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ABSTRACT
Keywords: Fast breeder reactor, Sacrificial layer, Liquid sodium and concrete
interactions, Microstructure, Petrography

Sodium is used as a coolant in fast breeder reactors (FBRs) for extracting nuclear heat
from its high power density core to steam generator to produce electricity. Accidental
leakage of liquid sodium at high temperature (550 °C and above) in the normal
operating conditions of FBRs can lead to various safety issues due to sodium attack
on concrete. In this context, a sacrificial concrete layer is provided on the structural
concrete to mitigate the harmful impacts of these interactions. A fundamental
understanding of the interaction of liquid sodium with concrete would enable better
design of the sacrificial layer concrete. The current study is focused on a comparative
evaluation of different materials for the sacrificial layer in terms of their performance
in hot liquid sodium environment. The evaluation is conducted with the help of
physico-chemical and microstructural investigations.

To achieve the objectives of this research program, thermo-chemical studies were
performed on limestone, river sand and granite aggregates to understand the
degradation of these materials under fast breeder reactor environment. This study was
followed by performance evaluation of limestone mortars with different water to
cement ratios and cements, with and without sodium at 550 °C. Furthermore, the
investigation was extended to geopolymer composites with Class F fly ash to assess
their suitability for sacrificial layer in FBRs.

Results from the study depicted that the chemical composition of all types of
aggregates was not significantly altered by an exposure to 550 °C for a maximum
duration of 30 minutes. However, limestone exhibited minor colour changes due to
ferric oxidation and disintegration of accessory impurity minerals of calcite due to
thermal effects. Siliceous aggregates exhibited tiled and interlocked microstructure
with different minerals - quartz, feldspar, hornblende, biotite and magnetite.
Petrographic study on siliceous aggregates revealed that the degradation mechanisms
due to a thermal exposure of 550 °C included cracking due to differential thermal
expansion of minerals, extensive ferric oxidation and further iron dust formation of
iii

iron bearing minerals. The effect of hot corrosive NaOH with thermally induced
cracks in siliceous aggregates resulted in inferior performance compared to limestone
aggregates.
Under thermal exposure at 550 oC, limestone aggregate mortar was found to be
superior to river sand mortar, with respect to the compressive and flexural strength
performance. However, mass loss was higher for limestone mortars and abrasion
resistance of limestone mortar was lower than river sand mortars. OPC mortar with
0.40 w/c performed well compared other higher w/c, and among different types of
cement, performance of Portland pozzolana cement was the best.

Limestone aggregate and its mortars made from four types of cement underwent
significant modifications in their physical, mechanical, chemical and mineralogical
characteristics upon interaction with hot liquid sodium. From megascopic and microanalytical investigations, maximum w/c ratio of 0.45 is suggested for the mix design
of sodium resistant sacrificial layer in fast breeder reactors. Similar to the
observations from thermal exposure performance, fly ash based Portland pozzolana
cement performed better compared to other cement systems at a w/c ratio of 0.55.
Fundamental degradation mechanisms of concrete in hot liquid sodium environment
at 550 °C included - formation of cracks and sodium compounds, modification of
interfacial transition zone and mineralogical changes in the paste phase. The
aggregates underwent degradation in terms of cracking and decomposition of
minerals, etching and widening of mineral cleavages, iron dust formation and ferric
oxidation of iron bearing minerals.

Performance of geopolymer mortars was comparatively better in hot liquid sodium
exposure to the existing conventional cement based systems. The reduction in
compressive strength, modification of ITZ, crack formation and disintegration of
aggregate phase were significantly lower in geopolymer mortars. Geopolymer
composites are shown by this study to be the potential materials for sacrificial
protection layer in FBRs to mitigate the damage caused by accidental leakage of hot
sodium.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Nuclear power is projected as a major energy source for the new millennium. A nuclear
reactor resembles a house for controlled nuclear fission chain reaction. The energy produced
in the form of heat in nuclear reactor is absorbed by a coolant and used to produce steam.
This steam is used to propel the turbines connected to a generator, which transforms kinetic
energy to electric energy. Sodium cooled Fast Breeder Reactors (FBRs) are designed for
electric power generation using nuclear fuel.

1.2 CONCRETE IN NUCLEAR INDUSTRY

In FBRs, concrete is used as a structural material for constructing the foundations,
containment, radiation and equipment support structures. The alkali metal sodium is used as a
coolant in FBRs. Accidental leakage of liquid sodium at high temperature from the pipes in
enclosures filled with inert gas (e.g., equipment cells or reactor cavity) and air (e.g.,
containment and steam generator building) can lead to various safety issues due to hot liquid
sodium attack on concrete and subsequent release of hydrogen gas (Das et al., 2009). A
sacrificial layer of concrete is employed to protect the structural concrete from interacting
with hot liquid sodium at around 550 °C and above to reduce the risk factors related to
structural integrity, functional efficiency and radiological safety of FBRs(Chawla and
Pedersen, 1985).

The choice of materials for sacrificial layer may depend on the economy and ease with which
the sacrificial layer can be constructed, demolished, repaired, rehabilitated or disposed after
the accident.From a number of studies carried out for several decades, it is apparent that
concrete with limestone aggregate has gained applicability in this field due to its high
threshold temperature of reaction (Premila et al., 2008). The concrete made with limestone
aggregate of Los Angeles abrasion loss less than 40% and a water absorption less than 2%
exhibits high compressive strength along with low coefficient of thermal expansion and

relatively high tensile strength than the concrete with siliceous or silico-calcareous aggregates
(Poitevin, 1999).

1.3 MOTIVATION FOR THE PRESENT STUDY

Numerous studies have been carried out on hot liquid sodium and concrete interactions. The
thermo-chemical interactions of liquid sodium at 550 °C and above with concrete can result
in degradation of concrete in several ways. These interactions include several exothermic and
endothermic reactions. The chemical reactions occurring as a result of this spillage have been
studied for several years. In short, the steam from the evaporated water reacts with liquid
sodium and produces sodium hydroxide, sodium monoxide, and gaseous hydrogen. Due to
the thermo-chemical effects, the sodium hydroxide can erode the concrete surface.
Eventually, sodium carbonate, calcium oxide, magnesium oxide, sodium metasilicate, sodium
aluminate, and carbon are formed - resulting in deterioration of concrete (Witkowski and
Charles, 1976, Fritzke and Schultheiss, 1983, Barker and Gadd, 1982, Muhlestien and
Postma, 1984, Chawla and Pederesen, 1985, Bae et al., 1998, Parida et al., 2006,
Premila et al., 2008, Das et al., 2009).

In spite of the extensive understanding of the

chemistry of these interactions, limited information is available in public domain on the
microstructural description of deterioration, including creation of mineralogical polymorphs,
and growth of microcracks, possibly due to the closed nature of the nuclear industry. The
Liquid Sodium and Concrete Interactions (LSCI) are very complex in nature. The
fundamental mechanisms of concrete degradation during liquid sodium-concrete interaction
have to be addressed to improve the performance sodium resistant sacrificial layer. A better
understanding of the alterations in chemistry, microstructure and mineralogy during the LSCI
will help in optimization of concrete compositions and proportions to develop an effective
sacrificial layer for hot liquid sodium exposure.

1.4 OBJECTIVES, SCOPE AND METHODOLOGY

The principal objective of the study is to quantify the performance of cementitious and
geopolymer composites for elevated temperature applications in fast breeder reactors. The
performance characterization is based on the study of mineralogy of aggregates, compressive
and flexural strength, mass loss, and abrasion of mortars, along with the microstructural
characterization, upon exposure to a temperature of 550 °C without and with sodium.
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The principal objective is divided into three sub objectives as follows:

1. To perform thermo-chemical characterization of calcareous and siliceous aggregates
exposed to 550 °C with and without sodium
2. To conduct performance evaluation of cementitious mortars exposed to 550 °C with
and without sodium
3. To evaluate performance of geopolymer composites exposed to 550 °C with and
without sodium

The scope of the work is limited to mortars with four types of cements and geopolymer
composites derived from alkali activation of class F fly ash with 8M, 12M, 16M and 18M
NaOH and liquid sodium silicate. In cement based systems, four types of cements are used,
namely Ordinary Portland Cement (OPC), Portland Pozzolana Cement (PPC), Portland Slag
Cement (PSC) and High Alumina Cement (HAC). The effects of different types of cements
on performance are studied for a water to cement ratio (w/c) of 0.55, which is the w/c ratio
used for the base mix in the fast breeder reactor as sacrificial layer concrete. The effect of
different w/c on performance is studied using ordinary Portland cement. A w/c range of
0.40 - 0.60 is used for the study with a step wise increment of 0.05. Crushed limestone
aggregate is used as fine aggregate for making limestone mortars. Siliceous aggregates - river
sand and granite - are also incorporated in studies for comparison.

The performance

characterization is based on study of mineralogy of aggregates, compressive and flexural
strength, mass loss, and abrasion of cementitious mortars and geopolymer composites, along
with microstructural characterization.

The research work is divided into three phases, namely, comprehensive characterization of
materials used, thermal performance evaluation and sodium interaction studies.
1st Phase: Comprehensive characterization of materials used


Physical, chemical and mineralogical characterization of OPC, PPC, PSC, HAC,
limestone aggregate, granite and river sand before any exposure



Physical, mechanical, chemical and mineralogical characterization of limestone
mortars, river sand mortar and geopolymer composites before any exposure
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2nd Phase: Thermal performance evaluation


Mineralogical characterization of limestone, river sand and granite after exposure to
550 °C



Thermal performance evaluation of limestone, river sand and granite after exposure to
550 °C



Thermal performance evaluation of limestone and river sand mortars after exposure to
550 °C



Thermal performance evaluation of geopolymer paste and mortars after exposure to
550 °C

3rd Phase: Sodium interaction studies


Performance evaluation of limestone mortars in hot liquid sodium at 550 °C



Performance evaluation of geopolymer paste and mortars incorporating limestone in
hot liquid sodium at 550 °C

1.5 STRUCTURE OF THE THESIS

This thesis includes eight chapters, including the present one. Chapter 2 deals with review of
the literature and needs for research. The third chapter explains the materials used, mix
proportions, characterization techniques and the experimental approaches adopted for this
study. Chapter 4 provides the details of characterization of different types of aggregates
before any exposure, after exposure to 550 °C and after exposure to liquid sodium at 550 °C.
Chapter 5 describes the properties of cement based mortars after thermal exposure to 550 °C
and chapter 6 compiles the properties of cement mortars after exposure to liquid sodium at
550 °C. In Chapter 7, the performance evaluation of geopolymer composites before any
exposure, after exposure to 550 °C and in hot sodium exposure at 550 °C is described.
Finally, the conclusions, major contributions and scope for future studies are included in
Chapter 8.
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CHAPTER 2
LITERATURE REVIEW

2.1 GENERAL

This review of literature focuses on integrating the available information on liquid sodium
and concrete interactions. Since the liquid sodium and concrete interactions are very complex
in nature, the performance of concrete subjected to high temperature and hot sodium
exposure is reviewed in two sections separately to understand the thermal and chemical
attack in a better way. In the first section, the performance of concrete at elevated
temperature is examined on the basis of alterations in paste phase, effect of interfacial
transition zone, role of mineral admixtures, influence of strength and pore structure, type of
aggregate and microstructural alterations. Further, the properties of geopolymer composites
and their performance at elevated temperature are reviewed to study the adaptability of this
new technology for hot liquid sodium exposure. The last section discusses interactions of hot
liquid sodium with concrete in the atmosphere of argon and air.

2.2 PROPERTIES OF CONCRETE

Concrete is a composite material whose mechanical, physical, and chemical properties are
governed by the mix design and production processes. Mix design involves the selection of
type and relative proportions of aggregates, cement, water, and chemical or mineral
admixtures, whereas production processes include batching, mixing, transport, placing,
compacting and curing of fresh concrete in a semi-regulated environment. The mix gains
strength upon hydration of cement with time. The major product of the cement hydration is
calcium silicate hydrate (CSH), which is the main strength imparting phase in hydrated
cement (50 to 60% of total volume of solids). Calcium hydroxide (CH, 20 to 25%), calcium
sufoaluminates (15 to 20%) namely ettringite and monosulphate, and calcium aluminate
hydrates (C-A-H) are the other products of cement hydration. The microstructural
characterization and chemistry of hydrated cement have been well documented over the years
(Mehta and Monteiro, 2006).

5

In cementitious materials, stress concentrations under the load occur due to the
microstructural defects and discontinuities (Prokopski and Halbiniak, 2000). The mechanical
properties are controlled by individual phases according to their concentration, distribution
and spatial configurations. The heterogeneous nature of concrete is typified by the presence
of an interfacial transition zone [ITZ] (Mehta and Monteiro, 2006, Prokopski and Halbiniak,
2000, Diamond and Huang, 2001, Liao et al., 2004). In freshly compacted concrete, the
availability of water to form a film around aggregate can lead to accumulation of water at the
interface, eventually resulting in porous hydrated products with large crystals of Ca(OH) 2
(Mehta and Monteiro, 2006). In other words, the interfacial transition zone in concrete is the
cement paste zone near the vicinity of coarse or fine aggregate. The zone may extend up to
100 µm, but in most cases it is within 50 µm. The initiation of cracks under load probably
starts from ITZ because it is relatively weaker than the bulk cement paste in concrete. The
cracks may also result from difference in relative stiffness of cement paste and aggregate.
The mechanism of formation of ITZ in normal concrete and high strength concrete is
different. In high strength concrete, the effect of ITZ is minimal, as the cementitious paste is
strong owing to the low w/c. The above statement can be justified while observing fracture
surface of tested specimens. Normal strength concrete fractures through the cement paste and
aggregate interface, while high strength concrete fractures through aggregates.

2.3 PERFORMANCE OF CONCRETE AT ELEVATED TEMPERATURE
Wang (2008) explains the behaviour of concrete at elevated temperature as “unlike wood,
concrete does not burn and unlike steel, it does not lose a substantial degree of its rigidity at
moderately high temperatures”. The alterations in the basic properties of concrete such as
strength, modulus of elasticity and volume stability due to escalated temperature can
challenge the structural integrity and even can cause failures. The performance of concrete at
elevated temperature is governed by the types of aggregate and cement, temperature and
duration of exposure, moisture content of concrete and size of the structural elements. Fire
resistance of large sized structural elements of concrete is found to be better than small sized
ones (Arioz, 2007). Fire and concrete materials are reviewed in fib state of the art report (fib
bulletin-38, 2007). This review brings out the importance of understanding science behind the
performance of concrete materials in terms of the mineralogy, microstructure, thermal and
mechanical behaviour at elevated temperatures.
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2.3.1 Alterations in paste phase

The temperatures from ambient up to 1000 °C or more bring about numerous changes in the
hydrated cement paste structure, and this aspect has been studied by a number of researchers
(fib bulletin-38, 2007, Lee et al., 2009, Arioz, 2007). Figure 2.1 displays the differential
thermal analysis [DTA] of hydrated ordinary Portland cement paste (fib bulletin-38, 2007).

Figure 2.1 DTA analysis of ordinary Portland cement paste (fib bulletin-38, 2007)

When a concrete specimen is heated, the capillary water and gel water from calcium silicate
hydrate (CSH) evaporate at temperatures above 100 °C. Further application of heat could
result in dehydration of calcium sufoaluminates, and calcium hydroxide dehydrates at the
range of 450 °C. The CSH decomposition starts at 700 °C and melting with complete
disintegration of CSH takes place above 1100 °C (Arioz, 2007). Lee et al. (2009) summarize
the processes of decomposition depending on the temperature regime (See Table 2.1).

Table 2.1 Process of decomposition depending on the temperature regime (Lee et al., 2009)
Temperature
20–120 °C
120–400 °C
400–530 °C
530–640 °C
640–800 °C

Thermo-hygro-chemical phenomena
Evaporation of free water, dehydration of C-S-H and ettringite
Dehydration of C-S-H
Dehydration of C-S-H, dehydration of calcium hydroxide (CH)
Dehydration of C-S-H, decomposition of poorly crystallized CaCO3
Dehydration of C-S-H, decomposition of CaCO3
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Figure 2.2 shows the change of phase composition with increasing temperature for a w/c of
0.67, assuming that the aluminate phases are non-reactive substances at elevated
temperatures. The diagram depicts that beyond 800 °C, only oxide compositions existed.

Figure 2.2 Change of phase composition with increasing temperature for water to cement
ratio of 0.67 (Lee et al., 2009)
The cement paste shrinks with rising temperatures and eventually cracks when the tensile
stress induced crosses the tensile capacity of the paste (Wang, 2008). Figure 2.3 pictorially
depicts crack formation in cement paste at different ranges of high temperature (Arioz, 2007).
Cracks are formed beyond 400 °C and grow with respect to the increase in temperature.
Extremely severe cracks were observed beyond 600 °C.
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Figure 2.3 Crack patterns of cement pastes exposed to elevated temperatures (Arioz, 2007)

2.3.2 Effect of interfacial transition zone

Elevated temperatures up to 800 °C for 1 hour reduce the strength and durability of concrete
by weakening the ITZ, coarsening pore structure of hydrated cement paste and causing
upward shift in pore diameter. Microhardness test conducted by Hossain (2006) revealed that
ITZ width displayed a monotonic rise when the concrete was exposed to 200 °C for 1 hour.
The significant drop in microhardness at 400 °C, increment in total porosity and average pore
diameter at 600 °C were the other observations derived from the same study.

2.3.3 Role of mineral admixtures

Poon et al. (2001) conducted a comprehensive performance test and evaluation of concrete
incorporating pozzolanic materials like silica fume, fly ash and blast furnace slag. The
concrete with fly ash and blast furnace slag exhibited an upward trend in strength for a
temperature range of 20-200 °C. Up to 400 °C, the high performance concrete retained its
strength while the normal concrete with ordinary Portland cement showed an average loss in
strength up to 20%. Beyond 400 °C, concrete started losing strength rapidly and rate of
reduction was more for high strength concrete. The fly ash and blast furnace slag concretes
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performed well compared to the ordinary Portland cement concrete at 600 °C. This study
revealed that spalling or splitting was the associated risk with silica fume concrete at elevated
temperatures. Fly ash and blast furnace slag concretes showed network of fine cracks without
any spalling or splitting. The optimal dosage for replacement of cement to achieve good
performance at elevated temperature was 30% for fly ash and 40% for blast furnace slag. The
improvements in performance of concrete using pozzolanic materials are derived from the
reaction between pozzolans and Ca(OH)2. Pozzolans improve strength and durability by
consuming Ca(OH)2 and producing extra CSH in concrete (Poon et al., 2001, Vodak et al.,
2004). Figure 2.4 gives some typical crack patterns for concrete using OPC and pozzolanic
materials at 800 °C, and Table 2.2 summarizes the information on the crack widths.

Figure 2.4 Crack patterns after exposure to 800 °C for OPC, silica fume (SF), fly ash (FA)
and slag (GGBS) concretes (Poon et al., 2001)

Table 2.2 Surface crack width in millimetres at elevated temperature (Poon et al., 2001)
Composition
OPC
0.90 OPC + 0.10 Silica fume
0.80 OPC + 0.20 Fly ash
0.70 OPC + 0.30 Fly ash
0.60 OPC + 0.40 Fly ash
0.70 OPC + 0.30 GGBS
0.60 OPC + 0.40 GGBS

At 600 °C
Minimum Maximum
0.32
1.26
0.71
1.74
0.15
0.98
0.19
1.09
0.21
1.16
0.21
1.19
0.23
1.24

At 800 °C
Minimum Maximum
0.75
1.84
1.30
2.89
0.48
1.32
0.52
1.44
0.52
1.49
0.56
1.46
0.59
1.52

2.3.4 Influence on strength and pore structure

The pore structure of hydrated cement paste in the concrete undergoes transformations with
different water to cement ratios and gets altered with increase in temperature. Figure 2.5
presents results from the study of Vodak et al. (2004) on cumulative pore volume of concrete,
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after exposure to wide range of temperatures varying between 20 and 900 °C. At elevated
temperatures cumulative pore volume was reported to be more compared to lower
temperatures.

A study by Chan et al. (2000) on pore structure of normal and high strength concrete (NSC
and HPC respectively) subjected to elevated temperature using mercury intrusion porosimetry
(MIP) indicates that before thermal exposure, significant difference in cumulative pore
volume exists between NSC and HPC. After exposure to high temperature, the pore size
increased significantly for normal and high strength concrete in the range of 0.01 µm to 1000
µm. Figures 2.6 and 2.7 pictorially differentiate pore size distributions before and after
exposure to the high temperatures for high and normal strength concrete respectively.

Figure 2.5 Cumulative pore volumes after exposure to high temperature (Vodak et al., 2004)
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Figure 2.6 Pore size distributions before and after exposure to high temperature for high
strength concrete (Chan et al., 2000)

Figure 2.7 Pore size distributions before and after exposure to high temperature for normal
strength concrete (Chan et al., 2000)
In these figures (from MIP studies) ‘V’ is the cumulative intruded volume of mercury and
‘D’ is pore diameter. The differences in the pattern reflect on degradation of pore structure
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and the effects are not similar for normal and high strength concrete. However, the highest
peak of dV/dlogD showed a narrow range of 0.01 to 0.15 µm for both concretes confirming
that micropores in this range are significantly affected by the elevated temperature, both for
normal and high strength concrete.

2.3.5 Influence of aggregate type

Concrete contains around 70% aggregates by volume, which provides dimensional stability
and stiffness. The performance of aggregate at elevated temperature is better than cement
paste phase (Vodak et al., 2004). Generally carbonate aggregates like limestone or siliceous
aggregate like granite are used for making concrete. Granite is a siliceous rock with quartz,
feldspar and mica as essential minerals. Granite may also contain dark coloured minerals like
muscovite, biotite, hornblende, augite and magnetite (Garg, 1999).

Limestone is a sedimentary rock consisting of more than 50% of carbonates of calcium or
magnesium (Gribble, 1988). Calcite is the predominant mineralogical component of
limestone. The impure varieties of limestone may also contain quartz, feldspar, pyrite, and
clay impurities like alumina including micaceous impurities such as biotite. The purest form
of limestone is chalk and this is relatively soft. Dolomitic limestone with magnesium
carbonate, argillaceous limestone with clay, shelly limestone and lithographic limestone are
some varieties of the impure limestone present in the earth’s crust. Limestone generally
shows fine grained clastic or interlocking textures (Garg, 1999). The thermal performance of
calcareous aggregates is reported to be superior to siliceous aggregates (Arioz, 2007, Savva et
al., 2005, Xing et al., 2011, fib bulletin-38, 2007).

Studies by Arioz (2007) explain the effect of high temperature in the range of 200-1200 °C
on Portland cement concrete made of carbonate and siliceous aggregates. Most of the
temperature effects above 500 °C on concrete are irreversible. Weight loss is significant at
elevated temperatures and it is very sharp beyond 800 °C. The concrete with high water to
cement ratio experienced higher loss in weight and concrete made from siliceous aggregates
showed relatively less loss in weight. The reduction in strength was significantly affected by
type of the aggregates.
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In siliceous aggregates, crystal transition (quartz) takes place at around 575 °C (α-quartz
transforms to β-quartz) with volume expansion, whereas the rate of shrinkage in cement paste
increases at temperatures above 200 °C due to thermal effects. The different rate of expansion
and contraction may result in surface cracks (Xing et al., 2011). The relative strengths of
concrete at room temperature and 600 °C, made using limestone and siliceous aggregates,
were reported to be 90% and 50% (compared to normal temperature exposure) respectively.

Savva et al. (2005) studied the effect of escalated temperatures on concretes prepared with
limestone and siliceous aggregates. The cements used for the study were ordinary Portland
cement blended with Ptolemaida fly ash (PFA), Megalopoli fly ash (MFA) and Milos earth
(ME). Table 2.3 summarizes the observations.

Table 2.3 Summary of residual properties of concrete made with limestone and siliceous
aggregates (Savva et al., 2005)
Properties
Residual strength

Residual modulus of
elasticity

Residual rebound
hammer number
Residual ultrasonic
pulse velocity

Observations
Up to 300 °C, concrete made with siliceous aggregate and
pozzolans performed well. Above 300 °C, limestone
concrete performed comparatively better
The relative residual modulus of elasticity of siliceous
concretes was found to be higher at 300 °C. Above 750 °C,
both aggregates showed reductions ranging from 94% to
99%.
At 600 °C, loss was more for siliceous aggregates
Loss was more for siliceous aggregates at elevated
temperatures

Xing et al. (2011) studied the influence of the type of aggregates on the thermal properties of
concrete subjected to elevated temperature. Thermal conductivity of concrete is governed by
thermal properties of aggregates. Due to differences in mineralogical composition and
microstructure, aggregates exhibit different thermal conductivities. The reduction in
compressive strength of concrete with siliceous aggregate is more compared to carbonate
aggregate, because of the higher thermal expansion and consequent increase in volume due to
phase transition. In carbonate aggregates, CaCO3 decomposes into CaO and CO2 at 800–
900 °C and further expands at elevated temperatures causing destruction (Wang, 2008). Rehydration of CaO during cooling may cause spalling of concrete made from calcareous
aggregates. Table 2.4 summarizes observations of Xing et al. (2011) and Savva et al. (2005)
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Table 2.4 Performance of aggregate at elevated temperature
Items

Siliceous aggregates
Refer Figure 2.8

Calcareous
aggregates
See Figure 2.8

Silico-calcareous
aggregates
See Figure 2.8

Aggregate
porosity
Aggregate
mass loss
(Saturated)

At 150 °C - 0.404%
At 300 °C - 0.462%
At 450 °C - 0.520%
At 600 °C - 0.568%
At 750 °C - 0.557%

At 150 °C - 0.492%
At 300 °C - 0.712%
At 450 °C - 0.761%
At 600 °C - 1.39%
At 750 °C - 10.94%

Formation of
cracks

Cracks above
750 °C

Cracks above
750 °C

Formation of
phases

Colour changes after
300 °C and α-quartz
transforms to β-quartz
at 500 °C to 600 °C

Thermal
conductivity
Mass loss

Refer Figure 2.9

Colour changes
after 600 °C and decarbonation of
CaCO3 to CaO at
750 °C
Refer Figure 2.9

At 150 °C - 0.492% for
flint. Spalling of flint
after 300 °C.
And for carbonates
At 150 °C - 5.25%
At 300 °C - 5.30%
At 450 °C - 5.49%
At 600 °C - 8.50%
At 750 °C - 19.00%
Cracks form in flint
between 300 °C to
500 °C
Flint cracks, bursts and
explodes at a range of
150 °C to 500 °C

Refer Figure 2.10

See Figure 2.10

Refer Figure 2.9
See Figure 2.10

Figure 2.8 Porosity evolution in different types of aggregates due to elevated temperatures
shows that porosity increases with temperature for all types of aggregates (Xing et al., 2011)
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Figure 2.9 Thermal conductivity of concrete after exposure to elevated temperatures shows
high thermal conductivity for concrete with siliceous aggregate followed by silico-calcareous
and calcareous (Xing et al., 2011), (a) & (b) Absolute and relative values for normal
concretes, (c) & (d) Absolute and relative values for high-performance concretes

Figure 2.10 Mass loss of concrete with different types of aggregates exposed up to 750 °C
(X-axis) shows lower mass loss (Y-axis) for concrete with siliceous aggregate for normal
concrete and high performance concrete (Xing et al., 2011)
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2.3.6 Microstructural alterations

A study by Handoo et al. (2002) explains the mineralogical and morphological changes in
concrete exposed to elevated temperatures. Figure 2.11 presents X-ray diffractograms (with
Co-Kα radiation) of mortar samples fired in the range of 100-1000 °C, monitoring Ca(OH)2
and CaCO3. Both diagrams exhibit changes with increment in temperature indicating phase
changes and consequent deterioration in concrete. The depletion of crystalline peak of
Ca(OH)2 at elevated temperatures corresponds to the decomposition of Ca(OH)2 to CaO and
water, and is associated with a degradation in compressive strength. At elevated
temperatures, CaCO3 decomposes into CaO and CO2.

Figure 2.11 X-ray diffractograms of mortar fired at a temperature range of 100-1000 °C
monitoring (a) Ca(OH)2 at a depth of 50 mm, (b) Ca(OH)2 at surface, (c) CaCO3 at a depth of
50 mm, and (d) CaCO3 at surface (Handoo et al., 2002)

17

The scanning electron microscopy (SEM) study by Handoo et al. (2002) in the secondary
electron mode explains the effect of elevated temperature on concrete and Table 2.5
summarizes their observations.

Table 2.5 Alterations in morphology of concrete exposed to elevated temperatures
Temperature

Alterations in morphology

Up to 200 °C
At 300 °C
Up to 500 °C
600 °C and above

No significant alterations
Deformed Ca(OH)2 crystals, voids
Microcracks due to increased porosity, distorted Ca(OH)2
Massive changes in morphology which include disrupted C-S-H
phase boundaries

Figure 2.12 shows the images from a petrographic examination of a fire damaged concrete
performed by Georgali and Tsakiridis (2005). Thin section images reveal that the surface of
carbonate aggregate concrete had transformed to CaO, while the inner part was preserved
without alterations (Figure 12 a). At the fire exposed surface, it was observed that the
carbonation reaction in the cement paste had completely developed (Figure 12 b). Gaps were
detected in petrographic images, which may have resulted from aggregate pulverization or
cement paste fragmentation due to the fire for prolonged duration (Figure 12 c). Another
feature in the petrography of fire damaged concrete was the occurrence of severe cracks in
interfacial transition zone (Figure 12 d) between the cement paste and aggregate. All these
microstructural changes due to the fire, significantly reduce the residual properties such as
compressive and tensile strength, and modulus of elasticity of concrete.
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Figure 2.12 Thin section images of fire damaged concrete (Georgali and Tsakiridis, 2005)

2.4 SCIENCE AND TECHNOLOGY OF GEOPOLYMER COMPOSITES

2.4.1 General

Geopolymer composites are obtained by the alkali activation of pozzolans in a controlled set
of processes. Apart from their beneficial properties over the conventional cement based
systems, geopolymer technology is assumed to be a green technology due to the
incorporation of by-products such as fly ash for their production, and hence reduction in
consumption of cement. The reduction of cement use in construction lowers the overall
contribution to CO2 emission (Duxson et al., 2007).

