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Summary

Blast Furnace Slag (BFS) is a latently hydraulic material used as additive or substitute for Portland
cement. The market share for BFS cement in the Netherlands is currently more than 60%. Previous
research proved the high resistance of slag-rich concrete in aggressive environments such as
exposure to acid, chloride ingress or sulphate attack, but also the poor resistance against
carbonation. The carbonation of a Blast Furnace Slag (BFS) cement paste involves the conversion of
calcium silicate hydrate gel (also known as C-S-H) to porous silicate hydrates. As a result, it can be
expected that the strength of the matrix decreases. Consequently, the carbonated BFS concrete is
vulnerable to scaling under the combined load of freezing—thawing and de-icing salt. The
disintegration of the concrete surface results in a higher vulnerability to other chemical attacks
decreasing its durability.

Sodium monofluorophosphate (Na-MFP) gained attention as surface treatment as a corrosion
inhibitor. Recent studies revealed the recovering effect of Na-MFP on the microstructure of
carbonated BFSC pastes with respect to their frost-salt scaling durability. Recently published, a study
by Kempl and Copuroglu (2016) indicated that the impregnation of hardened carbonated cement
pastes with aqueous Na-MFP resulted in a recovery of the initial pH of 98.85% and 79.81%, of an
untreated cement paste for CEM | and CEM l1I/B, respectively. Their results brought insights on the
reaction of Na-MFP solution with the cement matrix carbonated or non-carbonated.

The goal of this thesis was to investigate the influence of applying sodium monofluorophosphate
(Na-MFP) on the microstructural and micromechanical properties upon a surface treatment for
carbonated BFS cement with different slag concentrations. The main objective of this study is split
into two parts: 1) to investigate the penetration of 25% Na-MFP solution as surface treatment into
the CEM Ill /B cement mortar or cement paste under different curing conditions and carbonation
periods, and 2) to characterize the influence of the solution on the micromechanics and
microstructure of the cement paste samples. The cement types used in this study were:

1. Ordinary Portland Cement (CEM | 42,5 N) which serves as a reference
Blast Furnace Slag Cement with a slag content of 67% (CEM 11I/B 42,5 N HSR LH)
Ternary blended cement (SP Mix) with a slag content of 55%, 30% CEM | 52,5 R and 15% fly
ash.

For the first part of the study polarized light microscopy (PLM), Scanning Electron Microscopy (SEM)
with Energy Dispersive X-Ray Analysis (EDX) and stereomicroscope were used for analysing the
penetration of the Na-MFP solution into the cement matrix from the surface. For the second part,
analysing the effect of the Na-MFP solution on the microstructure of the cement paste the following
tests was applied: Nano-indentation (NI), Mercury Intrusion Porosimetry (MIP), and
Thermogravimetric Analysis/Differential Scanning Calorimetry (TGA/DSC).

The penetration results indicate that applying the Na-MFP solution once on the surface after the
CEM 11l /B mortar sample (W/C=0.45) was carbonated was more effective than before carbonation.
The penetration depth increased at increasing carbonation period. The curing methods, wet or
sealed, do not show a significant influence on the penetration depth. The penetration depth for
mortar samples was higher compared to the paste sample with the same water-cement ratio (W/C),
cement type and carbonation period. Applying the Na-MFP solution on the surface of ternary
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blended cement paste, as used in the research (SP Mix), resulted in a higher resistance to
carbonation compared to slag cement paste with the same W/C and carbonation period.

The results of the microstructure analysis showed that the Na-MFP solution improved the strength
(the elastic modulus and the hardness), permeability (decrease in the porosity) and provided high
resistance against carbonation. The study showed that applying the Na-MFP solution before
carbonation increased the porosity for the CEM I1I/B and SP Mix cement paste especially, with W/C
=0.6. The recover capillary porosity due to carbonation was 38% and 26% for CEM IlI/B and SP MIX
cement paste, respectively.

In conclusion, the microstructural properties of the treated cement matrix were affected by the
water - cement ratio in conjunction with the condition of the cement paste, whether the sample was
carbonated or non-carbonated.
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1. Introduction

1.1.Context

Blast Furnace Slag (BFS) is a by-product of pig iron manufacturing. It is a latent hydraulic material
which can exhibit hydraulic activity and can be used as an additive or as a substitute for Portland
cement. Slag-bearing cement production is the second main group of cement beside Portland
cement (Heinemann, 2013).

In the Netherlands, the first use of Blast Furnace Slag cement for the marine structures was during
the mid-1920s. Since then intensive research has been executed result in expanding the use of the
cement with a high slag content, comparable to the European CEM Il /B (66-90% slag) as defined in
EN 197-1 (2011) for different infrastructures including marine structures.

In a recently published report on the Dutch experience in using slag cement concrete, it is reported
that in practice CEM Ill /B in the Netherlands contains typically about 70-72 % GGBS.

The market share for BFS cement in the Netherlands currently is more than 60% and the annual
production of slag cement concrete is about 10 million cubic meters (Polder et al., 2014).

Although it has been proven that slag-rich concrete has a high resistance against aggressive
environment; e.g. exposure to acid, chloride ingress and sulphate attack, it is also known that slag-
rich concrete has a poor resistance against carbonation and frost-salt scaling (Copuroglu, 2006).

A study on the application of Sodium mono-fluorophosphate (Na-MFP) has been excluded in order
to improve the frost durability of carbonated slag-rich concrete. Favorable results have been
obtained with respect to healing carbonation damage in slag-rich concrete in accelerated and
natural conditions. However, further characterization of the effects of Na-MFP application on the
microstructure of slag-rich cementitious systems is still needed (Copuroglu et al., 2006).

1.2.Research background

Concrete containing blast furnace slag (BFS) is less permeable and chemically more stable than
concrete with only Portland cement. The resistance to many forms of deleterious attack is enhanced,
in particular: chloride related corrosion of reinforcement, sulfate-acid attack and alkali-silica reaction
(Song et al., 2006).

However, previous investigations reported that concrete containing a high percentage of BFS seems
to be more prone to damage caused by freeze-thaw in combination with de-icing salt than Ordinary
Portland Cement (OPC) (Copuroglu, 2006; Polder et al., 2014).This is related to the fact that slag
cement and OPC concretes perform differently when subjected to carbonation. While carbonation
leads to a slight densification of the microstructure in OPC concrete, the pore structure of slag
cement concrete becomes coarser.

The carbonation process leads to the conversion of all or part of the portlandite and C—S—H present
in the cement paste into calcium carbonate and a liberation of porous silicate-hydrate from C-S—-H
(Son Tung Pham et al., 2014).

The vulnerability of BFS concrete to carbonation was attributed to the high permeability and the low
CH content. Besides CH, other hydration products were also decalcified and because of the low Ca/Si
ratio of these hydration products, BFS concrete is especially vulnerable to carbonation shrinkage
(Elke Gruyaert et al., 2013). Consequently, carbonation (shrinkage) of the slag cement paste leads to
a reduction in the solid volume, while in OPC paste an increase occurs. The carbonation of calcium
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hydroxide mainly leads to the formation of calcite with high specific volume while carbonation of C-
S-H produces aragonite formation with lower specific volume (Copuroglu, 2006). As a result, it can
be expected that the strength of the carbonated matrix will be reduced. Consequently, the
carbonated BFS concrete is vulnerable to scaling under the combined load of freezing—thawing and
de-icing salts. In conjunction with concrete surface disintegration, another type of chemical attack
on the structure is possible, which can result in a dramatic decrease in durability (Chaussadent et al.,
2006).

Sodium mono-fluorophosphate has been used as a corrosion inhibitor for concrete reinforcements
for the last 20 years (Andrade et al., 1992; Larosa-Thomson et al., 1997). It was applied on the
surface of the concrete with slag cement in the form of an aqueous solution with concentrations
between 10% and 20%. The effectiveness of Na-MFP, when applied to the surface of a concrete
structure is based on both its diffusion into the concrete pore network and its effect on the steel
reinforcement surface (Chaussadent et al., 2006). Previous reports proved that complex interactions
take place between Na-MFP and hardened Ordinary Portland Cement (OPC) paste components,
especially Ca(OH), thus producing an amorphous gel and modifying the transport properties of the
concrete (Andrade et al., 1992).

A recent work by Kempl and Copuroglu (2016) showed that the addition of Na-MFP can recover the
pH of carbonated cement pastes and can be used as a healing agent as well as a corrosion inhibitor.
The results related to the effect of the of Na-MFP concentrations on the pH are presented in Table 1
(Kempl et al., 2016).

Table 1: Effect of the concentration of Na-MFP on the pH according to Kempl and Copuroglu (2016)

Sample Code Treatment sequence pH
CEM IlI-11 CC+10% Na-MFP impregnate. 9.4
CEM 111-05 CC+20% Na-MFP impregnate. 11.4
CEM IlI-14 CC+25% Na-MFP impregnate.  10.2
CEM I11-08 CC+45% Na-MFP impregnate. 11.7

In the light of the discussed literature, the current investigation was initiated to answer the following question:
What are the effects of Na-MFP on the micromechanical and microstructure properties of slag based
cementitious materials.
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1.3. Aim and objectives of this research

The aim of this research is to characterize the effect of sodium mono-fluorophosphate solution on
carbonated slag rich cement paste. In order to achieve this aim, and as main objectives the following
was assessed:

- Carbonation depth of treated slag-rich cement systems with Na-MFP solution before or after
exposure to accelerated carbonation;

- The penetration depth of Na-MFP solution into slag-rich cement systems which were treated
before or after exposure to accelerated carbonation;

- Characterization of the microstructure of the different cement pastes before and after the
treatment.

