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Microstructure of calcium sulfoaluminate mortar
with basalt additive at elevated temperature
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Abstract: This article is motivated by ensure the fire safety of the building and deeper understanding
on special cements under elevated temperature loads. Knowledge about influence of high temperatures on
calcium sulfoaluminate cement (CSA) based materials has crucial impact on ensuring the fire safety
of the buildings. CSA based composites are dedicated to special usage in demanding infrastructure
constructions. As there is no or insufficient evidence on the influence of heat on calcium sulfoaluminate
materials, this article is motivated to extend current literature knowledge on CSA microstructures at
higher temperatures up to 800°C. Recognising the effect of high temperature is particularly important
given the significant differences between CSA and Ordinary Portland Cement (OPC). Evidence shows
influence of mixture proportion on composite structure, filler-matrix bond, and matrix behaviour during
temperature exposure. Obtained results might help in understanding phenomena occurring within material
under temperature load and determine next research directions in this area.
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1. Introduction

Cement is one of the most commonly used binding agents in civil engineering and has one
of the biggest impact on carbon dioxide emission in building sector [1]. Due to the concern
estimate of cement production contributing to an annual global CO; emission of 5-7%, it
is essential to prioritize reducing carbon dioxide emissions in this sector of the economy.
Calcium sulfoaluminate cement (CSA) are called ,,green binders” because of lower CO2
emission during production in comparison to Portland cements (OPC) [2]. This difference
is due to the composition of clinker, which is based on bauxite, limestone, and gypsum. The
production process requires less energy to grid sinter CSA clinker due to its lower hardness than
OPC clinker. The interaction of water (H) with the CSA cement results in a highly expansive
hydraulic binder. Main hydrated phases are: ettringite (C6AS3H32), monosulfite (C4ASH12),
aluminium hydroxide (AH3), stratlingite (C2ASHS) [3]. However, inert phases might occur
e.g. perovskite(s). The hydration process of CSA cement, mainly ye’elemite with gypsum, is
shown in Fig. 1 and it is described in Table 1.
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Fig. 1. Examples of hydration modelling of CSA cements [3]

Table 1. Example of CSA cement hydration process [4]

C4A3S + (x + 6)H — C4ASH12 + 2AH3 (1)
C4A3S + 2CSH2 + 34H — C6AS3H32 + 2AH3 | (2)
C4A3S + 8CSH2 + 6CH + 74H — 3C6AS3H32 | (3)
C2S + AH3 + 5H — C2ASHS “)
2C2S +(2—-a +b)H — CaSHb+ (2 -a)CH | (5)

Description: “x" represents a variable amount of water that combines with the compound C4ASH12;
“a” and “b” indicate the stoichiometry of the hydrates that might be formed. For instance, “a” may
represents the amount of a specific component (e.g. water) that is less than the maximum amount that
can be bound in the hydration process, and “b” may represents a variation of water content in the belite
phase of the cement.
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Due to phase behavior in limited freedom of deformation, as expansive material, CSA
cement may indicate increased tightness against moisture, water, gas, and petroleum permeation.
This results in sealing of horizontal and vertical joints and connections, therefore, expansive
cements-based composites are recommended to: joints in shell cylindrical tanks (wastewater
clarifiers, water settlers, sewage, and water pumping stations), industrial ceilings (because
of resistance to petroleum products, aggressive environment of gaseous products, technological
liquids), bridge carriageways, roadways, airport aprons, etc. [5].

Other thermal properties of CSA cements can also be exploited, e.g. the reversible reaction
of ettringite can be used to accumulate energy in heat storage battery [6, 7], while the high
enthalpy of the CSA-based materials can be utilized for passive fire protection in metal
associated structures e.g.: facades, doors, etc. [8].

