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ESTIMATION OF MECHANICAL PROPERTIES OF MODIFIED CEMENT
STONE BY NANOINDENTING METHOD

The mechanical properties of materials began to appear higher requirements. The
development of various technologies has become widespread in the modern world,
which has contributed to the creation of new building materials. The nanoindentation
method has become an alternative approach to the study of the mechanical properties of
materials at the nanoscale. In this case, it is not the dimensions of the sample that are
reduced, but the size of the deformed region. During nanoindentation, most solid and
superhard non-metallic materials are deformed elastically-plastic, which allows
characterizing such mechanical properties as hardness and elastic modulus.

Based on an analysis of literature, it was found that C—S—H exists in at least three
different structural forms: low, high, and ultrahigh densities, which have different
average values of hardness and hardness and various volume concentrations. The
average values of hardness and hardness turned out to be properties inherent in the C—
S—H structure, which do not change in various materials based on cement.

In this work, the nanoindentation method was used, preliminary results of the
studied cement samples were obtained. The studies were carried out by an automated
Hysitron TI 950 Tribolndenter nanoindent. During mechanical measurements, a
diamond probe tip was used.

It was found that the elastic modulus M increases in samples that contain a complex
additive containing nanosized particles. The effect is also observed when a sol of
nanosilica or carbon nanomaterial is introduced into a plasticizing additive. The results
are presented by histograms of the distribution of nanoindentation points modulo
elasticity E and stiffness H.

Key words: nanoindentation method, cement samples, hardness, elastic modulus,
nanoindenter, histogram, phase.

Formulation of the problem. The nanoindentation method was used when a solid
needle of a known shape is pressed into the surface of a cement stone sample at a
constant speed. When the specified load or indentation depth is reached, the movement
stops for a certain time, after which the needle is retracted in the opposite direction.
During loading, the values of the load and the corresponding indenter displacement are
recorded. The resulting relationship is called the load / unload curve.

Analysis of research and publications, statement of the problem. From this
experimental curve, it is possible to determine the hardness and elastic modulus of the
material [1-6]. The aim of the study is to study the effect of a complex nanodispersed
additive consisting of a superplasticizer and nanoparticles (nanosilica sol and carbon
nano-material) on the properties of a cement material by nanoindentation.
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Research Methods. Applicable Indenters. When conducting mechanical contact
measurements, such as indentation, an important parameter of the testing machine is the
hardness of the material from which the probe tip is made. The mechanical strength of
the tip should be higher than that of the test material. In this case, the tip retains its
shape, and constant test conditions are maintained throughout the experiment. Constant
experimental conditions simplify the calculation and description of the experimental
results. The most popular material used in such equipment is diamond, as it is the
hardest known natural material. But because of the difficulty in processing and shaping,
diamond is often replaced with softer materials (for example, aluminum oxide, quartz).
Another disadvantage of diamond is its low electrical conductivity, which makes it
popular to use solid conductive materials, such as silicon carbide. The high electrical
conductivity of such tips allows local measurements of electrical properties.

Nano-mechanical testing device Tribolndenter Brooker T1 950. The Hysitron T1 950
Tribolndenter Nanoindent is an automated high-performance tool to support humerous
methods of nanomechanical and nanotribological characteristics. The Hysitron Tl 950
nanoindenter system includes the powerful advanced Performech | control module,
which greatly improves the accuracy of nano-mechanical testing with feedback,
provides dual-head testing for nano / microscale connectivity, and provides
unprecedented performance with minimal noise.

Prototypes. The nanoindentation tests were carried out on samples with dimensions
of 10 x 10 x 20 mm (3 samples of each composition).

Tests were carried out on 4 formulations:

Sample Ne. 1 — contains an additive superplasticizer (SP)

Sample Ne 2 — containing the additive SP + sol nanosilica (NK)

Sample Ne 3 — containing an additive of superplasticizer SP + carbon nanomaterials
(CNM)

Sample Ne.4 - containing the additive of the superplasticizer SP + sol NK + CNM.

The additive for samples Nel-4 was introduced in an amount of 0.8% by weight of
cement. The amount of mixing water for all samples was selected in such a way as to
obtain a dough of normal density in all cases. Samples were made from cement paste of
normal density.