1.4.Research strategy

In order to reach the objectives of the research first a literature survey was conducted and secondly,
lab experiments were carried out with the following focus:

1 Quantifying the carbonation depth of the treated samples using polarized light microscopy
on thin sections and quantifying the penetration of the Na-MFP solution into the cement
matrix using SEM/EDS;

2 Characterising the effect of the treatment on the microstructure of the cement paste using
the following test methodology:

- Nanoindentation to characterize the effect of the treatment on the mechanical
properties of the slag-rich cement system microstructure;

- MIP analysis to measure the porosity of the matrix for the cement paste samples;

- Thermal gravimetric analysis/Differential Scanning Calorimeters (TGA/DSC) to
measure the weight loss due to the dehydration of hydrated phases such as calcium
hydroxide (CH) and decarbonation of calcium carbonate (CaCOs).
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2. Literature survey

In this chapter, first a brief history of the use of blast furnace slag cement in infrastructures, followed
by its properties, durability, the carbonation resistance and the effect of slag content on the
properties of cement. Secondly, brief information of ternary blended cement, its benefits and effects
of concrete.

2.1.Blast furnace slag (BFS) and slag cement

Blast furnace slag cement has a long history of successful use all over the world. The use of (GGBF)
slag as a cementitious material dates back to 1774 when Loriot made a mortar using GGBF slag in
combination with slaked lime(Bell et al., 1995).

In 1865, commercial production of lime activated GGBF slag had been used in Germany and by 1880
(GGBF) slag was being used with Portland cement as the activator. In Europe, with its many blast
furnaces and steel industries has used (GGBF) slag extensively in all manner of structures. By 1914,
GGBS was being manufactured in Scotland. In Britain, over 2 million tons of GGBS is used every
year.(Ecocem, 2016)

In The Netherlands, the first marine structure in which blast furnace slag cement was used for part

of the concrete mixtures was the lock Noordersluis in the North Sea canal at IJmuiden built in the
mid-1920. Currently, the market share for GGBS cement about 60 % and about 10 million cubic
meters of slag cement concrete are produced annually (Polder et al., 2014).

2.1.1. Production and types of slag

Blast furnace slag is formed as a liquid at 1350-1550°C in the manufacture of iron; limestone reacts
with materials rich in SiO, and Al,O; associated with the ore or present in ash from the coke. Blast
furnace slag contains sufficient silica and alumina and shows hydraulic properties if it is ground to
obtain the fine-grained structure. The main components of slag are CaO (30-50%), SiO, (28-38%),
Al,O3 (8-24%), and MgO (1-18%) by weight (Taylor, 1990). Figure 1 shows the production details of
slag in the blast furnace.
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Figure 1: Blast furnace (Euroslag, 2003)
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Through the production of slag, there are three main types of BFS, categorized by the way of cooling
and granulation (Chen, 2006). These types are:

1. Blast Furnace Slag (BFS): It is a glassy granular material containing more than 95% of the
glass. Normally, they are ground to fine powder. Grinding reduces the particle size to
cement fineness, allowing its use as a supplementary cementitious material in concrete.

2. Pelletized slag contains much less glass content compared to BFS, as low as 50 percent.
Air-cooled slag is hard and dense and normally used for road bases, railway ballast, and

asphalt paving and concrete aggregate.

Blast Furnace Slag cement (BFSC), or slag cement is commonly manufactured by integrating BS with
cement clinker or by separate grinding (Divsholi et al., 2014).

In fine particle form, slag cement displays cementitious qualities similar to those of ordinary
portland cement (OPC). Therefore, slag cement can be substituted for OPC in a wide range of equal
mass replacement ratios (LaBarca et al., 2007).

The Slag content of slag cement varied through time as presented in Table 2.

Table 2: change of Slag content of slag cement through the years (Polder et al., 2014)

Year Content of slag Content of Standard (year)
Portland

Before 1933 70-85 % 30-15%

1933 31-85% 69-15 % Dutch standard N 484

1995 CEM III/A 36-65 % 64-35 % Dutch standard NEN
CEM I1I/B 66-80 % 34-20% 3550

2011 CEM III/A 35-65 % 35-64% NEN-EN 197-1
CEM I11I/B 66-80 % 20-34%

In practice CEM Il /B in the Netherlands contains typically about 70-72% GGBS. In the 1990s, CEM Il
/A 52.5 R with 52-57% GGBS and increased early strength was introduced in the Netherlands, aiming
at the precast industry. In 2000, separate GGBS for addition to Portland cement at concrete mixing
plants has become available. This is regulated by national guidelines BRL 9325 (2006) and BRL 9340
(2007) (Polder et al., 2014). Table 3 present the European standard for a cement composition.
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Table 3: European standards EN 197-1 Cement Composition

Cement Notation Clinker G.G.B.S. Silica Pozzolana Fly ashes Burnt Limestone Minor
Type Designation K S fume Natural Industrial Silica. Calcar Shale L LL Additional
D P Q \Y w T consist
Portland | 95-100 05
Cement
Portland Slag I/ A-S 80-94 6-20 0-5
Cement Il /B-S 65-79 21-35 0-5
Portland Silica 1/ A-D 90-94 6-10 05
Fume Cement
Portland 11/ A-P 80-94 6-20 - 0-5
szzjg " Il /B-P 65-79 21-35 - 0-5
I/ A-Q 80-94 - 6-20 0-5
Cement
I/ B-Q 65-79 - 21-35 0-5
" I/ AV 80-94 6-20 0-5
Portland Fly Il /B-V 65-79 21-35 0-5
Ash Cement I/ A-W 80-94 6-20 0-5
I/ B-W 65-79 21-35 0-5
Portland Burnt | Il /A-T 80-94 6-20 0-5
Shale Cement II/B-T 65-79 21-35 0-5
Portland I/ A-L 80-94 6-20 0-5
ortiand 1/ B-L 65-79 2135 | 620 |05
Composite
I/ A-LL 80-94 21-35 0-5
Cement
I/ B-L 65-79 0-5
zgzlsggte I/ A-M 80-94 < 6-20 S
- - < 21-35 >
Cement I1/B-M 65-79 3
Blastf /A 35-64 35-65 0-5
1l astiurnace | /s 20-34 66-80 0-5
Cement
n/c 5-19 81-95 0-5
v Pozzolanic IV/A 65-89 - < 11-35 0-5
Cement IV/B 45-64 - < 36-55 0-5
v Composite V/A 40-64 18-30 < 18-30 0-5
Cement V/B 20-39 31-50 < 31-50 > 0-5
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2.1.2. Properties of blast furnace slag

Physical Properties
Blast furnace slag is one of the admixtures in the production of concrete to produce a durable

concrete. For a durable concrete, it is important that the concrete is dense and impermeable to
liquids and gases and that it has a high resistance to the penetration of sulphates and chlorides. One
of the important physical parameters of slag is the particle size (fineness) of the slag. The BS EN
15167-1 requires that the minimum specific surface area of GGBS shall be 275m%/Kg.

There are many research and studies that have proven that the finer the particle size the larger the
pozzolanic activity of the slag particles (Binici et al., 2007). Other researchers reported that an
increase in fineness of two to three times that of ordinary PC can give a better performance and
properties such as bleeding, time of setting, heat evolution, high strength, and better durability (Pal
et al., 2003).

Chemical Properties
The major oxides in the BFS are lime (Ca0), silica (Si0,), alumina (Al,O;), magnesia (Mg0O) and some

others (SOs3, FeO or Fe20s3, TiO2, K20, Naz20, etc.) in minor amounts. While the oxide composition of
BFS can vary from one blast furnace to another, the product from one blast furnace remains
relatively consistent. Compared to the typical oxide composition of clinker, BFS generally contains
less lime, more silica, alumina, and magnesia than clinker (Taylor, 1990).Table 4 present the
chemical compositions of 27 blast furnace slag produced in France and Luxembourg in 1980 and
their chemical compositions.

Table 4: Chemical compositions of 27 blast furnace slag produced in France and Luxembourg in 1980 (Taylor, 1990)

Mean Minimum Maximum Mean Minimum Maximum
Na,0 0.39 0.25 0.50 TiO, 0.55 0.49 0.65
MgO 5.99 3.63 8.66 MnO 0.64 0.34 1.31
AlLO; 13.29 10.26 16.01 FeO 1.24 0.29 9.32
SiO, 33.48 31.96 37.29 s> 0.94 0.68 1.25
P,0s 0.13 0.00 0.34 F 0.16 0.06 0.31
SO, 0.04 0.00 0.19 cl 0.02 0.00 0.05
K,O 0.70 0.44 0.98 Ign.Loss 0.42 0.00 1.04

CaO 42.24 37.92 44.38 Total 99.68

The chemical composition of the slag plays a key role in the hydraulic activities of the slag. According
to European Standard EN 15167-1, the ratio of the mass of CaO + MgO to the mass of SiO2must
exceed 1.0. This ratio assures high alkalinity, without which the slag would be hydraulically inactive.
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Figure 2: Ternary diagram indicating composition of PC and BFS in the Ca0-SiO,—Al,O; (Pal et al., 2003)

The hydration of slag cement is an interfering process between the Ordinary Portland Cement (OPC)
and the slag. The slag is activated by the alkalis and CH produced by the PC hydration and consumes
a large amount of CH as well. When BFS is mixed with water, the initial hydration is much slower
than PC mixed with water. The hydration of BFS consumes calcium hydroxide and uses it for
additional CSH formation (Chen, 2006).

The reaction of the cement and slag:
Cement +H,0 - C-S-H + Ca(OH), Cement hydration product
Slag +H,0 +Ca(0OH), - CS-H Pozzolanic reaction (secondary pozzolanic)

The secondary pozzolanic reactions can result in reduced pore connectivity and make the concrete
denser. The ternary diagram in Figure 2 shows the location of PC and BFS (Pal et al., 2003).

Durability of cementitious blast furnace slag products
Structural concretes containing up to 50% of slag as cementitious material are considered suitable
for the same uses, in ordinary and mild exposure applications, as ordinary Portland cement (OPC)
concretes of the same design strength. Rates of carbonation and permeability to gaseous species are
likely to be similar (Osborne, 1999).

Slag-rich concrete with about 70% slag content has a higher durability performance compared to
OPC at same condition in reducing the risk of sulphate attack, alkali—silica reactions and chloride
penetration and can increase the compressive strength(Sabet Divsholi et al., 2014).