The external heat field acting on the cement composite has a significant effect on physic-
ochemical changes in each of its elements, e.g.: matrix [9], fillers, and aggregate [10, 11].
Tchekwagep et al. [12], considering the influence of the temperature (up to 300°C) on porosity
of CSA concrete, showed that the porosity of the concrete increases with increasing temperature
due to the loss of physically and chemically bound water. Above 100°C chemically bound
water evaporates and the porosity change between 100 and 200°C was in linear trend line.
At 300° C, the pore structure was “greatly damaged” — an increase in the volume of large pores,
described as macropores, was observed. Tchekwagep and co-authors indicated that the linear
relationship between temperature-related mass loss and total porosity aligns closely with an
R-squared value of 0.98 to the Gawin model, which suggests that the loss of chemically bound
water with temperature changes. This correspondence was established through a comparison
of experimental data based on three-point nitrogen absorption data tests against the linear
predictions of the Gawin model [13]. In another study Tchekwagep et al. [14] showed that
CSA-based concrete (cement : aggregate : water : retarder — 1:4,2 : 0,01 : 0,04 ratio) has porous
network of empty spaces with diameter of 2-50 nm, where, as they point, there is possible
occurrence of nano-pores < 2 nm and micro-pores >50 nm. During heating up to 100°C, the
size of the pore structure (BET method: average pore diameter) was 14.5 nm, at 200°C — 9.9
nm, and at 300°C it was 12 nm. Tchekwagep et al. [15] also used the in situ High Temperature
XRD (HT-XRD) method to investigate the CSA paste (cement : water — 1:0,4) crystal structure
in the temperature range between 20 and 70°C. It was found that the crystal structure of CSA
undergoes a transformation from a cubic to an orthorhombic form, which is highly significant
for understanding and analyzing research on heterophases (DTG/TG curve). Sodol et al. [8] in-
dicated that up to 600°C total sum of enthalpy of CSA paste (AHsum,600°c.csa = 647,3 J/g) was
2.5xhigher than that of OPC CEM 1 42.5R paste (AHsym,600°c,oprc = 246,3 J/g). Microscopy
examination proved that structure of CSA paste (w/c = 0.5) had defects (e.g. cracks) at 23°C
and during high temperature exposure (up to 800°C) the structure might undergo re-sintering.
In another work by Sodol et al. [17] this phenomenon was observed at temperatures between
600-800°C. Dehydrating of cement phases was also analyzed by Kaufman et al. [6] and
Collier [16]. The most relevant dehydration and dehydroxylation processes with regard to the
degradation of CSA based materials are shown in Table 2.

The influence of high temperature on different concrete aggregates was analysed by Biro
and Lubléy [18]. They found that the size and strength of the aggregates can change because
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Table 2. CSA paste dehydration and dehydroxylation general process [6, 16]

Temperature load Phase changes

from 90°C Ettringite dehydration

from 150°C Monosulfate partially dehydration
200-250°C Stratlingite dehydration

200-300°C Alumina dihydroxide dehydroxylation
from 450°C Monosulfate fully dehydration

of the external heat load, and one of the most stable is basalt. This feature of basalt was already
indicated in the 1970s extensive studies on rock metallurgy and the effect of temperature on
basalt rocks conducted by Wyszomirski and Stoch [20]. Also Khoury [19] dividing aggregates
by type of their thermic reactions listed basalt as thermally stable aggregate. In addition to its
thermal properties, the use of the fine fraction of basalt rock can be recommended for the special
production of building materials due to the improvement in workability [21]. Such combination
of CSA cement and basalt filler can be used as inter-layer material for recycled aggregate [22].
Tchekwagep et al. [23] investigated the effect of river sand, basalt, and artificial sand, as well as
various cooling methods, on the engineering characteristics of CSA mortar. They emphasize
that the rapid cooling effect of water immersion cooling promotes the formation of a new
hydrated crystal structure when a dehydration reaction occurs, CaO decomposes, and SiO;
becomes active after being exposed to high temperatures. Previous study by Tchekwagep et
al. [24] indicates that basalt may provide advantages due to its compressive strength. Upon
examining a breakthrough specimen at higher temperatures (up to 300°C), an increase in
observed cracks and formation of new pores occurred.

Even comprehensive literature reviews, such as that of Sundin et al. [25], indicate
a lack of evidence on the effect of high temperatures on CSA-based materials containing
basalt additives. The aim of this publication is to enhance knowledge about changes in the
microstructure of CSA-basalt mortars under high temperatures (23°C, 300°C, 600°C, 800°C)
and to identify areas of investigation that could be explored in further research.

2. Experimental

2.1. Materials

Calcium sulfoaluminate cement (commercial name: AliCem Green from Heidelberg;
cement/gypsum ratio 3:1) was used to prepare mortar samples. Chemical composition of CSA
cement is shown in Table 3.