To carry out the experiment, the manufactured samples were ground on a single-disk
grinding — polishing machine. Grinding was carried out in order to reduce the surface
roughness of the test sample and thus reduce its effect on the final indentation results.

The roughness (rms size of the protrusions and depressions) of the surface of the
samples for nanoindentation must be brought to a value of at least 10 nm. This is in
order to properly study the heterogeneity in the structure of the C-H-S gel. The
characteristic sizes in the structure of the C—H-S gel are 5, 30, and 60 nm. The
maximum immersion depth of the nanoindenter is 600-700 nm. The maximum force for
the indenter used is 12 mN (milli Newtons).

The following loading procedure was proposed: 1) an increase in force from 0 to 12
mN until maximum immersion is achieved within 10 s; claim 2) for 5 seconds, stop the
nanoindenter at maximum depth with a maximum force of 12 mN; p. 3) raising the
nanoindenter to the surface, reducing the force to 0 for 10 s.

Improving the nanoindentation technique.

It turned out that point 2 is impossible to fulfill for two reasons: to maintain a
constant load of 12 mN for 5 s will not work, because in this case, the depth will
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probably change due to creep; it is impossible to maintain a constant depth, for example,
at 600 nm also because of creep, because the load will decrease.

Immersion depth of the nanoindenter. The size of the inhomogeneities in the
structure of the C-H-S gel is 5, 10, and 60 nm. The maximum size of the
inhomogeneity is 60 nm. If taken with a 5-fold margin, to distinguish heterogeneity, a
maximum depth of immersion of a nanoindenter of 300 nm is required, then for a
maximum load it is possible to limit it to 4 mN. For an immersion depth of 200 nm, 1-2
mN is usually sufficient. Considering that the samples showed a compressive strength of
2 times more than usual, a maximum force of 4 mN should be adopted for an immersion
depth of 300 nm.

Timing diagram of the load: 1. immersion up to 300 nm and maximum force for 10
s; 2. constant load mode for 5 s; 3. raising the nanoindenter to the surface, relieving the
load to 0 within 10 s.

Immersion speed of the nanoindenter: if we take the maximum immersion depth of
the nanoindenter to 300 nm, the immersion time is 10 s, then the immersion speed is 300
nm/10s =30 nm/s. Experiment Features:

1. Used type of nanoindenter with Berkovich tip with a cone angle of 143 degrees;

2. In a single test (immersion-exit to the surface) we obtain two standard force-depth
curves for loading and unloading;

3. The value of the maximum load and the contact area of the nanoindenter with the
sample is calculated hardness H;

4. Using the tangent of the angle of inclination of the tangent to the unloading curve
at the upper point, the elastic modulus E at one point is calculated:;

5. During the polishing of the samples, a roughness of 12 to 25 nm was achieved.

When the samples reached 28 days of age, it was necessary to determine the test
area for each of the 4 samples (selected where there are no pores). These coordinates
were entered and stored automatically.

Main part. A complete grid (with 630 points) was drawn for only two samples; for
the 3rd, only one line is missing; for the last, 381 instead of 630 points.

After finishing the measurements, the results are presented by histograms of the
distribution of nanoindentation points modulo elasticity E and stiffness H and their
approximation by 3 Gaussian curves (Figure 1-4).

Phases with their average values of E and H (and moderate statistical scatter within
each phase) are highlighted in the histograms. Then, the percentage of each phase was
estimated.

Analysis of the results. The procedure for approximation by Gaussian functions:
start parameters and the number of phases n are set, and the Matlab program selects the
average M and H, the average deviations for each phase, and the volume fractions of the
phases from the condition that the sum of the squared deviations between the
experimental and theoretical points is minimum.

The preliminary results obtained give a qualitatively correct picture. Very
importantly, the distribution modulo elasticity M shifted to the right in samples Ne 2, 3,
4 in comparison with sample Ne 1. In terms of stiffness H, there is also a slight shift to
the right.

Nanoindentation primarily shows differences in structure, and such significant
differences between samples with nanoparticles Ne 2, 3, 4 and sample Ne 1 without NPs
have already been identified, and these differences should be attributed to the action of
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nanoparticles [7-10]. This is the only thing that can be reliably established - a shift in the
structure between samples Ne (2, 3, 4) and Ne 1.