In mass concrete substantial reductions in the rate of temperature rise, overall heat release and
peak temperatures in concretes can be achieved by using slag- rich concrete, thereby minimizing the
risk of thermal cracking (Osborne, 1999).

On the other hand, slag-rich concrete has a poor resistance to carbonation. After carbonation attack,
slag-rich concrete is vulnerable to scaling under the combined load of freezing-thawing and de-icing
salt. This could lead to a surface disintegration and other attacks on the structure are more likely
which can result in decrease in durability (Sisomphon et al., 2010)
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Carbonation of slag cement
Carbonation attack is a common type of attack in concrete. As known from literature the process

begins when CO, penetrates into the cement matrix, dissolving in the pore solution and produce
HCO3 and CO%‘ ions. This will react with Ca** from calcium hydroxide (CH), calcium silicate hydrate
(C=S—H) and the hydrated calcium aluminates and ferro aluminates to precipitate as various forms of
calcium carbonate (CaCO:;), silica gel and hydrated aluminium and iron oxides (Borges et al., 2009).
First, a reduction of porosity is expected because CH is the first phase attacked and the volume of
the carbonates (calcite) formed is 11-12% greater than the volume of CH. Therefore, an increase in
the weight of carbonated samples can be expected, as well as lower porosity and higher
compressive strength at early ages of carbonation (Chi et al., 2002).

The main reactions of carbonation in cement are:
Ca (OH), + CO, +H,0 - CaCO5;+ H,0
C—-S—-H +CO0, - CaC03 + H,0 + Si0,.H,0

The first reaction will cause small volume expansion and as the reaction proceeds, the second
reaction will cause a serious shrinkage and reduce the strength.

The effect of the partial replacement of the OPC with slag on carbonation will concern the binding
capacity of CO, and the porosity of the matrix. In slag cement, the quantity of CH is less than with
OPC and because of that; the carbonation of slag cement transforms the C-S-H to porous silicate
hydrate. This will lead to a reduction of the compressive strength in carbonated slag cement
concrete if the slag content is more than 40% by weight (Sisomphon et al., 2007).
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2.2.Ternary blends containing slag cement and fly ash

A ternary mixture is one that contains portland cement and two other materials in the binder. The
materials included may be interground limestone or supplementary cementitious materials (SCMs)
such as slag cement, fly ash, silica fume, or metakaolin (Taylor, 2014).

Fly ash is a by-product of burning pulverized coal in an electrical power generating station.
Particularly, it is the unburned residue that is carried away from the burning zone in the boiler by the
flue gases and then collected by either mechanical or electrostatic separators (Thomas, 2007).

Fly ash is a pozzolanic material which, when mixed with portland cement and water, will react with

the calcium hydroxide released by the hydration of portland cement to produce various calcium-
silicate-hydrates (C-S-H) and calcium aluminate hydrates. These pozzolanic reactions are beneficial
to the concrete because it increases the quantity of the cementitious binder phase (C-S-H) which
improve the long-term strength and reducing the permeability and improve the durability of the
concrete (Bharatkumar et al., 2005).

Most studies look at binary blends of the powders (Portland cement + secondary/filler powder),
however, a great amount of research has also been done, over the past two decades, looking at
concrete with ternary and quaternary blended binders (Shams, 2014).

The main intentions behind combining different additions were to see whether it is possible to
combine the benefits of each addition and, in some cases, to see whether one addition can
compensate for the shortcoming of the other.

The durability of the ternary cement depends on the content of the design mixture. Li (2003) studied
the influence of the combination of fly ash (FA) and ground granulated blast-furnace slag (GGBS) on
the properties of high-strength concrete. The concrete (GGFAC) used in his study incorporating a
combination of 15% GGBS, 25% FA and 60% OPC. Li proved that GGFAC presents an excellent
behavior in both short- and long-term compressive strengths and in resistance to sulphate
attack.Though HFAC has a high long-term strength, its early-age strength is low. Ordinary portland
cement concrete has the lowest long-term compressive strength and is poor against H2SO4 attack
(Gengying Li et al., 2003).

Another study by Hale (2008) showed that replacements rates of 15% for fly ash and 25% for slag
cement improved long-term concrete properties without much sacrifice in early age properties.
However, it must be noted that replacement rates of 15-20% fly ash have been shown to increase
expansion related to alkali-silica reaction (ASR) (Hale et al., 2008).

The effects of high calcium fly ash in combination with slag were analysed in previous studies.
Jozwiak (2012) proved in his study that concretes made with ternary cement containing both high
calcium fly ash and GGBS (28.6%) showed a slight increase in carbonation depth comparable with
CEM I, but when the content was 50% or more it resulted in a sudden increase of carbonation depth
(Chuanlin et al., 2015).

Tikalsky et al (2007-2011) reported that from the studies and the information they gathered they
claimed that there are few technical barriers to delivering ternary concrete mixtures with required
performance parameters. They conclude that the effects of the mixtures could be predicted from
knowledge of the effects of the individual ingredients. They also investigated the side effect and
interactions between the ingredients which could lead to positive or negative synergies (Tikalsky et
al., 2011; Tikalsky et al., 2007).

Polder et al (2002) tested a concretes made with composite cement according to the European
standards EN 197-1, CEM V/A (S-V), containing 25% slag, 25% fly ash and 50 % OPC (see Table 6).
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Their result showed that this mix combination produces low chloride migration coefficients and high

resistivity (Polder et al., 2002)

In the Netherlands, there are other combinations used according to “CUR Aanbeveling 89” see Table
5. CUR Recommendation 89 indicates that the damage of ASR in concrete can be prevented by using

the concrete composition they recommended (Haverkort, 2015).

Table 5: Combination of slag, fly ash and cement as found in general in the Netherlands

Slag fly ash CEM152,5R
55% 15% 30%
30% 25% 45%
70% 0% 30%
35% 5% 60%

Table 6:European standards EN 197-1 Cement Composition (Cement type V)

Cement Notation Clinker | G.G.B.S. | Silica | Pozzolana Fly ashes Burnt | Limestone Minor
Type Designation K S fume | Natural | Industrial | Silica. | Calcar | Shale | L LL Additional
D P Q \ W T consist
v Composite | V/A 40-64 | 18-30 < 18-30 > 0-5
Cement V/B 20-39 31-50 < 31-50 > 0-5
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2.3.Sodium mono-fluorophosphate (Na,PO5F)

The application of Sodium mono-fluorophosphate (Na-MFP) on concrete has been developed
through the years. First, Na-MFP was used in the harsh Canadian winters in 1984 as an additive to
road de-icing salts (sodium chloride) in order to protect reinforced concrete highway structures from
the aggressive action of the chlorides (Anstice, 2000). An aqueous solution of Na-MFP is applied to
structures suffering from reinforcement corrosion by means of repeated spraying, brushing or by
rolling it on the concrete surface. Important applications are Na-MFP as a corrosion inhibitor and Na-
MFP as a healing agent which will be explained here.

A typical commercial Na-MFP product has the composition presented in Table X (Shanghai Pengkai
Chem Co. Ltd., 2015):

Table 7: Composition of a typical commercial Na-MFP product

Chemical notation Amount Min/Max

Sodium mono-fluorophosphate (Na,PO3F) 98 % Min
Total phosphorus (base on P,0s) 49% Min
Total fluorine (F) 13.15% Min
Binding fluorine 12.90% Min
Sodium (Na) 31% Min
Free fluoride (F) 0.25% Max
Arsenic (As) 3 ppm Max
Heavy metal (Pb) 50 ppm Max
PH value (2% water solution) 6.5-8.0

Ferro (Fe) 0.01% Max
Loss on drying 0.15% Max

2.3.1. Application of Na-MFP as treatment for chloride & carbonation attack

Andrade et al. (1992) studied the corrosion inhibiting action of Na-MFP in mortar contaminated with
chloride. In their work, they considered either the addition of Na-MFP to the mixing water or
penetration from outside. The inhibitor effect has been followed using electrochemical techniques.
Their results indicated that Na-MFP may act as an inhibitor of reinforcement corrosion although it
seems that the inhibition effect enhances when Na-MFP penetrates through the hardened concrete.
In their experiments the concentrations of Na-MFP were 0, 0.05, 0.1 and 0.5 mol/l. The mortar
samples were made from Ordinary Portland cement (OPC), w/c=0.5 and c/s = 1/3. In the fresh
mortar, their analysis indicated that Na-MFP act as an anodic inhibitor in alkaline media with a ratio
of Na-MFP/NaCl>1. For the hardened mortar there results showed that when Na-MFP penetrates
together with chlorides, the corrosion initiation is delayed if compared to the NaCl penetration alone
and in the case of immersion and drying cycles the delay heavily depends on the ratio of Na-
MFP/NaCl of the wetting solution (Andrade et al., 1992).

Dillard et al. (1993) carried out a corrosion inhibition experiments with mono-fluorophosphate to

compare the results with others types of inhibitor. Their results revealed that the oxygen, iron,

sodium and phosphorus concentrations are lower on Na-MFP-treated reinforcing steel than the
T . . . 2-

other inhibitors. Also, the expected 1:1 phosphorus to fluorine atomic ratio for POsF~ was not found

on the reinforcing steel surface. They found that the P/F ratio for the initial inhibition samples was
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2.6 and that for the delayed inhibition samples was 1.6. They suggested that the loss of fluorine for
adsorbed phosphate inhibitor and that a process may account for this observation is hydrolysis of Na
-MFP (either partial or complete) at the reinforcing steel surface or in solution. They conclude either
process would liberate fluoride and phosphate into solution and might result in subsequent
adsorption of fluoride and/or phosphate (Dillard et al., 1993).

Alonso et al. (1995) investigated the protective action of Na-MFP on corrosion of reinforcing steel in
concrete in carbonated environments. They used electrochemical techniques to follow the inhibitor
effect. In their experiments, Na-MFP has been tested as a curative method penetrating from outside
when the steel reinforcement was already corroded by carbonation. Their results showed that
applying Na MFP solution with a concentration of 20% reduce significantly active corrosion.