As a second ingredient, mechanically crushed finest (0/0.063) nepheline basalt was used.
The origin of basalt was Lower Silesian opencast mine Krzeniéw deposit, Poland. Chemical
composition of basalt powder is shown in Table 4.
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Table 3. Chemical composition of calcium sulfoaluminate cement (AliCem Heidelberg)

Component Si02 A1203 CaO F6203 MgO Kzo Na20 SO3 Ti02
Wt. % 6.89 | 23.74 |43.06| 1.11 | 2.70 | 0.68 | 1.01 |20.37| 0.44

Table 4. Chemical composition of basalt powder [26]

Component | SiO; |Al,O5 | CaO |Fe,03 | MgO |P,0s | TiO, | K, O [NayO | MnO | (SO3)| (C1) | (F)
Wt. % 42.08| 11.80 |10.03| 13.69 [ 13.25| 0.72 | 2.54 | 1.30| 3.36 | 0.22 | <0.010.14|<0.01

Other components: ~1%

The chemical composition characteristics were provided by the manufacturer and do not
differ significantly from the historical data provided by Wyszomirski and Stoch [20]. Phase
composition of basalt from Krzeniéw deposit was identified based on the XRD pattern obtained
by Wyszomirski and Szydtak [27]. For the purpose of this paper, the titanomagnetite (Tm) was
marked based on XRD patterns made by Wen et al. [28]. A reproduced diffraction pattern with
highlighted identified crystalline phases is provided in Fig. 2. Main identified minerals in this
raw material were nephelines, olivines, plagioclases and titanomagnetite.

0 10 20 30 40 50 60 70
26 CuKa (degree)

Fig. 2. XRD pattern of basalt powder from Krzeniéw deposit [27, 28]; description: I —illite, Ol — olivine,
Nef — nepheline, P1 — plagioclase, Px — pyroxene, Ma — magnetite, Tm — titanomagnetite

2.2. Sample preparation

Specimens were prepared by blending of CSA cement and basalt powder mixture with
water. Samples with two different proportions of components were prepared, their composition
ratios are presented in Table 5.

Table 5. Samples composition

Composition | Cement : basalt : water, [wt.]
B20 1:02:0.5
B40 1:04:0.5
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The first step in sample preparation was to mix the dry ingredients. Weighted reagents were
poured into 20-liter plastic bucket, then they were mixed for 3 minutes at I-level of speed (80
rpm) of hand electric stirrer (MacAllister 1200W). The resulting mixture was then combined
with water (having a temperature of about 10°C) and stirred with a hand electric stirrer
(MacAllister 1200 W) until a homogeneous semi-fluid suspension was obtained. Thus prepared
mortar was poured into moulds (dimensions: 10 x 10 X 40 mm) and subjected to vibration,
removing any excess. To prevent water evaporation, the specimens were secured by wet gauze
swab and filter paper and left for 24h. Next, specimens were demoulded and treated in a 100%
humidity environment (wet conditioning) at the room temperature for 6 days. After this, the
samples were treated in 65 + 5% humidity environment for 21 days (air-wet conditioning).
Finally, 28-day-old samples were heat-treated in an atmosphere oven (NEOTherm, Zaktad
Elektromechaniczny, Wroctaw, Polska). The heat-treatment regime, including: heating rate,
isothermal heating, cooling rate, was maintained in accordance with previous research [17]).
A total of 4 sets of samples were prepared in this way. The parameters of heat-treatment are
shown in Table 6.

Table 6. Parameters of specimens’ heat treatment

Heat-treatment temperature (maximal) | Heating rate | Isothermal heating | Cooling rate

300°C, 600°C, 800°C 5°C/min 2h with furnace

After heat-treatment, samples were mechanically divided into smaller parts and dry-grinded
using SiC sandpapers with gradation up to 800. After grinding the specimens were cleaned
by compressed air.

2.3. Methods

Internal microstructure of samples was assessed by scanning electron microscopy (SEM)
using JEOL JSM-6610 microscope (JEOL Ltd., Tokyo, Japan) operating in BSE mode at
20-25 kV accelerating voltages. Additionally, EDS module JEOL JED-2300 was used for
mapping and identification of structural components. Microscopic investigations were made
on the inner cross-sectional areas of the samples, approximately 10 mm from the outer edges.
SEM observations and EDS analyses were conducted in high vacuum mode, without the use
of an additional conductive coating. Obtained images were analysed using 2D CAD image
processing software provided by Autodesk®Inc. The measured dimensions were proportional
to the scale of the SEM images.