2.4.2 History of geopolymer composites

Glukhovsky (1950) explained the mechanism of alkali activation of the materials containing
silica and reactive alumina through a series of processes, namely the destruction, coagulation,
condensation and crystallization. This mechanism is similar to zeolite synthesis (Duxson
et al., 2007). Researchers have extensively used the concepts of Glukhovsky to explain the
process of polymerization.
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The term geopolymer was suggested by Davidovits in 1970s (Duxson et al., 2007). ‘Geo’
stands for the binder relationship with geological materials. The current state of research on
geopolymer technology provides chemistry and structure, physical and mechanical
properties, microstructure and durability, and applications of geopolymer composites.

2.4.3 Geopolymer technology

The modern day geopolymers are formed by the activation of alumino-silicate material, such
as fly ash, metakaolin and blast furnace slag by alkaline solutions of sodium or potassium
silicates (Torgal et al., 2007). The activator solution may be of commercially available
NaOH/KOH of different concentrations with silicates. Investigations have also been carried
out to improve the cementitious properties of geopolymer composites with pozzolans blended
either with cement, Ca(OH)2 or CaO (Temujin et al., 2009). Figure 2.13 schematically depicts
the production process of geopolymer composites.
Alumino-silicate

Alkali activators
(Commercially available sodium or
potassium silicates solutions)

(Fly ash, metakaolin, blast furnace
slag, rice husk ash, silica fume)

Mix design
OR
Blended with
Cement, CaO,
Ca(OH)2

OR
Industrial wasteAlkaline effluent
by-products

Curing

At ambient temperature
Preferred for the systems with more
calcium (blended systems of
pozzolans with cement, CaO and
Ca(OH)2 or geopolymer with class C
fly ash

At elevated temperature
A temperature range 50-80°C for a
maximum of 24 hours

Figure 2.13 Production process of geopolymer composites

2.4.4 Chemistry and structure of geopolymer composites

Geopolymers are two component systems which include reactive solid components
containing SiO2 and Al2O3 activated by an alkaline solution. The resulting mix hardens by the
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formation of alumino-silicate network, which ranges from amorphous to crystalline in
structure (Skvara et al., 2006). The alkali activation of pozzolans is initiated by destruction of
covalent bonded Si-O-Si and Al-O-Si due to rise in pH of alkaline activator, eventually
resulting in the formation of colloidal phases. The accumulation of these phases results in
coagulation and condensation of colloids followed by gelation and reorganization, causing
hardening and polymerization (Skvara et al., 2006). Figure 2.14 presents a simplified
schematic of polymerization process suggested by Duxson et al. (2007).

Figure 2.14 Conceptual model for alkali activation of pozzolans (Duxson et al., 2007)

The chemistry and structure of geopolymers are greatly influenced by the raw materials used
and process of manufacturing. The alkali activation of blast furnace slag (Ca+Si) with a mild
alkaline solution results in formation of CSH. Meanwhile, the activation of metakaolin
(Si+Al) with strong alkaline solution results in amorphous polymer like zeolite. The fly ash
(Si+Al) alkali activation occurs through the exothermic dissolution associated with
breakdown of covalent bonds (Skvara et al., 2006).
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The scanning electron microscopy secondary electron (SEM-SE) imaging presented in Figure
2.15 shows differences between various types of pozzolans activated with 8M NaOH, which
exhibit different morphology and structure (Duxson et al., 2007). The morphology of
geopolymer with slag and fly ash is presented in Figure 2.16 (Skvara et al., 2006).

Figure 2.15 SEM-SE images metakaolin and fly ash activated with 8M NaOH; (a)
Metakaolin, (b) Fly ash (Duxson et al., 2007)

Figure 2.16 Geopolymer with 60% fly ash and 40% slag (Skvara et al., 2006)

A typical XRD pattern of a geopolymer composite with fly ash is shown in Figure 2.17
(Skvara et al., 2006); the composite is seen to exhibit mostly amorphous character
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(characterized by the broad hump between 20 and 30 o2θ) with distinct peaks for quartz (Q)
and mullite (M) resulting from the fly ash.

Figure 2.17 XRD of fly ash based geopolymer; M-Mullite; Q-Quartz, (Skvara et al., 2006)

According to Davidovits (2005), the general chemical designation of geopolymer composite
is polysialate, and the three dimensional structure of polysialates is presented in Figure 2.18
(Duxson et al., 2007).

Figure 2.18 Structure of Polysialates (Davidovits, 2005)
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2.4.5 Properties of geopolymer composites

The workabilty, setting properties, physical and chemical characteristics of geoplymers are
greatly influenced by the raw materials, production methodology and curing conditions. A
study by Temujin et al. (2009) revealed that the incorporation of calcium compound
enhanced the mechanical properties of fly ash based geopolymers cured at room temperature
by the precipitation of CSH; Ca(OH)2was reported to be more effective than CaO. The same
study concluded that the addition of calcium compound to geopolymer cured at elevated
temperature affected the mechanical properties adversely.

Geopolymers possess good resistance against chemicals, high density, low permeability,
rapid curing with high ultimate strength, temperature stability, fire resistance, low shrinkage,
low thermal conductivity and eco-friendliness (Duxson et al., 2007).

A comprehensive study by Fernandez et al. (2007) concluded that the durability and
degradation mechanisms in aggressive environments (sulphates, sea water and highly acidic
media) are entirely different from the conventional cement based systems. The performance
of geopolymer is superior to conventional cement based systems. Similar observations were
found in the research reports 1 (Hardjito and Rangan, 2005) and 2 (Wallah and Rangan,
2006) of Curtin University of Technology, Perth, Australia.

2.4.6 Performance of geopolymer composites at elevated temperatures

The thermal performance of geopolymer composites is expected to be good due to their
ceramic properties. Bakharev (2006) refers to the study by Davidovits et al. (1984 and 1994)
to suggest that the geopolymer composites exhibit thermal stability even at 1200 – 1400 °C.
However, with more scientific evidence, Bakharev concluded that the geopolymer
composites are not suitable for refractory insulation purpose above 1200 °C. The thermal
performance of geopolymer composites activated with potassium-based alkaline solutions
was found better compared to the sodium based activators below 1200 °C. An increase in
strength was noted for Na based activators at 800 °C, above which temperature, the strength
loss was rapid. The thermo gravimetric analyses for both activators showed a steep mass loss
within 150 °C, which corresponds to the evaporation of free water present in the system. Up
to 700 °C, the mass loss was gradual but continuous. Above 800 °C, the mass was stable
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irrespective of types of activators. Table 2.6 summarizes the observations from XRD and
SEM-Back scattered electron images study of geopolymer composites by Bakharev (2006).
Kong and Sanjayan (2008) studied the thermal performance up to 800 °C of geopolymers
with class F fly ash activated using Na2SiO3 and KOH (7 M). Geopolymer paste after
exposure to 800 °C for 60 min exhibited 53% increment in strength. However, the aggregategeopolymer composites exposed to the same conditions showed 65% reduction in strength.
The reduction in strength of aggregates and geopolymer composites was attributed to the
large difference in thermal behavior of these materials.
The dilatometry study on aggregates (basalt and slag) indicated 1.5 to 2.5% expansion at
800 °C, whereas the geopolymer contracted by 1% in a temperature range between 200 and
300 °C, and 0.6% between 700 and 800 °C.
Table 2.6 Thermal performance of geopolymer (based on Bakharev, 2006)
Fly ash + Na activator

Fly ash + K activator

Initial XRD peaks
 Amorphous aluminosilicate gel
 Amorphous aluminosilicate gel
 Semi crystalline hydroxysodalite
 Quartz, Mullite and Hematite from
fly ash
 Zeolite
 Quartz, Mullite and Hematite from
fly ash
XRD peaks after thermal exposure
 After 800 °C, hydroxysodalite slowly
 Some modifications in
depletes and crystalline nepheline
aluminosilicate gel after exposure
(AlNaSiO4) formed
to 800 °C and 1200 °C
 After 1000 °C, traces of NaAlSi2O6
 Traces of kalsilite and leucite
 After 1200 °C, peaks for Albite
(NaAlSi3O8),nepheline (AlNaSiO4)
and NaAlSi2O6
SEM –BSE study
 Unreacted material transformed into
 No significant changes after
reacted material with crystalline
exposure to 800 °C and 1000 °C,
phases
but distinct changes after 1200 °C
 Increased porosity after 1000 °C
 Very dense matrix after 1200 °C
with pores up to 10 µm
 However, large pores (discrete) of
 After 1200 °C large pores of
size 20-200 µm were present
50-200 µm
In another study, Kong and Sanjayan (2010) observed that the increments in strength upon
exposure to elevated temperatures in smaller size specimens were not found in larger size
specimens, indicating that the existence of a thermal gradient is significant in governing
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thermal performance. The performance of geopolymer at elevated temperature with larger
size aggregates was better compared to smaller size aggregates in terms of cracking and
spalling. Incorporation of chemical admixtures did not improve the thermal performance of
geopolymer composites.

Pan and Sanjayan (2010) studied the stress strain behavior of geopolymer at elevated
temperatures. The strength of geopolymer was increased from 290 °C, and further increased
up to a maximum of twice the initial strength at 520 °C. The escalation in strength is believed
to be from increased degree of polymerization. The glass transition temperature was observed
to be 560 °C. This study also showed that a reduction in strength of geopolymer occurred
while cooling the specimen due to thermal strain, and brittleness of geopolymer.

2.4.7 Discussion on suitability of geopolymer composites for hot sodium exposure

In accidental spillage of sodium in FBRs, a hot liquid sodium environment creates an
aggressive thermo-chemical environment at 550 °C and above. Thermal stability and
comparatively more durability of geopolymer compared to conventional cement based
systems may result in a better performance in hot sodium environment. Unlike in the
conventional cement based systems, study of Skvara et al. (2006) revealed that the chemical
composition of aggregate-geopolymer interface (ITZ) was very similar to the bulk
geopolymer paste. Apart from that, effect of corrosive alkalis and alkali aggregate reactions
are minimal with geopolymer composites (Fernandez et al., 2007). A study by Lodeiro et al.
(2007) concluded that the alkali activated fly ash systems are more stable against alkali silica
reaction than conventional cement based systems. On the whole, the performance of
geopolymer composites with sodium based alkali activators are expected to be better in
corrosive NaOH environment at 550 °C.

2.5 STUDIES ON LIQUID SODIUM - CONCRETE INTERACTIONS

2.5.1 Properties of sodium

Sodium is an alkali metal with atomic number 11 and is a soft metal at room temperature.
The oxidation reaction of sodium in air is very quick and its reaction with water is violent.
Sodium possesses a density of 0.968 g/cm3 and 0.927 g/cm3, at room temperature (25 - 30 oC)
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and melting temperature of 97.72 °C respectively. Table 2.7 gives reaction products of
sodium in different environments (Atkins et al., 2009, Dutt, 2003).
Table 2.7 Reaction products of sodium in different environments
Environment
With water (Exothermic)
In air
Sodium burning with
limited oxygen
Under pressure, with
oxygen

Products
Sodium Hydroxide and hydrogen gas in excess of water.
Sodium monoxide and sodium hydride in excess of sodium
Sodium peroxide (Na2O2) in the flame zone
Sodium oxide (Na2O) inside the sodium pool
Sodium Superoxide (NaO2)

2.5.2 Interactions between hot liquid sodium and concrete

Basic studies

Fundamental investigations on chemical reactions of liquid sodium with concrete were
carried out using thermal analysis experiments by Barker and Gadd (1982), and Witkowski
and Charles (1976). The intention in these studies was to analyze the threshold temperatures
for the reactions, measure the heat changes, and also study the chemical nature of products
formed. These reaction parameters were explored and reported for a range of different
aggregates. For different types of aggregates, while the threshold temperatures varied only in
a small range (697 - 820 K), the enthalpies of the reactions were vastly different (ranging
between 250 and 2172 J/g). Narrow variations were shown primarily by calcareous and
quartzitic concretes. A number of different reaction products were identified.

The alteration of cementitious compounds by liquid sodium was also reported, although C 2S
and C3S were found to be inert to liquid sodium. The threshold temperatures were reported to
vary between 513 and 823 K, but the associated reaction enthalpies showed large variations,
as in the case with different types of aggregate.

In a study by Casanov and Staahl (1977), the performance of dolomite concrete partially
immersed in a pool of hot liquid sodium at 500 °C was investigated. This study showed that
vibrated concrete specimens performed better than hand-rodded specimens. Further,
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specimens that were partially dry before the test performed better than the saturated ones.
Reaction products such as elemental carbon and hydrated sodium silicate were found.

Engineering studies

The interaction of accidentally spilled liquid sodium at elevated temperature of 550 °C and
above can cause deterioration of concrete in several ways. The degradation mechanisms may
be dominated by thermal and chemical effects, elevated concrete pore pressure and fluid flow
rates, thermal instability and chemical instability of concrete when exposed to hot liquid
sodium (Das et al., 2009). Marchertas (1984) observed that in concrete exposed to elevated
temperature, thermally induced relative displacement between cement paste and aggregate
results in rupture of the bond between these materials.

Various researchers have studied the liquid sodium and concrete interactions either in air or
in inert argon atmosphere to simulate various accident scenarios in sodium cooled fast
breeder reactors. The sodium exposure experiments are equipped with oxygen monitor,
hydrogen monitor, hygrometer, pressure transducers and thermocouples. Bae et al. (1998)
reported that the possibility of hydrogen explosion reaction cannot be neglected, because
lower flammable limit of hydrogen is 4.0 mol%, whereas the experimental maximum
concentration reached up to 31 mol% in several cases.

The possibility of alkali-aggregate reaction in limestone concrete cannot be neglected as
limestone aggregates may contain impurities like amorphous silica. Dolomite with
magnesium carbonate may participate in alkali-carbonate reaction leading to various
disintegration mechanisms in concrete (Bellew et al., 2010). Alkali-aggregate reaction can be
described as chemical reaction between reactive components of aggregate (amorphous silica
or carbonates like dolomite) and alkali hydroxides present in the cement (Diaz et al., 2006).
In the case of limestone concrete and liquid sodium interactions, the alkali is directly
available as sodium hydroxide, as a product of interaction between sodium at elevated
temperature and moisture present in the concrete. The expansive products of alkali aggregate
reaction can cause the early distress and reduction in serviceability of concrete structures (Mo
and Fournier, 2007).
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Different theories are proposed by researchers for expansion caused by alkali aggregate
reaction. The theory of imbibition (absorption of fluid by a solid or colloid that causes
swelling) or osmotic pressure, the theory of ion diffusion, the theory of crystallization
pressure and theory of gel dispersion are some of explanations given for the expansion caused
by alkali aggregate reaction(Diaz et al., 2006, Mo et al., 2007, Chatterji, 2005).

According to Das et al. (2009), when the hot liquid sodium at high temperature interacts with
concrete, heat is transferred to the concrete through conduction. In inert argon atmosphere,
heat is transported to the argon by radiation and convection.

Hot sodium and concrete interactions can lead to various endothermic and exothermic
reactions, resulting in the dehydration and erosion of concrete along with production of
hydrogen gas. The degradation of concrete strength and accumulation of hydrogen gas
associated with hydrogen burning could challenge the integrity of the structure due to over
pressurization. It could possibly lead to release of radioactive materials which are extremely
harmful. Thus, it is necessary to understand sodium-concrete reactions to predict thermal
energy, hydrogen gas release and degradation of concrete.

Figure 2.19 lists parameters which govern hot liquid sodium and concrete interactions, along
with phases formed during the interactions and reaction products (Das et al., 2009, Chawla
and Pederesen, 1985, Premila et al., 2008, Barker and Gadd, 1982, Witkowski and Charles,
1976, Fritzke and Schultheiss, 1983, Parida et al., 2006, Muhlestien and Postma, 1984).

Figure 2.19 Liquid sodium-concrete interactions - parameters, phases and reaction products
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Bae et al. (1998) divide the sodium and concrete interactions into three parts:

(i)

Sodium and free water in the concrete

(ii)

Sodium and chemically bound water in concrete, and

(iii)

Sodium and concrete aggregates

All the above interactions include initiation, propagation and termination phases. When the
hot sodium comes in contact with concrete, evaporable water gets released from the concrete
and is driven to the concrete surface by pressure generated during heating up of concrete. The
porosity of concrete increases with increase in temperature and transport of water vapour
occurs by Darcian flow (Chawla and Pederesen, 1985). The reaction of this water vapour
with sodium results in formation of liquid sodium hydroxide, solid sodium monoxide and
gaseous hydrogen.

Even though a number of chemical reactions are involved in sodium- concrete interactions,
nearly 78% of the reaction products and heat are produced from primary sodium and water
interactions (as per Equation 2.1).
Na (liquid) + H2O (gas) NaOH (liquid) + ½ H2(gas) +185 kJ

(2.1)

The chemically bound water from the concrete releases over a range of 200 to 700 °C and is
transported to the surface by Darcian flow resulting in same interactions as in the case of free
water. Table 2.8 compiles the reactions involving aggregates that take place during the hot
liquid sodium and limestone concrete interactions, and Table 2.9 shows the products of
sodium–concrete interactions for different types of aggregates (Das et al., 2009, Chawla and
Pederesen, 1985, Premila et al., 2008, Barker M.G and Gadd P.G, 1982, Witkowski and
Charles, 1976, Fritzke and Schultheiss, 1983, Parida et al., 2006, Muhlestien and Postma,
1984, Casselman, 1981, Cherdron and Sauter, 1992, Dirat et al., 1997).
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Table 2.8 Reactions between liquid sodium and limestone concrete
NaOH and aggregates
2NaOH+CaCO3 
Na2CO3 +Ca (OH)2
2NaOH+MgCO3
Na2CO3+MgO +H2O
2NaOH + SiO2 
Na2 SiO3 + H2O

Na and aggregates
4Na+3CaCO3 
2Na 2CO3 + 3CaO + C
4Na + 3MgCO3 
2Na2CO3 + 3MgO + C
4Na + 3SiO2 
2Na2 SiO3 + Si
4Na+ CO2  2Na2O+C

Other reactions
Ca(OH)2 CaO +H2O
CaCO3 CaO+CO2
MgCO3  MgO+CO2
MgCa(CO3)
CaCO3+ MgO+CO2

The studies of Premila et al. (2008) revealed that fused NaOH did not disintegrate the
limestone concrete below 300 °C and the effect of sodium was only visible at elevated
temperatures.

Mid infrared spectroscopy study was used to conclude that, at 800 °C,

lowering of symmetry in calcite structure occurs due to sodium interactions, which is absent
in limestone concrete subjected to thermal exposure alone. The severity of damage of
limestone concrete is dictated primarily by compressive strength and hardness of concrete
along with intensity and duration of sodium fire.
Table 2.9 Reaction products of sodium with different types of aggregates
Type of aggregate

Important components

Basalt
Magnetite
Limestone
Granite
Serpentine

SiO2, Al2O3
Fe3O4
CaCO3, CaMg(CO3)2
SiO2, CaO
Mg3SiO2O5(OH)4

Major reaction products with
sodium
Na2SiO3, NaAlO2
Na2O, FeO, Fe
CaO, MgO, Na2CO3,C
Na2SiO3, Na2CaSiO4
MgO, Na2SiO3

Greywacke

SiO2

Na2SiO3

Fritzke and Schultheiss (1983) conducted engineering scale experiments on cylindrical
concrete specimens of 250 mm diameter and 300 mm height. One surface of the cylindrical
specimen was exposed to 6.2 kg of sodium at 550 °C simulating the sodium pools on the
floor due to accident, and the temperature of the sodium pool was monitored along with the
gas concentration. The maximum depths of penetration of sodium were also measured at the
end of the experiment. The salient results are presented in Table 2.10 for concretes with
different types of aggregate. The peak erosion depths for limestone, magnetite, serpentine and
basalt based concretes were less compared to concretes with quartz, quartzitic magnetite and
quartzitic basalt.
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Table 2.10 Results of sodium-concrete interaction studies by Fritzke and Schultheiss (1983)
Types of Concrete
Limestone
Magnetite
Serpentine
Basalt
Quartzitic magnetite
Quartz

Initial sodium
temperature (°C)
550
550
550
550
550
550

Peak pool temperature
(°C)
600
600-750
600
600
900
900

Peak erosion
depth (mm)
5
5
5
5
50
50

Quartzitic basalt

550

900

50

A similar type of study was conducted by Parida et al. (2006) using an ordinary Portland
cement with limestone as coarse aggregate and river sand as fine aggregate. For sodium pool
depth of 140 mm and initial sodium temperature of 550 °C, maximum depth of penetration
and peak erosion depth were found to be 30 mm and 89 mm respectively. The study was later
extended to concretes made with limestone as coarse and fine aggregates. Four concrete
blocks of 600×600×600 mm3 were cast with a plain cavity of 300×300×150 mm3. During the
experiments, liquid sodium was poured into this cavity simulating an accidental sodium pool.
Table 2.11 summarizes the observations from the study for exposure duration of 30 minutes.

According to Parida et al. (2006), the batch wise fluctuations in concrete composition led to
variations in test results for identical controlled conditions in sodium exposure for same mix
design. Although these variations confirm the uncertainties present in sodium-concrete
interactions, a sacrificial limestone concrete layer on the structural concrete with a minimum
thickness of 50 mm can protect the structural concrete from damage from attack of hot liquid
sodium pool for the 30 minutes of exposure duration.
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Table 2.11 Summary of sodium-concrete interactions study by Parida et al. (2006)
Parameters
Peak temperature (°C) at
(a) Sodium concrete interface
(b) Sodium air interface
(c) 30 mm from interface
(d) 110 mm from interface

Block-1

Block-2

Block-3

Block-4

650
745
207
71

752
757
295
94

709
738
294
101

716
646
304
105

% Reduction in rebound number
% Reduction in ultrasonic pulse
velocity
% Reduction in mass
% Reduction in compressive
strength
Sodium penetration depth (mm)
(a) Minimum
(b) Maximum
(c) Average
(d) Nature of penetration

3.8
3.83

16
6.38

21
7.1

9.9
11.48

2.41
28.78

0.61
23.57

0.91
31.51

0.87
34.73

0
40
8
Localized

30
50
38
Bulk and
nonuniform

0
50
10
Localized

12
30
20
Bulk and
uniform

Model for moisture transport in concrete at elevated temperature

Heijden et al. (2007) proposed a model for the moisture transport in concrete at elevated
temperatures based on vapour flux, resulting from evaporation of water. Figure 2.20 presents
the schematic overview of the model. This model aims at determining influence of moisture
and vapour on concrete spalling, when subjected to high temperature.

Figure 2.20 Moisture transport in concrete at elevated temperature (Heijden et al., 2007)

When a porous material is heated from the surface (X=0), as per the model, two separate
phases can be distinguished, namely a dry and a wet part. The separating drying front is
located at X= u (t) on a solid line indicating temperature T(x, t) with a peak pressure (dotted
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line) at the interface.

The position of drying front is governed by the heating rate,

permeability and pore size distribution. Experimental studies showed that the pressure
corresponding to tensile strength of concrete was created by the vapour pressure generation
alone (Heijden et al., 2007). Hence, it can be concluded that the moisture content and heating
rate are the key factors which control the extent and rate of cracking and spalling of concrete
at elevated temperature. At a given thermal load, the heating rate of concrete decides the
migration rate of drying front along with steam production rate. This model can be used to
explain the initiation phase of sodium-concrete interactions. The availability of moisture
content in the concrete governs the total steam generated and eventually results in the rise in
pore water pressure at interface. Cracks are formed if the stresses induced overcome the
tensile strength of concrete. Muhlestien and Postma (1984) observed that cracks in concrete
can form immediately after as quickly as 3 minutes from dumping a sodium pool. The
interaction of pre-existing microcracks and thermally induced cracks will be destructive, and
allows permeation of liquid sodium and NaOH into unreacted areas of concrete.

Mass diffusion model for sodium transport in concrete at elevated temperatures

A mass diffusion model for sodium transport was presented by Chawla and Pederesen (1985)
and its modified version is shown in Figure 2.21.

Figure 2.21 Mass diffusion model for sodium transport
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The mass diffusion model for sodium-concrete interaction involves four consecutive layers
and a reaction interface. A hot sodium pool formed due to accumulation of leaked sodium
during the accident is the first layer. The second layer is a reaction front, which includes
reaction products, NaOH, water and hydrogen bubbles. The second layer ends with a reaction
interface at the dehydrated zone of concrete. The thermal front moves ahead of the reaction
front and dehydrates the concrete, which is the third layer. The lowest layer is the unaffected
hydrated concrete. The thickness of each layer, extent of reaction, migration speed of thermal
and reaction fronts along with the consequent effects are dependent on total leaked sodium,
impact velocity of sodium, temperature and exposure time.

Moreover, the material

composition of concrete and orientation of its surface [floor or wall] in contact with liquid
sodium are likely to dictate the extent and rate of degradation under a given set of accident
conditions.

The liquid NaOH produced on the surface of concrete during the sodium-water vapour
interactions possesses a melting point of 318 °C and plays a vital role in limiting sodium
penetration into the concrete (Chawla and Pederesen, 1985). The exothermic reactions
between liquid sodium and solid constituents of concrete are fast and complete compared to
reaction between NaOH and solid.

When the production rate of NaOH exceeds its

consumption in reactions, it leaves excess liquid NaOH in the product layer. This NaOH
dissolves some reaction products such as silicates and aluminates to form a viscous liquid
which is denser than sodium.

The separation of concrete surface from the sodium pool due to this viscous layer limits the
extent and rate of reaction, as the viscous liquid acts as a physico-chemical barrier to sodium
penetration. In such a case, the only possibility of fresh hot sodium coming in contact with
concrete is through agitation of viscous layer by migration of bubbles containing gases such
as water vapour, hydrogen and carbon dioxide. This protective layer is formed by reaction
products with low melting point and high viscosity. Sodium carbonate and sodium silicate are
major reaction products formed from limestone and basaltic concrete respectively. At a given
temperature, the sodium carbonate is more soluble than the sodium silicate in molten sodium
hydroxide rendering the protection layer of the former more viscous than the latter. Hence,
the penetration of sodium is limited in limestone concrete compared to basaltic concrete,
which produces reaction products with high melting point and low viscosity.
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The accumulation of reaction products on the surface of the concrete retards the transport of
hot sodium into concrete, which reduces the rate of reaction and chemical energy produced.
Eventually reaction stops when the temperature falls below the threshold temperature, which
is the minimum temperature required for the interaction - this ranges from 475 to 575 °C for
different types of aggregates (Muhlestien and Postma, 1984). The faster propagation of
thermal front results in dehydration of concrete up to a significant depth well before the
reaction front penetrates into the concrete. This will result in lower concrete temperature and
lower rate of production of hydrogen and NaOH, at the reaction interface. In short, the net
effect will be a limiting mechanism for sodium transport, unless mechanical failures leading
to cracking or spalling due to thermal stresses neutralize the effectiveness when hot sodium
comes in contact with cold concrete surface. The natural cooling of concrete and sodium
debris is the final phase of the hot sodium concrete interactions.

2.5.3 Mitigating techniques for reducing the effect of sodium- concrete interactions

Special cements such as slag cement and high alumina cement are potential candidate
materials for their beneficial properties. Fritzke and Schultheiss (1983) tested the option of
using high alumina cement along with Al2O3 fine aggregate in the protective layer over
quartzitic concrete. They concluded that using mortar with increased porosity could reduce
the damage to some extent. Further, Schultheiss et al. (1987) patented a methodology for
avoiding or reducing the interactions of hot sodium with concrete and their consequences. A
refractory concrete protective layer, which contained aluminium oxide, magnesium oxide
and zirconium oxide in a proportion of 75 to 96.5% by weight, with fired brick aggregates,
was used for the protective layer. Various other studies on limestone concretes to improve
their performance against sodium fire are available (Das et al., 2009, Premila et al., 2008,
Parida et al., 2002, 2005 and 2006).

2.5.4 Research needs

Research, development, demonstration, and deployment of a comprehensive protection and
mitigation system for safety of critical concrete structures are the main mandates for the
effective and expeditious management of sodium leakage accidents in FBRs. Although many
experiments were conducted on the engineering scale in the past 40 years, uncertainties still
exist in quantifying hot-sodium concrete interactions due to lack of basic research in this
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field. The fundamental mechanisms which govern the deterioration of concrete have to be
addressed at a microstructural level. Apart from the studies on chemical, mechanical and
thermal effects, mineralogical studies also can throw light on various disintegration
mechanisms. On the whole, extensive testing and performance evaluation of sodium resistant
concrete using scanning electron microscopy with energy dispersive X-ray analysis, optical
microscopy, X-ray diffraction, thermo gravimetric/differential thermal analysis (TG/DTA),
and thin section petrography need to be conducted to explore the relevant mechanisms
associated with sodium concrete interactions. The beneficial use of special cements and
pozzolans needs to be included in future studies. The performance evaluation of geopolymer
composites (Kong and Sanjayan, 2010) and dunite concrete for elevated temperature
exposure and in hot sodium applications can be attempted as new materials over conventional
cement based systems.

2.6 SUMMARY OF LITERATURE REVIEW

The information on liquid sodium and concrete interactions has been summarized in Figure
2.22, which schematically depicts the liquid sodium and concrete interactions at high
temperature, and their effect on aggregate, paste and concrete properties.