Their explanation for the reaction process is that:

“Na-MFP hydrolysis in aqueous and neutral media to form orthophosphate and fluoride through a
process like

Na,POsF + H,0 —» F~ + H,PO; + HPO;*

Therefore, the inhibiting action of Na,POz;F may be attributed to the formation of phosphates, and
so the anodic formation of a passive layer of Fe;0,, Fe,03, and FePO,4.H,0 This mechanism implies an
anodic behaviour.”

With the treatment method they used concerning the penetrating methods employed, “short” and
“long” period, they proved that the effectiveness increases with the number of immersion/drying
cycles, probably due to increases in the concentration of inhibitor reaching the rebar. They add that
the size and distribution of the pores also influence the penetration process. They also stated in their
research that the practical application of Na- MFP to real structures has shown that Na-MFP
penetrates even more than 30 mm. Their conclusion was that the penetration depends on capillary
absorption and the number of applications and time between saturations of concrete with the Na-
MFP (Alonso et al., 1995).

In studies by Ngala (2003) on carbonated ordinary Portland cement samples, they analysed the
aqueous extracts from the treated concrete samples by means of ion chromatography to determine
the concentration profiles of POsF*, PO,> and F.Their analysis revealed that negligible penetration
of soluble Na-MFP ions had occurred into any of the samples. Hydrolysis products of Na-MFP
(phosphate and fluoride) were present at significant depths in aqueous extracts of the carbonated
concrete samples but the only fluoride was detectable in similarly obtained aqueous extracts of non-
carbonated samples (Ngala et al., 2003).
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2.3.2. Application of Na-MFP as a healing agent

Copuroglu et al. (2006) showed that Na-MFP has another benefit, namely that it improves the frost
salt scaling resistance of carbonated Blast Furnace Slag Cement (BFSC) pastes. A 10% Na-MFP
solution was used as a surface post-treatment compound on carbonated BFSC paste. Results of this
study have shown that the treatment modifies the mineralogical structure and improves the
resistance of carbonated BFSC paste against frost salt attack. Their study concludes that the
technique is more effective on highly carbonated surfaces since a thick resistance zone can be
created by the application. Besides that their study results in a hypothesis that the reaction between
Na-MFP and vaterite/aragonite phases may lead to a resistant carbonated zone of the BFSC paste
against frost salt attack (Copuroglu et al., 2006).

Sisomphon et al. (2007) studied the application of a 10% Na-MFP solution as a surface applied
compound for carbonated blast furnace slag mortar (W/C=0.45) treatment against frost salt scaling.
Their results reveal that the Na-MFP treatment reduces the pore coarsening of the matrix phase and
a denser interfacial transition zone (ITZ) that was observed after the treatment. The authors’ results
showed that the frost scaling durability of carbonated blast furnace slag mortar was significantly
improved (Sisomphon et al., 2007).

The abovementioned work revealed the high potential of using Na-MFP as a surface treatment
compound to heal carbonated BFSC concrete. Sisomphon et al. (2010) studied the affectivity of using
MFP as a self-healing agent in the cementitious system, which would enable autonomous self-
healing of the carbonated microstructure without any external application requirement.

They studied the potential of using expanded clay lightweight aggregate impregnated with sodium
mono-fluorophosphate solution which can eventually be encapsulated by a cement paste layer to
produce a self-healing system in blast furnace slag cement mortars. Their results showed that the
technique significantly improved the quality of the interfacial transition zone in mortars subjected to
carbonation shrinkage. These results consequently promoted the durability of blast furnace slag
mortars against frost salt scaling (Sisomphon et al., 2010).

Recent studies by Kempl and Copuroglu (2016) showed that Na-MFP can be used as a healing agent
as well as a corrosion inhibitor. The results showed that the addition of Na-MFP can recover the pH
of carbonated cement pastes to about 99% and 80% of an untreated cement paste for CEM | and
CEM 111/B, respectively, with an increasing pH proportional to the concentration of sodium in the
treating agent. Additionally, they analysed the hydrolysis of Na-MFP in solutions with an
electrochemical oxygen potential relevant for cementitious pore solutions and they concluded that
in the pH range of cementitious products the formation of amorphous Calcium Phosphates is
favoured rather than the formation of crystalline phosphates such as apatite (Kempl et al., 2016).
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3. Experimental methodology

This chapter gives an overview of the experimental set-up of this study. It describes the materials,
which were used in the experiments, the preparation of the samples and the way of curing, storing
and treating the samples.

3.1. Materials

Three different cement types were used for the experiments of this study. The cement types had
different blast furnace slag concentrations which were 67% for the ENCI CEM IIl/B and 55% for the
ternary blended cement. The cement types were as followed:

1. Ordinary Portland Cement (CEM | 42,5 N) which serves as a reference;
Blast Furnace Slag Cement with a slag content of 67% (CEM 11I/B 42,5 N HSR LH);
Ternary blended cement (SP Mix) with a slag content of 55%, 30% CEM | 52,5 R and 15% fly;
ash.

The origin of the cement and the manufacturers are given in Table 8 and their main chemical
compositions, fineness and compressive strengths are summarised in Table 9, Table 10 and

Table 11, respectively. The compressive strength results were based on the average of three tested
.samples for each type of cement.

Table 8: The origin of the binder and manufactures name

Type of cement Company name Origin
CEM142,5N ENCI BV Maastricht
CEM III/B42,5N ENCI BV Rotterdam
Ternary blended cement (SP Mix )

30% CEMI52,5R Dyckerhoff Geseke

55% Slag ORCEM Moerdijk

15% Fly Ash Vliegasunie Hemweg A’dam

Table 9: Chemical compositions and fineness of cement and slag used in the experiments
(Ecocem, 2016; hcmcement, 2016)

Major oxides CEMI142,5N CEMII/B425N CEMI525R Slag
CaO (wt.%) 63.9 45.0 66 44
Si0, (wt %) 20.9 27.6 21 38
ALO; (Wt %) 5.5 12.2 4.5 11
Fe,0; (wt %) 2.8 1.3 2.4 7
SO; (Wt %) 3.3 3.3 3.4

Fineness (m*/kg) 315 376 358 400-600
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Table 10: Chemical composition and fineness of fly ash (vliegasunie, 2016)

Chemical (%wt.) Fly ash
SiO, 58.2+3
Al,O3 22.2+2.8
Fe,0; 83+14
CaO 40+£13
K,O 2304
Na,O 1.1+ 0.30
MgO 1.8+0.3
P,0s 0.5+0.2
TiO, 1.0+0.1
cl <0.01

S (as SO;) 0.9+0.30
Loss on Ignition (LOI) 3.1+1.5
Fineness (m*/kg) 300-400

Table 11: Compressive strength (MPa) of mortar for wet/sealed curing for 14 and 28 days after demolding (W/C 0.45)

CEMI1425N CEMIII/B42,5N SP MIX
Time of test Wet sealed Wet sealed Wet sealed
14 days 51.1 520 50.5 50.4 445 46.5
28 days 53.9 56.7 591 59.4 56 60.1
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3.2.Sample preparation, storage, curing, carbonation, and treatment

Two groups of samples were prepared: mortar and paste samples. First, the preparation of mortar
samples will be described. This will be followed by the description of the preparation of the paste
samples.

3.2.1. Mortar Samples

Mixing
Mortars samples were prepared in accordance with the European standard EN-196-1. For the mixing
process and in the case of all samples, mortars were prepared with a tap water-cement (w/c) ratio of
0.45 by weight. A sand-to-cement (S/C) ratio of 3 was also adhered to, also applied by weight.
Throughout the experiments norm sand (CEN standard sand, D,.,=2mm), cement and tap water was
used for the preparation of the samples.

Molds with the dimensions of 40x40x160 mm? (see Figure 3) were used for the preparation of the
samples. The molds were first coated with RECKLI biodegradable wax then the samples were
immediately cast. During casting, the molds were vibrated for about 2 min on the vibration table,
after that they were covered with plastic foil to avoid evaporation of the water from the mortar
matrix and were kept at a room temperature of 20°C for 48 hours. Afterwards, the samples were
demoulded and cured according to either the wet or the dry curing method which is explained
below.

Figure 3: Mold with 3 samples 40x40x160mm3

Storage and curing
Two methods of curing were used: sealed curing and wet curing. During sealed curing, the samples

were wrapped in foil and placed above water (not in water) in a closed container for 28 days.
Afterwards, the samples were unwrapped and placed back in the container, again above water level,
for 4 months (122 days) before being treated. In this way, the only water was available for hydration
that was added during the mixture process.

During wet curing, the samples were stored under water directly after demoulding for 28 days.
This was followed by drying for three days at room temperature and then finally they were treated.

