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ABSTRACT. In this paper, the attention is paid to investigation
of the importance of the interfacial transition zone (ITZ) in selected
fine-grained cement-based composites for the global fracture behaviour. This
is aregion of cement paste around the aggregate particles which specific
features could have significant impact on the final behaviour of cement
composites with a crack tip nearby this interface under applied tension.
The aim of this work is to show the basic interface microstructure by
scanning electron microscopy (SEM) done by MIRA3 TESCAN and to
analyse the behaviour of such composite by numerical modelling. Numerical
studies assume two different I'TZ thicknesses taken from SEM analysis.
A simplified cracked geometry (consisting of three phases — matrix, ITZ,
and aggregate) is modelled by means of the finite element method with a
crack terminating at the matrix—ITZ interface. I'TZ’s modulus of elasticity is
taken from gemeralized self-consistent scheme. A few conclusions are discussed
based on comparison of the average values of the opening stress ahead of the
crack tip with their critical values. The analyses dealing with the effect of
ITZ’s properties on the stress distribution should contribute to better
description of toughening mechanisms in silicate-based composites.
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INTRODUCTION

ement-based composites belong to traditional and broadly used building materials [1]. Despite their long-term

using, the investigation of damage of elements made of such materials under static loading is still developing.

Concrete, as representative of such composites, shows nonlinear, more precisely, quasi-brittle behaviour — the
ability to carry load continues even after the deviation from the linear branch of load—displacement diagram until the peak
point and then the decrease of loading force follows until the failure, so called tensile softening. On the other hand, the
individual components of primarily considered two-stage composite, cement paste and aggregate, show very often brittle
elastic behaviour. This difference in cement-based composites behaviour is caused by development of multiple
microcracking predominantly in the so called interfacial transition zone (ITZ) [2] and others toughening mechanisms.
The aim of this paper is quantification of basic mechanical fracture parameters of selected fine-grained cement-based
composites — static modulus of elasticity, fracture toughness and fracture energy and investigation of effect of ITZ
between cement matrix (MTX) and aggregate (AGG) on stress distribution in cement based composite with crack
terminating at the ITZ-MTX interface.

INTERFACIAL TRANSITION ZONE (ITZ)

he existence of interfacial transition zone (originally ,,aureole de transition) between aggregate and cement paste

was introduced in the fifties of last century by Farrran [3]. Properties of ITZ and its impact on behaviour of

cement-based composites have been studied numerically and experimentally from many points of view since that.
Number of publications concerned with mechanical properties of individual components of cement-based composites are
connected with homogenization techniques, such as e. g. Mori-Tanaka scheme [4] or generalized self-consistent scheme
[5] used in this paper to estimation of I'TZ’s elasticity modulus.
Although investigation of concrete fracture is connected with the recognition that for description of its structural
behaviour are necessary other independent material parameters, such as fracture toughness [6,7] and not only
compressive/tensile strength, only a few publications about ITZ ate concerned with this fact, e.g. [8, 9]. Fracture
mechanics based on analytical-numerical approaches, mainly connected with finite element method (FEM), is widely used
to simulate structural response of materials with internal defects (microcracks, voids, pores) which lead to initiation,
propagation of cracks and consequent fracture. The problem with crack—interface interaction of two elastic materials is
long-term investigated by team gradually created by prof. Knésl from Institute of Physics of Materials of the Academy of
Sciences of the Czech Republic, v. v. 1. [10, 11].

EXPERIMENTAL PART

Materials and specimens

wo fine-grained cement-based composites mixtures with various water to cement (w/¢) ratios and amount of

plasticizer have been prepared for purpose of this study. Mixtures have been prepared on the basis of the standard

CSN EN 1961 [12]. Portland cement type 42.5 R as a binder and quartz sand with the maximum nominal grain
size of 2 mm standardize according to CSN EN 196-1 [12] for the fine aggregate were used. The /¢ ratio was different
for both mixtures. The second mixture’s »/¢ ratio was reduced by addition of super-plasticizer SVC 4035 in amount of
1 % by cement mass. Mixtures were prepared by a mixing device with controllable mixing speed. The basic information
about the composition and properties of the fresh composites are given in Tab. 1. The properties of the fresh composites
were determined in accordance with CSN EN 1015-3 [13] and CSN EN 1015-6 [14].
The three specimens of 1000 mm in length and with 60 X 100 mm in cross-section were made from each mixture
and primarily used for recording the length changes. After the stabilization of shrinkage values, approximately after 90
days, the beam specimens with nominal dimensions 40 X 40 X 160 mm were cut from these specimens and subsequently
used for three-point bending fracture tests. This procedure was chosen primarily because of exclusion of specimen
boundary effect. The specimens for microscopy measurements were prepared from former mentioned specimens.
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Composite ID

