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ABSTRACT

Portland cement pastes are highly heterogeneous material and exhibits heterogeneous features over a wide
range of length scales. Mechanical properties of microstructure can be determined using depth-sensing inden-
tation. Coupled indentation/SEM technique can be used to location the indents and provides a way to deter-
mine the mechanical properties of a specific phase. Thus, the present paper aims to determine the hardness of
different phases of cement pastes prepared with different mineral admixtures including sugarcane bagasse
ash. The microstructure of cement pastes prepared with different mineral admixtures is analyzed by X ray
diffraction, scanning electron microscopy and dynamic hardness tests on polished sections. The different
backscatter coefficient allows to differentiate anhydrous phases from C-S-H, calcium hydroxide, silica fume
and quartz. A grid of indentation is used to determine the hardness of the different phases and a complete
phase segmentation of the different samples is achieved. The results show that the hardness of the different
phases follow the sequence (from higher to lower hardness) quartz, anhydrous particles, calcium hydroxide,
C-S-H and agglomerated silica fume. The presence of agglomerated silica fume is clearly observed in scan-
ning electron microscopy images and the poor mechanical properties of these areas might compromise the
cement pastes. The microstructure of cement pastes prepared with sugarcane bagasse ashes is similar to the
observed in samples with crushed quartz.

Keywords: Dynamic hardness, cement paste, sugarcane bagasse ash, silica fume, scanning electron micros-
copy.

1. INTRODUCTION

Cement pastes are highly heterogeneous materials due to the multiple constituent phases and multiple pro-
cessing conditions. Microstructure and general properties of the composite depend on the source materials,
mixture proportions, conditions of curing and rate of hydration. Thus, understanding the microstructure of
cement pastes is important to understand the effect of processing conditions. Images of Portland cement
pastes by scanning electron microscopy (SEM) have showed that pore structure is influence by the type of
binder, curing time and the water/binder ratio[1]. Also, SEM shows that the microstructure is complex and
contains different phases [2,3]. Thus, backscattered electrons SEM images have been used to differentiate
phases within hydrated cement pastes. For example, it is possible to separate particles of calcium hydroxide,
residual unhydrated cement grains, C-S-H and pores [4,5].

Furthermore, the Portland cement pastes exhibits heterogeneous features over a wide range of length
scales and it is known that compression strength, hardness, permeability and durability of cement-based ma-
terials are dependent of properties of nano/microscale [6-8]. The investigation of the micromechanical prop-
erties of cementitious materials has been used to determine the properties of different constituents of Portland
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cement pastes. Some papers have used the depth-sensing indentation to study the mechanical properties of
various cementitious materials [9-13].

The coupled indentation/SEM technique allows the interpretation of mechanical properties of Portland
cement paste using the micromechanical properties of specific areas. The SEM can be used to location the
indents and provides a way to determine the mechanical properties of a specific phase [14,15] and the ar-
rangement of the phases of cement paste [16,17]. It is known that the hardness of pure anhydrous materials
is higher than their hydrated counterparts [18-20].

Nowadays, mineral admixtures like silica fume and sugarcane bagasse ash (SCBA) have been used to
replace Portland cement. These materials improve the mechanical performance and durability of Portland
cement pastes through microstructure control due to pozzolanic reactions that reduces permeability and chlo-
ride ion diffusion [21-23]. It is known that SCBA contains quartz but there are reports in the literature that
this material exhibits pozzolanic activity[23-27]. Some works have been conducted to study the properties of
C-S-H, Portland cement phases and pastes prepared with materials pozzolanic materials [28-30]. However,
the hardness of different phases in Portland cement pastes incorporating sugarcane bagasse ash has not been
reported. The understanding of the effect of sugarcane bagasse ash on the microstructure and hardness of
cement pastes is of particular importance due to the interest in incorporating this residue in cement compo-
sites. Thus, the present paper aims to determine the hardness of different phases of cement pastes prepared
with different mineral admixtures including sugarcane bagasse ash. Also, the microstructure of the different
cement pastes was analyzed with scanning electron microscopy to determine the distribution of phases.