Treatment with an aqueous solution of 25 wt. % Na-MFP
The samples were treated once with an aqueous solution with 25 wt.% Na-MFP applied by means of

a paint brush on the surfaces of the sample. Table 12 presents the procedures of storage, curing,
carbonation and treatment of the mortar samples.
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Table 12: Treatment scheme mortar samples for both wet and sealed curing samples

Sample code  Sample age atthe  Procedure of treatment, carbonation and storage Sample age at the time
time of treatment of impregnation
(vacuum epoxy)
R1 Wet:31 days Control, stored in the desiccators (50-55% RH)  Wet:31 days
Sealed: 125 days Sealed: 125 days
R2 Wet:31 days Accelerated carbonation for 14 days - storage Wet:59 days
Sealed: 125 days  in desiccators (50-55% RH) for 14 days Sealed: 153 days
R3 Wet:31 days Accelerated carbonation for 28 days - storage Wet:73 days
Sealed: 125 days  in desiccators (50-55%RH) for 14 days Sealed:167 days
Al Wet:31 days Treatment with 25% Na-MFP - storage in Wet:87 days
Sealed:125 days  desiccators for 28 days - Placing in the Sealed:181 days
carbonation chamber (3% CO,-75%RH) for 14
days —> storage in desiccators (50-55%RH) for
14 days
A2 Wet:31 days Treatment with 25% Na-MFP - storage in Wet:101 days
Sealed: 125 days  desiccators for 28 days - Placing in the Sealed:195 days
carbonation chamber (3% C0,-75% RH) for 28
days - storage in desiccators (50-55%RH) for
14 days
B1 Wet:31 days Placing in the carbonation chamber (3% CO,- Wet:87 days
Sealed:125 days  75% RH) for 14 days - storage in desiccators Sealed:181 days
for 14 days - Treatment with 25% Na-MFP -
storage in desiccators (50-55% RH) for 28 days
B2 Wet:31 days Placing in the carbonation chamber (3% CO,- Wet:101 days
Sealed:125 days  75%RH) for 28 days - storage in desiccators Sealed:195 days
for 14 days - Treatment with 25% Na-MFP -
storage in desiccators (50-55% RH) for 28 days
Table 13: Samples code
Code Storage and Treatment
R1 Control sample
R2 Accelerated carbonation (3% CO,,75% RH) for 14 days
R3 Accelerated carbonation (3% CO,,75% RH) for 28 days
Al Accelerated Carbonation for 14 days After treatment with Na-MFP
A2 Accelerated Carbonation for 28 days After treatment with Na-MFP
B1 Accelerated Carbonation for 14 days Before treatment with Na-MFP
B1 Accelerated Carbonation for 28 days Before treatment with Na-MFP
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3.2.2. Paste Samples

The cement used for preparing the paste samples was also used in the mortar samples, see Table 8.
Three different types of cement paste were prepared with water-cement ratios of 0.4, 0.5 and 0.6.
After that, the cement pastes were cast into a plastic cylindrical container (d = 35 mm, h = 70 mm)
and sealed. The samples were cured and stored at room temperature. After the curing age of 28

days, samples with a thickness of about 5 mm thickness were produced from each relevant cement
paste cylinder by cutting them with the sawing machine.

Table 14 presents the procedures for storage and treatment. Samples were cut into slices of 5 mm

and impregnated with Na-MFP aqueous solution with a concentration of 25% by weight.

Table 14: Treatment scheme paste samples

Sample code  Sample age at Procedure of treatment , carbonation and storage Sample age
the time of at the time
treatment of the test

R1 28 days Control, stored in the desiccators (50-55% RH) 28 days

R2 28 days Accelerated carbonation for 28 days ->storage in the 70 days

desiccators (50-55% RH) for 14 days

A: Na-MFP-> 28 days vacuum impregnation with 25%Na-MFP - storage in 98 days

RCT28d the desiccators (50-55% RH) for 28 days - Placing in
the carbonation chamber (3% CO,-75%RH) for 28
days—> storage in desiccators for 14 days
B: RCT28d—> 28 days Placing in the carbonation chamber (3% CO,-75%RH) 98 days

Na-MFP

for 28 days—> storage in desiccators (50-55% RH) for 14
days - vacuum impregnation with 25%Na-MFP -
storage in desiccators (50-55% RH) for 28 days
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3.3. Analytical approach and testing regime

This chapter presents the analytical procedures used for the mortar and paste samples. The first part
presents the analytical part applied for the mortar samples and the second part presents the
analytical part for the paste samples. This will be followed by the results obtained from each test.

A brief introduction for each lab test is presented with the information needed for this study.

Polarized light microscopy (PLM)

Introduction and test principle

Polarized light microscopy provides an analytical way to identify solid substances (whether
crystalline or amorphous) with relatively high spatial resolution. It allows an estimate of chemical
compositions and provides information about the history of the formation of the material (Raith et
al., 2012).

PLM is a contrast-enhancing technique to evaluate the composition and three-dimensional structure
of anisotropic specimens. PLM is equipped with both a polarizer, positioned in the light path
somewhere before the specimen and an analyzer (a second polarizer) placed in the optical pathway
between the objective rear aperture and the observation tubes or camera port. PLM uses a
polarizing filter to make use of polarized light, configuring the movement of the light wave and
forcing their vibration in a single direction as shown in Figure 4 (Davidson, 1988).

PLM assist in the investigation to distinguish between isotropic and anisotropic materials. When the
light which has been forced to oscillate in one direction by the polarizer, passes through an isotropic
material such as, glasses and cubic minerals, in thin-section, the light wave does not experience any
change in vibration direction. Generally, shows a single specific refractive index and colour
independent of orientation. In anisotropic materials light propagation is direction-dependent. All
non-cubic crystalline substances are optically anisotropic. Light entering an anisotropic crystal is
"split" into two light waves that vibrate orthogonal to each other (with exceptions applying to
specific directions in the crystal). The two light waves propagate through the crystal with different
velocities. This phenomenon is called double refraction (birefringent) (Roy et al., 1993).

The birefringence of anisotropic minerals can be determined in approximation by comparing the
interference colors to those of the Michel-Lévy interference color charts (Raith et al., 2012; Robert,
2003).

Polarization of Light Waves
Polarizer 1 Polarizer 2
(Vertlcal)\

Incident Beam
(Unpolarized)

Vertically
Polarized
Light Wave

Figure 4: Polarization of light waves (Davidson, 1988)

In this study the microscope type, Leica DM-RXP was used. The focus was on studying the effect of
the treatment with the aqueous solution of Na-MFP on the cement matrix of the mortar. This was
done by identifying the carbonated cement mortar (yellowish interference colour) and its
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transformation into an amorphous material (dark colour). The samples used in this test were the wet
cured samples (stored under water for 28 days).

For this analysis, thin sections were prepared by first sawing small prisms from each of the samples.
Each prism slide measured 40mm x 40 mm, with a thickness of about 10 mm. The sawn specimens
were then dried at 35°C and subsequently impregnated under vacuum with an epoxy resin
containing a fluorescent dye. After hardening of the resin, a thin section with a surface area of about
40mm x 40 mm and a thickness of about 30 um was prepared from each prism by grinding and
polishing. Under crossed polars, this technique allowed distinguishing the carbonated and non-
carbonated zones by the colour. The images obtained showed that the carbonated zones exhibit
yellowish (creamy) colours due to calcite birefringence and the front can be easily determined. The
carbonation depth depends on the treatment and the time exposed to accelerated carbonation.

The images present the control and carbonated samples after 14 and 28 days in comparison with
samples treated with aqueous Na-MFP before or after carbonation. For the treatment and
carbonation, the subsequent steps were shown in Table 12.

Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray Analysis (EDX)

Introduction and test principle

For this study, an ESEM Philips XL30, equipped with an EDS has used to analyses the penetration of
aqueous Na-MFP into the sample from the surface.

Energy Dispersive X-Ray Analysis (EDX), referred to as EDS or EDAX, is an x-ray technique used to
identify the elemental composition of materials. EDX systems are equipment to Electron Microscopy
instruments (Scanning Electron Microscopy (SEM) or Transmission Electron Microscopy (TEM))
instruments where the imaging capability of the microscope identifies the specimen of interest. The
data generated by EDX analysis consist of spectra showing peaks corresponding to the elements
making up the true composition of the sample being analysed. Elemental mapping of a sample and
image analysis are also possible(Wilton, 2016).

In scanning electron microscopy (SEM) an electron beam is scanning across a sample's surface.
When the electrons strike the sample, a variety of signals are generated, and it is the detection of
specific signals which produces an image or a sample's elemental composition. The three signals
which provide the most information in SEM are the secondary electrons, backscattered electrons,
and X-rays.

Secondary electrons are emitted from the atoms occupying the top surface and producing a readily
interpretable image of the surface. The contrast in the image is determined by the sample’s
morphology. A high-resolution image can be obtained because of the small diameter of the primary
electron beam.

Backscattered electrons are primary beam electrons which are 'reflected' from atoms in the solid.
The contrast in the image produced is determined by the atomic number of the elements in the
sample. The image will, therefore, show the distribution of different chemical phases in the sample.
Because these electrons are emitted from a specific depth in the sample, the resolution in the image
is not as good as for secondary electrons (Goodge, 2016).
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The EDS x-ray detector measures the relative abundance of emitted x-rays versus their energy.
When an incident x-ray strikes the detector, it creates a charge pulse that is proportional to the
energy of the x-ray. The charge pulse is converted to a voltage pulse (which remains proportional to
the x-ray energy) by a charge-sensitive pre-amplifier. The signal is then sent to a multichannel
analyser where the pulses are sorted by voltage. The energy, as determined from the voltage
measurement, for each incident x-ray is sent to a computer for display and further data evaluation.
The spectrum of x-ray energy versus counts is evaluated to determine the elemental composition of
the sampled volume (larry D.Hank, 2015).

With EDS, it is possible to determine the concentration of each element in a sample (mass or atomic
fraction).For this analysis three sealed curing mortar samples were used. The first sample exposed
14 days to accelerated carbonation followed by the treatment with aqueous Na-MFP, a second
sample was treated with aqueous Na-MFP followed by exposing to carbonation 14 days and a third
sample was exposed to carbonation during 28 days followed by the treatment with aqueous Na-MFP
The samples were first cut to a thickness of about 10 mm then placed in the oven at 35°C for one
day. After that, the samples were impregnated with low viscosity epoxy in order to obtain an
optimal surface condition for the analysis with ESEM. Finally, the samples were grinded followed by
polishing with 6 um, 3 um, 1 um, and 0.25 um diamond pastes.

The size of each sample was 40x40 mm and the tested area was 22.5x11.25 mm as is shown in
Figure 5.The tested area was selected in this position in order to minimize the effect of the
treatment from the other side on the tested area.

Treatment and
Tested area

(22.5x11.25 mm)

carbonation at all \
sides

40 mm

Figure 5: Sample preparation for SEM analysis, from left to right: A) samples treated and carbonated, B) sample
impregnated with epoxy, a slice of 10 mm marked and C) surface of a slice of 10 mm prepared for testing with SEM.
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Nanoindentation analysis

Introduction and test principle

Nanoindentation was used to characterize the nano-mechanical characterization of materials. This

experimental approach provides a continuous record of the variation of the penetration depth (h) as
a function of the imposed indentation load (P) into the indented specimen surface. A typical example

of an indentation curve is shown in Figure 6.

