y., Van Vliet K.J., Li J., Suresh S. (2003)iz& effect on the onset of plas
deformation during nanoindentation of thin filmsdgpatterned lines’, Journal of Appli
Physics, 94 (9).

Detwiler R.J. et al. (2001) ‘Preparing SpecimensMaicroscopy’, Concrete International
(11).

Elmustafa A.A., Stone D.S. (2002) ‘Indentation seffect in polycrystalline F.C.C. metal
Acta Materialia 50 (14), 3641-3650.

Oliver W.C, Pharr G.M. (1992) ‘An improved techn@jfor determining hardness and ela
modulus using load and displacement sensing intentaexperiments’, Journal
Material Research 7, 1564-1583.

Vandamme M., Ulm F.J. (2005) ‘Viscoelastic solusicior conical indentation’, Int. J.
Solids and Structures, in press.

Velez K, et al. (2001) ‘Determination of nanoind&idn of elastic modulus and hardnes:
pure constituents of Portland cement clinker’, Cethamd Concrete Research 31, 555-£

Wei, Y., Wang, X., Zhao, M. (2004) ‘Size effect ,maeement and characterization
nanoindentation test’, Journal of Material Resed@lil), 208-217.