Components and properties  Units 04042016 09052016
Quartz sand [kg] 45.9 45.9
Cement I 42.5R [kg] 15.3 15.3
Super-plasticizer SVC 4035 % by cement mass - 1.0
Water to cement ratio [-] 0.5 0.35
Workability [mm)] 140 135
Bulk density [kg/m?3] 2200 2280

Table 1: Composition and properties of fresh composites.

Fracture tests

The fracture tests in three-point bending wete cartied out using a Heckert FP 10/1 testing machine with measuring range
of 0—2000 N. The beam specimens were provided by initial central edge notch with approximately depth 1/3 of specimen
depth situated in the middle of span length; span length was 120 mm.

The displacement increment loading was performed, which allowed to record load versus displacement diagrams
(L—¢ diagrams) during the tests. The I.—0 diagrams were used for the determination of elasticity modulus from the first
(almost linear) part of the diagram, and for the calculation of effective fracture toughness using the effective crack
extension method [15] and specific fracture energy using work-of-fracture method [16]. Because of stability loss duting
loading, it was not possible to reconstruct the descending part of I—J diagrams. Therefore, the work of fracture WF" value
is determined as area under I—0 diagrams before stability loss occurred. For details about determination above mentioned
mechanical fracture parameters see [17].

The results of performed fracture tests evaluation are introduced in Tab. 2 in form mean values and standard deviations
ordinarily from six specimens. The monitored mechanical fracture parameters wetre following: modulus of elasticity E,
effective fracture toughness K. and specific fracture energy Gr* (determined using mentioned work of fracture Wr*
value).

Composite ID
Parameter Units 04042016 09052016
Modulus of elasticity E [GPa] 32.1%£1.6 34.212.6
Fracture toughness Kice [MPa-m!/2] 0.759£0.054 1.093%+0.067
Fracture energy Gr* [J-m-2| 10.76£1.78 24.37£2.89

Table 2: Selected fracture tests results of 04042016 and 09052016 composites.

Microstructure of tested specimen’s material

Microscopy measurements for quantitative description of microstructure of ITZ were carried out using scanning electron
microscopy (SEM) MIRA3 TESCAN. The projection of specimen’s surface was performed using secondary electrons
(SE) or backscattered electrons (BSE). The selected micrographs caused by detection of SE with accelerating voltage of
electrons 20 kV are introduced bellow.

Microstructure of fracture surfaces at the aggregate—cement paste interface for both tested specimens are introduced
in Fig. 1. SEM image of fracture sutface of the specimen with greater w/¢ ratio (on the left) shows less compact
microstructure in compare with the other one. It is possible to identify the elemental minerals forming interface, namely
ettringite, portlandit and C-S-H gel. On the contraty, there wasn't found any ettringite on the right SEM image. It can be
caused by random selection of fracture surface part.

The other advantage of SEM is a possibility of length measurements. It has to be mentioned that measurements are made
on a two dimensional sections through a three dimensional microstructure. Nevertheless, the distances, used here
for the primary information about size and shape of the ITZ, are uncorrected distances measured on 2D sections.
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The measured values of distances between individual grains of aggregate are shown in Fig. 2. These distances,
even though they don’t correspond to the idealized concept of a thickness and shape of the ITZ, come from real
measurements. These measurements prove that the formation of the discrete zone (ITZ) with constant thickness around
grain of aggregate is practically impossible. Therefore, the distances between these individual grains and the larger one,
or more precisely their mean values, are considered as the thicknesses of the I'TZ in following study [2, 18].