‘real’ unloading

ideahized | N\
unloading

N\

~ - P p
Force P/P, .

Penetration Depth Ah

0.875

max

Figure 6: Principle of indentation test

The curve was generated from the loading history with initially constantly increasing loading,
followed by constant holding and then constantly decreasing loading. From the initial slope of the
elastic unloading in the load—depth curve, two mechanical parameters are obtained. The first one is
the indentation modulus (E) and the second one is the hardness (H) (Constantinides et al., 2003).

Table 15 presents the values for the elastic modulus and hardness for portlandite (CH=Ca(OH),) and
the C-S-H gel for different C/S-ratios provided by Acker (2004). These results were obtained with an
ultra-high performance cementitious composite material, using a Berkovich indenter with

penetration depths of about hyae= 0.3-0.5 x 10 ° m (Acker.P, 2004).

Table 15: Acker results for Elastic and plastic characteristics of the main constituents of a fibber-reinforced UHPC as
measured using the Nanoindentation technique.

YOUNG's modulus Hardness

(GPa) (GPa)
Quartz aggregate 73+1.6 10+0.3
Limestone aggregate 78+1.4 10+04
GsS 1357 871
(ON) 130+ 20 802
GA 145+ 10 10.8+1.5
C,AF 125+ 25 95+3
C-S-H:C/S<1 202 0.8+0.2

C/S>1 31+4 0.9+0.3

CH 363 1.35+0.5

Zongjin (2015) presented a review on the mechanical properties of cement-based materials
measured by nano-indentation see Table 16 and Table 17 (Chuanlin et al., 2015).
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Table 16: Summary of the mechanical properties of C~S—H present in cement pastes obtained from nano-indentation
coupled with the microstructure characterization.

w/c  Feature C-S-H Ca/Si Modulus Hardness
(atomic) (GPa) (GPa)

0.4  Alite paste IP - =30 -

0.45 Cured in a water bath for a period of opP - 25.74+0.84 0.88+0.36
approximately 1 month

0.2 Cured sealed at 20 °C for a period of opP - =44 =]1.3
approximately 1 year IP/I - =50 =1.7

0.23 Cured in moist conditions opP 2.54 + 35 28.9+6.1 0.87£0.25
at 23 +1°cand 95% IP 2.26+.23 39.8+6.7 1.51+0.38

04 Cured in moist conditions opP 2.34+ .30 25.2+2.8 0.75+0.26
at 23+ 1°cand 95% IP 2.17 £ .19 31.6+29 1.14+£0.17

Table 17: Summary of the mechanical properties of C~S—H present in blended cement pastes.

Abbreviations: OP = outer product, IP = inner product, HP_1 = hydration product 1, HP_2 = hydration product 2.

Blended by Feature w/c C-S-H Modulus Hardness
(GPa) (GPa)

Nano-silica 0.3% and 0.5% replacement 0.5 HP =23 -
Silica fume 10% replacement; cured in moist condition 0.4 oP 25.1+1.9 0.75+0.09
(23 + 1°C and 95% relative humidity) for 90 d IP 29.2+4.1 0.93+0.22
Fly ash 30% replacement; cured in moist condition 0.4 opP 229+3.2 0.58 £0.16
(23 £ 1°C and 95% relative humidity) for 90d IP 325+54 1.16 £ 0.35
0.23 opP 26.7+4.3 0.75+0.21
IP 355+7.1 1.21+0.40
Slag 50% replacement; cured in moist condition 04 HP_1 15.5+5.8 0.41+0.18
(23 £ 1°C and 95% relative humidity) for120d HP_2 24.5+7.3 0.81%0.30

0.23 HP_1 - -
HP_2 243+7.7 0.59+0.25

Nanoindentation tests were conducted using Agilent Nano Indenter G200. Numbers of indent were
100 covering an area of 1000x1000 pm?. The spacing between the indent was 100 pm. Other input

data are presented in Table 18.
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Table 18: Required Inputs experiments data

Name Value Units
Tip Name BT3148_22-04-15
Calculation Inputs:

Percent Unload In Stiffness Calculation 50 %
Perform Drift Correction 1

Test Inputs:

Allowable Drift Rate 0.15 nm/s
Depth Limit 2000 nm
Frequency Target 45.0 Hz
Harmonic Displacement Target 2.0 nm
Percent To Unload 90 %
Strain Rate Target 0.05 1/s

Mercury intrusion Porosimetry, MIP

Introduction and test principle

Mercury Intrusion Porosimetry (MIP) is a technique used to measure the porosity to characterize the
distribution of pore sizes in cement-based materials; see Figure 7. The principle of the test is based
on the premise that a non-wetting liquid (one having a contact angle greater than 90°) will only
intrude pores under pressure.

|

Figure 7: MIP device- PoreSizer-9320
Washburn described the relationship between the pressure and pore diameter as:

_ —4ycosb
T d
Where:

P pressure

Y the surface tension of the liquid
06 the contact angle of the liquid
d the diameter of the pore

The procedures of the test consisted of enclosing the sample in a glass tube, evacuating and pressing
the mercury in the glass tube with the sample by applying incremental pressure. The mercury
intruded the large pores with low pressures. At increasing pressure, the mercury can penetrate the
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smallest pores. Also, the penetration of the mercury into the sample depends on the continuity of
the pore system in the sample.

The total porosity is determined from the total volume of the mercury intruded at the maximum
pressure divided by the bulk volume of the un-intruded sample. The data from the test provided a
wide range of information, such as the pore size distribution, the total pore volume or porosity, the
skeletal and apparent density, and specific area of a sample.

From the previous literature, it is important to mention the limitation of the Mercury intrusion
porosimetry test especially in measuring the actual pore size distributions. Wahburn assumed in his
equation model that the pore shapes in hydrated cement are cylindrical pores and that the mercury
is accessible to that pore. Diamond (2000) indicated in several studies that the conditions which
must be met for MIP measurements to provide a valid estimation for pore size distribution cannot
be reached. For this study, the obtained data from the test will be used for the purpose of
microstructural investigation; comparing and evaluating the effect of the treatment with Na-MFP
solution and the change in porosity and pore size distribution of equally handled samples.

Thermogravimetric analysis/Differential Scanning Calorimetry (TGA/DSC)

Introduction and test principle

Thermogravimetric Analysis (TGA) is a technique in which the mass of a substance is monitored as a
function of temperature or time as the sample specimen is subjected to a controlled temperature
program in a controlled atmosphere; see Figure 8. With other words, TGA is a technique in which the
weight increases or decreases is measured while heating a material (PerkinElmer, 2010).

Figure 8: Thermogravimetric analyser (TG-449-F3-Jupiter)

The hydration products of cement contain chemically bound water. When the hydration products
are heated to temperatures higher than 105 °C, the chemically bound water will be released. There
are different phase transformations that occur in heated cementitious material, and they are not
fully reversible. By applying thermal techniques; thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) phase transformations can be studied. The main phase transformations
that occur in heated cementitious material are:

1. Dehydration of calcium silicate hydrate (CSH)
The dehydration of Calcium silicate hydrate (CSH) can be described as follows:

(Ca0),Si0,(H20),= (Ca0), Si0; (H20) . ™"+ ¢.H,08*
The dehydration of CSH and the evaporation of water are the main reasons for the weight loss of

cement paste in the temperature range from 105°C to 1000 °C.
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2. Dehydration of calcium hydroxide (CH)
The dehydration of calcium hydroxide (CH) takes place at around 420°C causing a rapid weight loss
which can be measured from the TG Curve. The dehydration of portlandite (CH) produces CaO and
water vapor. The chemical reaction is:

Ca (OH),=Ca0 + H,0 &)

3. Decarbonation
The decarbonation of calcite (CaCOs) in cement paste occurs at temperatures above 650 °C.The
calcite decomposes into lime (Ca0) and carbon dioxide (CO,). The chemical reaction is:

CaCOs= Ca0 + CO,)

Samples were crushed into fine powder and placed in the oven at 35°C for one day. The dried
samples were placed into Thermogravimetric analyser as shown in Figure 8 and heated at
temperatures ranging from 40°C to 1050°C, with a heating rate of 20°C /min. The gas used during the
experiments was Argon.
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4. Results and discussion

This section presents the test results on 1) the mortar samples for the investigation of the
penetration of the Na-MFP solution (concentration 25%), followed by 2) the paste samples to
investigate the microstructure of the formed product as a result of the reaction of the Na-MFP
solution.

4.1. Mortar samples: Penetration analysis

4.1.1. Polarised microscopy images for mortar samples (W/C = 0.45)

Carbonation depth
To analyse the carbonation depth, cross-polarized (XPL) microscopy was used. Under (XPL)

microscopy, the carbonated cement matrix appeared yellowish to light brown due to the existence
of calcium carbonate (CaCO;). It can be observed from the images obtained from the thin section
samples as presented in Figure 10 to Figure 15 that the depth of carbonation increased with the
exposure time under accelerated carbonation. The lowest carbonation depth was found for mortar
samples with Portland cement (CEM I) as shown in Figure 9.