2. MATERIALS AND METHODS

The materials used in the present investigation were ordinary Portland cement (CP-I), silica fume (SF), sug-
arcane bagasse ash (SCBA) and crushed quartz. The SCBA was collected by Usina Caeté in Delta city, in the
State of Minas Gerais, Brazil. The sugarcane bagasse ash was obtained after the bagasse was burned in co-
generation boiler, dried at 60°C for 5 days, milled for 10 hours in a rotary ball mill and further burned in la-
boratory at 600°C for 4 hours. The chemical compositions of materials determined by energy dispersive X-
ray fluorescence are presented in Table 1. The phase constituents of the Portland cement was determined by
Bogue calculation as 64.6% of C;8S, 7.6% of C,S, 6.8% of C4A and 9.3% of C,AF. The silica fume (SF) and
crushed quartz are composed basically by SiO,. X-ray diffraction pattern of materials used in this investiga-
tion are reported elsewhere [31]. Basically they revealed no crystalline structure for silica fume, peaks of
quartz for crushed quartz and peaks associated with C;S and C,S for ordinary Portland cement. The SCBA
exhibits peaks of quartz showing that at least part of this material has a crystalline structure. Distribution of
particle diameters was determined using a CILAS 1064 laser granulometer and results were reported in Fig-
ure 1. The results showed average diameter of ~12.2 um for silica fume, ~4.3 um for SCBA and ~17.5 pm
for quartz.

Table 1: Chemical composition (in wt. %) of the ordinary Portland cement (OPC) and the sugarcane bagasse ash
(SCBA).

SiO, ALO; Fe,0; CaO MgO TiO, P,0s Al Fe K Ti LOI
OPC 19.6 4.77 305 614 223 025 0.12 032 096 0.1 538 5.38
SCBA 723  5.52 10.8 1.57 1.13 3.68 1.11 - - - - 1.52
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Figure 1: Cumulative and frequency distribution as a function of particle size for the SCBA,

Cement pastes were molded in plastic containers closed with lids. The water/binder ratio used was 0.4
and samples were allowed to moist-cure for 30 days at 60°C [32]. It has been shown that curing at high tem-
perature accelerates pozzolanic reaction [33]. A reference paste was prepared by mixing only cement and
water. Other pastes were prepared with partial substitution of cement by siliceous material (silica fume,
ground quartz, and SCBA). The amounts of replacement in each sample were: 5% and 20% of silica fume,
20% of quartz and 20% of SCBA.

After curing the samples were cut using a low speed diamond saw and embedded in acrylic resin. The
surfaces were ground and polished with silicon carbide papers (#220, #400, #600, #1200, #2500 and #4000)
and the final polishing step was with alumina suspension (1.0 pm). Scanning electron microscopy (SEM) was
used to analyze the microstructure. The SEM investigation was carried out on a Hitachi TM-3000 microscope
in backscattered electron mode at accelerating voltage of 15 kV, magnification of 250x, with an emission
current of 26800 nA and working distance of 6 mm. The images were processed using ImageJ software. The
threshold was fixed on the valleys of grey level histogram. The procedure adopted for image processing was
based on the literature[3,34,35].

Dynamic hardness tests were carried out using a Shimadzu DUH-211 ultra-microhardness tester oper-
ating with load-unloading cycles with loading rate of 5.0 mN/s, Berkovich indenter and maximum load of
100 mN. A grid with 5x5 indentations was used and the area was observed on SEM. The marks were 50 pm
apart, in five rows of 5 indents, covering an area of 200x200 pm? on the surface of the samples. The area
around each indent was observed on SEM in order to determine the corresponding phase of cement paste.
Indentations performed on the interface between different phases were not considered.

X ray diffraction pattern were recorded with a Philips PW1710 diffractometer, using Cu Ka radiation
and graphite monochromatic crystal with wavelength A, = 1.5406 A.