Despite the information available, uncertainties still persist in assessing the basic phenomena
associated with the sodium-concrete interactions and warrants further research, primarily
addressed at microstructural level. Further, the complex thermo-chemical interactions, which
have only been addressed separately, also need to be quantified for a better understanding of
the phenomena. Geopolymer composite technology shall be incorporated in the studies to
check their suitability in hot liquid sodium environment.
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- Crystal transition (in quartz) takes place at
around 575°C (α-quartz transforms to βquartz) with volume expansion in siliceous
aggregates.
- CaCO3 decomposes into CaO and CO2 at
800–900°C in calcareous aggregates

Liquid sodium and concrete interactions

Thermal effects

Modification of ITZ

Chemical
effectseffects
Thermal and
Chemical
instability

Initiation
Na (liquid) + H2O (gas)  NaOH (liquid)
+ ½ H2 (gas)
Propagation
Based on temperature, exposure time, total
sodium leaked and w/c of concrete
Termination
When thermal front move faster and
dehydrate the concrete completely (no
further moisture available to form NaOH)

Thermal cracks in cement paste phase
20–120 °C
120–400 °C
400–530 °C
530–640 °C
640–800 °C

-NaOH at elevated temperature erodes the concrete
-Possibility of alkali-aggregate reaction
-Formation of sodium compounds
-Greatly influenced by the types of aggregates

Evaporation of free water, dehydration of C-S-H
and ettringite
Dehydration of C-S-H
Dehydration of C-S-H, dehydration of calcium
hydroxide (CH)
Dehydration of C-S-H, decomposition of poorly
crystallized CaCO3
Dehydration of C-S-H, decomposition of CaCO3

Research significance
Microstructural investigations are required to study the fundamental
degradation mechanisms

Figure 2.22 Summary of liquid sodium and concrete interactions
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CHAPTER 3
MATERIALS USED AND EXPERIMENTAL METHODS
3.1 GENERAL

This chapter discusses the characterisation techniques, materials and experimental methods
used for this research programme. The characterization techniques for materials include wet
chemical analysis, X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM) with energy dispersive X-ray analysis (EDS), Optical Microscopy (OM),
and Thermo Gravimetric/Differential Thermal Analysis (TG/DTA). This is followed by a
description of the properties of cements, limestone, river sand, granite, fly ash and alkaline
activators used for the study. After this discussion, mix proportions of limestone and river
sand mortars and geopolymer composites are explained with techniques used for evaluation
of physical and mechanical properties. The final section of this chapter provides the details
of exposure test for thermal and hot liquid sodium environments.

3.2 CHARACTERIZATION TECHNIQUES USED

The oxide compositions of cements are generally obtained by wet chemical analysis. XRF is
also used to find oxide composition from elemental composition. XRD is used to characterize
the crystalline phases present in the system. SEM equipped with EDS is used to study the
morphological features, composition and phases in different material systems. OM is used to
study the alterations in phases and Interfacial Transition Zone (ITZ) in reflected mode for
polished specimens. The polarized light in OM is used to study mineralogy of powder grains
and thin sections. The chemical and mineralogical phase changes upon thermal exposure are
studied using TG/DTA.

3.2.1 Wet chemical analysis
Chemical analyses for OPC, PPC, PSC and HAC were performed according to the Indian
Standard IS 4032:1985 (Reaffirmed in 2005). The oxide composition in terms of CaO, SiO2,
Al2O3, Fe2O3, MgO, Na2O, K2O, TiO2, Mn2O3 and SO3 contents and loss on ignition were
determined.
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3.2.2 X-ray fluorescence spectroscopy

X-ray Fluorescence Spectroscopy (XRF) is an excellent tool for evaluating elemental and
oxide composition of construction materials (Brouwer, 2003, Bouchard, 2011). This
technique falls under the broader area of energy dispersive X-ray spectroscopy. XRF is
associated with interaction of atoms present in the material with the incident X-ray radiation.
Excitation of a material with high energy radiation results in its ionization. If the energy is
sufficient to remove the inner shell electrons, electronic transition occurs to attain stability of
atoms with emission of X-ray photons as fluorescence, as shown in Figure 3.1.

Figure 3.1 Working principle of XRF
(http://www.vtpup.cz/common/manual)
The emitted radiation is characteristic of a specific element. The elemental composition
found in XRF can be converted into oxide composition. The powdered sample passing
through 75 µm sieve was used for XRF analysis using Bruker S4-Pioneer instrument (Figure
3.2). The powdered sample was pelletized with high purity boric acid for the measurement.
Figures 3.3 to 3.5 present the XRF spectra collected for different aggregates used in the
current study.
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Figure 3.2 Bruker S4-Pioneer XRF instrument
(http://www.vtpup.cz/common/manual)
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Figure 3.3 XRF spectrum of limestone
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Tables 3.1 and 3.2 summarize the quantification of the information obtained from the XRF
spectra. XRF is effectively used for quality control in cement production in terms of its
chemical composition and for identifying the formation of different phases or compounds
upon any exposure of construction materials.

Table 3.1 Elemental composition of different type of aggregates by XRF

Element (%)

Granite

River sand

Limestone

O
Ca
Si
Al
Mg
Fe
Na
K
Ti

47.20
4.54
29.23
8.70
1.06
4.18
3.24
1.17
0.35

47.90
1.92
32.18
8.26
0.36
2.27
4.18
2.32
0.29

29.10
68.45
0.64
0.24
1.06
0.25
0.04
0.04
0.00

Table 3.2 Oxide composition of different type of aggregates
Oxides (%)
SiO2
Al2O3
Fe2O3
MgO
CaO
Na2O
K2O
TiO2

Granite
62.54
16.44
5.97
1.76
6.35
4.36
1.41
0.59

River sand
68.84
15.61
3.24
0.59
2.68
3.12
5.03
0.48

Limestone
1.37
0.46
0.36
1.75
53.60
0.05
0.05
0

3.2.3 X-ray diffraction

X-Ray Diffraction (XRD) is an effective tool to identify the crystallographic and
mineralogical features of a material (Cullity, 1956, Ramachandran and Beaudoin, 2001,
Bensted and Barnes, 2002). X-ray from a source with a single wavelength (λ) interacts with
atoms in crystals of a material, and the diffracted beams result in producing interference.
These interferences will be constructive or destructive based on their conformance with
Bragg’s law, which is stated in eqn. 3.1.
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nλ = 2dsinθ

(3.1)

where
d = Lattice inter planar spacing of the crystal
θ = X-ray incidence angle (Bragg angle, Figure 3.6)
λ = Wavelength of characteristic X-rays
n = Order of diffraction

Figure 3.6 X-Ray interactions with crystal lattice planes of material
(http://serc.carleton.edu/ BraggsLaw)
Figure 3.7 shows the type of XRD instrument from Bruker that was used in the current study.
Copper (Cu) Kα radiation was used for the study. The signals from the constructive X-ray
interference with crystal lattice planes of the material result in a pattern, which is plotted with
2θ on the ‘X’ axis and X-ray counts intensity on the ‘Y’ axis. The X-ray pattern shows
distinct peaks for crystalline phases in the material. The interference pattern may resemble a
perfect crystal with vertical lines [Figure 3.8 (a)], imperfect crystal with widened range of 2θ
[Figure 3.8 (b)] and amorphous broad humps in the case of liquid or glass [Figure 3.8 (c)].
The XRD data are analysed using a search and match routine with reference to the standard
data bank collected and maintained by an international Joint Committee on Powder
Diffraction Standards (JCPDS).Alternatively, a number of software packages are available to
analyse the XRD data (such as X’Pert HighScore Plus from Pan Analytical Inc.).
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Figure 3.7 XRD instrument
(http://heybryan.org/instrumentation/instru.html)
Since the XRD peaks are based on crystal orientation, atomic scattering and arrangement of
atoms in a unit cell, powdered XRD is preferred for construction materials, which may
include the different phases of perfect, imperfect and amorphous species. The preparation of
aggregate samples for XRD involved crushing and sieving the representative material
through 75 µm. The preparation of XRD samples for cement paste, mortar and concrete
involved the storage of representative samples in acetone after the prescribed conditioning to
remove water and to terminate hydration, followed by crushing and sieving through 75 µm
sieve.
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Figure 3.8 Interpretation of XRD micrographs
Figures 3.9 presents XRD patterns for OPC, PPC, PSC and HAC. The crystalline or semicrystalline peaks present in the different cement systems are marked by gypsum (G), Fe2O3
(F), quartz (Q), calcite (C), Al2O3 (Al), alite (1), belite (2), C3A (3) and C4AF (4). The
chemistry and crystalline phases of high alumina cement are different from Portland cement
systems. C12A7 (marked as A), Al2O3 (A2), CA (A3) and calcite are the major crystalline
phases present in the high alumina cement used for the study (Bensted and Barnes, 2002,
Munir and Taylor, 1979, Ramachandran and Beaudoin, 2001).
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Figure 3.9 XRD patterns of cements
Figure 3.10 presents XRD patterns for cement paste after 28 days curing with all four
cements at a w/c of 0.55. The XRD patterns for pastes of Portland cements (OPC, PPC and
PSC) show different hydrated product peaks such as ettringite (marked as ‘E’), Ca(OH)2
(marked as CH), quartz (Q), and Al2O3 (A2). The major hydrated product in cement paste,
calcium silicate hydrate (CSH) is typified by an amorphous hump between 28 and 34 o2θ.
XRD pattern of hydrated high alumina cement exhibits different peaks for C3AH6, AH3, CA
and A, where C, A and H stand for CaO, Al2O3, H2O respectively (Bensted and Barnes,
2002).
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Figure 3.10 XRD patterns for paste with different cements (0.55 w/c)

3.2.4 Scanning electron microscopy

Scanning electron microscopy is an excellent tool for characterizing construction materials
(St John et al., 1998, Walker et al., 2004, Stutzman, 2004). Electron microscopes are used to
overcome the deficiencies of optical microscopes in terms of magnification and resolution.
Generally microscopes which use normal and polarized light are able to magnify up to
1000X. An important limitation of optical microscopy, which is resolved by SEM, is the poor
depth of field of the images obtained at high magnifications. The electron microscopes can be
used at higher magnifications, even at nanostructure levels. This scientific technique is based
on scanning of the sample with an energetic electron beam, which is focused using electromagnetic lenses. The interactions of this beam with the specimen are collected and recorded
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by different detectors (Figure 3.11). The interaction of highly energized electrons with the
specimen may result in emission of secondary and back scattered electrons, and production of
X-rays. In the current study Quanta 200 FEG scanning electron microscope (Figure 3.12) was
used.

Figure 3.11 Schematic of SEM
(www.microscopy.ethz.ch/sem.htm)
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Figure 3.12 Quanta 200 FEG Scanning electron microscope
(www.sjsu.edu)
The emission of secondary electrons results from the inelastic collision of primary electrons
with loosely attached outer shell electrons in the sample. The contrast of the image is based
on the number of secondary electrons emitted from the sample, which depends upon the
morphology/texture of the sample. Hence, the raised areas of the sample appear brighter with
more secondary electron emission and valley areas are dark. The images captured in
secondary mode of SEM are used to study the topographical and morphological features of
aggregates, cement, cement paste, mortar, and concrete. The secondary electron study can
throw light on the mineralogical distribution of different phases in the concrete and
alterations upon any special exposures. The specimen preparation for secondary electron
imaging involves just fracturing the specimen and performing a sputter coating using gold or
palladium. Figures 3.13 and 3.14 present the typical secondary electron images of hydrated
cement paste. The secondary electron images depict the morphological and crystalline habitat
of hydrated cement products. The calcium hydroxide exhibits hexagonal crystal structure,
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whereas ettringite is typified by a needle like slender structure. The calcium silicate hydrate,
the most abundant portion of the hydrated cement paste, exhibits sheet like porous and
amorphous structure.

Figure 3.13 SEM- Secondary electron image of cement paste with Ca(OH)2 and ettringite
(Stutzman, 2000)

Figure 3.14 SEM- Secondary electron image of cement paste with Ca(OH)2, ettringite and
calcium silicate hydrate (Stutzman, 2000)
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The backscattered electrons (SEM-BSE) are the result of elastic collision of the incoming
electron beam with nucleus of the sample atom; the relative emission is based on the atomic
density. Hence, the contrast captured will be an indication of the density of the material. The
imaging in backscattered mode can be effectively used to differentiate different components
of a cement based system such as Calcium Silicate Hydrate (CSH), calcium hydroxide (CH),
Calcium sulfoaluminates (ettringite and monosulphates), and unhydrated particles based on
their contrast (grey levels). Figure 3.15 presents SEM- back scattered electron image of
polished cement paste surface. The unhydrated products in the cement paste are found to be
the brightest phase in the microstructure followed by other phases namely Ca(OH)2, CSH,
ettringite and monosulphates (AFm) (Stutzman, 2000).

Figure 3.15 SEM- Backscattered electron image of cement paste with Ca(OH)2,
monosulphate, and calcium silicate hydrate (Stutzman, 2000)

The energy dispersive X-ray analysis (EDS) equipped in SEM is used to study the elemental
composition of a spot or area. The working principle is similar to XRF, where the different
elements are identified by the electronic transitions and emissions of X-rays from the
specimen, as a result of excitation by high energy radiation (X-Rays/electrons). XRF uses an
X-Ray source to excite, whereas the EDS in the SEM uses electrons for the same purpose.
The elemental composition thus obtained can be used for chemical analysis of the samples
and phase identification. This technique is generally used to characterize inner and outer
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CSH, Ca(OH)2 and ettringite of hydrating cement paste phase. Apart from that, EDS is also
used to characterize the formation of different compounds upon different exposure conditions
related to concrete durability. Figure 3.16 presents a typical EDS of cement paste (Portland
slag cement with 0.55 w/c after 28 day curing) and Table 3.3 gives the elemental composition
from the measurement.

Figure 3.16 EDS spectrum of cement paste with PSC ( 0.55 w/c)
Table 3.3 Elemental composition of the spectrum in Figure 3.16
Element
OK
NaK
MgK
AlK
SiK
SK
KK
CaK
FeK

Wt%
51.59
1.03
1.68
5.46
10.62
0.54
0.56
23.51
5.00

At%
69.69
0.97
1.50
4.38
8.17
0.36
0.31
12.68
1.94

Specimen preparation for SEM-BSE

The specimen preparation for SEM-BSE involves a series of steps. To study the
microstructure of concrete at a particular age, the concrete after required curing is immersed
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in acetone for a minimum duration of 24 hours, which expels the moisture from the concrete
and subsequently stops the hydration process. The representative samples (Figure 3.17) thus
obtained are then cut using a saw (Figure 3.18) with a diamond blade of 1.2 mm thickness.
The samples obtained with a size of approximately 20 × 20 mm (Figure 3.19) are then epoxyimpregnated in a cylindrical mould, with low viscosity epoxy resin and hardener (Figures
3.20 and 3.21). For this purpose, a vacuum impregnator (Figure 3.22) is used and specimens
are moulded into the resin at 0.1 bar pressure. The specimens obtained are then coarse
polished to remove the extra resin from the surface on a cast iron disc with silicon carbide
(SiC) powder of # 1000 size with a lubricant made out of 90 ml of carbide powder in one litre
of mixed glycerine/water (1:3). The coarse polishing is followed by fine polishing on a
lubricated cloth using polycrystalline diamond spray of 6 µm, 3 µm and 1 µm size (Figure
3.23). The level of polishing is checked periodically by optical microscopy in reflected mode.

The polished specimens (Figure 3.24) are then coated with gold or palladium to make the
specimen conductive prior to SEM imaging. If the specimens are not conducting, the
accumulation of electrons on the surface of the sample will suppress the efficiency of
electromagnetic lenses to focus the object and will result in charging of specimens. The
charging of specimens produces blurred images of poor quality. Since the epoxy mounted
concrete specimens are less conductive, coating with gold or palladium is essential in high
vacuum BSE imaging for better quality images.

In this study SEM images in secondary and backscattered modes are used qualitatively to
assess the degradation behaviour, damage level, crack formation, porosity evolution and
evaluation of interfacial transition zones.
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Figure 3.17 Specimens for microstructural studies by SEM

Figure 3.18 Cutting machine
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Figure 3.19 Specimens after cutting into 20 × 20 mm

Figure 3.20 Mould for epoxy mounting
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Figure 3.21 Low viscosity epoxy resin with hardener

Figure 3.22 Vacuum impregnator for epoxy mounting
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Figure 3.23 Polishing of epoxy impregnated specimens

Figure 3.24 Polished specimens for SEM
To prepare the microstructural specimens after exposure to liquid sodium at 550 °C, which
had resulted in extensive damage, another methodology was used. The preparation involved
impregnation of the entire 25 mm specimen by a low viscosity epoxy (Figure 3.25) using a
vacuum impregnation device.
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Figure 3.25 Sodium interacted specimens to be completely moulded into resin

Figure 3.26 Sodium interacted specimens moulded into resin
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Figure 3.27 SEM specimens of sodium interacted geopolymers before fine polishing

Figure 3.26 presents a picture of the completely epoxy moulded sodium exposed specimens.
The specimens for SEM study were then cut from these impregnated samples; the
impregnation helped to avoid disruption during the cutting process (Figure 3.27). These
specimens were polished on a diamond cloth disc to the required level using polycrystalline
diamond sprays of 6 µm, 3 µm and 1 µm sizes, and coated prior to use for SEM-BSE
imaging.

3.2.5 Petrography

Petrography is a well-established scientific tool used in geology to identify and characterize
different types of minerals and rocks based on their optical properties under a light
microscope. This science has developed in past 150 years, and helped in correlating the
origin, mineralogy, chemistry, crystallography, physical and mechanical properties from a
microscopic level to macroscopic scale (Johnsen, 2002, Perkins, 2002, Mackenzie and
Adams, 2009, St John et al., 1998, Walker et al., 2004).

Microscopes are generally equipped with reflected and transmitted modes. The polished
opaque specimens can be viewed through reflected mode to study features such as different
phases present in the system, their interfaces and relative proportions. A transmitted mode is
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used to study the mineralogy of thin sections in which semi-transparent specimens are viewed
under the microscope. The mineralogy thus obtained depicts type, nature and volume
proportions of minerals present, which can be correlated with material properties at macro
(engineering) scales.

Polarized light microscopy is used to study the properties of minerals. Ordinary light vibrates
in all directions, whereas the polarized light vibrates only in the plane of polarization. A
typical petrographic polarized light microscope with its parts is presented in Figure 3.28 (a).
The current study used Olympus BX41 polarized microscope equipped with digital camera to
capture images. The microscope consists of reflected and transmitted modes with
magnifications of 40, 100, 400 and 1000 X.

The petrographic microscope consists of eyepiece and objective lenses with coarse and fine
focusing facilities. It has a rotating stage and two polarizing filters, one below and another
above the stage. In general, the filter below the stage is known as ‘polarizer’ and one above
the stage as ‘analyser’. If only the polarizer is used, the mode is called as Plane Polarized
Light (PPL). If both the polarizer and analyser are used, the mode is referred as Crossed
Polarized Light (CPL) or crossed nicols position. The images focused in optical microscope
are captured by a mounted camera or computer software.

PPL is used to study the pleochroism (variations in colour based on orientation of crystals),
relief (grain boundary between different minerals based on differences in refractive index of
mounting medium and minerals under microscope), identification of isotropic minerals
(isotropic minerals extinct light because they vibrate and align in one direction and remain
dark in PPL) and cleavages.

CPL is used to identify the minerals by their interference colours due to the property called
birefringence. The isotropic minerals can reorient and extinct the light. At the same time,
anisotropic minerals possess different refractive indices (ratio of velocity of light in air to
velocity in mineral). The difference between the maximum and minimum refractive index
exhibited by a mineral is termed as birefringence. Due to birefringence, anisotropic minerals
are incapable of reorienting the light into one direction. The light passes through analyser
resulting in colour interferences. The minerals present in the thin section are identified by
colour interference, shape, habit and cleavages present in minerals under polarized light.
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Biotite usually appears to be brown. Hornblende exhibits different shades of brown with
specific cleavage planes. The common rock forming mineral quartz under crossed polarized
light appears to be grey or white interference without cleavages. The alkali and plagioclase
feldspars, the most abundant minerals on earth crust, exhibit grey or white interferences
based on chemical composition (Mackenzine and Adams, 2009, Perkins, 2003, Johnsen,
2002).

A

B

Microscope used in this study

Figure 3.28 Polarized microscope; (a) Polarized light and microscope components
(http://www.microscopyu.com/articles/polarized/polarizedintro.html) (b) Olympus
BX41polarized microscope with digital camera used in the current study

In the present study mineralogy of aggregates before and after thermal exposure was
qualitatively analysed. Petrography was used to study the effect of heat on different types of
aggregates, namely, limestone, river sand and granite. Apart from that polarized microscopy
was also used to study the staining and etching of mineral grains upon different types of
exposure. The petrographic observations from the thin sections were supplemented by XRD
and SEM observations.
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Concrete petrography

Le Chatelier (1882) used optical microscope with polarized light and observed that tricalcium
silicates (C3S) were the major component of Portland cement. After this observation, through
the years researchers have reported mineralogy of cement in terms of alite, belite, celite and
other ground phases. Apart from that mineralogy of aggregates and degradation of cement
composites were studied extensively in the past (Jana, 2005). ASTM C 295 (1954), ASTM C
457 (1960), ASTM C 856 (1977), ASTM STP 1061 (1990), ASTM STP 1215 (1994) and
ASTM C 1324 (2002) are the codes of practice based on development in this area from the
past experience (Jana, 2005).

Concrete petrography is used for characterization and forensic evaluation. The changes in
concrete upon different exposure conditions can be effectively assessed based on
petrographic observations. Some of the major examples are fire damage of concrete as
presented in Figure 2.12 of Chapter 2 (Georgali and Tsakiridis, 2005), alkali aggregate
reaction (Shayan, 1993, Lukschova et al., 2009, Amo and Perez, 2001), leaching studies
(Larsen, 1966), study of interfacial transition zone (Hussain and Poole, 2011), thaumasite
attack as presented in Figure 3.29 (Eriksen, 2003) and carbonation (Curtil, 1993).

Figure 3.29 Thaumasite formation in cement paste in crossed polarized light (Eriksen, 2003)
In the present study, petrography of mortars and geopolymers before, after heating to 550 °C
and after exposure liquid sodium at 550 °C is studied. The alterations in the binding medium,
aggregate and ITZ are qualitatively illustrated to evaluate the level of degradation with
respect to the original condition. Information obtained at microstructural level is correlated to
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macro level performance under specific testing conditions. A comparative evaluation of
different cement systems and aggregates is performed to suggest suitable materials for
sodium exposure conditions.

Specimen preparation for petrography

Standard thin sections of 30 µm are prepared to observe through a microscope using
polarized light (Raith et al., 2011, Mackenzie and Adams, 2009, John et al., 1998, Walker
et al., 2004). The representative samples of aggregates or concrete were cut using a fine
diamond saw (equipped in the machine shown in Figure 3.18) to a possible minimum
thickness. Then, a glass slide was ground on the surface on which the sample was to be
mounted in order to assure the bonding. The sample was then cemented on to the roughened
face of the glass slide using epoxy (approximately 5 µm in thickness) as shown in Figure
3.30.

Figure 3.30 Aggregate specimens cemented on to the glass slides

This slide was then transferred to a vacuum chamber (Figure 3.22) and pressed from the top
using the pressing mechanism associated with the lid to expel any entrapped air. The samples
obtained from this procedure were ground using a grinding machine (Figure 3.18). During
this process, the specimens were held using a vacuum chuck supported by a vacuum pump
(Figure 3.31). After the thin sections were ground to the minimum possible thickness, the
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next step was to perform cast iron lapping with silicon carbide (SiC) powder of # 1000 size
with a lubricant made out of 90 ml of carbide powder in one litre of mixed glycerine/water
(1:3).

Figure 3.31 Vacuum chucks to hold thin section during grinding

The fine polishing (Figure 3.32) was done using diamond sprays on a lubricated cloth, prior
to the provision of a glass cover over the thin section. The thickness of the section was
measured using an electronic vernier caliper at every step of preparation. Figure 3.33 shows
thin sections of aggregates prepared for petrographic analysis.

Figure 3.32 Lapping thin sections after grinding
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Figure 3.33 Thin sections of aggregates for petrographic analysis

3.2.6 Thermo gravimetric and differential thermal analysis

Thermo-gravimetric / differential thermal analyses (TG / DTA) help in simultaneous study of
the behaviour of mass and heat exchanges occurring between the sample and its immediate
environment

during

pre-programmed

heating.

Both

the

physical

and

chemical

transformations manifested in the different temperature domains can be identified and
quantified. The gain and loss of sample mass in the TG curves are attributed to consumption
and production of gaseous species respectively. The DTA curves can aid in qualitative and
quantitative evaluation of threshold temperature and the amount of heat consumed
(endothermic) or produced (exothermic) during the transformation. The changes in mass can
be correlated with removal of moisture content, decomposition of different phases present in
mortar and formation of polymorphs with crystal transitions.
TG/DTA curve for cement paste conducted by Arioz (2007).
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Figure 3.34 provides the

Figure 3.34 TG/DTA curve for cement paste (Arioz, 2007)

The evaporation of free water and dehydration of C-S-H and ettringite occur up to a
temperature of 120 °C upon heating hydrated cement paste from ambient temperature. In a
range of 400 - 530 °C, decomposition of Ca(OH)2 occurs. The decomposition of poorly
crystalized CaCO3 occurs between 530 °C and 640 °C. The decomposition of CaCO3 takes
place after 700 °C with release of CO2. The dehydration of CSH continues up to 1000 °C by
removal of chemically bound water. Beyond 1000 °C complete disintegration of cement paste
occurs, which melts above 1200 °C.

In the present study TG/DTA is used to understand the phase changes in aggregates, mortars
and geopolymers before and after sodium exposure. The sample preparation for TG/DTA
involved crushing the representative aggregate/paste/mortar and sieving the samples through
75 µm (same as preparation of XRD samples).Netzsch STA 449F3 Jupiter instrument (Figure
3.35) was used for TG/DTA measurements. A heating rate of 10K/min was used up to a
maximum temperature of 1200 °C in nitrogen atmosphere and TG-DTA alumina crucible
sample carrier was used.
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Figure 3.35 TGA instrument
(www.netzsch-thermal-analysis.com/en/sta-449-f3-jupiter.html)
3.3 MATERIALS USED

This section describes the materials used and their properties for the present study, which
include different types of cements, crushed limestone, river sand, granite, fly ash and alkaline
activators for making geopolymers.

3.3.1 Cement

Four types of cements namely Ordinary Portland Cement (OPC) conforming to IS:
12269 (1987), Portland Pozzolana Cement (PPC) conforming to IS: 1489 (1989), Portland
Slag Cement (PSC) conforming to IS: 455 (1989) and High Alumina Cement (HAC)
conforming to IS: 6452 (1989) were used in this study. The properties such as normal
consistency [IS: 4031- Part 4 (1988)], Initial and final setting time [IS: 4031- Part 5 (1988)],
fineness by Blaine air permeability [IS: 4031- Part 2 (1988)], compressive strength [IS: 4031Part 6 (1988)] are presented in Table 3.4. The chemical composition of different types of
cement used in the study is presented Table 3.5.
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Table 3.4 Physical properties of cements
Cement
type
OPC
PPC
PSC
HAC

Normal
consistency
(%)
29.0
34.5
31.5
32.0

Initial
setting time
(min)
75
100
90
70

Final setting
time (min)

Fineness
(m2/kg)

330
420
350
290

287
329
304
363

28 day
compressive
strength (MPa)
55.4
49.9
48.1
54.0

Table 3.5 Chemical composition of cements
Composition
(%)
CaO
SiO2
Al2O3
Fe2O3
MgO
SO3
Loss on Ignition
Total Chloride
(Cl)
Na2O
K2O
Total Alkalis as
Na2O
TiO2
Mn2O3
Sulphide (S)

OPC

PPC

PSC

HAC

62.04
20.8
4.76
3.96
1.88
2.21
2.13

56.71
14.75
16.26
3.94
1.22
3.00
1.77

58.62
20.7
6.81
3.28
3.17
2.76
2.11

26.62
0.58
71.74
0.12
0.27
0.37
0.57

0.01

0.01

0.03

0.01

0.28
0.2

0.16
0.14

0.27
0.49

0.11
0.08

0.41

0.22

0.52

0.16

0.19
0.33
-

0.22
0.41
-

0.23
0.19
0.01

0.06
0.12
-

3.3.2 Aggregates

The crushed limestone used for the study was obtained from Rajapalayam, Tamilnadu. The
river sand and granite were from locally available sources in Chennai. Table 3.6 presents
physical properties of aggregates used for the study.

Table 3.6 Physical properties of aggregates

Types of aggregate
Limestone
River sand
Granite

Specific gravity
2.71
2.63
2.77
69

Water absorption Bulk density
(%)
(kg/m3)
0.35
1600
2.34
1685
0.41
1590

Figure 3.36 presents particle size distribution of limestone and river sand that were used for
making mortars. The fineness moduli for limestone and river sand were found to be 3.92 and
3.06 respectively.
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Figure 3.36 Particle size distribution of limestone and river sand by sieve analysis
3.3.3 Geopolymer materials
Class F fly ash with a specific gravity of 2.09 and surface area of 330 m 2/kg was used to
prepare geopolymers. Chemical composition of fly ash used is presented in Table 3.7.
Table 3.7 Chemical composition of class F fly ash

Composition
%

CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

Total
loss on
ignition

3.29

58.80

7.24

6.66

7.11

0.03

1.04

Total
Chloride
(Cl)

Na2O

K2O

0.06

0.36

0.16

Total
Alkalies
(Na2O)
equivalent
0.46

The activator solution used to prepare geopolymer was a combination of sodium hydroxide
and sodium silicate. The NaOH used was of laboratory grade in pelletized form with a
specified purity of 97%. The manufacturer specified that the major impurity phases were
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carbonate (1.5% as Na2CO3), silicate (0.05 % as SiO2), sulphate (0.01 % as SO4), Potassium
(0.1%) and Zinc (0.02%). The laboratory grade sodium silicate solution was used along with
NaOH for alkali activation of fly ash. The sodium silicate solution (usually called as water
glass) consists of Na2O and SiO2. The amounts of Na2O and SiO2 were 7.5 - 8.5% and 25.0 28.0 % respectively. The remaining portion was water.

The preparation of activator solution involved two phases. In the first phase, the desired
molarity of NaOH solution was prepared by dissolving required amount of pellets in distilled
water. After 24 hours, the second phase was completed by adding required proportion of
sodium silicate solution. The activator solution thus obtained was then used after 12 hours.
This methodology is based on a previous study by Geetha (2011).