Carbonation depth
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CO2-14 days C02-28 days

m CEM I 42.5R mortar 33 14 6.4 42
m Sp Mix mortar 5.0 29 112 9.9
m CEM I11/B mortar 7.5 54 15.5 122

Figure 9: Carbonation depth measured from the thin sections

The carbonation depth of the CEM III/B mortar and SP Mix mortar was higher than for the CEM |
mortar. The carbonation depth for CEM Ill/B mortar was about 50% higher than the carbonation
depth of the SP Mix mortar; an explanation is the addition of the fly ash to the mix which decreased
the permeability of the cement matrix. The amount of the fly ash used in the SP Mix was 15%, hence
less than 50%.
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Figure 10: Photomicrographs (XPL) for CEM | 42.5R mortar
exposed to accelerated carbonation for 14 days.
Numbering: 1-uncarbonated part, 2-carbonated part

Figure 11: Photomicrographs (XPL) for SP Mix mortar
carbonated for 14 days. Numbering: 1-uncarbonated part,
2-carbonated part

Figure 12: Phbtomicrographs (XPL) for CEM III/B mortar
exposed to accelerated carbonation for 14 days.
Numbering: 1-uncarbonated part, 2-carbonated part

Figure 13: Photomicrographs (XPL) for CEM | 42.5R mortar
exposed to accelerated carbonation for 28 days.
Numbering: 1-uncarbonated part, 2-carbonated part

Figure 14: Photomicrographs (XPL) for SP Mix mortar
carbonated for 28 days. Numbering: 1-uncarbonated part,
2-carbonated part

L v
Figure 15: Photomicrographs (XPL) for CEM IlI/B mortar
exposed to accelerated carbonation for 28 days.
Numbering: 1-uncarbonated part, 2-carbonated part
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Penetration of the Na-MFP solution into cement matrix
For the three types of mortar samples, which were treated before carbonation, the application of

Na-MFP affected the samples less in comparison with the treatment after carbonation, see Table 19.
These results are in agreement with what was reported in previous research: the Na-MFP solution
penetrated the carbonated cement matrix forming an amorphous material which appeared as a dark
layer under the XPL microscopy (Sisomphon et al., 2010).

Table 19: Depth of carbonation for CEM |1 42.5R and Sp Mix mortar samples treated with Na-MFP solution (before/after
carbonation) as measured from the XPL images

Treatment CEM 142.5R mortar Sp Mix mortar CEM III/B
Max Average Max Average max average

CO2-14 days 3 1 5 3 8 5
Na-MFP->CO,-14 days 4 2 6 5 13 10
CO,-14 days >Na-MFP 5 3 10 6 13(3)" 11(2)"
CO,-28 days 6 4 11 10 16 12
Na-MFP->C0,-28 days 6 4 4 3 27 20
CO,-28 days >Na-MFP 5 2 9 7 17(8)" 14(6)"

*penetration depth of the Na-MFP solution into cement matrix

Figure 16 to Figure 19 present the results for the microscopy images obtained for the thin sections of
cement mortar prepared with CEM III/B (W/C = 0.45) with different types of treatments compared
with the reference samples carbonated for 14 or 28 days. The carbonated area can be observed in
the carbonated samples whether the exposure time for accelerated carbonation was 14 or 28 days;
it is located at the bottom below the red line.

For the samples treated with Na-MFP as a surface treatment, two different behaviours were
observed. For the CEM Il /B mortar samples treated after carbonation (14 or 28 days), a dark layer
was observed at the surface exposed to carbonation while the sample treated before carbonation
this layer was not visible.
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\
Figure 16: Photomicrographs (XPL) for CEM III/B mortar
sample treated with aqueous solution of Na-MFP 25 %
followed with carbonation for 14 days. Numbering: 1-
uncarbonated part, 2-carbonated part

Figure 17: Photomicrographs (XPL) for CEM 1lI/B
mortar sample treated with aqueous solution of Na-
MFP 25 % followed with carbonation for 28 days.
Numbering: 1-uncarbonated part, 2-carbonated part

’ ....‘ ., '. v"

Figure 19: Photomicrographs (XPL) for CEM IlI/B mortar

Figure 18: Photomicrographs (XPL) for CEM 111/B mortar
samples carbonated for 14 days followed by treatment
with aqueous solution of Na-MEP 25%. Numbering: 1-
uncarbonated part, 2-carbonated part, 3- part treated
with Na-MFP

Sawsan G.A. Hulsman-Khalil

samples carbonated for 28 days followed by treatment
with aqueous solution of Na-MEP 25%. Numbering: 1-
uncarbonated part, 2-carbonated part, 3- part treated
with Na-MFP
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It is clear from these images that the surface treatment before carbonation was less effective and
the penetration depth was less compared to the treatment after carbonation for the same
carbonation time. The carbonation duration has an influence on the penetration depth of the
solution in the cement matrix: The dark layer (amorphous) which formed as a result of the
interaction of the solution with the cement matrix was thicker for the sample carbonated for 28 days
than the one carbonated for 14 days. Table 19 presents the maximum and average depth for the
carbonated parts as for the treated parts. This dark layer could be due to the reactions of
PO;F2?~, PO3~ and F~ with Ca(OH), and CaCO; which resulted in fluorapatite [Cas(PO,)sF] and
carbonate fluorapatite [Cas(PO, COs)sF] —like amorphous formations and in blocking the pore
network of the cement (La Iglesia et al., 2012; Sisomphon et al., 2010).

The influence of the cement type on the penetration of the Na-MFP solution was related to the
content of CH in the cement matrix. The cement matrix with low CH content became porous after
exposing it to the carbonation which resulted in an increase of the permeability and facilitated the
diffusion of Na-MFP solution. The Ca content of CEM | was higher compared to CEM I11I/B and SP
MIX. While the CaO content of CEM IlI/B and SP Mix were comparable, the penetration of the Na-
MFP solution into the SP Mix mortar was less deep than CEM llI/B. This result could be attributed to
the presence of the fly ash (15%) in the SP Mix mortar and its advantage in decreasing the
permeability of the cement matrix. In addition, the applied treatment method could be ineffective
for cement matrices with low permeability. It would be more effective to apply the solution several
times on the treated surface. This would facilitate the solution to reach the pores in the carbonated
cement matrix where the pH is low.

Figure 20: Photomicrographs (XPL) for SP Mix mortar | Figure 21: Photomicrographs (XPL) for SP Mix mortar
sample treated with aqueous solution of Na-MFP 25 % | sample treated with aqueous solution of Na-MFP 25 %
followed by carbonation for 14 days. Numbering: 1- | followed by carbonation for 28 days. Numbering: 1-
uncarbonated part, 2-carbonated part uncarbonated part, 2-carbonated part
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Figure 22: Photomicrographs (XPL) for SP Mix mortar | Figure 23: Photomicrographs (XPL) for SP Mix mortar
samples carbonated for 14 days followed by a treatment | samples carbonated for 28 days followed by a treatment
with aqueous solution of Na-MEP 25%. Numbering: 1- | with aqueous solution of Na-MEP 25%. Numbering: 1-
uncarbonated part, 2-carbonated and treated uncarbonated part, 2-carbonated and treated

Figure 20 to Figure 23 show that this dark layer indicating the formation of the amorphous as a
result of the reaction of Na-MFP with the cement matrix was not present. It could be that there was
a very thin layer formed on the surface with a thickness of few micrometres which was not observed
from the images obtained. EDX analysis was applied to the samples in order to gain more insight and
to obtain data on the concentration of products formed as a result of the reaction of the Na-MFP
solution with the cement matrix applying the solution before or after carbonation, an EDX analysis
was applied to the samples. The results are presented in the next section.

4.1.2. Scanning Electron Microscopy (SEM/EDX) results for mortar samples (W/C =0.45)

Figure 24 to Figure 26 present the results obtained from the ESEM/EDX analysis and Table 20
presents the numerical values obtained from the measurements. The results show a high scatter in
the concentration of the phosphorus at each depth. Close to the surface, at 0.5 mm, the sample
treated before carbonation for 14 days showed high scatter and therefore also high standard
deviation compared to treatment after carbonation. Along the measured depths, the sample treated
after carbonation for 28 days showed more scatter compared to the sample carbonated for 14 days.

Scatter in the measurement is an indication for the heterogeneity of the measured section: the more
scatter, the higher the heterogeneity. This heterogeneity is a result of natural irregularities within
the sample itself or due to irregular reactions during carbonation and treatment. For instance due to
carbonation the sample becomes more heterogeneous. This explains why higher scatter was found
for carbonated sample and even more scatter if carbonation time increases.

Sawsan G.A. Hulsman-Khalil Results and discussion| 33



Table 20: Concentration of P (At %) as measured by ESEM/EDX for CEM I11/B Mortar (W/C 0.45) at different depth

Depth(mm) 0.5 25 5 7.5 10 12,5 15 17.5 225
Treatment(Na-MFP) => Cysgays
Average 0.98 0.36 0.32 0.32 0.37 - - - -
STD 0.26 0.08 0.07 0.04 0.06 - - - -
Ciadays > Treatment(Na-MFP)
Average 0.38 0.35 0.39 0.39 0.35 - - - -
STD 0.10 0.04 0.03 0.03 0.06 - - - -
Casdays > Treatment(Na-MFP)
Average 0.38 0.39 0.48 0.42 0.33 0.33 0.32 0.29 0.34
STD 0.15 0.21 0.17 0.10 0.10 0.06 0.06 0.07 0.06

Figure 24 presents the results of two mortar samples mixed with CEM 11I/B: one was exposed to
accelerated carbonation after treatment with aqueous Na-MFP (A: T = Cl4day) and the other one
was exposed to accelerated carbonation before treatment (B: Cl4day = T) for 14 days. The results
include the concentration of the phosphorus, P (At %), measured every 2.5 mm from the treated

surface. The first measurement was taken at 0.5 mm depth which was considered being at the

surface of the sample. Next measurements were taken every 2.5 mm. This type of measurement was

considered an indication of the penetration depth of the Na-MFP into the cement matrix of the

mortar. The images obtained from the PLM for the SP Mix indicate that the method used for

applying the solution on the surface was inefficient which resulted in a limited penetration of the

solution into the cement matrix. The samples used in this test were CEM 11I/B mortars.