Quartz sand

Quartz sand

Ettringite

Portlandit

3¢ [ . - . i)
SEM MAG: 5.00 kx Det: SE MIRA3 TESCAN SEM MAG: 5.00 kx Det: SE MIRA3 TESCAN
SEM HV: 20.0 kV SEM HV: 20.0 kV 5 pm
AdMas - FAST VUT Bmo AdMas - FAST VUT Brmo

Figure 1: Microstructure of fracture surface at aggregate—cement paste interface by detection of SE with magnification 5000X,
specimens 04042016 (left) and 09052016.

SEM MAG: 70 x Det: SE MIRA3 TESCAN / Det: SE |~ mma3TEscan

SEM HV: 2000 KV 500 pm SEM HV: 2000 kW 500 pm

AdMas - FAST VUT Brmo AdMas - FAST VUT Brmo

Figure 2: Distances between grains of aggregate measured using SEM with detection of SE, specimens 04042016 (left, magnification
70%) and 09052016 (magnification 60X).
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NUMERICAL MODEL

simplified model of the cracked specimen was created in ANSYS softwate to determine clearly the impact of the
A ITZ. Note that the configuration assumed is based on the three-point bending fracture test of a beam with

central edge notch, see Fig. 3 (left). In the process of model creating the effects of the vertical position of
inclusion, size of the aggregate andits circular shape were ignored. The crack was modelled by introduction of
appropriate boundary conditions with its tip at the interface between MTX and I'TZ, see the scheme in Fig. 3.
Materials were modelled as linear, elastic and isotropic, which are represented by their elastic constants, i.e. Poisson's
ratio v and Young's modulus E. Thickness of ITZ for both composites was considered as the mean value of distance of
individual grains of aggregate obtained from SEM micrographs, see Fig. 2. Modulus of elasticity value of cement paste
(Ewrx) was taken from above mentioned results of fracture tests (see Tab. 2) and was statistically processed — the value of
5% quantile (Ewmrx,o00s), mean value (Emrx, mean) and 95 % quantile (Enrx 09s) were taken into consideration. This
simplification was chosen because of absence of nanoindentation tests and because of the same ratio of components
(aggregate:cement) in both composites. The last information means that the elasticity modulus value of Enrx is
approximately A-multiple of elasticity modulus of the composite mentioned in Tab. 2. The elasticity modulus values of
ITZ (Errz) were considered as 50 % values of Earrx according to the procedure called generalized self-consistent scheme [5]. The
elasticity modulus value of aggregate (quartz sand) was taken from [19] as the mean value. The complex overview is
introduced in Tab. 3.
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- h {  —
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& Il e 117 > =
\ f ia A é >
F/Z ‘F/Z ' MIX
| s | 0 >
/ J ‘ i =
' 1 mm

Figure 3: Scheme of the three-point bending fracture tests with central edge notch in the middle of span length (left), scheme of
simplified 2D model of the cracked specimen created in software ANSYS.

Composite ID
Parameter Units 04042016 09052016
Thickness of ITZ [m)] 55 40
Ewnrx [GPa] 32.1+1.6 34.21+2.6
WITX -] 0.211201 0.21 (201
Errz [GPa] 0.5Enrx P! 0.5Entx B!
Vitz -] 0.21 1201 0.21 0l
Exce [GPa] 73%1.6 V) 73+1.6 19
VAGG -] 0.20 201 0.20 (201

Table 3: Overview of the elastic constants used in the numerical model.

RESULTS

or quantitative description of the influence of I'TZ on the stress state in the crack tip vicinity the opening stress

0 ,, is observed and evaluated. The mean stress &, and the stress range Ao,

b » . are calculated:
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where dis a size of region, where the stress is averaged.
For each configuration critical applied stress is evaluated by means of critical value of mean opening stress &, [21]:

2K, (IT2)
T e == ©
Then the critical applied stress is:
o
e
O-appl,c = Ouappl = (4)
Oy

and it determines the magnitude of applied stress under which the crack will propagate through ITZ. In the following
calculations it was taken Ki = 0.5 MPa'm!/2. This value is estimated as equal to usual fracture toughness of mattix
of the composite.

Composites 04042016 and 09052016

As it was mentioned above the thickness of ITZ was taken from SEM measurement and in the composite 04042016 it
was 55 pm, while in the composite 09052016 it was 40 pm.