3.4 MIX PROPORTIONING

3.4.1 Cement based systems

Four types of cement namely ordinary Portland cement (OPC), Portland pozzolana cement
(PPC), Portland slag cement (PSC) and high alumina cement (HAC) were used to unravel the
influence of cement type at a water cement ratio (w/c) of 0.55 (this corresponds to the w/c
employed in current mix designs for sacrificial layer concrete). The effect of w/c on sodiumconcrete interactions was studied on OPC mortars with water to cement ratios of 0.40, 0.45,
0.50, 0.55 and 0.60. The mortar mixes with 1:2.75 (cement to sand) ratio were prepared with
limestone and river sand as fine aggregates. The mortars batched and mixed in Hobart mixer
(dry mixed for 1 minute followed by wet mixing for 3 minutes) were used for the study after
28 days moist curing. The composition and nomenclature for these mixes are presented in
Table 3.8.
Table 3.8 Mortars with cement based binders
Cement type
w/c ratio
Mortar with limestone
Mortar with river sand

OPC
0.40
M1
S1

OPC
0.45
M2
S2

OPC
0.50
M3
S3
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OPC
0.55
M4
S4

OPC
0.60
M5
S5

PPC
0.55
M6
S6

PSC
0.55
M7
S7

HAC
0.55
M8
S8

3.4.2 Geopolymer composites

Hardjito and Rangan (2005) used a NaOH concentration varying from 8 to 16 M with sodium
silicate to sodium hydroxide ratio of 0.4 to 2.5 to activate Class F fly ash, and found that
compressive strength increased with increasing molarities of NaOH and increased sodium
silicate to sodium hydroxide ratio. The compressive strengths reported in this study ranged
between 40 and 90 MPa. The study used a wide range of curing temperature (30 to 90 °C)
and curing period (4 - 96 hours), and concluded that the strength gain was not significant
after 24 hours.

In the present study, to obtain different geopolymer pastes, Class F fly ash was activated
using NaOH solutions by varying the concentration of NaOH solution as 8 M, 12 M, 16 M
and 18 M. The solid sodium silicate to solid NaOH ratio was fixed at 1.5 for all the mixes.
The activating solution to fly ash ratio (A/F) was fixed based on a minimum flow of 150 mm
to ensure enough workability to cast the mortar into the molds. In this respect, A/F was fixed
as 0.45 for 8 M and 12 M, and 0.50 for 16 M and 18 M solutions. The specimens thus
prepared were stored at room temperature for 3 hours and were covered with polythene sheets
to avoid evaporation of water, prior to curing at 80 °C for 24 hours. The studies on
geopolymer pastes were extended to mortar using crushed limestone sand and the fly ash to
sand ratio was maintained at 1:2. Table 3.9 gives different geopolymer mixes and their
compositions used in this study.
Table 3.9 Geopolymer composites
Molarity of NaOH (M)
Activator / fly ash (%)
Sodium Silicate / NaOH
Paste (Nomenclature)
Mortar (1:2) (Nomenclature)

8
0.45
1.5
P1
C1

12
0.45
1.5
P2
C2

16
0.50
1.5
P3
C3

18
0.50
1.5
P4
C4

3.5 MECHANICAL PROPERTIES

The specimen used for the compressive strength study was 25 mm cube. Except for the
specimen size, standard test method for compressive strength of hydraulic cement mortars
suggested by ASTM C 109/ C 109 M-99 was used to evaluate the compressive strength. The
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size of specimen was chosen based on safety of conducting the experiments, storage and
handling of thermally exposed and hot liquid sodium exposed samples. Moreover, the use of
small specimens allowed direct compressive strength testing and microstructural specimen
preparation without any additional processing such as cutting, which minimizes the adverse
effects of cutting on thermo-chemically affected specimens. The flexural test before and after
heating the specimens to 550 °C for 30 minutes was conducted as per ASTM C 348 (2002),
the standard test method for flexural strength of hydraulic cement mortars. Figures 3.37 and
3.38 present the testing set up and test in progress for flexure and compression for the
specimens used in the study.

Figure 3.37 Testing set up for flexure and compression
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Figure 3.38 Compression testing in progress
The hardness of mortars was studied using abrasion test as per IS: 1237 (1980) (Reaffirmed
2006). The test specimens were cut from 75 × 75 × 300 mm prismatic beams, each with a
thickness of 25 mm to study the abrasion resistance. The initial mass and initial thickness
near all the four edges were measured and recorded. The specimen was then placed in the
abrasion testing machine. Each specimen was tested 10 times (22 revolutions each time, with
20 g of fused aluminium powder as abrasive charge), with bottom and top surfaces being
changed after every 22 revolutions. The final mass and thickness of the specimen on all four
edges were measured after the test. Three specimens were tested from each mix. The
percentage mass loss and average loss in thickness for each specimen was evaluated.

3.6 EXPOSURE TESTS

The thermal, chemical and mechanical (abrasion due to spray) impacts of hot liquid sodium
are likely to trigger various deterioration mechanisms in the concrete structures. Figure 3.39
schematically illustrates different sodium leakage scenarios. Leakages from the horizontal
pipes may build a pool of hot liquid sodium on concrete floor and eventually lead to the most
devastating exposure to sodium fires in the form of pool or spray in air filled building of fast
reactors. Leakages from the pressurized pipes result in sodium spray fires in all the directions.
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However, the potential damage to concrete by sodium spray on either side or soffit of beams
or slabs and lateral surface of the columns will be less than a sodium pool, which is in contact
with concrete for prolonged period.

Figure 3.39 Sodium leakage scenarios in fast breeder reactors
The sodium pool developed on the floor with adequate slope is assumed to be drained off to
the sodium collection pit and large leak collection tanks within 30 minutes (Parida et al.,
2006). In this context, maximum exposure duration of 30 minutes is considered for the
sodium-concrete interaction studies. The exposure durations of 10 and 20 minutes are also
included to study the level of degradation of composites in shorter duration (like an effect of
hot liquid sodium on soffit of beams and sides of columns). The methodology adopted for
thermal and sodium exposure tests is explained in the forthcoming sections.

3.6.1 Thermal exposure test

For thermal exposure, mortar specimens (for compression and flexure) were heated in an airfilled muffle furnace. The average rise in temperature was 0.60 °C/s. Specimens used in this
study were exposed to 550 °C for 10, 20 and 30 minutes. After the stipulated heating period,
the hot specimens were cooled in air. Figures 3.40 and 3.41 present snapshots of thermal
exposure test in progress.

After thermal exposure residual compressive strength, flexural strengths and mass loss were
evaluated. Apart from that, petrography, SEM, XRD, TG/DTA, XRF techniques were used to
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study the alterations upon thermal exposure. The observations from micro-analytical
techniques were qualitatively correlated with performance at macro or engineering level.

Figure 3.40 Furnace loaded with specimens

Figure 3.41 An exposure at 550 °C in progress
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3.6.2 Hot sodium exposure test

The sodium exposure tests were undertaken at Fast Reactor Technology Group of Indira
Gandhi Centre for Atomic Research (IGCAR) Kalpakkam, India. A small scale sodium
testing facility was specially designed, constructed, tested, commissioned and operated for
simultaneous immersion of multiple limestone mortar specimens in the sodium pool fires in
open air. The specimens were exposed to sodium pool fire in a carbon steel (CS) vessel of
dimensions shown in Figure 3.42, which was heated with an electrical heater (IGCAR, 2012).

Figure 3.42 Carbon steel vessel and accessory set up used for hot sodium-limestone
mortar interaction study

The CS vessel was heated using an electric surface heater with a capacity of 1200 W, of 2
meters length, and with an energy rate of 600 W/m. Dismountable thermal insulation (on top,
sides and bottom) was provided using 150 mm glass wool associated with aluminum
cladding. Upon heating the CS vessel to 250 °C, 1.8 kg of sodium brick was loaded into the
CS vessel. A stationary thermocouple (T/C) was fixed on the vessel surface to monitor the
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temperature. The temperature of the sodium pool was monitored using a flexible and long
T/C until the sodium pool attained 550 °C. After achieving 550 °C, the top insulation was
removed manually and top lid with specimens hung from the top (as shown in cross-section
of Figure 3.42) was introduced to liquid sodium at 550 °C for 30 minutes (at this time sodium
fire was observed). After the required exposure duration the electric heater was switched off
and the top lid with multiple specimens hung from the top was removed rapidly and
suspended on a support structure for natural cooling in air. The sodium fire was extinguished
by removing insulations and liquid sodium inside the CS vessel was brought to ambient
temperature by natural cooling in air. After cooling, each specimen was separately cleaned by
immersing in 200 mL of ethyl alcohol for one hour. Each post-test specimen was individually
stored in specified stainless steel containers. All the containers were preserved in electronic
desiccator to prevent further absorption of moisture in air. Figures 3.43 to 3.48 illustrate
sodium exposure test of limestone and limestone mortars.

Figure 3.43 Carbon steel (CS) vessel with sodium pool fire
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Figure 3.44 CS vessel with thermal insulation using 150 mm glass wool associated with
aluminum cladding

Figure 3.45 CS vessel with insulation and accessory stainless steel vessel to hold before and
after exposure samples
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Figure 3.46 Specimens hanging from the top lid

Figure 3.47 Specimens are introduced to sodium fire (complete immersion)
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Figure 3.48 Shifting of specimens from sodium pool to stainless steel vessel prior to cooling

The sodium exposed specimens were analyzed by visual assessment and microscopy. The
colour imaging, scanning electron microscopy in secondary (SEM-SE) and backscattered
electron (SEM-BSE) modes, optical microscopy (OM) including thin section petrography, Xray fluorescence spectroscopy (XRF), thermo gravimetric/differential thermal analysis
(TG/DTA) and X-ray diffraction (XRD) techniques were employed for the material
characterization of the exposed samples.
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CHAPTER 4
COMPREHENSIVE CHARACTERIZATION AND
PERFORMANCE EVALUATION OF AGGREGATES

4.1 GENERAL

In this chapter, the performance evaluation of aggregates at elevated temperature and in hot
sodium exposure at 550 °C is discussed separately.

Concrete consists of around 70% aggregate by volume; aggregates impart stability and
stiffness to the concrete, and influence the performance of concrete. Additionally, the
performance of concrete at elevated temperatures is primarily governed by the type of
aggregate used (Savva et al., 2005, Arioz, 2007, Xing et al., 2011). The thermal and chemical
degradation of different types of aggregate is governed by their distribution of particle size,
mineralogy and microstructure. Granite and river sand are the commonly used aggregates for
concrete in south India. Limestone is used primarily for special applications.

The sacrificial layer provided over the structural members to mitigate the consequences of
hot liquid sodium on concrete, requires a special attention in terms of thermal and chemical
performance, to effectively mitigate the consequences of the sodium spillage accidents in
FBRs.

In this context, a comprehensive characterization of different types of aggregate is performed
prior to their use in concrete as a sacrificial layer in FBRs. The material characterization of
limestone, river sand and granite was conducted before and after thermal exposure at 550 °C
for 30 minutes, followed by chemical exposure to 1 N NaOH on aggregates at 80 °C for 14
days. The study was supplemented with the exposure of the aggregate to an experimentally
simulated hot sodium environment at 550 °C to understand the combined action of thermal
and chemical effects. Apart from megascopic observations, micro-analytical tools such as
SEM, XRD, XRF, TG/DTA and petrography are used in the present study to characterize
aggregate before and after exposure.
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4.2 RESULTS AND ANALYSIS

4.2.1 Aggregates before exposure

Limestone

Limestone used for the study exhibits three different phases as shown in the Figure 4.1,
which include the limestone with semi translucent crystals (A), massive fine-gained crystals
(B) and impure crystalline limestone with significant amount of biotite, hornblende and
pyroxene (C).

Figure 4.1 Visual appearance of limestone aggregates: (A) Semi translucent crystals, (B)
Massive fine-gained crystals, (C) Impure crystalline limestone with significant amount of
biotite, hornblende and pyroxene
Figure 4.2 presents SEM-SE image (captured at magnification of 1000X) depicting the
morphology of limestone with semi translucent characteristic. The predominant mineral in
limestone is calcite (CaCO3) (Gribble, 1988, Deer et al., 1992). In this case, it occurs as large
crystals with rhombohedral cleavage planes. The cleavage planes and mineral gliding planes
are oriented in a particular direction. While observing the images at low and high
magnifications, its cleavage planes can be seen to be identical and parallel to each other. At
higher magnifications, calcite platelets contain white spots of powdered calcite grains. At
1000X and above, two directional cleavages, partings, crystal imperfections and irregularities
are seen.
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Figure 4.2 SEM-SE image of limestone with semi translucent characteristic exhibiting a large
calcite plate with irregular surface morphology and rhombohedral cleavage planes
Figure 4.3 presents an SEM image showing the morphology of limestone with microcrystalline characteristics (massive fine-gained crystals). Limestone in this category exhibits
fine to medium grained calcite crystals with two directional rhombohedral cleavages. The
crystals are formed as several plates of calcite in layers along their cleavage directions. The
breaking of the crystal plates is observed to have occurred through the boundaries of crystal
plates. At 1000X magnification and above, cleavages are more visible. The curvilinear
fracture due to imperfections in crystals is another feature visible at higher magnification for
microcrystalline limestone. SEM images in Figures 4.4 and 4.5 show the morphology of
limestone with accessory mineral impurities, which differentiate calcite from other accessory
minerals present in the limestone. The accessory mineral plates are found to be sometimes
closely associated with calcite. Figures 4.5 gives SEM images of limestone focused only on
calcite platelets encapsulated with micaceous minerals biotite and hornblende. A mineral with
same appearance as biotite, but intact within the calcite phase is the mineral hornblende,
which has a general chemical composition of (K, Na)0-1(Ca, Na, Fe, Mg )2 (Mg, Fe, Al)5 (Si,
Al)8O22(OH)2 (Perkins, 2003). Hornblende is acicular in nature with hardness ranging from 5
to 6 on Moh’s scale (Perkins, 2003). The accessory impurity minerals in limestone exhibited
smooth surface at lower magnification up to 100X (Figure 4.6). At higher magnifications
rough surface and curvilinear grain boundaries were visible because of grain growth
(Figure 4.7).
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Figure 4.3 SEM-SE image of limestone aggregates with calcite exhibiting micro-crystals

Figure 4.4 SEM-SE image of limestone aggregates exhibiting mica with calcite
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Figure 4.5 SEM-SE image of limestone aggregates exhibiting biotite flake and hornblende
with calcite crystal

Figure 4.6 Accessory impurity mineral of calcite with irregular pits
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Figure 4.7 Accessory impurity mineral of calcite with rough surface and curvilinear grain
growth
Figures 4.8 to 4.15 explain mineralogy of limestone aggregate with the help of polarized light
microscope. The images are captured on micro slides of standard thickness 30 µm in crossed
polarized light mode (CPL) and plane polarized light (PPL). The field of view under the
microscope measures 4 mm × 3 mm (length × breadth) for a magnification of 40X.
Limestone exhibits rhombohedral cleavage for pure calcite (Figure 4.8) and dolomite with
90 ° cleavage (Figure 4.9) - CaCO3MgCO3 or CaMg(CO3)2. In some cases, thin sections
under polarized microscope show birefringence (Mackenzie and Adam, 2009) for calcite due
to different crystal orientations and thickness of calcite (Figures 4.10 and 4.11). The
accessory minerals seen to be present in the limestone studied are augite, apatite, chlorite,
hornblende and rarely quartz (Figures 4.12 to 4.15).
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Figure 4.8 Thin section image of limestone under CPL showing rhombohedral cleavage of
pure calcite

Figure 4.9 Thin section image of limestone under CPL with dolomitic cleavage
(90˚ twinning lamella)
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Figure 4.10 Thin section image of limestone under CPL with calcite showing different
interference colour due to different crystal orientations and positions

Figure 4.11 Thin section image of limestone under CPL with calcite showing different
interference colour due to different crystal orientations and positions
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Figure 4.12 Thin section image of limestone under CPL showing calcite with chlorite
(isotropic mineral) in black

Figure 4.13 Thin section image of limestone under CPL with a pyroxene mineral augite,
which is common accessory mineral present with calcite - the periphery of augite is seen
getting converted into hornblende
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Figure 4.14 Plane polarized view of Figure 4.13 exhibiting periphery of augite mineral
converting into hornblende with cleavages

Figure 4.15 Thin section image of limestone under CPL, with chlorite (black), hornblende
(green) and pyroxene mineral apatite (rounded and grey in colour)
Table 4.1 provides the oxide composition by wet analysis, insoluble residue, total chloride
and loss on ignition of limestone. Table 4.2 presents X-ray microanalysis data (EDS) of the
three characteristic types of limestone phases. The analyses clearly show the presence of
elements Mg, Al, Si, K and Fe, which confirm the presence of accessory impurity minerals in
the limestone observed in petrographic investigations.
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Table 4.1 Oxide composition, insoluble residue and loss on ignition of limestone aggregate
Items

%

CaO

SiO2

51.57

0.68

Al2O3

1.06

Fe2O3

0.32

MgO

1.67

SO3

0.36

Insoluble
residue

CaCO3

Loss on
Ignition

Total
Chloride

2.52

93.00

42.20

0.02

Table 4.2 Elemental and oxide compositions of different phases of limestone aggregates

Elements
C
O
Mg
Al
Si
S
K
Ca
Fe
SiO2
Al2O3
Fe2O3
MgO
CaO
Na2O
K2O
SO3
CO2

Elemental compositions
Limestone A
Limestone B
12.16
12.08
41.75
42.77
0.63
1.21
0.00
0.19
0.21
0.28
0.05
0.06
0.00
0.00
39.93
37.73
0.19
0.18
Oxide compositions
0.44
0.60
0.00
0.36
0.27
0.26
1.03
2.00
54.21
52.57
0.00
0.00
0.00
0.00
0.12
0.15
43.93
44.07

Limestone C
7.89
35.53
15.67
8.05
20.29
0.00
8.99
0.00
1.59
34.28
12.01
1.80
20.52
0.00
0.00
8.55
0.00
22.83

In addition to the primary peak of calcite at 3.023 Ǻ, 2θ, 29.5427, X-ray diffraction pattern of
limestone aggregates using Cu Kα radiation exhibits other notable peaks of calcite (3.84 Ǻ,
2θ, 23.1076; 2.826 Ǻ, 2θ 31.6379; 2.4833 Ǻ, 2θ, 36.1276; 2.2706 Ǻ, 2θ, 39.5696; 1.9034 Ǻ,
2θ, 47.651; 1.6015 Ǻ, 2θ, 57.5282) in all three types of limestone aggregates. Limestone with
coarse crystals and micro crystals (A and B) exhibited similar micrographs. However, XRD
of limestone C phase showed additional peaks corresponding to crystalline impurity phases of
SiO2 (marked as ‘Q’), Al2O3(‘A’) and Fe2O3(‘F’) which confirms the presence of accessory
minerals of quartz, pyroxene, hornblende and biotite (Figures 4.16 and 4.17).
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Figure 4.16 XRD of pure limestone
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Figure 4.17 XRD of limestone with accessory impurity minerals

Granite and River sand

Figures 4.18 to 4.20 present SEM-SE images of the fractured granite surface used in this
study. Figure 4.18 represents the mineral assemblages of granite, and it shows a relatively
rough and undulated surface at a magnification of 100X. The SEM image of granite surface
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exhibits irregular surface morphology with many slip planes oriented in different directions,
joints and curvilinear fractures at higher magnifications (Figure 4.19). This morphology may
be attributed to tectonic deformations of granite during its formation. The orientation of
minerals is due to their recrystallization. Under higher magnification, boundaries for different
minerals are clearly visible and feldspar platelets are seen at 2000X (Figure 4.20).

Figure 4.18 SEM-SE image for granite shows morphology of fractured granite surface

Figure 4.19 SEM-SE image for granite exhibits conchoidal fractures, 250X
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Figure 4.20 SEM-SE image of granite surface morphology at 2000X showing individual
crystals of various minerals quartz and feldspars
Indian granite is mainly composed of quartz (SiO2) - 35% (volume) and feldspar - 60%
(volume). The general chemical composition of feldspar is (Ca, Na, K) (Si, Al)4O8(Perkins,
2003). The feldspar could be further divided into alkali feldspars [(K, Na) (AlSi3) O8)] and
plagioclase feldspar [Na (AlSi3O8) - Ca (Al2Si2O8)] (Deer et al., 1992). Figures 4.21 to 4.26
feature thin section images of granite under crossed polarized light (CPL) and plane polarized
light (PPL). Apart from feldspar and quartz, the accessory minerals identified in the granite
are biotite, magnetite (Fe3O4) and hornblende. Granite under the petrographic microscope
exhibits interlocking texture of mineral grains. The mineral grain boundaries under
immersion media (Canada balsam with refractive index 1.54) show ‘relief’ features of
mineral grains. Minerals with strong relief have higher refractive indices than the immersion
media (Mackenzie and Adam, 2009).

Figures 4.21 and 4.22 show quartz, plagioclase feldspar and orthoclase feldspar along with
interstitial vermicular quartz. Figures 4.23 and 4.24 present the accessory minerals of biotite
and euhedral magnetite. Hornblende is a common accessory mineral in granite. Sometimes,
magnetite is associated with hornblende and biotite (Figures 4.25 and 4.26).

Figures 4.27 and 4.28 are captured to analyze mineral distribution of river sand in particles
passing through 150 µm sieve. These images indicate the presence of transparent and opaque
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minerals, and the different crystallinity state minerals which are depicted from different
birefringence of same mineral under crossed polarized light. River sand is mostly composed
of quartz and may be formed from weathering of rocks such as granite. However, the
analyzed sample is composed of significant proportion of feldspars. Presence of high
proportion of feldspars in the river sand indicates nearness to its source or provenance.
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Figure 4.21 Thin section image of granite under CPL exhibiting interlocking texture of
granite composed with quartz (yellowish-white), potash feldspar, plagioclase (light grey )
and orthoclase feldspar (dark grey)

Figure 4.22 Plane polarized view of Figure 4.21
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Figure 4.23 Thin section image of granite under CPL with accessory minerals biotite (light
brown) and magnetite (opaque black)

Figure 4.24 Plane polarized view of Figure 4.23
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Figure 4.25 Thin section image of granite under CPL containing feldspar with twin lamella,
associated with accessory minerals hornblende (brown colour with cleavages) and euhedral
magnetite (dark brown)

Figure 4.26 Plane polarized view of Figure 4.25 shows euhedral magnetite (dark) associated
with hornblende (brownish with cleavages)
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Figure 4.27 Mineral distribution of river sand passing through 150 µm sieve under crossed
polarized light

Figure 4.28 Plane polarized view of Figure 4.27
To study the petrography of river sand, mortar was prepared, impregnated with epoxy, and
desired thin section was cut to obtain standard thickness of 30 µm. Figures 4.28 to 4.30 show
photomicrographs of river sand. The thin section image of a large quartz grain illustrates
different colour interference in the same plane, indicating that the quartz underwent
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recrystallization during the course of weathering (Figures 4.29 and 4.30). Apart from that
feldspar (Figure 4.31) and amphibole mineral (Figure 4.32) were identified.

Figure 4.29 Thin section image of river sand under CPL exhibits weathered quartz with
different colour interferences due to straining and deformation

Figure 4.30 Thin section image of river sand under CPL with weathered quartz exhibiting
cracks due to straining and deformation
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Figure 4.31 Thin section image of river sand under CPL with feldspar exhibiting twinning
lamella

Figure 4.32 Thin section image of river sand under CPL exhibiting specks of amphibole
mineral (diamond shape) with higher order interference colours
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4.2.2 Thermal performance of aggregates

Limestone

Limestone showed a slight change in colour after being exposed to an elevated temperature of
550 °C for 30 min. The colour changes in limestone may be attributed to oxidization of iron
bearing impurities present in limestone. Figures 4.33 and 4.34 present SEM images of
thermally exposed limestone. The alterations in morphology were observed for impurity
phase present in the limestone (Figure 4.33). As discussed earlier, the impurity accessory
mineral present in the limestone is biotite or hornblende. Upon thermal exposure, micaceous
minerals delaminate from the calcite phase and get altered to disrupted morphology. Even
though calcite phase is intact after thermal exposure, hairline cracks and lineations are
developed parallel to rhombic cleavage and gliding planes of calcite grains (Figure 4.34).

Figure 4.33 SEM-SE image of limestone after thermal exposure shows
disrupted impurity phase
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Figure 4.34 SEM-SE image of limestone after thermal exposure shows formation of
numerous hairline cracks and lineations parallel to rhombic cleavage planes of calcite grains

A detailed petrographic investigation was carried out on the limestone after thermal exposure.
The increased porosity was a salient feature of limestone after exposure to 550 °C for 30
minutes (Figure 4.35).

Figure 4.35 Thin section image of limestone under CPL taken after thermal exposure for
550 °C for 30 minutes shows calcite with increased porosity
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The increased porosity may have resulted from inelastic expansion of calcite or by oxidation
of iron impurities present in the limestone, and also due to release of CO2 from calcite lattices
by thermal decomposition. Figure 4.36 exhibits micaceous mineral being disintegrated (dark)
and impurity minerals quartz (white), and feldspar (grey), which were corroded and embayed.
The dark phases developed in limestone after thermal exposure (Figures 4.37 and 4.38) may
be due to heat effect on iron rich pyroxene. Along the periphery of mafic accessory mineral,
iron oxides are concentrated and while heating they get oxidized and stained. The very dark
phase in the image may be the alteration product chlorite. Figure 4.39 shows that pyroxene
enriches with iron dust in limestone after thermal exposure. From the number of thin section
images analyzed, cracks in calcite were observed in rare cases (Figure 4.40). The crack is
formed in relatively younger calcite and terminates in older one (dark in colour). The cracks
in calcite may be formed through the weakest cleavages or may be from differential thermal
expansion of calcite with different crystallinity. The primary conclusion drawn from the
petrographic investigations of limestone after thermal exposure is that the performance of
limestone at elevated temperature is mainly governed by the accessory minerals present in the
limestone. Even though the calcite phase mainly decomposes around 800 °C, there is a
possibility of decomposition of pure crystalline calcite at 550 °C, which could have led to
increment in porosity. X-ray diffraction pattern for limestone (type C) after thermal exposure
exhibits all crystal face reflections of calcite (C) (Figure 4.41).

Figure 4.36 Thin section image of limestone under CPL taken after thermal exposure for
550 °C for 30 minutes exhibits micaceous mineral being disintegrated along with impure
minerals of quartz and feldspar which are corroded and embayed
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Figure 4.37 Thin section image of limestone under CPL after thermal exposure for 550 °C for
30 minutes; dark green melanocratic phases of pyroxene, hornblende and mica in limestone
after thermal exposure, the higher birefringence of these minerals indicate that these minerals
are composed of more of ferric iron

Figure 4.38 Thin section image of limestone under CPL after thermal exposure for 550 °C for
30 minutes; another spot for dark green melanocratic phases of pyroxene, hornblende, mica,
chlorite (black) in limestone after thermal exposure, the higher birefringence of these
minerals indicate that these minerals are composed of more of ferric iron
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Figure 4.39 Thin section image of limestone under CPL after thermal exposure for 550 °C for
30 minutes; minerals with ferric oxide coating

Figure 4.40 Thin section image of limestone taken under CPL after thermal exposure for
550 °C for 30 minutes exhibits cracks in calcite
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Figure 4.41 X-ray diffraction patterns for limestone before and after heating at 550 °C for 30
minutes

Figure 4.42 presents thermo gravimetric differential thermal analysis (TG/DTA) of limestone
aggregate. The mass changes in limestone upon de-carbonation of CaCO3 started after
reaching the temperature of 700 °C and the calcination threshold increase at higher
temperature was depicted by a sharp endothermic DTA peak with absorption of heat
associated with release of CO2 (a complex peak for DTA [mW/mg] at 859.7 °C, which starts
and ends at 815.7 °C and 878.7 °C respectively). Upon further heating, gravimetric changes
were marginal. This phase also may include the decomposition of impurity phases present in
the limestone. A nearly stable mass change of 43.39% was observed at 1200 °C, which
corresponds well with the expected change in mass from the de-carbonation reaction.
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Figure 4.42 Thermal analysis of limestone using TG/DTA

Granite

Granite exposed to the elevated temperature showed extensive colour changes (Figure 4.43).
At elevated temperature iron bearing minerals get oxidized and ferric oxide is coated on the
mineral cleavage planes. The change of the colour of feldspar changes the colour of granite.
This effect is called as staining of minerals, and is more for the granite composed of a greater
proportion of iron bearing minerals.

Figure 4.43 Granite before thermal exposure and after heating at 550 °C for 30 minutes
Figures 4.44 to 4.46 show the SEM images of granite after thermal exposure for 30 minutes
at 550 °C. The morphology of granite fracture surface after thermal exposure shows disrupted
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topography with iron dust (Figure 4.44). At a higher magnification of 500X, cracks are
visible (Figure 4.45). The iron dust pop-outs were accumulated in the curvilinear fracture
surface and level of disintegration can be easily seen from the microstructure (Figure 4.46).

Figure 4.44 SEM-SE image of granite after exposure to 550 °C exhibiting morphology after
thermal exposure, concentration of iron dust is seen in certain portion of the rock

Figure 4.45 SEM-SE image of granite after exposure to 550 °C shows presence of iron dust,
cracks and spalls
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Figure 4.46 SEM image of granite after exposure to 550 °C showing accumulated iron dust
along curvilinear fracture (1000X)

The energy dispersive X-ray analysis confirms the staining effects of granite by exhibiting
distinct peak for elemental Fe (Figure 4.47), while the X-ray micrograph of the relatively dust
free portion showed typical silica peaks.

Figure 4.47 Energy dispersive X-ray spectrum of iron dust particles in granite heated at
550 °C for 30 minutes
The studies on thermal performance of granite are supplemented by petrographic studies
using thin section images under crossed polarized light and plane polarized light (Figures
4.48 to 4.55). The typical features of the petrography are the presence of cracks in and
through the minerals (Figures 4.48 to 4.51), extensive iron dust in the grain boundaries of the
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minerals (Figures 4.50 and 4.51) and, thermally induced cleavages in feldspar deposited with
iron dust due to extensive ferric oxidation (Figures 4.52 and 4.53). Apart from that, cleavage
planes of biotite and hornblende are stained with ferric oxides (Figures 4.54 and 4.55). This
study indicates that definite changes occurred in granite microstructure upon exposure, which
would adversely affect the properties of concrete incorporating granite at engineering level.
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Figure 4.48 Thin section image of granite under CPL after thermal exposure captured shows
interlocking holocrystalline hypidiomorphic texture. Irons bearing mineral grains appear to
be darker and reddish brown in colour, and transverse cracks are seen in linear feldsic
minerals.