Histogram of modulus (red), distributions (cyan) & sum (blue)
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Fig. 1 — Histogram of the distribution of nanoindentation points modulo elasticity E
and stiffness H for sample Ne 1
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Histogram of modulus (red), distributions (cyan) & sum (blue)
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Fig. 2 — Histogram of the distribution of nanoindentation points modulo elasticity E
and stiffness H for sample Ne 2
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Histogram of modulus (red), distributions (cyan) & sum (blue)
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Fig. 3 — Histogram of the distribution of nanoindentation points modulo elasticity E
and stiffness H for sample Ne 3
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Histogram of modulus (red), distributions (cyan) & sum (blue)
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Fig. 4 — Histogram of the distribution of nanoindentation points modulo elasticity E
and stiffness H for sample Ne 4

Conclusions:

For all samples, we have a large test series of 600 indents, followed by a smaller
series of 135 indents each. Reproducibility is satisfactory, and there is a tendency to
decrease the average values of M and H from sample Ne 4 to 1. Deconvolution will be a
difficult task, but it can be solved.
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Ouenka MexanHuuecKux cGoicme MoOupUUUPOGAHHO20 UEMEHMHO20 KAMHA
MemoooM HAHOUHOEHMUPOBAHUA

K mexanuueckum ceoticmeam Mmamepuanog cmaiu noseisamvcsi 6onee GblCOKUe
mpebosanust. Pazeumue pasiuyHblx MexHoI02Ull NOLYYUILU WUPOKOE PACNPOCMPAHeHUe
6 COBPEMEHHOM Mupe, HmoO CHOCOOCMBOBANO CO30AHUIO HOGHIX CIMPOUMENbHBIX
mamepuanos. Memoo HaAHOUHOEHMUPOBAHUSL CMAN ANbMEPHAMUSHBIM NOOX000M K
UCCNIeO0B8AHUIO MEXAHUHECKUX CEOUCME Mamepuanos Ha HaHoypogHe. B smom ciyyae
VMeHbualomes He pasmepvl obpasya, a pasmep Odegpopmuposannoii obnacmu. Ilpu
HAHOUHOEHMUPOBAHUsL DOILUWUHCIBO MBEPObIX U CBEPXMBEPOLIX HEMEMAIIUYCCKUX
mamepuanos oeghopmupyemcs VAPY2O-NAACMUYECKU, umo nosgonsiem
Xapaxkmepuzosams mMaxKue MexaHuyeckue CoUcmed, Kak meepoocms U MOOYlb
yapyzocmu.

Ha ocnose ananuza aumepamyphulx ucmounukos eviseieno, umo C—-H-S
cywecmeyem, no Kpaineil mepe, 8 mpex pasiudHbIX no cmpykmype (opmax: HusKoi,
BbICOKOU U CBEPXBBICOKOU NJIOMHOCMAX, KOMOpble UMeIon paziuiHvie cpeoHue
BENUUUHDL JHCECIMKOCIU U MEEePOOCHU U paziudHble 00bemuble Konyenmpayuu. Cpednue
BENUUUHBL HCECMKOCMU U MEEPOOCMU OKA3AIUCH CEOUCMBAMU, NPUCYWUMU CIPYKNYPE
C—H-S, komopvie ne mensiromes 6 pasnuuHbIX MAMepuaiax, OCHOBAHHbIX HA YeMeHme.

B oannoii pabome ucnoav3osan Memoo HAHOUHOCHMUPOBAHUS, NOJYYEHbL
npeogapumenvuvie pe3yibmamsl UCCIe0yeMblX YeMenmuvix oopasyos. Hccaedosanus
OCYUWeCMEISIUCL  ABMOMAMU3UPOSAHHbBIM — Hanounoewmom  Hysitron — TI 950
Tribolndenter. Ilpu nposedenuu MexanuwecKux umepeHull UCNOAb308ANCS ATMA3ZHbLL
HAKOHEYHUK 30HOd.