3. RESULTS

Figure 2 shows the morphology of silica fume, SCBA and quartz. It is observed that silica fume particles are
rounded and with very fine particle size. This observation disagrees with the average particle size determined
by laser granulometry which is explained by agglomeration of silica fume during measurements. The SCBA
exhibits particles similar in size and shape to the quartz but the distribution of particle sizes seems to be more
heterogeneous and very fine particles are also observed. Quartz particles are prismatic with sharp edges

Figure 3 shows the X ray diffraction patterns of the different cement pastes. The peaks at 20 = 18°
and 34° are observed in all samples and are associated with calcium hydroxide. However, the intensity of
these peaks decrease on pastes prepared with silica fume and SCBA suggesting the occurrence of pozzolanic
activity. The quartz peaks are observed on samples prepared with quartz and SCBA.
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Figure 2: Morphology of the mineral admixture (silica fume, SCBA and quartz) used as partial replacement to cement in
pastes.
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Figure 3: X ray diffraction pattern of reference cement paste and pastes prepared with partial replacement by different
mineral admixtures.
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Figure 4 shows the grey level histogram (top) and the microstructure (bottom) of a representative area
of the cement paste prepared with 20% replacement by silica fume. The gray level histogram presents only
two distinct peaks: one small at high brightness and one larger at intermediate gray level. The small peak at
high brightness is associated with anhydrous cement phase. Pores are usually associated with low gray (dark)
values. However, different phases (C-S-H, CH, S.F., quartz) are associated with intermediate gray levels. The
microstructure image shows areas of residual Portland cement (bright phase) and hydrated phases. The mi-
crostructure shows a large continuous phase at the bottom-left region and a similar phase at the top-right re-
gion. The gray level in these areas is similar to the hydrated phase but the indentations produce larger marks
in the former. This shows that these phases exhibit low hardness compared to the hydrated phase and this is
attributed to agglomerated silica fume.
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Figure 4: Backscattered electron (BSE) grey level histogram and image of sample prepared with 20% of silica fume as
cement replacement

Coupling SEM image and dynamic hardness was adopted for representative areas in the different
samples in order to determine the distribution of phases and the hardness of each phase. Figure 5 shows rep-
resentative curves of dynamic hardness tests at different phases. It is observed that quartz and anhydrous ce-
ment phase are associated with the smaller depth of indentation due to the higher hardness of these phases.
Calcium hydroxide (CH) also exhibits high hardness followed by C-S-H. The hardness associated with silica
fume is the smaller. The low hardness of the silica fume is due to the lack of adhesion between the small par-
ticles in agglomerated areas.
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Figure 5: Representative load-depth curves for different phases observed in cement pastes prepared with different
mineral admixture.
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Table 2 shows a summary of the average hardness for each phase. Quartz exhibits the higher hardness,
followed by anhydrous particles, calcium hydroxide, C-S-H and the lowest hardness is observed in agglom-
erated silica fume. The values of elastic modulus (E) for each phase is also shown and follows a similar trend
than observed in hardness, except for the higher elastic modulus of anhydrous phase compared to quartz. The
values of hardness for the C-S-H varied slightly depending on the sample constituents. The lowest value
(0.27 GPa) was observed in the reference sample and the sample with 20% of quartz and the highest value
(0.37 GPa) was observed in the sample with 5% of silica fume. The hardness of the C-S-H of the sample pre-
pared with 20% cement replacement by SCBA is similar than the reference sample and the sample with 20%
quartz but lower than the samples with 5% of silica fume. This suggests that SCBA exhibits intermediate
behavior between pure quartz and silica fume in the development of hardness of cement pastes hydrated
products.

Table 2: Summary of hardness for the different phases observed in cement pastes with different mineral admixture.