Figure 4.49 Plane polarized view of Figure 4.48 shows ferric oxidation of mineral cleavages
and cracks
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Figure 4.50 Thin section image of granite under CPL after thermal exposure shows extensive
ferric oxidation of feldspar and interfacial zone between different minerals in granite; Intermineral cracks are found

Figure 4.51 Plane polarized view of Figure 4.50 shows ferric oxidation of mineral cleavages
and iron dust deposit in cracks

114

Figure 4.52 Thin section image of granite under CPL after thermal exposure in which
thermally induced cleavages in feldspar deposited with iron dust and extensive ferric
oxidation

Figure 4.53 Plane polarized view of Figure 4.52 shows extensive ferric oxidation and staining
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Figure 4.54 Thin section image of granite under CPL after thermal exposure exhibits
cleavage planes of feldspars, biotite and hornblende are stained with ferric oxides

Figure 4.55 Plane polarized view of Figure 4.54; Cleavage planes of feldspars, biotite and
hornblende are stained with ferric oxides

Tables 4.3 and 4.4 summarize the information on thermal properties of common minerals and
rocks outlined in ASTM STP 169 D. The minerals exhibit wide range of thermal properties.
Since granite is composed of interlocking holocrystalline hypidiomorphic texture, differential
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thermal expansions of various minerals during their thermal exposure and contractions during
the cooling regime may result in formation of micro-cracks.
Table 4.3 Thermal properties of common minerals (ASTM STP 169D)
Minerals
Quartz
Orthoclase, microcline
Pyroxenes and
amphiboles
Calcite
Muscovite

Average linear coefficient of
thermal expansion × 10-6 / °C
11.5 to 12
6.5 to 7.5
6.5 to 7.5

Specific heat × 103J/kgK, at
27 °C
0.75
0.77
0.75 (For pyroxenes)

4.5 to 5
-

0.86
0.86

Table 4.4 Thermal properties of common rocks used in concrete (ASTM STP 169D)
Rocks

Dolomite
Granite
Limestone (dense,
crystalline, porous)
Calcite

Average
linear
coefficient of
thermal
expansion ×
10-6 / °C
7 to 10
6.5 to 8.5
3.5 to 6

Specific heat Thermal
Thermal
× 103J/kgK, diffusivity conductivity(mean)
(at 50
10-6 m2 /s
(W/mK)
to 65 °C)

0.77
1.00

2.6
1.1

4.6
3.2
2.6

Figure 4.56 presents TG/DTA of the granite aggregate. Unlike limestone aggregates which
were stable until a high temperature, granite showed gradual mass loss upon heating from the
ambient temperature.
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Figure 4.56 Thermal analysis of granite using TG/DTA
At 550 °C, the mass loss was 1.34% for granite. The mass loss persists up to a temperature of
844 °C, and was 2.15% at this temperature. The relatively low mass loss upon heating
indicates stability of silicate phases present in the granite. Upon further heating an upward
shift in mass was recorded. From 844 to 1200 °C, an increase in mass of 1.73% was
observed. A shift in gravimetric changes exemplified by a broad exothermic complex peak
covering an area of – 5297 J/g is seen in the DTA (mW/mg) curve at 844 °C, which starts and
ends at 660.5 °C and 1210.2 °C respectively. The retrieval of mass may have resulted from
the mineralogical transitions such as formation of different polymorphs of quartz at elevated
temperatures. Residual mass at 1224.3 °C was 99.58%.

River sand

The thermal performance of river sand was found to be similar to granite. Severe colour
change was observed upon heating. Figures 4.57 to 4.62 pictorially explain the alterations in
river sand upon heating up to 550 °C for 30 minutes. Upon heating, quartz is unaltered while
the iron dust is concentrated along the cleavage planes of feldspars and mafic minerals. The
iron rich minerals like hornblende, biotite or magnetite underwent staining due to thermal
effects. The cleavages of thermally induced cracks in minerals are deposited with iron dust.
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Figure 4.57 Thin section image of river sand under CPL after thermal exposure exhibits
extensive ferric oxidation and thermally induced cracks or cleavages are deposited with iron
dust

Figure 4.58 Plane polarized view of Figure 4.58
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Figure 4.59 Thin section image of river sand under CPL after thermal exposure exhibits iron
dust particles are concentrated along peripheral portion of quartz and its inner portions are
clear

Figure 4.60 Thin section image of river sand under CPL after thermal exposure exhibits ferric
dust particles are concentrated along cleavage planes of thermally altered feldspars at the
centre of the photomicrograph
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Figure 4.61 Thin section image of river sand under CPL after thermal exposure; thermal
crack induced by heating is filled with iron dust in a quartz grain found at the NW portion of
the photomicrograph. Adjacent to the quartz, feldspar is highly stained with ferric iron along
the cleavage planes of feldspar. Quartz grains appear to be more thermally corroded and
embayed with surrounding materials

Figure 4.62 Thin section image of river sand under CPL after thermal exposure exhibits
thermally induced cracks or cleavages in feldspar and quartz deposited with iron dust
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Figure 4.63 illustrates TG/DTA of river sand aggregate. Upon heating from the ambient
temperature river sand is characterized by the continuous mass loss up to a temperature of
846°C, and at this temperature the mass loss chronicled was 3.6%.

Figure 4.63 Thermal analysis of river sand using TG/DTA
The relatively higher thermo-gravimetric change in this range of temperature, compared to
granite, may be because of the decomposition of organic and inorganic impurities present in
river sand. But a similar regaining trend in mass was observed for river sand (at 846 °C,
compared to 844 oC for granite). The increment in mass of river sand at this temperature was
0.37%, which is less than granite (1.73%). The residual mass of river sand at 1198.7 °C was
97.01%. The DTA curve in Figure 4.64 also indicates an exothermic peak of 573 °C at which
α-quartz transforms from trigonal crystal symmetry to β-quartz with hexagonal crystal
symmetry; this transformation continues up to 870 °C where an endothermic peak reaches its
maximum and thereafter it transforms into orthorhombic tridymite crystal symmetry (Perkins,
2003). The continuous mass loss indicates that the mineral attains increasingly disordered
state.

The XRD analysis confirmed that quartz (Q) and feldspars (F) are essential minerals in the
granite and river sand (Figure 4.64).
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Figure 4.64 XRD of siliceous granite and river sand before and after heating up to 550 °C for
30 minutes
Quartz (4.2599Ǻ, 2θ, 20.84816; 3.3547Ǻ, 2θ, 26.52992) and oligoclase (3.2062Ǻ, 2θ,
27.8756 in granite and3.1893Ǻ, 2θ, 27.9251 in river sand) peaks are present in both granite
and river sand. All the crystalline peaks are seen even after heating up to 30 minutes,
indicating that thermal effects on crystallinity were minimum. However, the greater
degradation of feldspar in river sand was explicated by depletion of peak after exposure to
550 °C.
4.2.3 Chemical degradation of aggregates upon sodium exposure

The alkali aggregate reaction leading to various disintegration mechanisms in concrete is a
probable phenomenon in hot liquid sodium-concrete interactions. This refers to the reaction
between reactive components of aggregate with alkali present in cement (Chatterji, 2005).
But in this case, alkali is directly available as NaOH, which results from the reaction between
liquid sodium and moisture present in cement phase of concrete.

In order to understand potential chemical reactivity of aggregate, powdered aggregates (less
than 75 µm in size) after thermal exposure were exposed to the environment described by
ASTM C 1260 (for potential alkali reactivity test). The samples were exposed to 1 N NaOH
solution at 80 °C for 14 days. After exposure, the samples were analyzed using X-ray
fluorescence (XRF) spectroscopy for elemental or oxide compositions and X-ray diffraction
for crystalline phases.
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The combined action of chemical and thermal effects was studied by exposing aggregates to
hot metal sodium pool at 550 °C. The duration of complete immersion of aggregate in
sodium pool was 30 minutes. XRF analysis was conducted for the exposed samples. Table
4.5 summarizes the oxide composition and volumetric mineral composition based on
Rittmann’s norm before any exposure, after heating at 550 °C for 30 minutes, after treating
heated aggregate with 1 N NaOH at 80 °C for 14 days, and after liquid sodium metal
exposure of aggregate at 550 °C for 30 minutes.
Rittmann’s (Rittmann, 1973) geological procedure is used for geochemical and mineralogical
characterization of aggregates; this procedure outlines the volume proportion of various
mineral components. The study revealed that the heating at 550 °C for 30 minutes did not
alter the chemical composition of aggregates. However, interaction of 1 N NaOH results in
formation of different sodium compounds. CaCO3 in limestone reacted with NaOH and
resulted in formation of sodium carbonate and calcium hydroxide. Study depicted that after a
chemical exposure of 14 days, 23.06% CO2was left in limestone, whereas the limestone after
heating at 550 °C for 30 minutes consisted of 42.20% of CO2. Limestone after sodium
exposure at 550 °C for 30 minutes consisted of 98.67% saturated soda lime [Ca(OH) 2 and
NaOH].

The interaction of siliceous aggregates with NaOH results in formation of sodium
orthosilicate and sodium silicate. Study of sodium exposure at 550 °C for 30 minutes showed
that the sodium is more reactive with limestone than with siliceous aggregates. The
Rittmann’s norm indicated that no excess soda (Na2O) was available in the case of limestone,
where it was 34.09 % for river sand and 14.98 % for granite. Sodium (Na) metal reaction is
very fast with limestone, relatively slower in granite and very slow in silica sand (more of unreacted excessive Na2O remained in river sand than in granite). The study elucidates that the
degradation mechanism of aggregates during liquid sodium interaction at 550 °C is not
equivalent to the combination of potential chemical reactivity of sodium and thermal effects
at 550 °C separately. The hot liquid sodium attack produces significantly higher
deterioration.

Sodium at 550 °C interacts vigorously with all solid phases (different minerals) of aggregate
altering the chemical composition of each mineralogical phase present in the system.
Figure 4.65 presents XRD patterns of NaOH and hot liquid sodium interacted aggregates.
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XRD

pattern

exhibited

peaks

for

CaCO3 (2θ,

29.406),

SiO2

(2θ,

26.652),

Na4SiO4(2θ, 34.852), Na3SiO3 (2θ, 29.558) Na2CaSiO4 (2θ, 33.877), NaOH (2θ, 35.165),
Na2CO3 (2θ, 33.355), NaAlO2 (2θ, 34.963), Ca(OH)2 (2θ, 34.080), and Na (2θ, 31.001). Even
after NaOH treatment, siliceous aggregates showed distinct peaks for quartz and feldspar, and
limestone exhibited calcite peak. The liquid sodium interaction at 550 °C affected all the
mineralogical phases and depleted the crystalline peaks significantly exemplifying the
breakdown of the minerals calcite, feldspar and quartz.
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Table 4.5 Oxide composition based on XRF and mineralogical composition based on
Rittmann’s norm
Oxides
SiO2
Al2O3
Fe2O3
MgO
CaO
Na2O
K2O
TiO2
CO2
Total

Lst
1.37
0.46
0.36
1.75
53.60
0.05
0.05
42.17
99.82

LA30
1.37
0.46
0.38
1.69
53.65
0.00
0.06
42.20
99.81

LNE
0.62
0.24
0.18
1.54
29.40
44.33
0.06
23.06
99.44

LAS
0.47
0.07
0.73
0.04
54.80
43.87
0.02
100.00

cc
dol
nac
il
mt
cord
bio
ol
naorsi
caorsi
kjd
najd
nas
naoh
caoh
sp
hb
alkfels
pl
lc
ne
qz
mt
ne
lmsda
ks
wo
soda+

95.66
0.4
0.8
0.4
2.44
0.24
-

97.37
0.41
1.12
0.45
2.22
-

64.19
0.07
1.85
13.94
19.28
0.2
0.48
-

0.87
0.33
0.12
98.67
-

Gr
GA30
GNE
62.54
62.61
35.11
16.44
16.41
11.26
5.97
5.90
5.01
1.76
1.73
1.11
6.35
6.31
5.42
4.36
4.33
40.00
1.41
1.40
0.72
0.59
0.59
0.53
99.42
99.28
99.13
Rittmann's Norm
0.6
1.33
1.58
2.33
1.69
54.51
5.83
1.06
1.11
15.72
14.54
8.72
10.54
58.41
50.42
1.94
3.64
29.47
15.06
15.81
-

GSE
42.07
3.32
1.39
1.05
50.77
1.18
100.00

Rs
68.84
15.61
3.24
0.59
2.68
3.12
5.03
0.48
99.59

RA30
68.73
15.86
3.12
0.63
2.68
3.16
4.96
0.44
99.58

RNE
37.07
10.04
2.17
0.41
2.41
44.05
2.80
0.34
99.29

RSE
33.67
4.19
3.78
0.03
3.29
54.73
0.22
100.00

0.24
76.91
0.74
4.86
3.04
1.54
14.98

0.29
0.65
5.03
37.74
30.6
25.89
-

0.3
0.65
5.43
34.83
32.91
25.88
-

0.33
0.93
0.59
38.36
2.54
10.49
24.55
22.19
-

0.59
49.14
1.77
9.14
0.59
4.67
34.09

Lst-limestone, Gr-granite, Rs-river sand,LA30-limestone after heating at 550 °C for 30 minutes, LNE-limestone after
NaOH exposure, LAS- limestone after sodium exposure at 550 °C for 30 minutes,GA30-granite after heating at
550 °C for 30 minutes, GNE-granite after NaOH exposure, GSE- granite after sodium exposure at 550 °C for 30
minutes, RA30-grnafter heating at 550 °C for 30 minutes, RNE-river sand after NaOH exposure, RSE- river sand
after sodium exposure at 550 °C for 30 minutes, cc-calcite, dol-dolomite, il-ilmenite, mt-magnetite, cord-cordierite,
bio- biotite, ol- olivine, naorsi-sodium orthosilicate,caorsi-calcium orthosilicates, kjd- potassium jadeite, najd-sodium
jadeite, nac- sodium carbonate, nas- sodium silicate, naoh-NaOH, caoh-Ca(OH)2, sp-sphene, hb-hornblende, alkfeldsalkali feldspars, pl-plagioclase, lc-leucite, ne-nepheline, qz-quartz, lmsda-CaONa2O, wo-wollastonite, soda+- excess
Na2O, ks-kalsilite

126

120000

River sand after sodium exposure at 550 °C

100000

Q F

X-Ray counts

80000

River sand after NaOH treatment
Granite after sodium exposure at 550 °C

60000

QF

40000

Ca(OH)2

Granite after NaOH treatment
Limestone after sodium exposure at 550 °C

C

Ca (OH)2 + Sodium compounds

20000

Ca(OH)2

Limestone after NaOH

C
0
5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

2θ (Cu Kα Radiation)

Figure 4.65 XRD of aggregates after exposure to NaOH and hot liquid sodium

The analysis of aggregate grains exposed to 550 °C, 1 N NaOH and liquid sodium at 550 °C
under crossed polarized light shows the disordered state of crystal structure, modified grain
boundaries with staining and etching effects (Figure 4.66). This technique was used because
the aggregates were degraded significantly in direct contact with hot liquid sodium
environment at 550 °C after 30 minutes of exposure, and hence the preparation of thin
sections was not possible. Numerous aggregate grains had been altered to reddish colour due
to ferric oxidation of accessory iron bearing minerals. Upon 1 N NaOH exposure, grains
under the polarized microscopy exhibited different birefringence indicating changes in
chemical and crystalline states. The extensive darkening of phases was found after the
sodium exposure at 550 °C, demonstrating severity of the interaction. These modifications
can allow the permeation of alkaline solution deep into the aggregate structure.
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Figure 4.66 Images of 75 µm powder grains under crossed polarized microscopy; (a)
Limestone, (b) Limestone after heating to 550 °C for 30 minutes, (c) Limestone after
exposure to 1N NaOH at 80 °C for 14 days, (d) Limestone after exposure to sodium at 550 °C
(e) Granite, (f) Granite after heating to 550 °C for 30 minutes, (g) Granite after exposure to
1N NaOH at 80 °C for 14 days, (h)Granite after exposure to sodium at 550 °C (i) River sand,
(j) River sand after heating to 550 °C for 30 minutes, (k) River sand after exposure to 1N
NaOH at 80 °C for 14 days, (l) River sand after exposure to sodium at 550 °C

4.3 GENERAL DISCUSSIONS

On an engineering scale, many researchers have studied the comparative evaluation of
concrete incorporating calcareous and siliceous aggregates at elevated temperatures (Savva
et al., 2005, Arioz, 2007, Xing et al., 2011, fib bulletin 38, Ingham, 2009). The researchers
observed that the thermal performance of calcareous aggregate is good compared to siliceous
aggregate in terms of the residual compressive and flexural strengths, residual modulus of
elasticity, residual ultrasonic pulse velocity and residual rebound hammer number. Apart
from the high specific heat capacity and low thermal conductivity, one probable reason for
better performance of limestone concrete may be relatively similar composition of limestone
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and the cementitious phases (that are mostly borne out of limestone), and secondly limestone
is mostly a mono-mineral rock with uniform thermal properties.

The mass loss after thermal exposure was reported to be comparatively less for concrete with
siliceous aggregates (Arioz, 2007). Xing et al. (2011) studied the evolution of porosity in
aggregate with respect to temperatures and found that the increment in porosity with respect
to the temperature was less for siliceous aggregate. However, the reasons for these peculiar
behaviors are not clearly quoted.

The microstructural studies discussed in this project revealed the increased porosity of calcite
upon heating, which can be correlated with the observation of Xing et al. (2011). Further,
comparatively high mass loss for the limestone concrete observed by Arioz (2007) may be
explained by the decomposition of poorly crystalline calcite and decomposition of micaceous
accessory impurity minerals that was demonstrated in this study; this could have possibly led
to relatively high porosity.

According to Perkins (2003), change in bond angle of quartz structure at 573 °C and above
results in transformation of α-quartz to β-quartz with a volume expansion. The effect was
observed in TG / DTA of siliceous river sand in this study. On the contrary, cement paste
starts shrinking at a temperature of 200 °C (Arioz, 2007). These differential thermal
expansions and contractions could be the primary reason for crack formation and subsequent
reduction in mechanical properties of concrete with siliceous aggregates subjected to high
temperatures. Apart from that, the formation of cracks at mineralogical level due to
interlocking texture of minerals tied together in siliceous aggregates upon differential thermal
expansions of different minerals, along with ferric oxidation of iron bearing minerals at
elevated temperatures, may also reduce the residual strength of concrete by weakening the
aggregate phase or aggregate cement paste interface.

According to Muhlestien and Postma (1984), the crack formation in concrete is obvious
within 3 minutes of exposure to the sodium pool in an accidental spillage in FBRs. The
interaction of pre-existing cracks and thermally induced cracks in aggregates is devastating.
The cracks formation permits the hot liquid sodium and NaOH to enter into the unreacted
areas and further the deterioration. Apart from that, Chawla and Pederesen (1985) observed
that at a given temperature, sodium carbonate, which is the major product of sodium and
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limestone interaction, is more soluble in sodium hydroxide than sodium silicate (product of
sodium with siliceous aggregates). This leads to elevating the viscosity of the liquid mixture
and thereby limiting the mass transport mechanism of sodium penetration into the unaffected
concrete by forming a viscous protective layer in the limestone concrete.

The present study revealed that siliceous aggregates - granite and river sand - consisted of
more Na2O than the limestone upon liquid sodium exposure at 550 °C. In other words, there
is excess soda in the case of siliceous aggregate. For a concrete with a given water to cement
ratio, excess soda resulting from the low reactivity of silicate phases during interaction with
sodium at 550 °C would interact with thermally removed water from the concrete, entailing
in the formation of greater amounts of corrosive NaOH than in limestone concrete. The
combined action of thermally induced cracks in aggregates and cement paste phase in the
interaction of siliceous aggregate concrete with hot NaOH will be more destructive than a
similar scenario with limestone concrete. Moreover, existence of cracks will expedite the
propagation of liquid sodium to the un-reacted portion of the concrete.

4.4 SUMMARY

The thermo-chemical degradation of aggregates in the hot sodium environment for sodium
resistant sacrificial layer concrete in fast breeder reactors was studied. The chemical
composition of aggregates was not altered by heating at 550 °C for 30 minutes. However,
ferric oxidation and disintegration of accessory impurity mineral of calcite in the limestone
was observed. The interlocked microstructure of siliceous aggregate resulted in cracking due
to differential thermal expansion. Extensive ferric oxidation and iron dust formation was
observed in siliceous aggregates. The combined action of corrosive NaOH with thermally
induced cracks in siliceous aggregates may result in more degradation of the concrete with
such aggregates, than concrete with limestone aggregates.
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CHAPTER 5
THERMAL PERFORMANCE OF CEMENTITIOUS MORTARS

5.1 GENERAL

The alterations of mechanical properties and microstructure at a maximum temperature of
550 °C needs to be understood better, in order to design concretes for such applications. This
chapter discusses the comprehensive performance characterization of limestone mortars to be
used as sodium resistant sacrificial layer in fast breeder reactors, along with a comparative
study of conventional mortars with river sand for physical and mechanical properties. This
investigation is based on the assessment of performance before and after thermal exposure to
550 °C. The qualitative description of microstructural alterations is provided on the basis of
SEM images and thin section petrography. TG/DTA coupled with X-ray diffraction (XRD)
are used to characterize the limestone mortars exposed to elevated temperatures.

5.2 RESULTS AND DISCUSSIONS

5.2.1 Mass loss behavior

The mass loss of mortars with limestone (LS) and river sand (RS) is presented in Table 5.1.
Figure 5.1 and Figure 5.2 graphically depict the changes in mass loss upon exposure to
550 °C for limestone mortars and river sand mortars with OPC (BE - Before exposure; A10 After 10 minutes exposure, A20 - After 20 minutes exposure, A30 - After 30 minutes
exposure). The minimum and maximum reduction in mass for limestone mortars upon 30 min
thermal exposure were 4.02% (OPC, w/c ratio 0.4) and 11.10% (OPC w/c ratio 0.6)
respectively. The corresponding values for river sand mortar were 3.84% (OPC, w/c ratio
0.4) and 9.98% (OPC w/c ratio 0.6). For both types of mortars, the change in mass loss was
marginal for low w/c ratios up to 0.5; beyond this point, mass loss significantly increased.
The mass loss can be correlated with the decomposition of calcium hydroxide, removal of
moisture content and mineralogical alterations.
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Table 5.1 Mass loss of mortars exposed to 550 °C for different durations

Mix

Composition

M1
M2
M3
M4
M5
M6
M7
M8

0.40/OPC
0.45/OPC
0.50/OPC
0.55/OPC
0.60/OPC
0.55/PPC
0.55/PSC
0.55/HAC

A10
LS RS
3.68 3.23
4.89 3.76
5.58 3.89
5.56 4.22
8.66 7.88
6.32 4.17
6.59 3.96
8.27 7.11

Mass loss (%)
A20
A30
LS
RS
LS
RS
3.95 3.44 4.02 3.84
4.98 4.15 5.10 4.77
5.59 4.51 5.70 5.10
6.32 5.94 8.32 7.14
9.68 8.47 11.10 9.98
6.43 5.81 6.50 6.33
6.65 5.27 8.16 7.28
8.39 8.12 9.21 8.47

The mass loss showed an upward trend with increasing water to cement ratios. This trend
may be attributed to the high free and bound water content in mortars with higher w/c ratio.
Although the trend was same for both types of aggregates, absolute values of mass loss were
found more for limestone mortars over river sand mortar. Arioz (2007)also observed that the
mass loss of concrete with siliceous aggregate was marginally lower compared to
limestone.This effect may be due to the result of specific mineralogy of aggregates. The
predominant constituent of limestone is calcite and of river sand is quartz. Upon an exposure
to 550 °C for a moderate duration of 30 minutes, poorly crystallized calcite in limestone may
get decarbonated and this results in relatively higher mass loss. The decomposition or
oxidation of iron bearing minerals in limestone may be another reason for the higher mass
loss.

Figures 5.3 and 5.4 present the mass loss of mortars with different types of cement, and a w/c
ratio of 0.55. Amongst the mortars made out of different types of cement, performance of fly
ash based Portland pozzolana cement was superior (6.50% and 6.33% reduction in mass for
limestone and river sand mortars respectively).
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Figure 5.1 Mass loss of limestone mortars with OPC
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Figure 5.2 Mass loss of river sand mortars with OPC
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Figure 5.3 Mass loss of limestone mortars with different cements
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Figure 5.4 Mass loss of river sand mortars with different cements
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5.2.2 Mechanical properties

Compressive strength

Table 5.2 compares the compressive strength of limestone and river sand mortars before and
after exposure to 550 °C. The minimum and maximum reduction in compressive strength for
limestone mortars upon 30 minutes thermal exposure were 8.4% (OPC, w/c ratio 0.4) and
17.4% (OPC, w/c ratio 0.6) respectively. For river sand mortar, the corresponding values
were 12.33 % (OPC, w/c ratio 0.4) and 23.42% (OPC w/c ratio 0.55).
Table 5.2 Compressive strength of mortars
Compressive strength
Mix Composition

M1
M2
M3
M4
M5
M6
M7
M8

0.40/OPC
0.45/OPC
0.50/OPC
0.55/OPC
0.60/OPC
0.55/PPC
0.55/PSC
0.55/HAC

BE
LS
40.4
38.5
38.2
34.1
24.1
30.3
31.1
22.0

RS
43.8
41.3
38.2
36.3
32.1
33.2
32.5
35.7

A10
LS
38.0
36.2
35.4
30.7
21.9
27.9
27.7
20.8

RS
41.7
39.2
36.1
32.4
29.1
30.1
29.9
32.6

A20
LS
37.2
35.4
34.2
29.9
20.9
27.0
27.3
19.8

RS
40.0
37.8
33.1
28.5
26.4
28.6
27.3
30.7

A30
LS
37.0
35.0
33.8
28.6
19.9
26.4
26.4
19.1

RS
38.4
35.0
31.3
27.8
24.9
26.9
26.3
29.4

%
Reduction
A30
LS
RS
8.4
12.3
9.1
15.3
11.5 18.1
16.1 23.4
17.4 22.4
12.9 19.0
15.1 19.1
13.2 17.6

The hydrated cement paste consists of Calcium Silicate Hydrate (CSH, 50 to 60 %), calcium
hydroxide (20 to 25%) and sulfoaluminates (15-20%). CSH is the primary binding and
strength providing phase in hydrated cement paste(Mehta and Monteiro, 2006).Upon heating
from the ambient temperature, free water from CSH evaporates at temperatures above
100 °C. The elevated temperature beyond this may lead to dehydration of calcium
sulfoaluminates. The decomposition of calcium hydroxide occurs at a range of 400-500 °C.
Decomposition of CSH starts at 700 °C. Cement paste melts and completely disintegrates
above 1100 °C (Arioz, 2007). The reduction in compressive strength was found to be more
for mortars with higher w/c ratios (Figures 5.5 and 5.6). For limestone mortar, the effect of
elevated temperature was marginal for increasing w/c ratios up to 0.50 and after that the
effect was significant.
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Figure 5.5 Compressive strength of limestone mortars with OPC
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Figure 5.6 Compressive strength of river sand mortars with OPC

Figures 5.7 and 5.8 illustrate the compressive strength performance of limestone and river
sand mortars with different types of cement respectively. Among the mortars with different
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type of cements, performance of fly ash based cement was found better (12.9% reduction in
strength upon 30 minutes thermal exposure). This could have resulted from lower calcium
hydroxide decomposition in the mix. The pozzolanic activity of fly ash leads to the formation
of extra CSH by consuming calcium hydroxide. Many researchers have reported that a
significant increment in strength of concrete incorporating pozzolanic materials upon
exposure to a moderate temperature of 250 °C (Hossain, 2006, Nasser and Marzouk, 1979).
This effect may be due to the formation of a type of tobermorite from the reaction between
lime and pozzolana at high pressure and temperature. This tobermorite is two to three times
stronger than calcium silicate hydrate gel and contributes towards enhanced strength. Further
heating above 250 °C results in reduction in mechanical properties. The results show that
high alumina cement (HAC) is placed in second position compared to other types of cement
for the moderate exposure duration of 30 minutes (13.2% reduction in compressive strength).
However, the absolute values of compressive strength were less for mortars with high
alumina cement.

Even though performance of river sand mortar showed nearly linear trend with w/c ratio and
exposure durations, the absolute values of reduction in compressive strength were
consistently more than the limestone mortars. The differences could have arisen from the
differential thermal expansion of siliceous aggregate and cement paste or from the intermineral cracks due to differential thermal expansion of minerals in siliceous aggregates. A
volume expansion is associated with crystal transition of quartz above 575 °C (α-quartz
transforms to β-quartz) (Perkins, 2003), while the contraction of cement paste commences
above 200 °C. As a result, differential expansion and contraction of aggregate and cement
paste in concrete may result in cracks, and consequent reduction in mechanical properties.
The major constituent of limestone, CaCO3,decarbonates to CaO and CO2 at 800 – 900 °C.
Further heat expands the calcite and disintegrates it. For calcareous aggregates, for a rise in
temperature above 600 °C, a heat input 10 times more compared to siliceous aggregates is
required to produce the same temperature rise (Xing et al., 2011).