—— 04042016 (4 =55 pm)

S
>
o
o

——09052016 (4 =40 pm)

co
T

Opening stress [MPa]

Figure 4: Distribution of the opening stress o, in ITZ and AGG; ITZ thickness 55 pm and 40 um.

In Fig. 4, the opening stresses 0, (for both composites) are shown in dependence on the distance from the crack tip x,

where the value x =0 pm refers to the crack tip. The step changes of the stresses o, are apparent at the interface

w
between ITZ and AGG. Here the average values & Ly are evaluated over the whole I'TZ thicknesses. The average values

0 ,, and the stress ranges Ao, for the composite 04042016 (4 = 55 pm) are stated in Tab. 4 while for the composite

09052016 (4 = 40 um) they can be found in Tab. 5.
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Enmrx[GPa]  Enz[GPa]  Eacc|[GPa] &, [MPa] Ao, [MPa] Oy [MPa] o, [MPa]

Ewnrx, 005 29.50 14.75 73.00 191 5.49 5.42 53.79 9.80
Emrx mean 32.10 16.05 73.00 [19] 5.90 4.92 53.79 9.12
Ewnrx, 095 34.70 17.35 73.00 [19] 6.04 4.83 53.79 8.91

for various Enmrx and

stress range AC ,» and critical applied stress O,

Table 4: The mean stress O W its critical value O e

Errz values considering the I'TZ thickness 55 pm.

Ewrx[GPa]  Enz[GPa] Eacg[GPa] G, [MPa] Ao, [MPa] Oyc [MPa] Oy [MPa]

Ewnrrx, 005 29.90 14.95 73.00 191 5.09 5.91 63.08 12.39
Emrx mean 34.20 17.10 73.00 19 5.54 5.43 63.08 11.39
Ewnrx, 095 38.50 19.25 73.00 191 5.97 4.97 63.08 10.57

Table 5: The mean stress 5‘”, , its critical value 5 e » Stress range AG‘)D, and critical applied stress O, appl,c for various Enrx and

Errz values considering the I'TZ thickness 40 pm.

Comparison of results and their discussion
In the following, the main results obtained for both composites with different ITZ thickness values and elasticity moduli
of MTX and ITZ are compared and discussed. The graphical expression of the dependences can be seen in Fig. 5 where

the values of critical applied stress o, are plotted in dependence on the elasticity modulus of ITZ.

appl,c

14 r ——4042016 (4 =55 pm)
13 r —0—9052016 (4 =40 pm)

Critical applied stress

9-\\

8 1 1 J
14 16 18 20
Ejry [GPa]

Figure 5: The values of the critical applied stress O, in dependence on the elasticity modulus of I'TZ.

appl,c

The critical applied stress o, corresponds to the level of the applied stress under which further crack propagation

appl,c

through I'TZ is expected. The values of Oappl.c

values. They depend on the distance 4 where the average stress is evaluated. We suppose that further crack propagation
will occur by the crack increment through whole ITZ, we take & equal to the I'TZ thickness and we can see that the results
depend just on this. The plots in Fig. 5 cleatly show that composites with thicker I'TZ exhibit lower critical applied stress.
Thus they violate easier than the composites with thinner I'TZ. Similarly, it can be observed (from the Tabs. 4 and 5 and

from the Fig. 5) that the stiffer I'TZ leads (for particular ITZ thickness) to lower values of o, .. These pilot results can

are gained from the average values of the opening stress and their critical

lead to more reliable description of toughening mechanisms of composites of this kind. Further it can be used for design
of more resistant silicate-based composites.
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CONCLUSIONS

distribution in the cracked specimen. The crack tip was located at the interface between MTX and ITZ. As the
average stress is used for stability criterion suggestion in cases of general singular stress concentrators [21], it can
be used for quantification of the severity of the crack with its tip at a bi-material interface. Therefore, the opening stress

0 ,, was observed and the average stress @, ahead of the crack tip calculated. Not only the influence of the various ITZ

T he authors focused their attention on the evaluation of the influence of the interfacial transition zone on the stress

thicknesses but also of various elastic moduli of ITZ on the near-crack-tip stress field was studied and discussed. Critical
applied stress was evaluated based on knowledge of critical opening stress. Knowledge of the effect of the ITZ on the
stress distribution will contribute to better understanding of the toughening mechanisms of the ITZ and aggregate in
silicate-based composites.
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