3. Results and discussion
The SEM/EDS results are presented in the form of microstructure images accompanied

by a collection of color-coded EDS maps indicating the distribution of specific elements.
Due to the multitude of utilized map elements, the general principle is as follows: against
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a black background, the dispersion of each element is indicated by a corresponding colour and
identified in the title above image. Depending on the concentration of the particular element,
individual points or entire fields of their clusters may appear on the map.

3.1. B20 composition

Cross-section SEM images and EDS maps of B20 composition sample treated in typical
ambient temperature (23°C) are shown in Fig. 3.
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Fig. 3. Microstructure of nepheline (1), plagioclase (2), and olivine (3) in B20 composition treated at 23°C

The main identified phases, based on the EDS analyses, were nepheline (1), plagioclase (2),
and olivine (3). The sample had structure with highly visible grains and numerous internal
cracks. The visible cracks were mainly in the cement matrix and were continuous in nature.
The widest observed cracks were in matrix (A) — 6.1 um, in matrix-filler border (B) — 6.8 pm.
No significant cracking was observed in area of olivines. Defects was located, mainly, in the
matrix — at nephelines or plagioclases borders.

Figure 4 shows more detailed microstructure of B20 composition sample treated at 23°C.
The titanomagnetite (1), pyroxene — augite (2), and olivine (3) phases were identified. A
significant number of cracks in the matrix can be seen. The cracks were in contact with filler
grain and were approx. 1 um thick.

'»-_—__-_.r_—h-_

BEC 20kV  WD1imm SS50 X500 50pm

Fig. 4. Microstructure of titanomagnetite (1), pyroxene-augite (2), and olivine (3) in B20 composition
treated at 23°C



www.czasopisma.pan.pl N www.journals.pan.pl
N

598 K.A. SODOL, S. MISZCZAK, J. SZER, L.. KACZMAREK

Figure 5 shows microstructure of B20 composition treated at 300° C. It can be seen
that the temperature has a significant effect on the microstructure compared to the sample
treated at ambient conditions. In addition to barely visible cracks, numerous pores can be
observed. Their sizes were between 3 and 8§ um (e.g. A —3.4 um; B — 6.3 um; C — 3.8 um). The
microstructure contained two main components of the basalt aggregate: calcium phosphate (1)
and pyroxene (2). The phosphorus phase is rare component of nepheline basalt, its content was
0.72% wt. (as referred in Table 4).

R S5 it LI " 2
BEC 25kV  WD1imm SS60 X500 50pm

Fig. 5. Microstructure of calcium phosphate (1) and pyroxene (2) in B20 composition treated at 300°C

Microstructure of B20 composition treated at 600°C is shown in Fig. 6. The main
components were titanomagnetite (1) and pyroxene (2, 3) phases. Lower temperatures defects,
as cracks presented in previous figures, were not observed at 600°C. Thermal treatment at
600°C resulted in partial resintering of cement matrix and the disappearance of the cracks.
In the Fig. 6, the investigated defects were pores, where their sizes were between 3.5 pm (A)
and 22.7 um (B). The basalt filler particles do not appear to resinter as a cement matrix.
Nevertheless, the structure appears to be healed from cracks and gaps by high temperature.

e e s e e e e s e

T
:"
I
l.
S
T
il
1
1§
I
I

BEC 25kV WD12mm SS60 x100 100pm S—

Fig. 6. Microstructure of titanomagnetite (1) and pyroxene (2), (3) in B20 composition treated at 600°C
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Microstructure and EDS analysis of B20 composition treated at 800°C are shown in Fig. 7.
There are no obvious cracks or discontinuities in the observed structure, except for pores of various
sizes from 2 um (A) up to 20 um (B). Main identified phase was plagioclase and olivine spinel (1).
Similarly to the sample annealed at 600°C, microstructure appears to be resintered and healed.