137

A10

A20

A30

% Reduction in compressive strength

20
18
16
14
12
10

8
6
4
2
0
OPC

PPC

PSC

HAC

Types of cement (w/c= 0.55)

Figure 5.7 % Reduction in compressive strength of limestone mortars with different cements
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Figure 5.8 % Reduction in compressive strength of river sand mortars with different cements
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Flexural strength

The flexural strengths before and after thermal exposure at 550 °C (Table 5.3) were
determined as per ASTM C 348. Figures 5.9 and 5.10 present flexural strength of mortars
with limestone and river sand respectively. Similar to the observation of Poitevin (1999), for
the same composition and w/c ratio, flexural strength of limestone mortar was found greater
than river sand mortars. The reduction in flexural strength after 30 minutes exposure was
higher for river sand mortars (Table 5). The flexural strength before and after thermal
exposure for both types of aggregates showed a direct correlation with w/c ratio (Figures 5.9
and 5.10). The minimum and maximum reduction in flexural strength for limestone mortars
upon 30 minutes thermal exposure were 15.63% (OPC, w/c ratio 0.40) and 34.11% (OPC w/c
ratio 0.6) respectively. For river sand mortar it was 18.11% (OPC, w/c ratio 0.40) and
37.54% (OPC w/c ratio 0.6). The reduction in flexural strength was more for higher w/c ratio.
Amongst the different types of cement, performance of fly ash based Portland pozzolana
cement was superior for both types of aggregates (Figures 5.11 and 5.12).
Table 5.3 Flexural strength of mortars
Flexural strength
Mix Composition
M1
M2
M3
M4
M5
M6
M7
M8

0.40/OPC
0.45/OPC
0.50/OPC
0.55/OPC
0.60/OPC
0.55/PPC
0.55/PSC
0.55/HAC

BE
LS
7.22
5.93
5.07
4.82
3.75
5.11
3.71
4.11

RS
6.67
5.78
4.54
4.35
4.12
4.67
3.89
4.54

A10
LS
6.84
5.33
4.73
4.33
3.43
4.57
3.45
3.42

RS
6.21
5.17
4.05
3.85
3.25
4.10
3.42
3.95
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A20
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4.13
3.11
4.53
3.19
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5.77
4.85
3.77
3.32
2.89
3.37
3.19
3.19

A30
LS
6.09
4.96
4.05
3.60
2.47
3.97
2.82
2.85

RS
5.46
4.79
3.51
3.08
2.57
3.50
2.84
3.08

% Reduction
A30
LS
RS
15.63 18.11
16.44 17.12
20.13 22.58
25.37 29.10
34.11 37.54
22.31 25.16
24.11 26.88
30.60 32.14

Figure 5.9 Flexural strength of limestone mortars with OPC
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Figure 5.10 Flexural strength of river sand mortars with OPC
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Figure 5.11 % Reduction in flexural strength of limestone mortars with different cements
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Figure 5.12 % Reduction in flexural strength of river sand mortars with different cements
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Abrasion resistance

Table 5.4 shows the results of abrasion tests on limestone mortars and river sand mortars. The
mass and thickness loss were more at higher w/c ratios for both types of aggregates. Hardness
of cement paste gets improved with lower water cement ratios. At same w/c ratio, high
alumina cement performed poorly in abrasion, next to PSC. The performance of PPC was
better than other types of cements. Irrespective of the type of cement and w/c ratio, mortars
with limestone aggregates underwent more abrasion than mortars with river sand. This is
attributed to mineralogy of the aggregate. The major constituent of limestone, calcite,
possesses a lower Mohs hardness number (3) than quartz in river sand (7) (Gribble, 1988).
The abrasion resistance of high alumina cement is poor irrespective of the type of aggregate,
which implies that its use under highly abrasive chemical environment (due to impact
velocity of sodium) is not recommended.

Table 5.4 Abrasion of mortars
w/c ratio/
Mix Type of
cement
M1
M2
M3
M4
M5
M6
M7
M8

0.40/OPC
0.45/OPC
0.50/OPC
0.55/OPC
0.60/OPC
0.55/PPC
0.55/PSC
0.55/HAC

Before exposure
% Mass loss
Abrasion
on abrasion
(mm)
LM
RS
LM
RS
23.32 10.87
6.13
2.78
25.68 11.74
6.61
2.98
25.98 13.41
6.73
3.39
27.65 14.01
6.89
3.45
30.89 14.30
7.90
3.58
24.87 12.05
6.33
3.04
28.98 13.94
7.48
3.55
31.01 18.06
7.94
4.71

After 30 minutes exposure
% Mass loss on
Abrasion (mm)
abrasion
LM
RS
LM
RS
26.88
13.20
6.83
3.28
27.44
13.43
6.97
3.41
28.06
14.29
7.13
3.63
30.82
15.32
7.83
3.89
32.49
16.57
8.25
4.21
27.53
13.50
7.00
3.42
32.88
14.87
8.35
3.78
40.98
23.34
10.41
5.93

5.2.3 Ranking of relative performance

Based on the performance in the compressive strength, flexural strength, mass loss and
abrasion tests, the ranking of the eight mixes of limestone mortar is presented in Table 5.5.
All the eight limestone mortars are ranked from 1 to 8, 1 being the best and 8 being the worst.
From the direct comparison, the mix M8 with OPC for a w/c ratio 0.40 is the best and M5
with a w/c ratio of 0.60 with OPC is the worst. The fly ash based Portland pozzolana cement
performed better compared to all other type of cements and ranked first amongst different
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types of cements. On another note, the ranking of mortars with siliceous aggregate also
followed the same trend as in the limestone mortars.
Table 5.5 Performance indices based on compressive strength, flexural strength, mass loss
and abrasion
Mix
M1
M2
M3
M4
M5
M6
M7
M8

w/c ratio/
Type of
cement
0.40/OPC
0.45/OPC
0.50/OPC
0.55/OPC
0.60/OPC
0.55/PPC
0.55/PSC
0.55/HAC

PIBCS1

RBCS2

PIBFS3

RBFS4

PIBML5

RBML6

PIBA7

RBA8

1.00
1.08
1.37
1.92
2.07
1.53
1.80
1.57

1
2
3
7
8
4
6
5

1.00
1.05
1.29
1.62
2.18
1.43
1.54
1.96

1
2
3
6
8
4
5
7

1.00
1.26
1.42
2.07
2.76
1.62
2.03
2.29

1
2
3
6
8
4
5
7

1.00
1.02
1.04
1.15
1.21
1.03
1.22
1.52

1
2
4
5
6
3
7
8

PIBCS 1 : Performance index based on compressive strength after 30 minutes exposure = (Strength Loss)i/(Strength
Loss)min
RBCS2 : Ranking based on compressive strength after 30 minutes exposure
PIBFS3 : Performance index based on flexural strength after 30 minutes exposure= (Strength Loss)i/(Strength Loss)min
RBFS4 : Ranking based on flexural strength after 30 minutes exposure
PIBML5 : Performance index based on mass loss after 30 minutes exposure = (Mass Loss)i/(Mass Loss)min
RBML6 : Ranking based on mass loss after 30 minutes exposure
PIBA7 : Performance index based on abrasion after 30 minutes exposure = (Abrasion)i/(Abrasion)min
RBA8
: Ranking based on abrasion after 30 minutes exposure

5.2.4 Microstructural studies
The scanning electron microscopy images in backscattered electron mode (SEM-BSE) were
obtained to understand alterations due to thermal effects. The SEM-BSE study disclosed that
the cracks were formed in the paste possibly due to differential thermal expansions of cement
paste and aggregates, and the resultant excessive tensile stresses which exceed tensile
capacity of the paste (Figures 5.13 to 5.16). The shrinkage of the cement paste phase caused
by desiccation at 550 °C could be the one of the probable reasons for much of the separation
noted at the aggregate interface.
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Figure 5.13 SEM-BSE image of OPC mortar after thermal exposure

Figure 5.14 SEM-BSE image of PPC mortar after thermal exposure
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Figure 5.15 SEM-BSE image of PSC mortar after thermal exposure

Figure 5.16 SEM-BSE image of HAC mortar after thermal exposure

The mortar with OPC exhibits network of cracks, but aggregate interface was not
significantly affected compared to high alumina cement. The network of fine cracks were
absent in mortar with PPC, but PSC showed similar crack pattern to OPC. The mortars with
high alumina cement exhibited cracks with altered aggregate cement paste interface. The
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bond between cement and aggregate was totally disrupted and separated. The de-bonding of
cement paste and limestone aggregate interface may have resulted from the poor bonding
forces between the relatively soft high alumina cement (as observed in the abrasion test
conducted in this study) and smooth limestone aggregate surfaces.
The extended SEM studies showed that increased porosity was the salient feature of the
thermal exposed cement paste phase in the mortar (as seen in Figures 5.17 and 5.18). The
porosity might have evolved from decomposition of calcium hydroxide and removal of water
from the cement paste. The presence of individual discrete fine cracks of approximate length
25 µm and desiccated calcium silicate hydrates were the other features in cement paste phase
of post heated samples. The microstructural alterations in terms of increased porosity, fine
cracks and modification of ITZ ultimately resulted in reduction in mechanical properties of
mortars. The increase of porosity upon thermal exposure was less in mortars with high
alumina cement. This indicates that the poor performance in HAC would have resulted
mainly from ITZ cracking.

Figure 5.17 SEM-BSE image of limestone mortars with OPC (0.55 w/c ratio) after 30
minutes thermal exposure
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Figure 5.18 SEM-BSE image of limestone mortars with HAC (0.55 w/c ratio) after 30
minutes thermal exposure
The levels of disintegration of limestone and river sand mortars were assessed qualitatively
using petrography using thin sections. The field focused under the microscope is 4 mm × 3
mm with a magnification of 40X. The limestone mortar exhibits two phases namely
limestone aggregate as bright phase and cement paste as dark phase (Figure 5.19). The black
spots seen in crossed polarized light images were the portions in which cement paste or
aggregate were removed while preparing the thin section (glass is an isotropic material, and
thus causes extinction of cross polarized light).

Upon thermal exposure, the morphology of cement paste phase was significantly altered.
Apart from the increased porosity of cement paste (Figure 5.20), formation of cracks (Figures
5.21 to 5.23) and disintegration of impurity minerals upon heating (Figure 5.24) were the
other features of post heated petrography of limestone mortar. The calcite in limestone
normally exhibits rhombohedral cleavages. The staining and darkening of minerals through
and around periphery of accessory impurity minerals of calcite such as biotite, pyroxenes and
hornblende were the other inferences from the study of petrography of limestone mortar
(Figure 5.24). The petrographic study of HAC (Figure 5.25) reveals that high alumina cement
paste matrix was denser than other types of cement. The crack formation in the paste region
was minimal in mortars with HAC compared to other types of cement upon heating up to
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550 °C for 30 minutes. However, mortars with HAC exhibited de-bonded aggregate cement
paste interface (Figure 5.26).

Figure 5.19 Thin section image under CPL of limestone mortar with OPC (0.55 w/c) with
cement paste matrix (dark) and limestone aggregates (bright phase)

Figure 5.20 Thin section image under CPL of limestone mortar with OPC (0.55 w/c) after
heating at 550 °C for 30 minutes shows increased porosity and modified paste phase
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Figure 5.21 Thin section image under PPL of limestone mortar with OPC (0.55 w/c) after
heating at 550 °C for 30 minutes shows cracks in the paste phase

Figure 5.22 Thin section image under PPL of limestone mortar with PPC (0.55 w/c) after
heating at 550 °C for 30 minutes shows cracks in the paste phase
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Figure 5.23 Thin section image under PPL of limestone mortar with PSC (0.55 w/c) after
heating at 550 °C for 30 minutes shows cracks in the paste phase

Figure 5.24 Thin section image under CPL of limestone mortar with PSC (0.55 w/c) after
heating at 550 °C for 30 minutes exhibits disrupted paste phase with disintegration of
accessory impurity minerals in calcite in the form of extensive ferric oxidation, modification
of grain boundaries and widening of cleavages
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Figure 5.25 Thin section image under CPL of limestone mortar with HAC (0.55 w/c) shows
dense paste phase

Figure 5.26 Thin section image under CPL of limestone mortar with HAC (0.55 w/c) after
thermal exposure to 550 °C for 30 minutes exhibits de-bonded aggregate cement paste
interface
The petrographic images of mortar with river sand aggregate are presented in Figures 5.27
and 5.28. River sand is mainly composed of quartz along with feldspar. The quartz present in
the river sand may be weathered or recrystallized, due to the action of environmental agents
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during the weathering process. Present study (Figure 5.27) shows different colour
interferences for a mineral grain of quartz due to different level of crystallinity and degree of
weathering. Figure 5.28 describe the changes in mineralogy after thermal exposure for river
sand mortars. Upon exposure, the iron dust is formed on or through the minerals. During the
formation of rocks, iron bound minerals accumulate in grain boundaries (grain boundary is
termed as ‘relief’ in petrography) and oxidize upon heating. The ferric oxide coated on the
mineral changes the mineral to a reddish colour. The iron dust formation weakens the grain
boundaries and cleavages of interlocked minerals. These effects could have resulted in poor
performance of siliceous aggregates upon thermal exposure compared to limestone mortars.

Figure 5.27 Thin section image under CPL of river sand mortar with OPC (0.55 w/c)
illustrates an eroded quartz grain
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Figure 5.28 Thin section image under PPL of river sand mortar with OPC (0.55 w/c)
illustrates thermally induced cracks in weathered quartz is being deposited with ferric oxide
(reddish brown in colour)

Figures 5.29 and 5.30 present the X-ray diffraction patterns (Cu Kα radiation) for limestone
mortars to elucidate their mineralogical characteristics as a function of temperature. Even
after the thermal exposure, primary peak for calcite (2θ, 29.404) is preserved. Calcium
hydroxide decomposes above 400 °C. The calcium hydroxide peaks (2θ, 18.08 and 34.08)
deplete upon thermal exposure except for OPC, PPC and PSC. All the secondary peaks of
calcite (2θ, 23.022, 39.402, 43.146, 47.490, 48.514, 56.555, and 57.402) were present in post
exposed samples. The results from the study indicate that the crystallinity of calcite phase in
limestone was not altered upon thermal exposure to 550 °C for 30 minutes. The crystallinity
of quartz (2θ, 26.64) phase in the mortars was also found not affected by elevated
temperatures.
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Figure 5.29 XRD of limestone with different types of cements before and after heating at
550 °C for 30 minutes for a 2θ range of 5-27.5; exhibits depletion of Ca(OH)2 upon heating

Figure 5.30 XRD of limestone with different types of cements before and after heating at
550 °C for 30 minutes for a 2θ range of 30-75; exhibits all secondary peaks for calcite in
limestone
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Figures 5.31 to 5.34 depict the gravimetric mass loss of limestone mortar (powdered samples
passing through 75 µm sieve) at different temperatures with different types of cement for a
w/c ratio of 0.55, from the TG/DTA study.

Figure 5.31 TG/DTA of Limestone mortar with OPC (w/c ratio 0.55)

Figure 5.32 TG/DTA of Limestone mortar with PPC (w/c ratio 0.55)
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Figure 5.33 TG/DTA of Limestone mortar with PSC (w/c ratio 0.55)

Figure 5.34 TG/DTA of Limestone mortar with HAC (w/c ratio 0.55)

Figure 5.31 shows TG/DTA analysis of limestone OPC mortar with 0.55 w/c ratio. A steady
loss in mass (6.2%) is observed up to 400 °C, which includes evaporation of physically
bound free water, dehydration of CSH and ettringite. Two distinct complex peaks were
observed for DTA (mW/mg) at 457.9 °C and 843.1 °C. The first peak commences at
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434.4 °C and ends at 475.3 °C, and corresponds to decomposition of Ca(OH)2 into CaO and
H2O. The extent of mass loss indicates that the gravimetric loss associated with
decomposition of calcium hydroxide was nearly 2.5%. After depletion of calcium hydroxide,
a gradual reduction in mass was observed up to 767.6 °C. This reduction could have been
from further dehydration of CSH, remaining calcium hydroxide and de-carbonation of poorly
crystallized CaCO3. The second major peak for DTA starts and ends at 767.6 °C and
857.9 °C respectively. This endothermic peak resembles de-carbonation or decomposition of
CaCO3 and further dehydration of CSH. Further heating up to 1200 °C showed a steady and
marginal mass loss. In this phase limestone mortar transforms into glassy powder and was
deprived of any binding property. Limestone mortar with OPC displayed a residual mass of
61.5% at 1200 °C.

Figure 5.32 provides TG/DTA analysis of limestone mortar with fly ash based PPC. Similar
to OPC mortar, two major characteristic peaks were observed for PPC also (a major peak at
449.4 °C and another one at 845.7 °C). The mass loss at 400 °C was 5.7% and residual mass
at 1200 °C was found to be 62.93%. For mortar with PSC, the DTA peaks shift to 456.7 °C
and 852.2 °C. The mass loss at 400 °C was 6.61% and residual mass at 1200 °C was found
64.79% (Figure 5.33).

The mortars with high alumina cement elucidate a different pattern for thermo gravimetric
changes upon elevated temperatures (Figure 5.34). The major peaks were found at 285.4 °C
and 833.6 °C. Different phases of hydrated high alumina cement paste involve CA, C2AH8,
CAH10,C3AH6, C4AH13, C2ASH8 and AH3 (Bensted and Barnes, 2002). The use of high alumina
cement as refractory material is very common. High alumina cement is used up to an
exposure of 1800 °C with pure alumina aggregates. Unlike other cements, the important
reason for its good high temperature performance is the absence of calcium hydroxide. Upon
heating above 100 °C, the hydrated products of high alumina cement, CAH10 and
C2AH8,transform intoC3AH6 (dense cubic hydro garnet) and get dehydrated. The first peak
starts and ends at 258.3 °C and 319.4 °C respectively. This change corresponds to
dehydration of C3AH6above 225 °C. Further heating in the range 550 °C to 950 °C
recrystallizes CaO and C12A7 in the hydrated high alumina cement. The second major peak
(start and ends at 765.1 °C and 846.1 °C) of the DTA curve for high alumina cement shows
decomposition of CaCO3 and recrystallization of CaO and C12A7 (Bensted and Barnes, 2002).
The mortars with high alumina cement showed a residual mass of 59.19% at 1200 °C.
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Crystalline changes were also seen in the X-ray diffraction pattern of mortar with high
alumina cement (Figures 5.29 and 5.30), which showed significant crystalline peak depletions
upon heating. It is generally believed that the performance of concrete with HAC is effective
with aggregates which possess similar properties as HAC at same exposure temperatures,
such as fused alumina, chromite, and sintered bauxite etc.

5.3 SUMMARY

A comprehensive performance evaluation of limestone and siliceous aggregate mortars was
carried out on the basis of data derived from measurement of physical, mechanical and
micro-structural characteristics before and after the thermal exposure to 550 °C. The thermal
performance of limestone aggregate mortar was found to be superior to river sand mortar,
with respect to the compressive and flexural strength. However, mass loss was higher for
limestone mortars and abrasion resistance of limestone mortar was lower than river sand
mortars. The OPC mortar with 0.40 w/c performed well compared to other higher w/c, and
among the different types of cement, the performance of Portland pozzolana cement was the
best.
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CHAPTER 6
HOT LIQUID SODIUM STUDY ON LIMESTONE MORTARS

6.1 GENERAL

This chapter makes an attempt to investigate the fundamental degradation mechanisms of
limestone mortars due to the thermo-chemical attack of hot liquid sodium in air. The intensity
of sodium exposure is expedited by immersing a small specimen (25 mm cube) of limestone
mortar into a sodium pool at 550 °C for 30 minutes. The material characterization of post-test
mortar specimens is carried out to evaluate their individual performance and the influence of
different cement types, as well as w/c ratio.

6.2 RESULTS AND DISCUSSIONS

6.2.1 Limestone aggregate

The visual appearance of limestone coarse aggregate before and after sodium exposure is
presented in Figures 6.1 and 6.2.

Figure 6.1 Limestone before exposure

Figure 6.2 Limestone after sodium exposure

The sodium interacted limestone exhibited discoloration from the initial white to a dark grey
or black colour. The XRF, XRD and TG/DTA studies revealed that the limestone underwent
significant alterations in chemical composition and crystalline structure, which eventually
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resulted in the formation of new sodium compounds. The TG/DTA study (presented earlier in
Figure 4.42 of chapter 4) depicted that the gravimetric changes in limestone occurred only
after 700 °C. Calcite is the major mineralogical component of limestone. The endothermic
DTA peak at 859.7 °C is associated with absorption of heat with release of CO2 denoting the
decomposition of CaCO3. The residual mass at 1200 °C was found to be 56.61%. For the
sodium exposed limestone, the initial gravimetric change (Figure 6.3) can be attributed to the
removal of hygroscopic water from sodium compounds.

Figure 6.3 TG/DTA of limestone after sodium exposure
A definite mass change (6.79%) was associated with DTA peak at 448.3 °C. Similar to the
heating effect, hot liquid sodium interaction removed significant amount of CO2 from calcite.
However, DTA peak at 863.9 °C confirmed the presence remaining CaCO3 in sodium reacted
limestone aggregates. The residual mass of sodium exposed limestone at 1200 °C was found
to be 78.86%, implying that the reaction products of hot liquid sodium with limestone are
thermally more stable compared to the phases present in the limestone before exposure.

Table 6.1 provides elemental compositions of limestone using XRF. When the limestone was
thermally exposed to hot air in the muffle furnace at the temperature of 550 °C for 30
minutes, it did not exhibit any significant changes in its elemental composition. However, its
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reaction with sodium fire removed significant amount of Ca and resulted in enrichment of
sodium content to the level of 32.1%, due to the formation of sodium compounds.
Table 6.1 Elemental compositions of limestone

Elements (%)
Al
Ca
Fe
K
Mg
Na
O
Si

Before
Exposure
0.24
68.45
0.25
0.04
1.06
0.04
29.10
0.64

After heating at 550 °C
0.25
68.51
0.27
0.05
1.02
29.10
0.64

After Sodium
exposure
0.04
38.63
0.56
0.02
0.61
32.10
27.60
0.22

The XRD analysis of limestone before and after sodium exposure (Figure 6.4) indicates that
the direct interaction of liquid sodium at 550 °C for 30 minutes resulted in significant
changes in the crystal structure of limestone (extensive depletion of primary and secondary
peaks of calcite is seen at 29.406o, 39.402o, and 43.146o 2θ). NaOH (at 35.165o 2θ), and
Na2CO3 (at 33.355o 2θ) were found to be generated because of the chemical reaction between
the calcite and sodium. Minor traces of Na4SiO4 (at 34.852o 2θ), Na3SiO3 (at 29.558o 2θ),
NaAlO2 (at 34.963o 2θ) and Na2CaSiO4 (at 33.877o 2θ) were also observed in the sodium
exposed limestone, possibly due to the alteration of the impurity phases of limestone.
Furthermore, the hygroscopic nature of residual NaOH and other sodium compounds resulted
in the absorption of moisture from the surrounding environment. This moisture content
promoted a reverse reaction of the CaO with water and resulted in the formation of Ca(OH)2.
This observation is confirmed from both TG/DTA and XRD study. A definite mass
change (6.79%) was associated with DTA peak at 448.3 °C of sodium exposed limestone,
which is in the range of thermal decomposition of Ca(OH)2. Further, XRD of sodium exposed
limestone exhibited major (at 34.080o 2θ) and secondary peaks (at 18.080o 2θ) for Ca(OH)2.
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Figure 6.4 XRD of limestone before and after sodium exposure

6.2.2 Limestone mortars
Visual assessment
Figure 6.5 presents a snapshot of the limestone mortar specimens before sodium exposure.

Figure 6.5 A snapshot of limestone mortar specimens before exposure
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The characterization strategy for limestone mortars after sodium exposure included visual
examination of disintegration and evaluation of characteristics of surface reaction products.
The quantification of macroscopic investigation is carried out on the basis of the existence of
a chemically and thermally less affected inner core mortar. The percentage weight retained is
reported as the ratio of the weight of inner core to the initial weight of each sample. Figures
6.6 to 6.13 depict the visual appearance of the core portions for different compositions. Since
the disintegration level was high, evaluation of residual mechanical properties was not
possible.

Figure 6.6 Sodium interacted limestone
mortar with OPC 0.4 w/c

Figure 6.7 Sodium interacted limestone
mortar with OPC 0.45 w/c

Figure 6.8 Sodium interacted limestone
mortar with OPC 0.5 w/c

Figure 6.9 Sodium interacted limestone
mortar with OPC 0.55 w/c

Figure 6.10 Sodium interacted limestone
mortar with OPC 0.60 w/c

Figure 6.11 Sodium interacted limestone
mortar with PPC 0.55 w/c
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Figure 6.12 Sodium interacted limestone
mortar with PSC 0.55 w/c

Figure 6.13 Sodium interacted limestone
mortar with HAC 0.55 w/c

Based on the visual assessment and evaluation of the inner core, performance ranks were
assigned for all the mixes as given in Table 6.2. The criteria for ranking are based on a scale
1 to 8, with 1 being the best and 8 being the worst. The complete immersion of specimens in
hot sodium pool is considered to be the most severe under worst case scenarios of sodium
leakage accidents. The ranking trend confirmed that the role of w/c is significant in liquid
sodium-mortar interactions (mortar with 0.4 w/c ranked first). Beyond a w/c of 0.45, no inner
core existed. Apart from the thermal effect, higher w/c ratio resulted in more water removal
upon heating, and consequently higher production of NaOH leading to further reactions. The
performance of mortar with fly ash based Portland pozzolana cement (PPC) was better
compared to other cement systems, followed by PSC and HAC.
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Table 6.2 Visual assessment of sodium exposed limestone mortars

Mix
M1/0.40/OPC

M2/0.45/OPC

M3/0.50/OPC

M4/0.55/OPC

M5/0.60/OPC

M6/0.55/PPC

M7/0.55/PSC

M8/0.55/HAC

Colour changes

Near surface reaction
products

Dark grey and black Less near surface reaction
colour seen in spots
products; Elemental carbon is
present
Varies with specimens; Disintegrated, but to lesser
Light red, yellow and extent compared to high
black colours are visible water to cement ratios
Varies with specimens; Disintegrated, but to lesser
Light red, yellow and extent than 0.55 and 0.6 w/c
black colours are visible ratio
Varies with specimens; Completely
disintegrated;
Light red, yellow and Comparatively less than 0.6
black colours are visible w/c ratio
Turned
into
black; Completely disintegrated
Varies with specimens;
Different grey levels
indicate different level
interaction
and
disintegration
Colour changes are A yellow coloured product up
uniform; Yellow near- to depth of nearly 2 mm is
surface reaction product, visible at surface
inner core colour change
is mild
Varies with specimens; Surface disintegration is more
Light red, yellow and than PPC
black colours are visible
Varies with specimens; Surface disintegration
is
Light red to yellow
more than PPC

%Weight
retained
(inner core)
91.5

Rank
1

43.2

4

No inner core

6

No inner core

7

No inner core

8

83.7

2

49.7

3

41.4

5

Micro-analytical investigations

The micro-analytical techniques such as XRF, XRD, SEM, OM and TG/DTA are applied for
the identification and quantification of material characteristics of sodium exposed limestone
mortars. Tables 6.3 to 6.5 provide the elemental composition (XRF) of limestone mortar
before, after heating and sodium exposure at 550 °C for 30 minutes.
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Table 6.3 Elemental composition of limestone mortar before any exposure

Mix
Element
Al
Ca
Fe
K
Mg
Mn
Na
O
Si

M1
%
1.00
60.96
1.22
0.19
0.70
0.03
0.06
31.30
3.95

M2
%
1.06
60.34
1.34
0.17
0.63
0.03
0.06
31.60
4.26

M3
%
1.29
58.12
1.53
0.19
0.62
0.03
0.07
32.10
5.17

M4
%
1.27
58.19
1.46
0.19
0.62
0.03
0.08
32.10
5.22

M5
%
1.54
56.00
1.71
0.23
0.59
0.04
0.07
32.80
6.09

M6
%
1.94
56.45
1.77
0.23
0.68
0.02
0.07
32.40
5.23

M7
%
1.57
57.01
1.64
0.19
0.70
0.05
0.09
32.40
5.30

M8
%
13.91
51.02
0.19
0.03
0.52
---0.05
33.70
0.46

Table 6.4 Elemental composition of limestone mortar after heating at 550 °C for 30 minutes

Mix
Element
Al
Ca
Fe
K
Mg
Mn
Na
O
Si

M1
%
0.981
61.23
1.172
0.171
0.712
0.027
0.064
31.3
3.838

M2
%
1.06
60.32
1.289
0.158
0.656
0.026
0.053
31.6
4.265

M3
%
1.3
58.09
1.481
0.19
0.646
0.03
0.068
32.1
5.188

M4
%
1.28
58.26
1.486
0.182
0.628
0.032
---32.2
5.222

M5
%
1.55
55.73
1.707
0.227
0.608
0.034
0.084
32.8
6.223

M6
%
2.025
56
1.759
0.236
0.699
0.02
0.09
32.6
5.382

M7
%
1.58
57.06
1.637
0.185
0.695
0.046
0.095
32.4
5.266

M8
%
14.52
50.19
0.183
0.035
0.518
---0.059
34
0.455

Table 6.5 Elemental composition of limestone mortar after sodium exposure at 550 °C for 30
minutes
Mix
Element
Al
Ca
Fe
K
Mg
Mn
Na
O
Si

M1
%
0.682
43.32
1.46
0.073
0.405
0.026
21.94
29.3
2.144

M2
%
0.702
38.42
2.919
0.066
0.532
0.057
24.59
29.5
2.427

M3
%
0.348
35.62
1.119
0.047
0.448
0.024
31.92
28.5
1.6

M4
%
0.429
34.87
1.702
0.049
0.411
0.036
31.45
28.7
1.76
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M5
%
0.334
34.26
1.099
0.04
0.5
0.028
33.6
28.4
1.46

M6
%
0.963
34.43
1.285
0.091
0.434
0.027
30.41
29.3
2.48

M7
%
0.596
33.54
2.624
0.052
0.484
0.069
31.4
28.8
1.81

M8
%
6.715
24.15
2.767
0.028
0.404
0.052
34.8
30
0.417

Figures 6.14 and 6.15 illustrate the major elemental composition for limestone mortar before
any exposure, after heating at 550 °C for 30 minutes (thermal exposure alone) and after
sodium exposure at 550 °C for 30 minutes.

Figure 6.14 Elemental compositions (by XRF) of limestone mortars with different types of
cements before exposure, after heating at 550 °C for 30 minutes and after sodium exposure
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Figure 6.15 Elemental compositions (by XRF) of OPC limestone mortars with different w/c
before exposure, after heating at 550 °C for 30 minutes and after sodium exposure
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Extensive chemical changes were found due to the chemical reaction of mortars with liquid
sodium. The reduction in major elemental compositions (Ca, Si and Al) of limestone mortars
showed increasing trend with higher w/c ratios, indicating that the level of interaction and
degree of disintegration were more at higher w/c ratios. Similarly, the sodium content was
elevated after sodium exposure with the increasing w/c ratios depicting the severity of
damage of mortar with higher water content. When the mortar specimen is in contact with the
hot liquid sodium, it concurrently gets heated up and chemically reacts with the sodium. The
physical dehydration of mortar specimen with higher w/c results in more water release
entailing more production of NaOH and hydrogen gas due to the sodium-water reactions. The
reduction in calcium content in OPC mortar for a w/c ratio of 0.55 was comparatively less
than the other types of cement. HAC exhibited more reduction in Ca compared to OPC and
PSC. The reduction in Si and Al was less for PPC compared to OPC and PSC. The increase
in elemental composition of Na was found to be comparatively less for mortars with PPC at a
w/c of 0.55. From these observations, the use of PPC and a w/c less than 0.45 is suggested to
be good choice for sodium exposed sacrificial layer in fast breeder reactors in terms of its
chemical performance.