Yemanosneno, umo mooynw ynpyeocmu M ysenuuusaemcsi y obpasyos, Komopouie
co0eparcam KOMNIEKCHYIO 000A6KY, COOepiICauyto HaHopasmepuvle yacmuyvl. dppexm
makoice Habmooaemcs u npu 66eOeHUU 6 NIACMUPUUUPYIOWYIO 000ABKY, KAK 30.b
HAHOKpeMHe3eMa, mak u yenepoOHwli Hanomamepuan. Pesynemamer npeocmaegnenvl
2UCTNOSPAMMAMU PACHpeOeneusi MOYeK HAHOUHOEHMUPOBAHUsL NO MOOYIIO YAPY20CHU
E u orcecmrxocmu H.
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Knrouegvie cnoea: memoo HAHOUHOEHMUPOGAHUA, UEMEHMHbIE O0OPA3YbL,
meepoocnv, M0OYb yRnpy20Cmu, HAHOUHOEHMOP, 2UCMOzpamMMma, (haza.

O.M. Ilononuna, C.M. Jleonosuu

Ouyinka mexaniunux enacmueocmeii MoOUPIK08AHO20 UEMEHMHO20 KAMEHIO
Menmooom HAHOIHOEHMYGAHHA

Mo mexaniynux enacmueocmeil mamepianie cmanu 3'agnamuca OilbW  GUCOKI
sumozu. Pozeumox pisnux mexnonoziti Habyau wWupoKo2o0 HOWUPEHHA 6 CYUACHOMY
ceimi, WO CHAPUSNIO  CMBOPEHHIO HOo8ux  OyodigenvHux mamepianis. Memoo
HAHOITHOEHMYBAHHS. CMAS ATbMEPHAMUSHUM NIOX000M 00 O0CTHIONCEHHA MEeXAHIYHUX
eracmugocmeti Mamepianié Ha HAHOPIGHI. B yboMy 6Unaoxy 3sMeHuylomsbCs He po3mMipu
3paska, a posmip degpopmosarnoi obracmi. Ilpu Hanoinoenmyséants Ginvuicms meepoux
i HAOmMeepoux HememaniuHux mamepianie 0eOPMYEmvcs NPYHCHO-NAACMULHO, WO
00360715€ Xapakmepusysamu mMaxi MexaniuHi e1acmueocmi, K meepoicms i MOOYb
NPYIHCHOCMI.

Ha ocnosi ananizy nimepamyphux oxcepen susigieno, wo C—H-S icnye, npunatimmui,
6 MPLOX PI3HUX 30 CMPYKMYPOIO QOPMAX: HUZLKOIO, BUCOKOIO | HAOBUCOKOIO WiIbHOCI,
AKI Mailoms pi3Hi cepeOHi SeIUYUHU JHCOPCMKOCMI ma meepoocmi U pisui 00'emui
xkoHyenmpayii. CepeOHi  GeIUUUHU  JHCOPCMKOCMI  ma  MEepoocmi  BUABUIUCH
enacmugocmamu, npumamannumu cmpykmypi C-H-S, saxi ne 3minorombcs @ pizHux
Mamepianax, 3aCHO8AHUX HA YeMEeHMI.

YV oaniti pobomi euxopucmanuii Memoo HAHOTHOCHMYEAHHS, OMPUMAHI NONEPeOHI
pe3ynbmamu  O0CIOHCYBAHUX  YeMeHMHUX 3paskie. Jocniodcenna 30iliCHIO8ANUCA
asmomamuszosanum Haroinoenmom Hysitron TI 950 Tribolndenter. I1i0 uac nposedenns
MeXaHiYHUX BUMIPIOBAHb BUKOPUCMOBYBABCA AIMAZHUL HAKOHEYHUK 30HOA.

Bcemanoeneno, wo mooyae npysicnocmi M 36inbuyemocs y 3paskie, ski micmsme
KOMNIEKCHY 000asKy, wo Micmums HAHOpo3MipHi uacmunuku. Egexm makoosc
cnocmepieacmuvcs i npu 66e0eHHi 8 naacmugikyroui 006asKy, AK 3071b HAHOKpeMHesema,
mak i eyeneyesuii Hamomamepuan. Pesynemamu npedcmasneni cicmospamamu
PO3N0OINY MOYOK HAHOTHOEHMYBAHHI NO MOOYIi0 npyacHocmi E i socopemrocmi H.

Knwwuoei cnosa: memoo Hanoindenmyeanus, uemenmui 3pasKu, meepoicmo,
MOOYIb NPYHCHOCMI, HAHOIHOEHmMOp, 2icmozpama, ghaza.
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