Fig. 7. Microstructure of spinel plagioclase and olivine phase (1) in B20 composition treated at 800°C

The structure (1) observed in Fig. 7 was subjected to a more detailed analysis. An enlarged
view of this structure is shown in Fig. 8. It consists of plagioclase (1) and olivine (2). It can
also be seen that the heat treatment has made the cement matrix fine-grained and well bonded
to the spinel phases, except for single discontinuities e.g. 5.6 um crack (C).

e
+F

BEC 25kV  WD10mm SS60 x500 50um

Fig. 8. Microstructure of spinel plagioclase (1) and olivine (2) phase in B20 composition treated at 800°C

3.2. B40 composition

The SEM/EDS analysis of samples made of B40 composition were performed in the same
way as for B20 composition. SEM images and EDS analysis of B20 sample treated at ambient
temperature (23°C) are shown in Fig. 9.

In Fig. 9, the conducted EDS analysis allowed to identify olivine (1) and nepheline (2)
phases. Numerous cracks with a width of 3.5 um (A) to 4 um (D) can be seen in the cement
matrix. The matrix-grain interface was continuous and well bonded. However, in marked
locations, the deviations were observed, e.g. in (B) point. Between matrix and olivine (1) the
material loss was observed with 1pm width. Similar deviation was found for nepheline, where
material loss had ~1,5 um (C) width.
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BEC 20kV WD11mm  SS50 x100 100pm  —

Fig. 9. Microstructure of olivine (1) and nepheline (2) in B40 composition treated at 23°C

Due to the increased filler content in the B40 composition compared to the B20, the number
of visible cracks is reduced, as shown in Fig. 10. Olivine (1) had continuous structure without
visible defects. Furthermore, the crack (E) defect was observed in matrix and not in the filler
grains, the approximate width of matrix crack was ~2 wum. However, the proper bond between
the basalt filler and cement was locally defected, with crack (F) width in the range of 1.4 um.

C 20kVv  WD11mm SS50

Fig. 10. Microstructure of olivine (1) in B40 composition treated at 23°C

Figure 11 shows the microstructure and EDS of B40 composition treated at 300°C. The
main identified phases are titanomagnetite spinel (1) and plagioclase (2). The boundaries
between these phases and the matrix were compact and free of discontinuities. Only in a few
places, on the border of matrix and titanomagnetite, small defects (G) less than 2 um wide
were observed.

In Fig. 12, the microstructure and EDS analysis of cement with basalt filler composition
treated at 600°C is shown. Three main types of filler can be distinguished: olivine (1), plagioclase
(2), and titanomagnetite (3). Quantitatively, the olivine phases with the addition of plagioclase
predominates. In their background, titanomagnetite inclusions of 8—12 um in size are visible.
Pores ranging in size from 8 pwm (A) to 30 wm (B) can also be seen, but overall the microstructure
is fairly uniform — most likely as a consequence of resintering at the filler-matrix interfaces.
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Fig. 11. Microstructure of spinel titanomagnetite (1) and plagioclase (2) phase in B40 composition treated
at 300°C

BEC 25kV WD11mm SS60 x100 100pm  —

Fig. 12. Microstructure of olivine (1), plagioclase (2), and titanomagnetite (3) in B40 composition
treated at 600°C

Figure 13 shows microstructure of B40 proves fine-grained structure of material after
800°C treatment. Furthermore, porosity of material is irregular. The range of pores are between
4.3 um (M), and 29.4 um (L). Cement matrix in titanomagnetite border is continuous and
without any defects.

BEC 25kV WD1imm SS60 x100 100pm

Fig. 13. Defects of material and microstructure of titanomagnetite (1) in B40 composition treated in 800°C
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3.3. The comparison of research results

Even a cursory analysis of the SEM images and EDS element distribution maps shows
significant differences in the internal structure of the samples. Table 7 summarizes the
occurrence and number of structural defects (microcracks and porosities) observed in samples
annealed at different temperatures and with different initial compositions.

Table 7. Comparison of material defects based on microstructure data

Max. treatment
temperature B20 B40
23°C (ambient) | Micro-cracks: numerous Micro-cracks: numerous

Cracks width (matrix): 6.1-6.8 um, | Cracks width (matrix): 2—4 um,
Cracks width (matrix—filler): ~1 wm.| Cracks width (matrix — filler): 1-1.4 um.

Pores: none Pores: none

300°C Micro-cracks: numerous Micro-crack: few
Cracks: matrix—filler — barely visible | Cracks: matrix — filler: <2 um
Pores: numerous Pores: few

Pores size: 3-8 pum.