The TG/DTA analysis of mortars before and after sodium exposure explains the phase
transitions in limestone mortars due to the thermal and chemical effects of liquid sodium.
Apart from the decomposition of the calcite explained in the thermal analysis of limestone,
the decomposition of Portlandite [Ca(OH)2] in a range of 400-500 °C is the major phase
transition in limestone mortar before any exposure. Figure 6.16 presents the TG/DTA
measurement for OPC mortar with a w/c of 0.55 after sodium exposure. Unlike in the original
mortars, the initial gravimetric loss at 150 °C was higher for sodium exposed mortars. This
mass loss was attributed to the removal of hygroscopic water. Further, the moisture absorbed
from air by the sodium exposed specimens because of the hygroscopic nature of reaction
products reacted with CaO formed from the thermal decomposition of cement paste phases,
ultimately resulting in the formation secondary Ca(OH)2. All the samples extracted from
sodium exposed specimens exhibited DTA peak for the decomposition of Ca(OH)2 in the
range of 400-500 °C.
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Figure 6.16 TG/DTA of limestone mortar with OPC 0.55 w/c after sodium exposure
Table 6.6 presents summary of TG/DTA study before and after sodium exposure
(Abbreviations: BE-before any exposure, ASE-after sodium exposure, NP- not performed).
Gravimetric changes are reported at 150 °C (removal of free and hygroscopic water), 550 °C
(sodium pool temperature), 750 °C [maximum flame temperature of sodium fire(IGCAR,
2012)], and 1200 °C (complete thermal degradation of cement paste phase).

The limestone mortar exposed to hot liquid sodium exhibited lower gravimetric changes with
higher w/c, which implied that the interaction was more with higher water content and
resulted in formation of more thermally stable sodium compounds or other oxides. The
limestone mortars with 0.60 w/c experienced more decomposition of calcite in the limestone
and exhibited a comparatively small DTA peak than the one with lower w/c (Figure 6.17).
Similarly, among the different types of cements, the PPC mortars exhibited more gravimetric
changes indicating the lower proportions of sodium compounds and the decomposition of
unaffected calcite. The mortars with OPC (at 0.45 and 0.4 w/c), PPC (0.55 w/c) showed signs
of presence of CaCO3 with distinct DTA peaks after 800 °C (Figures 6.18, 6.19 and 6.20
respectively). The formation of Ca(OH)2 and extent of hygroscopic water in sodium exposed
mortars exhibited an increasing trend with w/c, as seen from the data in Table 6.6.
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Table 6.6 Residual mass and quantification of Ca(OH)2from TG/DTA analysis

Mix

M1-OPC-0.40
M2-0PC-0.45
M3-OPC-0.50
M4-OPC-0.55
M5-OPC-0.60
M6-PPC-0.55
M7-PSC-0.55
M8-HAC-0.55

Up to
150 °C

Up to
550 °C

Up to
750 °C

Up to
1200 °C

BE

ASE

BE

ASE

BE

ASE

BE

ASE

NP
NP
NP
96.5
NP
96.3
96.0
97.9

96.4
95.5
88.0
83.5
87.2
95.0
92.0
87.0

NP
NP
NP
92.5
NP
92.6
92
87.5

92.4
90.3
81.4
75.9
81.6
90.8
84.5
77.9

NP
NP
NP
88
NP
90.0
87.7
84.0

81.5
86.5
81.4
75.9
81.6
86.0
82.5
76.9

NP
NP
NP
61
NP
62.9
64.8
59.2

64.6
71.8
65.4
69.3
71.7
71.6
71.2
72.6

% Gravimetric change of
sodium exposed mortars
in the temperature range
of 150-1200 °C
(After the removal of
hygroscopic moisture)

% Gravimetric
change due to
decomposition
of Ca(OH)2

31.80
23.70
22.60
14.20
15.50
23.40
20.80
14.40

2.5
3.8
7.0
7.2
6.2
3.1
5.0
2.0

Figure 6.17 TG/DTA of limestone mortar with OPC 0.60 w/c after sodium exposure
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Figure 6.18 TG/DTA of limestone mortar with OPC 0.45 w/c after sodium exposure

Figure 6.19 TG/DTA of limestone mortar with OPC 0.40 w/c after sodium exposure
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Figure 6.20 TG/DTA of limestone mortar with PPC 0.55 w/c after sodium exposure
The information from XRD patterns (Figure 6.21) of sodium exposed limestone and
limestone mortars comply with the observations from TG/DTA and XRF. From the XRD
patterns, it is apparent that the compounds formed in mortars upon sodium exposure are
primarily from the aggregate phase (because of similarity in the patterns with limestone),
irrespective of the type of cement and water to cement ratio. All the phases formed in the
interaction with limestone alone with hot liquid sodium discussed in section 6.2.1 are seen in
the XRD pattern of sodium exposed mortars. However, the presence of Ca(OH)2 in the
sodium exposed samples showed an increasing trend with increase in w/c.
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Figure 6.21 XRD patterns for sodium exposed limestone and limestone mortars

The interpretation of SEM (in secondary electron mode) imaging data provided necessary
evidence for unfolding the microstructure of sodium interacted mortars. Extensive damages
on the surface in terms of cracks, disruption of cement paste phase, de-bonding and spalling
of aggregates were observed (Figure 6.22). The cement paste phase on the surface underwent
significant alterations upon sodium exposure, and exhibited formation of cracks, pores and
increased porosity (Figure 6.23). A detailed observation of cement paste phase close to the
surface elucidates the severity of exposure in terms of granulation of cement paste phase in
the system (Figure 6.24). However, micro-structural investigations on mortars with a w/c of
0.4 at a region 10 mm inward from surface showed only the existence of thermal effects and
hardly any signs of chemical deterioration (Figure 6.25). The limestone mortar with PPC
displayed a layer of the near surface reaction product (Figure 6.26). This region corresponds
to the yellow deposit described in the macroscopic investigations of PPC mortars. These
surface reaction products might have acted as a barrier to sodium transport into the inner core
in PPC mortar and resulted in less degradation. However, the surface under this layer showed
signs of cracks (Figure 6.27).
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Figure 6.22 Morphology of sodium interacted mortar surface (OPC-0.40 w/c) exhibits cracks
and dislocations of aggregates

6.23 Morphology of sodium interacted mortar surface cement paste phase (OPC-0.40 w/c)
exhibits degradation
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Figure 6.24 A close look at sodium interacted mortar surface cement paste phase shows
granulation (OPC-0.40 w/c)

Figure 6.25 A close look at sodium interacted mortar 10 mm inward from surface with
cement paste phase exhibits only thermal effects with cracks and without granulation (OPC0.40 w/c)
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Figure 6.26 Morphology of sodium interacted mortar surface (PPC-0.55w/c) exhibits details
of the surface reaction product of > 2 mm thickness

Figure 6.27 Morphology of sodium interacted mortar surface (PPC-0.55 w/c) showing cracks

The SEM-BSE images exploring the microstructure of sodium exposed mortars are presented
in Figures 6.28 to 6.34. The complete disruptions of paste phase along with cracks in
limestone were observed on the surface of sodium interacted mortars with OPC at 0.40 w/c
(Figure 6.28). The microstructure of the same mortar at a depth of 7 mm inward from the
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surface indicates a lesser level of disintegration compared to surface (Figure 6.29). However,
cracks in paste phase due to thermal effect still persisted (Figure 6.30). The extensive
modification of interfacial transition zone (ITZ) was detected in the sodium exposed samples
with deposits of sodium compounds (Figure 6.31). The limestone mortar of OPC with 0.4 w/c
after sodium exposure exhibited unaltered unhydrated belite (C2S) in the system (Figure
6.32). However, the microstructure depicted that the unhydrated particles were eroded around
the periphery upon sodium exposure (Figure 6.33).

The SEM-BSE image of cement paste phase of limestone mortar with fly ash based
pozzolana cement (PPC, 0.55 w/c) depicts the microstructure with increased porosity, but
without cracks (Figure 6.34). The mortars with high alumina cement (HAC, 0.55 w/c)
showed the formation of severe cracks in paste and aggregate phases, and de-bonding of
interfaces upon sodium exposure (Figures 6.35 and 6.36). Apart from the differential thermal
expansions of cement paste and aggregates, the resultant excessive tensile stresses which
exceed tensile capacity of the cement paste may also have resulted in the formation of cracks.
Moreover, the shrinkage of the cement paste phase caused by desiccation at 550 °C could be
the one of the probable reasons for much of the separation noted at the aggregate interface.
The evidence from SEM studies proves that the formation of cracks due to the liquid sodium
interactions persist even at lower w/c. However, the levels of disintegration were seen to be
lower for mortars with lower w/c, and for the mortar with PPC cement, which endorses the
findings from other micro-analytical techniques.
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Figure 6.28 SEM-BSE of limestone mortar surface after sodium exposure (OPC, 0.40 w/c)

Figure 6.29 SEM-BSE of limestone mortar 7 mm inward from surface after sodium exposure
(OPC, 0.40 w/c)
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Figure 6.30 SEM-BSE of limestone mortar 7 mm inward exhibiting cracks in paste phase
(OPC, 0.40 w/c)

Figure 6.31 SEM-BSE of limestone mortar after sodium exposure (OPC, 0.40 w/c) exhibits
extensively modified interfacial transition zone (ITZ) with deposits of reaction products
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Figure 6.32 SEM-BSE of limestone mortar exhibiting unaltered un-hydrated belite (C2S) in
paste phase (OPC, 0.40 w/c) upon sodium exposure

Figure 6.33 SEM-BSE of limestone mortar exhibiting unaltered unhydrated cement in paste
phase (OPC, 0.40 w/c) upon sodium exposure with modified periphery (bright area
surrounded by dark grey)
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Figure 6.34 SEM-BSE of limestone mortar (PPC with w/c 0.55) exhibits microstructure after
sodium exposure

Figure 6.35 SEM-BSE of limestone mortar exhibiting extensive cracking in paste phase
(HAC, 0.55 w/c) upon sodium exposure
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Figure 6.36 SEM-BSE of limestone mortar exhibiting extensive cracking in paste phase and
aggregate phases with de-bonded interfaces (HAC, 0.55 w/c) upon sodium exposure
The thin section images under crossed polarized and plane polarized light illustrate the effects
of hot liquid sodium on mineralogical alterations in limestone irrespective of type of cement.
The extensive surface erosion due to thermo-chemical effects of NaOH is presented in Figure
6.37 (OPC mortar with a 0.55 w/c, after 10 minutes sodium exposure). Cracks were observed
in cement paste phase between the aggregates. Moreover, this image illustrates the
modification of aggregate - paste interface and the evidence of a band of altered phase around
aggregates. A closer view of the interfacial transition zone (ITZ) is presented in Figure 6.38.
The transport of hot sodium to the aggregates was promoted by the formation cracks in the
paste phase due to thermal and chemical effects. The deterioration in paste was found to be
more at ITZ. The reason could be the higher w/c and relatively higher Ca(OH)2 at ITZ
compared to the bulk cement paste matrix. Figure 6.38 also illustrates the degradation and
fragmentation of accessory impurity minerals of calcite in limestone due to hot sodium effect.
The disintegration was more at interface with impurities and less in the inward portion of
limestone aggregates. The thin section image of Figures 6.39 and 6.40 describes modification
of the grain boundaries of calcite and accessory impurity minerals upon sodium exposure.
Etching and staining was observed in the interface between minerals. Figure 6.41 describes
staining of grain boundaries of the accessory iron bound impurity minerals in limestone due
to the oxidation upon thermal attack and breaking of calcite through cleavages due to thermal
and chemical effects of liquid sodium. The widening and etching of rhombohedral cleavages
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are the other petrographic features of the sodium interacted limestone mortars (Figures 6.43
to 6.45). The thin section image of HAC mortar with a w/c ratio of 0.55 exhibits severe
cracks in paste, along with disintegrated aggregate phase and modified interfacial transition
zone (ITZ). The aggregates were broken through the cleavages due to the thermochemical
effects of hot liquid sodium (Figure 6.45).

Figure 6.37 Thin section image under PPL of limestone mortar with OPC (0.55 w/c) after 10
minutes sodium exposure shows extensive surface erosion

Figure 6.38 Thin section image under CPL of limestone mortar with OPC (0.55 w/c) after
sodium exposure exhibiting disintegration of accessory impurity minerals at ITZ
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Figure 6.39 Thin section image under CPL of limestone mortar with OPC (0.40 w/c) after
sodium exposure exhibits modification of grain boundaries of calcite and accessory impurity
minerals, staining and etching of mineral interfaces

Figure 6.40 Plane polarized (PPL) view of Figure 6.39, which confirms the modification of
grain boundaries of calcite and accessory impurity minerals, staining and etching of mineral
interfaces
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Figure 6.41 Thin section image under CPL of surface of the limestone mortar with OPC
(0.40 w/c) after sodium exposure shows staining of grain boundaries of accessory impurity
minerals in limestone due to thermal effects and breaking of calcite through cleavages

Figure 6.42 Thin section image under PPL of limestone mortar with OPC (0.40 w/c) after
sodium exposure exhibits widening and etching of rhombohedral cleavages of limestone
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Figure 6.43 Thin section image under CPL of limestone mortar with HAC (0.55 w/c) after
sodium exposure for exhibits severe cracks and eroded paste phase

Figure 6.44 Thin section image under PPL of limestone mortar with HAC (0.55 w/c) after
sodium exposure exhibits cracks and modified interfacial transition zone
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Figure 6.45 Thin section image under PPL of limestone mortar with HAC (0.55 w/c) after
sodium exposure exhibits disintegrated aggregate phase

6.3 GENERAL DISCUSSIONS
The results discussed in the previous sections indicate that the w/c ratio and composition of
binding phase are the critical factors that decide the severity of damage to the concrete
structures arising from the exposure to liquid sodium. From the results it is clear that w/c less
than 0.45 is good in liquid sodium exposure scenarios.

The performance of fly ash based Portland pozzolana cement was better compared to other
types of cement. On the other hand, the performance of refractory high alumina cement was
worst among other types of cements. This poor performance might have resulted from the
thermal incompatibility between aluminate phases in the cement and carbonaceous phase in
the limestone aggregate.

The assessment of mechanical properties with sodium exposed specimens for 30 minutes was
not possible due to the high level of structural disintegration and deformation. Hence, the
sodium fire exposure tests for 10 minutes were conducted on limestone mortars with different
cement systems for a w/c of 0.55. All the specimens except mortars with HAC retained their
geometry even after the sodium exposure for 10 minutes (Figure 6.46).
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Figure 6.46 Mortars exposed to liquid sodium for 10 minutes

The % weights retained after hot liquid sodium exposure were 94.3, 95.9, 95.2 and 22.2 for
OPC, PPC, PSC, and HAC respectively. The residual compressive strengths for OPC, PPC
and PSC specimens were found to be 19.15 MPa, 20.10 MPa, and 18.98 MPa respectively.
The reduction in compressive strengths was 43.8%, 33.6% and 38.9% for OPC, PPC and PSC
respectively. The evaluation of compressive strength of mortar with HAC was not possible
due to the extensive deterioration. The results from the 10 min exposure study corroborate the
observations from the 30 min exposure, with respect to the performance of different types of
cement.

6.4 SUMMARY

The limestone aggregate and its mortars made from the four types of cement underwent
significant modifications in their physical, mechanical, chemical and mineralogical
characteristics upon interaction with hot liquid sodium. From the visual assessment and
micro-analytical investigations, a maximum w/c ratio of 0.45 is suggested for the mix design
of sodium resistant sacrificial layer in fast breeder reactors. Similar to the observations from
the thermal performance reported in Chapter 5, the fly ash based Portland pozzolana cement
performed better compared to other cement systems at a w/c ratio of 0.55.
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CHAPTER 7
STUDY ON GEOPOLYMER COMPOSITES

7.1 GENERAL

The performance of geopolymer composites with sodium based alkali activators is expected
to be better in corrosive NaOH environment at normal operating conditions of fast breeder
reactors at 550 °C and above. This chapter includes a comprehensive characterization of
geopolymer composites before and after thermo-chemical exposure to the hot liquid sodium,
with a view to determining the suitability of geopolymers for sacrificial layer concrete in
sodium-cooled fast breeder reactors.

7.2 RESULTS AND DISCUSSIONS

7.2.1 Thermal performance of geopolymer composites

The changes in compressive strength and mass of geopolymer paste and mortars after heating
at 550 °C for three different durations (10, 20 and 30 minutes) are presented in Table 7.1, in
which the positive and negative signs indicate increase and decrease in strength respectively.

The compressive strength of geopolymer paste displayed an upward trend upon heating to
550 °C for all the mixes except for P4 with 18 M NaOH, in which case the specimens showed
signs of post-heating cracks. The 8 M paste exhibited an elevation in strength from 2.7 to
7.9%, whereas the increase was from 10.9 to 16.5% and from 13.8 to 16.7% for 12 M and 16
M paste respectively. The enhancement in the strength may be attributed to the higher degree
of polymerization during the time period of thermal exposure at 550 °C. The geopolymer
paste with 18 M NaOH exhibited strength reduction of the order of 2.6 to 10.9% for the
exposure periods from 10 to 30 minutes. Severe cracks were observed in some of the 18 M
NaOH geopolymer paste after curing at 80 °C for 24 hours. These cracking phenomena may
be attributed to the presence of high concentration of NaOH in association with an increase in
equivalent solid content in the activator solution.
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Table 7.1 Changes in compressive strength and mass of geopolymer composites

Molarities
of NaOH

8M
12 M
16 M
18 M
8M
12 M
16 M
18 M

Mix

P1/Paste
P2/Paste
P3/Paste
P4/Paste
C1/Mortar
C2/Mortar
C3/Mortar
C4/Mortar

Compressive
strength
(MPa)

34.0
36.2
40.3
37.2
38.5
40.3
44.2
42.4

% Change in strength
after heating at 550 °C
for different duration
10
min
2.7
15.4
13.8
-2.6
-1.3
-4.2
-9.2
-14.1

20
min
7.0
10.9
16.7
-3.5
-6.2
-7.0
-4.7
-17.7

30 min
7.9
16.5
15.4
-10.9
-3.5
-5.1
-9.6
-18.5

% Reduction in mass
after heating at 550 °C
for different duration
10
min
8.9
11.0
11.3
12.7
3.0
4.7
5.3
5.3

20
min
9.7
11.6
11.9
13.5
3.4
5.0
5.6
5.8

30
min
10.9
11.6
12.6
14.5
3.5
5.0
5.8
5.8

The geopolymer mortars incorporating limestone aggregates experienced a reduction in
strength, with the increment in the heating duration at steady temperature of 550 °C. The
differential thermal expansion coefficients of the geopolymer and fine aggregate of limestone
may have caused the reduction in compressive strength due to weakening of interfacial
transition zone in the mortars. The mortars with lower NaOH concentration retained the
compressive strength better after exposure to 550 °C for 30 minutes than those with higher
concentrations. This was contradictory to the results in paste, where the increment in strength
increased with molarity of NaOH after heating at 550 °C for 30 minutes, except for the mix
with 18 M NaOH. This peculiar behavior of geopolymer mortars may have resulted from the
increased stiffness of the geopolymer paste phase that got stronger with heating. Except for
the mix with 18 M NaOH, the reductions in strength after heating at 550 °C for 30 minutes
were within 10%. This observation implies that the negative effect of ITZ damage becomes
larger than the positive effect of improved polymerization. The thermal performance of
geopolymer composites was better compared to the conventional cement based systems (the
thermal performance of mortar with OPC, PPC, PSC and HAC is reported in Chapter 5
Section 5.2.2). The reductions in strength for similar testing conditions of the mortars with
0.55 w/c (the water to cement ratio used for SCFBRs in the sodium resistant sacrificial layer)
prepared with OPC, PPC, PSC and HAC were found to be 16.13%, 12.87%, 15.11% and
13.18% respectively. Additionally, the mortars with OPC for w/c of 0.4, 0.45, 0.5, 0.55 and
0.60 exhibited reductions in strength of 8.41%, 9.1%, 13.01%, 16.13%, and 17.43%
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respectively. In comparison, the geopolymer mortar with 8 M, 12 M and 16 M showed
reduction in strength of 3.5%, 5.1% and 9.7% respectively.

The reduction in mass showed an increasing trend with the increasing molarities of NaOH
solution and exposure duration, and ranged from 10.9 to 14.5% for pastes and from 3.5 to
5.8% for geopolymer mortars. The mass loss in the specimens corresponds to removal of free
moisture from the geopolymer paste. In conventional cement based systems, the removal of
water follows an increasing trend with higher w/c (Arioz, 2007). Comparatively less mass
loss was observed in the specimens of geopolymer mortar than the conventional cement
based systems, which confirms the better thermal stability of the geopolymer mortar in this
temperature range.

Figures 7.1 and 7.2 present the results of thermo gravimetric differential thermal analysis
(TG/DTA) of geopolymer paste with 12 M and 16 M NaOH respectively.

Figure 7.1 TG/DTA of geopolymer paste with 12M NaOH
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Figure 7.2 TG/DTA of geopolymer paste with 16 M NaOH

The initial DTA peak within 150 °C for both TG/DTA measurements (Figures 7.1 and 7.2)
elucidates removal of free water from geopolymer. The mass loss was gradual and continuous
up to a temperature of 700 °C and after this temperature the gravimetric changes were
minimum. The thermo gravimetric changes at 1200 °C of geopolymer paste were more at
high concentrations of NaOH (11.35% and 12.35% for 12 M and 16 M NaOH respectively),
which is in agreement with the observations of mass loss of 25 mm cubes. The TGA study
proved that the thermal stability of geopolymers is better than conventional cement based
systems. The cement upon hydration converts predominantly into CSH which constitutes 50
to 60% of total volume along with Ca(OH)2 (20 to 25%), calcium sulfoaluminates namely
ettringite and monosulphate (15 to 20%), and calcium aluminate hydrates (CAH) (Mehta and
Monteiro, 2006). The thermal decomposition of hydrated cement paste upon heating is
summarized in Table 2.1 of Chapter 2.

The decomposition of Ca(OH)2 in the temperature range of 400 to 530 °C is a major cause for
reduction in residual mechanical and physical properties of concrete with conventional
cements. The absence of Ca(OH)2 (20 to 25% by volume in hydrated cement) in geopolymer
is advantageous for its better thermal performance under the conditions of elevated
temperature such as in a fire.
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During the fly ash activation using an alkali solution, the water present in the solution
promotes initial dissolution of phases. The consequent processes of geopolymerization
namely gelation, reorganization, polymerization and hardening expel the excess water from
the geopolymer structure (Duxson et al., 2007). The mass loss observed from the
geopolymers upon heating might have been associated with removal of water and subsequent
polymerization and hardening. This observation can be correlated with the increased strength
of geopolymer upon heating at 550 °C for 30 minutes.

Figures 7.3 and 7.4 provide results of TG/DTA for geopolymer mortars with 12 M and 16 M
of NaOH. Apart from the DTA peak for the removal of free water within a temperature range
of 200 °C, the DTA results show a distinct peak for decomposition of CaCO3 in the limestone
aggregate after 700 °C. In this temperature range, CaCO3 transforms into CaO and CO2. The
gravimetric changes observed at 1200 °C were 23.48% and 25.29% for 12 M and 16 M
NaOH limestone mortars (more gravimetric changes for higher concentration of NaOH).

Figure 7.3 TG/DTA of geopolymer mortar with 12 M NaOH
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Figure 7.4 TG/DTA of geopolymer mortar with 16 M NaOH

Figure 7.5 presents the XRD pattern for geopolymers with different concentrations of NaOH.
The individual XRD patterns mostly exhibit typical crystalline peaks for mullite (marked as
‘M’) and quartz (marked as ‘Q’). Irrespective of the concentration of NaOH, the XRD
patterns appear similar. Figure 7.6 presents the XRD patterns of geopolymer after heating to
550 °C for 30 minutes. All the crystalline and amorphous phases existed in specimens even
after heating, which indicates that, no phase changes occurred upon heating in this
temperature range.

Figure 7.7 presents the XRD patterns for geopolymer mortars activated with different
concentrations of NaOH. Even though the individual XRD pattern exhibited typical
crystalline peaks for mullite and quartz, the other peaks were dwarfed by calcite (marked as
‘C’) peak at 29.402° 2θ with much higher intensity of X-ray counts. As observed in the
geopolymer paste, irrespective of the concentration of NaOH, the XRD pattern looks similar.
The XRD pattern also exhibited secondary crystal reflections of calcite. Figure 7.8 presents
the XRD patterns of geopolymer mortars after heating to 550 °C for 30 minutes. Similar to
the observations of geopolymer paste, all the crystalline and amorphous phases existed even
after thermal exposure reaffirming thermal stability of phases present in geopolymer and
limestone.
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The XRD study on geopolymer composites depicted that the heating at 550 °C for 30 minutes
was not enough to alter the different phases present in the system. The reduction in strength
of geopolymer mortars might have only resulted from differential thermal expansions of
geopolymers and aggregate, which resulted in the cracking of paste phase upon heating to
550 °C for 30 minutes.

Figure 7.5 XRD patterns of geopolymer paste activated with different molarities of NaOH
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Figure 7.6 XRD patterns of geopolymer paste after heating at 550 °C for 30 minutes

Figure 7.7 XRD patterns of geopolymer mortars activated with different molarities of NaOH
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Figure 7.8 XRD patterns of geopolymer mortars after heating at 550 °C for 30 minutes

Figures 7.9 to 7.17 present the scanning electron microscope backscattered electron images
(SEM-BSE) of polished surface of the geopolymer pastes and mortars. Figures 7.9 to 7.11
illustrate the microstructure of geopolymer paste with 8 M, 12 M, and 16 M NaOH
respectively before any exposure. The microstructure shows geopolymer with alkali reacted
fly ash particles (cenospheres and plerospheres). The microstructure looks porous, with fly
ash particles of sizes ranging between 5 and 100 µm.

Figures 7.12 to 7.14 show the microstructure of geopolymer after heating at 550 °C. The
paste phase exhibited densification compared to pre-exposed samples, and this might have
resulted from the increased degree of polymerization and associated removal of H2O from the
system. However, the microstructure of geopolymer paste after heating depicts the
modification of grain boundaries of discrete fly ash particles and other discrete polymerized
products (as marked with arrows in Figures 7.12 to 7.14). These isolated areas might blunt
the crack tips formed during the heating or cooling process.

Figures 7.15 to 7.17 present SEM-BSE images of the geopolymer mortars with limestone
aggregate. The photomicrographs indicate that cracks are formed in geopolymer mortars,
which may be ascribed to large difference in elastic moduli and thermal expansion
coefficients between the geopolymer paste and limestone mortars. The crack formation was
more in the mortars activated with higher concentrations of NaOH. This might have resulted
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from the enhanced differences in the thermo-mechanical characteristics between paste and
aggregates. The microstructural evidence proves that the interfacial transition zone (ITZ) in
geopolymer mortars is not significantly affected.

Figure 7.9 SEM image of 8 M NaOH geopolymer paste

Figure 7.10 SEM image of 12 M NaOH geopolymer paste
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Figure 7.11 SEM image of 16 M NaOH geopolymer paste

Figure 7.12 SEM image of 8 M NaOH geopolymer paste after heating at 550 °C for 30
minutes
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Figure 7.13 SEM image of 12 M NaOH geopolymer paste after heating at 550 °C for 30
minutes

Figure 7.14 SEM image of 16 M NaOH geopolymer paste after heating at 550 °C for 30
minutes
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Figure 7.15 SEM image of 8 M NaOH geopolymer mortar after heating at 550 °C for 30
minutes

Figure 7.16 SEM image of 12 M NaOH geopolymer mortar after heating at 550 °C for 30
minutes
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Figure 7.17 SEM image of 16 M NaOH geopolymer mortar after heating at 550 °C for 30
minutes

7.2.2 Geopolymers after exposure to hot liquid sodium

The geopolymers were tested in hot liquid sodium environment at 550 °C for different
durations to evaluate their suitability as a sacrificial layer to protect the structural concrete
from the direct attack of sodium fires. To achieve this objective, 12 M, 16 M and 18 M pastes
(Figures 7.18 to 7.20) were tested for 10 minutes sodium exposure to understand their
behavior under the thermo-chemical attack of the hot liquid sodium in air.
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Figure 7.18 Snapshot of 12
M Geopolymer paste
specimens before any
exposure

Figure 7.19 Snapshot of 16
M Geopolymer paste
specimens before any
exposure

Figure 7.20 Snapshot of 18
M Geopolymer paste
specimens before any
exposure

The geopolymer paste with 12 M NaOH retained the geometrical shape well and exhibited
uniform colour changes upon hot liquid sodium exposure at 550 °C for 10 minutes
[Figure 7.21 (a)]. The weight retained and reduction in compressive strength for the same mix
were 97.3% and 7.2% respectively. Figure 7.22 shows a set of 12 M geopolymer pastes after
hot liquid sodium exposure; these specimens were cleaned and used to evaluate the residual
compressive strength.