Phase H (GPa) E (GPa)
Quartz 3.01 43.5
Anhydrous 2.93 68.8
CH 0.92 27.0
C-S-H (Reference) 0.27 18.2
C-S-H (5% Silica Fume) 0.37 18.3
C-S-H (20% Silica Fume) 0.31 18.5
C-S-H (20% Quartz) 0.27 17.0
C-S-H (20% SCBA) 0.30 17.2

Silica fume 0.14 8.1

Although the backscatter coefficients of silica fume, quartz and C-S-H are similar, these phases can be
distinguished by their shape and hardness. Thus, the distribution of the phases in the different pastes was de-
termined and Figure 6 shows both the SEM image and the corresponding image segmentation. All samples
contain anhydrous phases and calcium hydroxide. Quartz particles were visible on samples with crushed
quartz and SCBA. Furthermore, agglomerated silica fume was observed on cement paste with 20% cement
replacement by silica fume.

4. DISCUSSION

Many reports in the literature use gray level histograms to differentiate phases in cement pastes. Three peaks
are usually observed in these histograms and they are associated with C-S-H, CH and anhydrous phas-
es[2,3,37]. However, the histograms obtained in the present work exhibits only two peaks which are associ-
ated with the C-S-H and anhydrous phases. This difference is attributed to the magnification used (250x) in
the present experiments. It has been reported that low magnification can prevent the dissociation of the peak
of CH[39]. However, the shape of calcium hydroxide phase and its hardness differs from the C-S-H. Quartz
and silica fume also exhibit similar gray level to C-S-H. Thus, hardness and phase morphology are used to
differentiate these phases. Agglomeration of silica fume took place in the sample prepared with 20% of this
constituent which can compromise pozzolanic reactions. Agglomeration of silica fume has been reported in
the literature[38].

The present results show that anhydrous cement particles have the highest hardness while C-S-H and
silica fume have the lowest. This is in agreement with the literature where the lower hardness was reported in
C-S-H[19,20]. Also, a high value of hardness was also observed in quartz [36] which is in agreement with the
present investigation. The low hardness observed in agglomerated silica fume in the present experiments
shows that the particles are loose. Thus, volumes of unreacted silica fume can compromise the mechanical
properties of cement pastes. The values found in the present paper are lower than the hardness observed in
work of Hi and Li [18]. According to them, the hardness of anhydrous particles and outer C-S-H were about
8.91 GPa and 0.75, respectively. This difference is attributed to the higher load used for identation in the pre-
sent experiments.
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Figure 6: Backscattered electron (BSE) image and phase segmentation of a reference cement paste and
pastes prepared with 5% silica fume, 20% silica fume, 20% quartz and 20% sugarcane bagasse ash as cement
replacement.
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Moreover, the hardness of the C-S-H phase varied in the samples with different mineral admixtures. It
was found that the addition of quartz does not affect the hardness of the C-S-H compared to a sample without
any mineral admixture. However, the addition of silica fume increases the hardness of this phase and this
effect is more pronounced when only 5% of the OPC is replaced compared to the sample with 20% replace-
ment. It was noted that the addition of SCBA leads to an increase of hardness of the C-S-H although this ef-
fect was less pronounced compared to the effect of silica fume. The increase in hardness might be attributed
to a decrease in porosity although this effect needs further investigation. Thus, sugarcane bagasse ashes ex-
hibits behavior in-between quartz and silica fume on the development of hardness of C-S-H when used as
mineral admixture. This observation is in agreement with a recent paper that showed that SCBA exhibits be-
havior in-between silica fume and quartz on pozzolanic activity [32].

5. SUMMARY AND CONCLUSIONS

e Cement pastes were prepared with addition of quartz, silica fume and sugarcane bagasse ashes.
Scanning electron microscopy coupled with dynamic hardness tests were used to analyze the micro-
structure.

e X ray diffraction revealed the presence of calcium hydroxide in all conditions tested and revealed
the presence of quartz in the sample prepared with sugarcane bagasse ashes.

e The histogram of gray level obtained from the SEM images allowed to differentiate the presence of
anhydrous phases but does not allow to separate C-S-H, CH, silica fume and quartz.

e  The microstructure of samples prepared with 20% of silica fume showed areas of agglomerated sili-
ca fume which exhibits low values of hardness.

e  The samples prepared with SCBA present microstructure similar to the samples with crushed quartz
and the hardness of the C-S-H phase is in-between the sample with quartz and the sample with silica
fume.
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