600°C Micro-cracks: none Micro-crack: none
Cracks: none Cracks width (matrix): 6.1-25.8 um
Pores: numerous Pores: numerous
Pores size: 3.5-22.7 um. Pores size: 8-30 um.
800°C Micro-cracks: single Micro-cracks: none
Crack width (matrix—filler): 5.6 um | Pores: numerous
Pores: numerous Pores size: 4.3-29.4 um

Pores size: 2-20 pm

Presented data shows that in 23°C an increase in the amount of basalt filler can reduce the
size of the pores and capillary network. However, as the water content in the dry mix decreases,
the workability (understood as ability to mix) also decrease, which can be crucial from an
industrial point of view. Up to 300°C, size of discontinuities at the matrix-filler border was
at a similar level, between 1 and 1.5 pm. After treatment at 600°C, an increase in porosity
was observed with a reduction in the number of cracks. Furthermore, in this level of heat
treatment the highest found pore had 30 um. After 800°C treatment, in B20 composition cracks
size decreased and microcrack in matrix — aggregate appeared in size of 5,6 um. For B40 pores
were in ranges 4,3-29,4 um. The data presented suggests that re-sintering occurs above 600°C
in a comparable way to CSA compositions without fillers, as observed by Sodol et al. [17].

4. Summary and conclusions

The study carried out in this paper aimed to determine the effects of elevated and high
temperatures on the internal structure of calcium sulfoaluminate cement (CSA). The results
showed a significant influence of the proportion of mortar components and the annealing
temperature on the microstructure evolution of CSA cement with basalt addition.
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— CSA cements containing a higher amount of basalt filler addition (B40 samples) were
characterised by a smaller cracks’ width, while maintaining the continuity of the matrix-
grain interface. This may indicate a positive effect of the basalt filler addition on the
defect rate of the cement mortar at ambient temperatures.

— In the microstructure of specimens annealed at 300 °, the appearance of numerous
porosities because of material dehydration was observed. On the other hand, higher
content of fine-grained basalt filler in B40 samples correlated with much lower porosity
of the cement microstructure at temperatures up to 300°. Further research in this area is
needed.

— Heat treatment of the B20 and B40 compositions at 600°C resulted in the increase in
pore width but a reduction in the number of cracks. This can be attributed to the initiation
of resintering process.

— After heat treatment conducted at 800°C both B20 and B40 CSA compositions had
a similar microstructure, with quite a few small porosities within the matrix, but without
cracks or discontinuities. The reduction in the size of the porosities and the disappearance
of the cracks indicate the progress of the resintering process leading to the healing
of the microstructure.

The findings presented above extend the current knowledge of CSA-based materials and

their behaviour at high temperatures. The lack of similar information in current databases
indicates the need for further research, which will be focused on the strength, porosity, and
permeability properties at high temperatures.
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Mikrostruktura zaprawy z cementu wapniowo-siarczano-glinianowego
z wypelniaczem bazaltowym w wysokich temperaturach

Stowa kluczowe: Cement wapniowo-siarczano-glinianowy, bazalt, wysoka temperatura, CSA, mikro-
struktura

Streszczenie:

Artykut ten jest motywowany zapewnieniem bezpieczeristwa pozarowego budynkéw oraz glebszym
zrozumieniem specjalnych cementéw pod obciazeniem temperaturowym. Wiedza na temat wptywu
wysokich temperatur na materialy na bazie cementu wapniowo-siarczano-glinianowego (CSA) jest
kluczowa dla zapewnienia bezpieczenistwa pozarowego. Kompozyty na bazie CSA sa przeznaczone do
specjalnego zastosowania w wymagajacych konstrukcjach infrastrukturalnych. Poniewaz brakuje badai
na temat wplywu ciepfa na materiaty na bazie CSA, niniejszy artykulma na celu poszerzenie aktualnej
wiedzy literaturowej na temat mikrostruktur tych materialéw w temperaturach do 800°C. Rozpoznanie
wplywu wysokiej temperatury jest szczegdlnie wazne, biorac pod uwage znaczace réznice miedzy
CSA a zwyklym cementem portlandzkim (OPC). Artykut ten wskazuje na wptyw proporcji mieszanki
na strukture kompozytu, wigzanie wypelniacz—matryca i zachowanie matrycy podczas ekspozycji na
temperature. Uzyskane wyniki moga poméc w zrozumieniu zjawisk zachodzacych w materiale pod
obcigzeniem temperaturowym oraz okresli¢ dalsze kierunki badan.
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