Figure 7.21 Geopolymer paste after exposure to
sodium at 550 °C for 10 minutes; (a) 12 M, (b) 16
M and (c) 18M

Figure 7.22 Geopolymer paste
specimens (12 M) after exposure to
sodium at 550 °C for 10 minutes for
compression test

Figure 7.21 (b) presents 16 M geopolymer paste after sodium exposure at 550 °C for 10
minutes. The weight retained and reduction in compressive strength for the same mix were
96.0% and 7.7% respectively. The 18 M geopolymer mix after 10 minutes exposure at
550 °C was cracked severely and fragmented into pieces [Figure 7.21 (c)]. Even though the
mass retained was 88.7%, the evaluation of compressive strength for this mix was not
possible due to extensive spalling. A common feature in all geopolymer specimens was the
presence of a yellow colour near-surface reaction product (seen in Figures 7.21 and 7.22).
Apart from the better performance observed in thermal stability of geopolymer paste with
203

increased polymerization and densification, these products seen in the megascopic evaluation
(product layer thickness was more than 2 mm), might have acted as a physical barrier to the
further entry of hot liquid sodium into unreacted inner core and helped in retaining the
geometry. To understand the depth of penetration of reaction front due to the interaction, the
paste specimens were cut along the edges and observed (Figure 7.23).

a

b

c

Figure 7.23 Geopolymer paste after exposure to sodium at 550 °C for 10 minutes; (a) 12 M,
(b) 16 M and (c) 18M
The maximum depth of sodium penetration was within 5 mm. However, the formation of
cracks during the interaction could have expedited the sodium transport to the inner core and
caused further destruction. This effect was more in geopolymer with 18 M NaOH. Figure
7.24 presents the XRD patterns of geopolymer paste after the sodium exposure at 550 °C for
10 minutes. The study revealed that all the crystalline peaks in the pre-exposed geopolymers
were present in the sodium exposed specimens. However, apart from mullite (M) and quartz
(Q) from the original fly ash, the interaction led to the formation of portlandite, i.e., Ca(OH)2
(marked as ‘P’), Na4SiO3 (marked as ‘1’), Na3SiO4 (marked s ‘2’) and NaAlO2 (marked as
‘3’). These products were generated during the interaction of liquid mixture of sodium metal
and NaOH (which was produced due to chemical reaction of sodium with water thermally
released from geopolymer at elevated temperatures) with solid phases of geopolymer and
aggregates.
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Figure 7.24 XRD pattern of geopolymer pastes after sodium exposure

Figure 7.25 graphically depicts the changes in elemental composition using X-ray
fluorescence spectroscopy (XRF) before, after heating at 550 °C for 30 minutes and sodium
exposure at 550 °C for 10 minutes for geopolymer pastes. The thermal exposure did not
significantly change the chemical composition of the geopolymer pastes. However, the
addition of sodium along with depletion of silicon and aluminium were observed upon
sodium fire for 10 minutes. The aluminium content was reduced from 12.8% (12 M), 12.0%
(16 M), and 11.7% (18 M) to 9.3%, 9.0% and 8.9% respectively. At the same time Silicon got
reduced from 27.2 % (12 M), 27.3% (16 M) and 27.0 % (18 M) to 20.9%, 20.7% and 21.0 %
respectively. On the other hand, the sodium content was increased from 6.7% (12 M), 7.9%
(16 M) and 8.6% (18 M) to 19.6%, 21.6% and 21.4% respectively.
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Figure 7.25 Elemental composition of geopolymer pastes (by XRF) before, after thermal and
sodium exposures
The sodium exposure study on geopolymer paste was extended to geopolymer mortars
incorporating crushed limestone as fine aggregate. Figures 7.26 to 7.29 present the
geopolymer mortars before sodium exposure.

Figure 7.26 Snapshot of 8 M
geopolymer mortar specimens before
any exposure
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Figure 7.27 Snapshot of 12 M
geopolymer mortar specimens
before any exposure

Figure 7.28 Snapshot of 16 M
geopolymer mortar specimens before
any exposure

Figure 7.29 Snapshot of 18 M
geopolymer mortar specimens
before any exposure

Table 7.2 summarizes the observations from the visual assessment and residual mechanical
properties of the geopolymer mortars in terms of composition and exposure duration,
geometric and colour changes of specimens, description of near surface reaction products, %
weight retained after sodium exposure and residual compressive strength. The geopolymers
with 8 M, 12 M and 16 M retained the shape well and exhibited uniform colour changes (dark
grey mixed with yellow and black) upon the hot sodium exposure for 10 minutes. However,
the specimens of 18 M geopolymer mortar showed different level of disintegration, with
colour varying from grey to yellow with black spots. The loosely attached outer reaction
products (> 2 mm thick) were found as a result of hot sodium interaction. After 20 minutes
hot sodium exposure, only the 8 M and 12 M geopolymer specimens retained their shape and
the percentage reductions in compressive strength were found to be 22.2% and 23.8%
respectively. The disintegration level was greater in mortars with higher molarity of NaOH.
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Table 7.2 Performance of geopolymer mortars in hot liquid sodium environment

Composition/
Exposure duration

8 M mortar after 10
min.

12 M mortar after
10 min.

16 M mortar after
10 min.

18 M mortar after
10 min.

8 M mortar after 20
min.

12 mortar after 20
min

16 M mortar after
20 min

Near surface
reaction products

%Weight
retained

% Reduction
in compressive
strength after
sodium
exposure at
550 °C

Outer product layer
> 2 mm

92.3

10.7

Outer product layer
> 2 mm

91.8

17.7

Outer product layer
> 2 mm

90.7

18.8

Outer product layer >
2 mm and one
specimen cracked
and broken down into
two pieces

89.1

23.5

Outer product layer
> 2 mm

57.4

22.3

Outer product layer
> 2 mm

61.0

23.8

Outer product layer
> 2 mm

46.6

Disintegrated

Geometrical and colour
changes

Retained the shape and
exhibited uniform colour
changes (Dark grey mixed
with yellow and black)
Retained the shape and
exhibited Uniform colour
changes (Dark grey mixed
with yellow and black)
Retained the shape and
exhibited Uniform colour
changes (Dark grey mixed
with yellow and black)
Different specimens showed
different level of
disintegration. Colour varied
from grey to yellow with
black spots
Different specimens showed
different level of
disintegration. Colour varied
from grey to black.
Disintegration level was
more compared to 10 minutes
exposure
Retained the shape except
one specimen and exhibited
different colour changes
(Dark grey mixed with
yellow and black)
Disintegration level was
more compared to 10 minutes
exposure
Different specimens showed
different level of
disintegration. Colour varies
from grey to black mixed
with yellow.
Disintegration level was
more compared to 10 minutes
exposure
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The crack formation was a salient feature found in post exposed samples with 18 M NaOH
(Figure 7.30). The performance was better for 8 M (Figure 7.31), 12 M and 16 M compared
to 18 M geopolymer mortars. The reduction in compressive strength upon exposure was more
for mortar with higher concentration of NaOH. Even though the sodium exposure was
conducted in similar conditions for all the specimens, the disintegration level was not always
uniform for the same composition, which could be due the uncertainty associated with liquid
sodium and concrete interactions (Parida et al., 2006).

Figure 7.31 Geopolymer mortars (8 M)
exposed to sodium at 550 °C for 10 min.

Figure 7.30 Geopolymer mortar (18 M)
exposed to sodium at 550 °C for 10 min.

Figure 7.32 provides the XRD results for geopolymer mortars, which were exposed to liquid
sodium at 550 °C for 10 and 20 minutes.
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Figure 7.32 XRD patterns of geopolymer mortars after sodium exposure

Apart from the phases that resulted from the interaction between liquid sodium and
geopolymer paste, the XRD patterns exhibited all the primary and secondary calcite peaks
(from the limestone aggregate). The crystalline peaks of geopolymer namely mullite and
quartz from fly ash were shrunken by calcite peaks with high intensity of X-ray counts.
However, the study depicted that the formation of Ca(OH)2 was more in geopolymer mortars
compared to that in geopolymer paste, owing to the reaction between calcite phase present in
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limestone and NaOH formed during the interaction. The content of Ca(OH)2 in mortars
exposed for 20 minutes was higher than that in mortars exposed for 10 minutes. The
crystallinity of calcite phase was not significantly affected by the liquid sodium exposure.
However, the increased duration of sodium exposure showed decline in the calcite peak,
demonstrating the severity of sodium attack on geopolymer mortars.

Figures 7.33 and 7.34 show results of TG/DTA analysis of the geopolymer mortars exposed
to liquid sodium at 550 °C for 10 minutes, for 12 M and 16 M mixes respectively.

Figure 7.33 TG/DTA of geopolymer mortar (12 M) after sodium exposure
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Figure 7.34 TG/DTA of geopolymer mortar (16 M) after sodium exposure

Apart from the removal of free water associated with initial gravimetric changes, both the
TG/DTA measurements were distinctly typified by the decomposition of Ca(OH)2 after a
temperature of 400 °C, which confirms the interpretation of XRD analysis. After 700 °C
TG/DTA curve exhibited gravimetric changes associated with the decomposition of calcium
and sodium carbonates. The residual masses at 1200 °C were 67.83% and 67.14%
respectively for 12 M and 16 M mixes.

7.3 GENERAL DISCUSSIONS ON GEOPOLYMER PERFORMANCE

As stated earlier, the complete immersion of a 25 mm cube in a sodium pool of 550 °C
simulates the worst case scenario of a typical accidental leakage of liquid sodium and its
subsequent spillage on the floors of fast breeder reactor power plants. Hence, the basic
knowledge obtained from this experimental investigation will be valuable to suggest the
suitable composition for the construction of sodium compatible concrete structure to mitigate
or minimize the effect of hot liquid sodium.

The reductions in compressive strength of limestone mortars upon sodium exposure at 550 °C
for 10 minutes, with 0.55 w/c (ratio used in sacrificial layer in FBRs) using different types of
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cements were reported in Section 6.3 of Chapter 6 as 43.84%, 33.60%, and 38.97% for OPC,
PPC and PSC respectively. Under an identical set of test conditions and duration, the
reductions in compressive strength of geopolymer mortars (Table 7.2) were 10.7%, 17.7%,
18.8% and 23.5% for the mortars made with 8 M, 12 M, 16 M and 18 M of NaOH
respectively.

The limestone mortars with conventional cement based systems were completely
disintegrated at 550 °C for exposure duration of 20 minutes, for all the four types of cement
and the evaluation of residual mechanical properties was not possible. Moreover, the
disintegration level was comparatively higher in cementitious mortars, even with the lower
w/c of 0.40 and 0.45 (Figures 7.35 and 7.36), as compared to the geopolymer mortars.
Among the different types of cement for the same w/c ratio (0.55), the performance of fly ash
based Portland pozzolana cement was better in terms of retention of mass.

Figure 7.35 OPC limestone mortar 0.40 w/c
after exposure to sodium at 550 °C for 20
minutes

Figure 7.36 OPC limestone mortar 0.45 w/c
after exposure to sodium at 550 °C for 20
minutes

Figure 7.37 Geopolymer mortars after
exposure to sodium at 550 °C for 20
minutes; (a) 8 M NaOH, (b) 12 M NaOH

Figure 7.38 Geopolymer mortar 16 M after
exposure to sodium at 550 °C for 20 minutes

The performance of geopolymer composites in similar testing conditions (20 minutes
exposure) was superior to that of the conventional cement based composites used in the
sacrificial layer in fast breeder reactors. The reductions in compressive strength for 8 M
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[Figure 7.37 (a)] and 12 M [Figure 7.37 (b)] geopolymer mortars were 22.3% and 23.8%
respectively, while the 16 M mix (Figure 7.38) cracked and disintegrated to a greater extent.
Figure 7.39 illustrates the microstructure (using scanning electron microscopy in
backscattered electron mode) of 12 M mortar after exposure to the liquid sodium at 550 °C
for 20 minutes. The microstructure depicts that the mortar was not significantly affected by
hot liquid sodium exposure. Even though cracks were formed upon interaction, the
geopolymer and aggregate interface was found to be mostly intact (Figure 7.40). Figure 7.41
provides a closer view of the interfacial transition zone (ITZ) in geopolymer mortars with
12 M NaOH. The bonding between the paste and aggregate was observed to be intact.
However, the ITZ exhibited micro cracks in paste phase and in some cases, in the aggregates.
The microcracks may have evolved from the differential thermal expansion of geopolymer
and aggregates, which ultimately resulted in the reduction of compressive strength upon
sodium exposure.

Figure 7.42 depicts the microstructure of limestone mortar with OPC and 0.55 w/c (a ratio
used for the sacrificial layer in FBRs) upon 20 minutes of sodium exposure at 550 °C. The
sodium interaction altered the microstructure of OPC mortar significantly by its thermal and
chemical actions. The level of disintegration was high; exhibiting modified interfaces,
disrupted and disintegrated paste phases, and sodium compounds. Severe cracking and totally
de-bonded interface were observed in the OPC mortars (Figures 7.43 and 7.44). The
degradation of cement paste was more at the surface, and ITZ was completely disintegrated at
the surface. Similar observations were found in the OPC mortar with lower w/c of 0.40 and
0.45.

To understand the behavior of cement and geopolymer paste upon exposure to hot liquid
sodium, the SEM images were captured for both. The paste in the PPC mortar (which
performed the best among different types of cement in hot liquid sodium exposure) exhibited
a network of fine cracks, which were connected to larger size cracks (Figure 7.45). The
cracking in concrete would promote transport of the liquid sodium to the unreacted areas and
aggravate the deterioration process. At the same time, the microstructure of sodium exposed
geopolymer paste (12 M) exhibited only fine cracks. These cracks were connected either to a
discrete fly ash particle (otherwise to voids which resulted from removal of a portion of fly
ash particle or geopolymer product upon exposure) or to a discrete geopolymer product
(Figure 7.46) at the microstructural level. The formation of microcracks can be observed
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more clearly from the inverted image (Figure 7.47) of Figure 7.46. The absence of large sized
cracks and of the network of cracks beneficiated their comparatively better performance to
the conventional cement based systems under the sodium exposure.

Figure 7.39 SEM-BSE image of 12 M mortars after exposure to sodium at 550 °C for 20
minutes

Figure 7.40 SEM-BSE image of 12 M mortars after exposure to sodium at 550 °C for 20
minutes exhibiting less modified aggregate interface
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Figure 7.41 SEM-BSE image of 12 M mortars after exposure to sodium at 550 °C for 20
minutes; a closer look of ITZ

Figure 7.42 SEM-BSE image of 0.55 w/c OPC limestone mortars after exposure to sodium at
550 °C for 20 minutes exhibiting degradation upon exposure
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Figure 7.43 SEM-BSE image of 0.55 w/c OPC limestone mortars after exposure to sodium at
550 °C for 20 minutes exhibiting modified ITZ and cracks

Figure 7.44 SEM-BSE image of 0.55 w/c OPC limestone mortars after exposure to sodium at
550 °C for 20 minutes exhibiting degradation in paste phase upon exposure
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Figure 7.45 SEM-BSE image of PPC mortar with 0.55 w/c after exposure to sodium at
550 °C for 20 minutes, showing details of the paste region

Figure 7.46 SEM image of 12 M mortar after exposure to sodium at 550 °C for 20 minutes,
showing details of the paste region
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Figure 7.47 Inverted image of the paste shown in Figure 7.46, showing micro-cracking (as
white linear features)

Petrographic studies were carried out on the specimens exposed to hot liquid sodium. The
epoxy molded samples were mounted on glass slide with a standard petrographic (thin
section) thickness of 30 µm (Mackenzie and Adam, 2009). These thin sections were viewed
through an optical microscope equipped with polarized light. Plane or crossed polarized light
was used with a frame size of 3 × 4 mm (height × width), which represents 40X magnified
image.

Figure 7.48 presents the petrographic image of fly ash activated by 12 M NaOH and sodium
silicate solution. The bulk geopolymer paste displays specks of the unreacted mineral silica
(quartz as bright phases), pores and discrete geo-polymeric phases or fly ash. Figure 7.49
presents the geopolymer paste (12 M) after heating up to 550 °C for 30 minutes. The heating
did not alter the petrography of geopolymer paste and exhibited crack free surface. However,
the separation of discrete fly ash or geo-polymeric phases from the bulk phase was affected
as an effect of heat (as marked with arrows).

Figure 7.50 shows the thin section image under plane polarized light of 12 M geopolymer
paste after exposure to sodium at 550 °C for 10 minutes. The petrography revealed that the
cracks were formed in the geopolymer paste upon exposure to hot sodium. The cracks were
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located around the discrete fly ash particles or geopolymer products. Other than these cracks,
the remaining paste phase was not significantly affected by the exposure. Figures 7.51-7.54
provide the petrographic images of sodium exposed geopolymer mortar after an exposure of
10 minutes. The petrography demonstrated that the interface between geopolymer and
limestone was not significantly affected. However, cracks were found in the geopolymer
paste phase. More cracks were found in geopolymer with high concentration of NaOH.

The petrographic analysis confirmed that the conventional cement based systems sustained
more damage than the geopolymer composites. Figure 7.55 elucidates the petrography of the
OPC mortar with 0.55 w/c, after exposure to 10 minutes hot liquid sodium exposure. The
extensive modification of the paste-aggregate interface in terms of the de-bonded aggregate
or deposits of sodium compounds around aggregate was a salient feature of the petrography
of sodium interacted OPC mortar. The effect persisted even in the OPC mortars with lower
w/c (Figure 7.56, petrography of OPC mortar with 0.40 w/c). Figure 7.57 provides thin
section image of fly ash based PPC mortar for a w/c of 0.55, which also exhibited the
modified interface and cracked paste phase. SEM and petrography revealed that the
disintegration of aggregate phase was highly prominent in the cement based systems in
contrast with geopolymer mortars. The degradation of concrete upon hot liquid sodium
exposure is primarily governed by the transport of sodium to unreacted areas. During sodium
fire, apart from thermal effect, the severe cracks in the cement based systems promote sodium
transport, which ultimately results in more interaction.
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Figure 7.48 Thin section image under crossed polarized light (CPL) of 12 M geopolymer
before any exposure

Figure 7.49 Thin section image under CPL of 12 M geopolymer after heating at 550 °C for
30 minutes
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Figure 7.50 Thin section image under PPL of 12 M geopolymer paste after exposure to
sodium at 550 °C for 10 minutes

Figure 7.51 Thin section image under PPL of 8 M geopolymer mortar after exposure to
sodium at 550 °C for 10 minutes
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Figure 7.52 Thin section image under PPL of 12 M geopolymer mortar after exposure to
sodium at 550 °C for 10 minutes

Figure 7.53 Thin section image under PPL of 16 M geopolymer mortar after exposure to
sodium at 550 °C for 10 minutes
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Figure 7.54 Thin section image under PPL of 18 M geopolymer mortar after exposure to
sodium at 550 °C for 10 minutes

Figure 7.55 Thin section image under PPL of OPC mortar with 0.55 w/c after exposure to
sodium at 550 °C for 10 minutes
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Figure 7.56 Thin section image under PPL of OPC mortar with 0.40 w/c after exposure to
sodium at 550 °C for 10 minutes

Figure 7.57 Thin section image under PPL of PPC mortar 0.55 w/c after exposure to sodium
at 550 °C for 10 minutes

The SEM and petrographic studies of the sodium exposed geopolymer mortars elucidate that
the fundamental degradation mechanisms of geopolymer mortars were governed by the
formation of cracks in the geopolymer paste phase. Since the formation of cracks were less in
geopolymer paste compared conventional cement based system, the transport of hot liquid
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sodium into the inner part and consequent deterioration are minimal. The interaction and
degradation mechanism of aggregates in geopolymer composites were similar to the
conventional cement based mortars in hot sodium environment. However, the effect was less
in geopolymers compared to cement based systems.

In general, the geopolymer composites have demonstrated superior performance in
combating the effects of sodium fire over the conventional cement based systems. In
particular, the geopolymer composites of fly ash activated with alkaline solutions, having
NaOH concentration within 16 M appear to be promising for the application as a sacrificial
layer in FBRs over the conventional cement based systems.

7.4 SUMMARY

The performance of geopolymer mortars was comparatively better in hot liquid sodium
exposure compared to the existing conventional cement based systems. The reduction in
compressive strength, modification of ITZ, crack formation and disintegration of aggregate
phase were significantly lower in geopolymer mortars. The geopolymer composites are
shown by this study to be potential materials for sacrificial protection layer in FBRs to
mitigate the damages caused by the accidental leakage of hot sodium.
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CHAPTER 8
CONCLUSIONS
8.1 GENERAL

Hot liquid sodium at 550 °C and above can interact with concrete in the scenario of an
accidental spillage of sodium in the normal operating conditions of liquid metal cooled fast
breeder reactors. To protect the structural concrete from the thermo-chemical degradation, a
sacrificial layer is provided over it. This study investigated the performance evaluation of the
potential candidates and ingredients for the sacrificial layer.

To achieve the objectives, the thermal, chemical and combined effects of hot liquid sodium
on aggregates were studied separately. Granite, river sand and limestone were used in this
phase. The study on aggregates was extended to the thermal performance (at 550 °C) of
mortars with limestone and river sand as fine aggregates. The investigation involved four
different types of cement (ordinary Portland cement, Portland pozzolana cement, Portland
slag cement and high alumina cement) with variation of water-to-cement ratios (w/c) from
0.40 to 0.60. This study was followed by an experimentally simulated fast breeder reactor
environment by immersing 25 mm limestone mortar cubes in a liquid sodium pool at 550 °C
for a maximum duration of 30 min.

The study on conventional cement based systems was followed by the development and
testing of geopolymer composites for thermal and chemical effects of hot liquid sodium.
Class F fly ash was activated using NaOH with different concentrations with sodium silicate
solutions to obtain geopolymers. The study on geopolymer paste was supplemented with
mortar study with crushed limestone as fine aggregate.

Apart from the macroscopic investigations, the micro-analytical tools such as XRD, SEM,
XRF and TG/DTA were extensively used in this study to evaluate the degradation of
materials by thermal and chemical effects. Petrography was used to assess the disintegration
and to understand the fundamental degradation mechanisms caused by different exposure
conditions.
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8.2 SPECIFIC CONCLUSIONS

The specific conclusions on the influence of aggregate type, thermal performance of
cementitious mortars, performance evaluation of limestone mortars upon sodium exposure
and study on geopolymer composites, are presented in the sections below.

8.2.1 Influence of aggregate type


The chemical composition of aggregates was not significantly affected by heating at
550 °C for 30 minutes. However, thin sections and powdered samples under polarized
microscopy revealed that the mineral grain boundaries and cleavage planes were
oxidized with ferric iron coating upon thermal exposure. This effect was significant
for siliceous aggregates, namely granite and river sand. The same effect was observed
in accessory impurity minerals in limestone.



In limestone, accessory impurity minerals were more thermally affected than calcite.



Granite used in this study is a holocrystalline rock with interlocking grains of quartz
and feldspars with interstitial minerals hornblende, magnetite and biotite. The
aggressive agents very rarely penetrate through inter-granular boundaries of mineral
grains. However, cracks are formed due to differential thermal expansions of minerals
upon exposure to heat.



River sand in this study was composed of significant amount of quartz with less
feldspar and with some specks of amphiboles. Feldspar in river sand was more
thermally attacked and stained with ferric oxidation, compared to granite.



Limestone was found to be more reactive in hot liquid sodium environment at 550 °C
than the siliceous aggregates. However, the excess Na2O formed in the interaction
with siliceous aggregates favoured the formation of more NaOH. The combined
action of corrosive NaOH with thermally induced cracks in siliceous aggregates led to
their inferior performance under hot liquid sodium exposure. Thus, the concrete with
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siliceous aggregates may be expected to suffer greater degradation in hot liquid
sodium exposure compared to the concrete with limestone aggregates.


Based on the evidence from the study of thermo-chemical degradation, the limestone
aggregates can be said to be better suited for the concrete in the sacrificial layer in fast
breeder reactor structures.

8.2.2 Thermal performance of cementitious mortars


A comprehensive performance evaluation of limestone and siliceous aggregate
mortars was carried out based on the measurement of physical, mechanical and
microstructural characteristics before and after the thermal exposure to 550 °C.



Limestone aggregate mortar was found to be superior to the river sand mortar, with
respect to the compressive and flexural strength performance. The minimum and
maximum reduction in compressive strength for limestone mortars upon 30 min
thermal exposure were 8.4% (OPC, w/c ratio 0.40) and 17.4% (OPC, w/c ratio 0.60)
respectively. For the river sand mortar, the corresponding values were 12.33% (OPC,
w/c ratio 0.40) and 23.42% (OPC w/c ratio 0.55). The minimum and maximum
reduction in flexural strength for limestone mortars upon 30 min thermal exposure
were 15.63% (OPC, w/c ratio 0.40) and 34.11% (OPC w/c ratio 0.60) respectively.
For river sand mortar it was 18.11% (OPC, w/c ratio 0.40) and 37.54% (OPC w/c
ratio 0.60).



Among the different types of cement, the performance of Portland pozzolana cement
was the best in terms of the residual compressive and flexural strengths.



The mass loss was higher for the limestone mortars and the abrasion resistance of
limestone mortar was lower than the river sand mortars.



The performance indices for limestone mortars were established on the basis of the
measurable test parameters such as the compressive strength, flexural strength, mass
loss and abrasion resistance. The thermal resistance behavior was primarily seen to be
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dependent on the water to cement ratio. The OPC mortar with 0.40 w/c ranked the
highest, and among the different types of cement, the performance of PPC was the
best. Limestone mortar with high alumina cement exhibited modified aggregate paste
interface and low abrasion resistance, which makes its use difficult for the highly
chemically hostile environment with sodium at 550 °C.


The SEM-BSE, petrography, XRD and TG/DTA studies can be summarized to state
that the increased porosity, creation of network of fine cracks, mineralogical changes
and depletion of bound water in cement matrix account for the reduction of
mechanical properties of the heat affected mortars.

8.2.3 Liquid sodium and limestone mortar interactions


The limestone aggregate and its mortars made from four types of cement underwent
significant modifications in their physical, mechanical, chemical and mineralogical
characteristics upon the interaction with hot liquid sodium.



The intensity of interaction and severity of degradation showed an increasing trend
with w/c ratio, which is linked to the release of moisture. Eventually, the formation of
sodium hydroxide (NaOH) was favoured thereby eroding the mortars thermally and
chemically in the corresponding extent.



From the visual assessment and micro-analytical investigations, a maximum w/c ratio
of 0.45 is suggested for the mix design of sodium resistant sacrificial layer in fast
breeder reactors.



The performance of fly ash based Portland pozzolana cement was better compared to
other cement systems at a w/c ratio of 0.55.



The reductions in compressive strength of limestone mortars upon sodium exposure at
550 °C for 10 minutes, with 0.55 w/c (ratio used in sacrificial layer in FBRs) using
different types of cements were found to be 43.84%, 33.60%, 38.97% for OPC, PPC
and PSC respectively. The assessment of mechanical properties with sodium exposed
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specimens for 20 and 30 minutes was not possible due to high level of structural
disintegration and deformation.


The fundamental degradation mechanisms of limestone mortars during hot liquid
sodium interactions include the cracking and granulation of cement paste phase,
removal of physically and chemically bound water, decomposition of Ca(OH)2,
formation of sodium compounds from interaction between solid phases of cement
paste and aggregate, modifications of ITZ, decomposition of CaCO3, widening and
etching of rhombohedral cleavages of calcite in limestone, staining and darkening in
grain boundaries of accessory impurity minerals of calcite in limestone, modification
of grain boundaries of calcite and breaking through the weakest rhombohedral
cleavage planes in limestone, and disintegration of accessory impurity minerals in
limestone.

8.2.4 Performance of geopolymer composites


The geopolymer paste, obtained by the alkali activation of Class-F fly ash exhibited
increment in strength by the order of 7.9%, 16.5% and 15.4%, for 8 M, 12 M and 16
M NaOH concentration respectively, upon an exposure to 550 °C for 30 minutes.
However, the geopolymer paste with 18 M NaOH exhibited reduction in strength by
the order of 3.5%.



The geopolymer composites with limestone aggregate exhibited reduction in
compressive strength by the order of 3.5%, 5.1%, 9.6% and 18.5% for 8 M, 12 M, 16
M and 18 M NaOH concentration respectively, upon exposure to 550 °C for 30
minutes. At the same testing conditions and duration, the reductions in compressive
strength of limestone mortars upon sodium exposure at 550 °C for 30 minutes, with
0.55 w/c (ratio used in sacrificial layer in FBRs) using different types of cements were
found to be 23.4%, 19.0%, 19.1% for OPC, PPC and PSC respectively.



The reductions in compressive strength of geopolymer mortars upon sodium exposure
at 550 °C for 10 minutes were 10.7%, 17.7%, 18.8% and 23.5% for 8 M, 12 M, 16 M
and 18 M of NaOH respectively.
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The performance of geopolymer mortars was comparatively better in the hot liquid
sodium exposure compared to existing conventional cement based systems. The
reduction in compressive strength, modification of ITZ, crack formation and
disintegration of aggregate phase were significantly lower in the geopolymer mortars.



The geopolymer composites are shown by this study to be potential materials for use
as a sacrificial protection layer in FBRs to mitigate the damages caused by the
accidental leakage of hot sodium.

8.3 MAJOR CONTRIBUTIONS FROM THE STUDY

The study was able to bring some clarity into the understanding of the fundamental
degradation mechanisms involved in the liquid sodium and concrete interactions. While the
alterations in engineering properties had been studied in the past, the comprehensive
microstructural and petrographic evaluation of aggregates and mortars upon thermo-chemical
exposure (that was undertaken in this study), presented a clear picture of mineralogical
modifications. These alterations were directly correlated with the performance at elevated
temperatures. Apart from that, the present study also provided some insights into the
influence of proportioning and ingredients to be used for hot sodium exposed sacrificial layer
in FBRs. The use of a maximum w/c ratio of 0.45 and fly ash based blended cement are
emphasized for the sacrificial layer in sodium-cooled FBRs. The experiments with
geopolymer composites in hot liquid sodium environment were conducted for the first time.
The positive outcomes from this initiation may facilitate the use of this technology for the
sodium exposed sacrificial layer in FBRs.

8.4 RECOMMENDATIONS FOR FURTHER STUDY

Further research in this specialized problem may lead to a better understanding of the hot
liquid sodium and concrete interactions at engineering level. In this context, the following
suggestions are made for further research:
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The study on mortars can be further extended to concrete with limestone aggregates at
an engineering scale to understand the behaviour in fast breeder reactor environment.
The use of a w/c of maximum 0.45 is recommended with a compatible super
plasticizer. The incorporation of fly ash or other supplementary cementitious
materials is highly recommended.



The development, testing and implementation of new technologies other than the
conventional cement based systems for better thermal and chemical stability under hot
liquid sodium environment need to be performed. In this perspective, the preliminary
study on geopolymer paste and mortar performed in the current project can be
extended to geopolymer concrete with a NaOH concentration of less than 16 M.



The incorporation of Class C fly ash and metakaolin, and KOH as an alkaline
activator may be considered to understand their thermal and chemical performance
under the corrosive hot liquid sodium environment.



The design, development and implementation of a methodology and experimental set
up to test and qualify the potential materials for the sodium exposed sacrificial layer
in the fast breeder reactors in realistic accident scenarios can be taken up. The
methodology may include the testing of candidate materials at engineering level with
simulating a pool of hot sodium on the floor and sides of beam, and spraying effect on
soffit of beams and sides of columns. The evaluation of residual mechanical
properties of the sodium interacted concrete obtained by core cutting may be followed
by chemical and other micro-analytical techniques to assess the performance and
suggest potential candidates for the sacrificial layer in fast breeder reactors.
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