16

Concentration of phosphorus
CEM Ili/B Mortar (W/C 0.45)
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10 { &
08 { &
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»
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Depth (mm)

+ B:C-14d->T

s A:T--»C-14d

Figure 24: EDX result for two mortar samples-CEM 111/B first one was carbonated for 14 days followed by treatment with
aqueous Na-MFP B: Cl4days =T the second one was treated first with Na-MFP followed by carbonation for 14days

A:T>Cl4days
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Figure 24 shows a higher concentration of phosphorus close to the treated surface for the sample
treated before carbonation compared with the sample treated after carbonation. At the depth
2.5mm to about 7.5 mm there are no significant differences in the concentration of phosphorus for
the samples treatments with aqueous Na-MFP before or after carbonation for 14 days the
concentration of the phosphorus decreased with the increase of the depth for both samples. At a
depth of 7.5 mm it was observed that samples treated with Na-MFP solution after carbonation
showed more traces of the phosphorus than the sample treated before carbonation. By comparing
the value of P (At %) at depth of 7.5mm and 1mm, a slight difference between the both samples was
noticed: The (B: Cl4day = T) sample showed a higher concentration than the (A: T > Cl4day)
sample. This could be the result of the short carbonation duration of 14 days which was not enough
to enable the penetration of the Na-MFP solution.

The effect of the carbonation duration was also tested. Figure 25 presents results obtained from the
ESEM/EDX analysis for two samples both treated with aqueous Na-MFP after carbonation but one
sample was carbonated for 14 days and the other sample was carbonated for 28 days. The results of
the two samples presented in Figure 25 measured for depths from 0.5 to 10 mm with an interval of
2.5 mm. It was noted that the sample carbonated for 28 days indicated more tracing of Na-MFP
solution than the sample carbonated for 14 days. This was clear for each depth measured: the
concentration of P (At%) was higher for the sample carbonated for 28 days compared to 14 days.

This indicates the higher the sample is exposed to carbonation the larger the penetration depth of
Na-MFP solution into the cement matrix due to the increase in the permeability of the cement
matrix after carbonation.

Concentration of phosphorus
CEM Ill/B Mortar (W/C 0.45)
0.8
0.7 o
& &
< < &
0.6 - & & & &
o o
w1 oe s ° o P *%
(=)
R % 0 o ® ggcbg o
: o 8o o8 o 0 C-14d-->T
o5 | Pog @ % T, o ®
o 9 % o o C-28d-->T
02 4 & o
&
0.1 ~ &
D I I I I
0 2.5 5 7.5 10
Depth (mm)

Figure 25: Result of EDX for two mortar samples-CEM 111/B carbonated for 14 and 28 days followed by treatment with
aqueous Na-MFP

Sawsan G.A. Hulsman-Khalil Results and discussion| 35



Concentration of phosphorus
CEM I1l/B Moriar (W/C0.45)
C-28d 5T

0.8 -

0.7 -

0.6 -

0.5 -
=®
204 -
a

0.3

0.2 -

0.1 -

0 . . . . . . . . . .
0.5 25 5 7.5 10 12.5 15 175 20 225
Depth from the treated surface( mm)

Figure 26: EDX result of mortar sample-CEM 111/B carbonated for 28 days followed by the treatment with aqueous Na-
MFP-the measurement was taken each 2.5mm from the treated surface.

Figure 26, present the results of the sample treated with Na-MFP solution after carbonation for 28
days. It is observed that the concentration of P (At%) as a result of the reaction of Na-MFP with the
cement matrix was reduced at the depth of 12.5 mm. The lowest value of P(At%) was found at the
depth of 20 mm and increased again at a depth of 22.5 mm as a result of the treatment from the
other side of the surface. From these results, it was concluded that first there was a reaction
between the Na-MFP aqueous and the cement matrix and second the reaction reached almost 2 cm
deep into the sample from the surface.

4.1.3. Microscopy images for carbonated cement paste samples

Figure 27 to Figure 32 present the stereomicroscope images of cement paste for CEM 1lI/B and SP
Mix cement with a water-cement ratio of 0.45 tested to measure the carbonation depth. For the
carbonation test, a phenolphthalein indicator solution was used. The phenolphthalein solution was
applied directly on the freshly broken and cleaned parts. The carbonated parts where pH< 10 is not
coloured and the carbonated parts are pink.

The method used for the treatment and carbonation was similar to the mortar samples. The
numerical results are presented in Table 21. From the images and the numerical results, it was found
that the maximum carbonation depth was about 2.56 mm for carbonation duration of 28 days. The
treatment with Na-MFP solution after carbonation decreased the carbonation depth from 1.66 mm
to 1.02 mm for cement paste CEM 1lI/B and from 2.08 mm to 0.32 mm for cement paste SP Mix. The
carbonation depth for the SP Mix paste sample is less compared to CEM I1I/B paste sample due to
the presence of the fly ash in the mix which results in reducing the permeability and the carbonation
process.

The carbonation depth for the samples treated after carbonation was less compared to the samples
treated before carbonation, these results were for CEM 11I/B and Sp Mix cement paste. This could be
due to the fact that alkali in the pore solution in the cement matrix was high (=13.1) which delayed
the reaction of Na-MFP with the cement matrix while the carbonation process was proceeding.
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Table 21: carbonation depth, tested by phenolphthalein solution, for cement paste based on the stereomicroscope
images for cement paste CEM 111/B and SP Mix

T (Na-MFP) C28days
Depth (mm) Casdays > Caadays T (Na-MFP)
CEM llI/B Cement paste (W/C= 0.45)
Average 0.94 1.74 0.82
Min 0.20 1.17 0.67
Max 1.66 2.05 1.02
SP Mix Cement paste (W/C 0.45)
Average 1.43 1.31 0.16
Min 0.62 1.01 0.09
Max 2.08 2.59 0.32
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Figure 28: Stereomicroscope image of cement paste
CEM I11/B treated with Na-MFP before carbonation
for 28 days

Figure 29: Stereomicroscope image of cement paste CEM
11l/B carbonated for 28 days before treatment with Na-MFP

Figure 27: Stereomicroscope image of cement paste
CEM I1I/B carbonated for 28 days

1 mm
Figure 30: Stereomicroscope image of cement paste SP Mix Figure 31: Stereomicroscope image of cement paste Figure 32: Stereomicroscope image of cement paste SP Mix
carbonated for 28 days SP Mix treated with Na-MFP before carbonation carbonated for 28 days before treatment with Na-MFP
for 28 days
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4.2.Paste samples: Microstructure analysis
4.2.1. Nano-indentation mechanical test results (Grid indentation analysis)

The nano-indentation technique was used to investigate the change in micromechanical properties
of the paste samples through the treatment before or after being exposed to carbonation.

It is known that cementitious materials exhibit a large scatter of material properties. In order to
overcome this problem, it was necessary to produce enough indents into the same material; the
number depends on the accuracy of the test. For this study, the experimental set-up was 100
individual indentations performed on a grid of 10x10 indents with a spacing of 100 um. The location
of the grid was selected such that it was not located in the vanity of cracks. The data obtained from
the tests were analysed in different steps.

Mean elastic modulus and hardness

1. Effect of Carbonation

The mean values of the elastic modulus and hardness are presented in

Table 23 and Figure 33 present the results for CEM | and SP Mix cement paste the mean elastic
modulus and the hardness increased due to carbonation regardless of the water-cement ratio. The
increase of the elastic modulus and the hardness for the carbonated cement paste was due to the
formation of calcium carbonate as a result of the carbonation process.

As reported by Jiande (2011), the shape and pattern of calcium carbonate are microcrystalline with
the scale of tens to hundreds of nanometres. Due to the formation of the microcrystalline CaCO;
spherules in the calcium hydroxide crystals, the calcium hydroxide changes into Ca (OH),-CaCO;
compounds. The elastic modulus and hardness of Ca(OH),-CaCO; compounds are higher than that of
Ca(OH), crystals and lower compared to CaCOj; crystals (JianDe. et al., 2011).

For CEM 1lI/B cement paste the elastic modulus and the hardness decreased with the increase of the
water-cement ratio, particularly when the water-cement ratio increased to 0.6.Bertos et al. (2004)
reported that the decrease in carbonation with high W/C is a result of the blockage of the pores with
water in the solid and which result that there is no enough free water to promote the reaction of
CO, and the hydration of the carbon dioxide. Also, the free water is needed to dissolve the Ca’ ions
from the solid that will react to form the CaCO; (Bertos et al., 2004; Johannesson et al., 2001). Add
to that the carbonation of Ca(OH), into CaCO; causes an increase of volume. The chemical reactions
lead to a change of the microstructure, a decrease of the porosity, which results in a decrease in
total volume involving a differential shrinkage between the surface and the bulk of the material
which can lead in certain cases to cracking. An acceleration of the carbonation rate can result from
this cracking (Houst, 1996). Slag cement pastes (CEM IIl/B with 67 % slag) have a lower Ca/Si ratio
compared to CEM |, resulting in a high risk of carbonation shrinkage (Gruyaert et al., 2013). Rapid
decalcification of C-S-H is expected in highly porous pastes, especially when the water content is
high, which is accelerated when the Ca/Si ratio is relatively low. The addition of fly ash (SP Mix paste)
in the cement mix reduces the permeability of the cement matrix , as previously reported (Ngala et
al., 1997), which decrease the porosity and increases the elastic modulus compared to slag cement.
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2. Effect of treatment with Na-MFP solution on the elastic modulus and hardness

The mean elastic modulus and the hardness for treated CEM | and SP MIX cement paste were higher
compared to the non-treated carbonated and noncarbonated samples whether the treatment was
before or after the carbonation and regardless the water-cement ratio. CEM III/B cement paste
showed similar behaviour only with water-cement ratio 0.4 and 0.5. In the case the water-cement
ratio was 0.6 the mean elastic modulus and the hardness of the treated sample after carbonation
were higher compared to the carbonated and noncarbonated samples. This could be related to the
reaction of the Na-MFP solution with Ca(OH),, CaCOs or porous silica which formed possibly into
fluorapatite (Cas(POg4)3F) or carbonate fluorapatite (Cas(PO4,CO3)3F) as well as unidentified
amorphous formation(s) as reported by Copuroglu (2006).

In order to gain more insight of the effect of the treatment on the cement matrix, the elastic
modulus, and the hardness were classified which will be explained in the next part of this analysis.

Table 22: The average and standard deviation of the elastic modulus for each cement paste as obtained from the nano-
indentation test (indent number =100)

Mean (1£SD) Elastic modulus (GPa)

CEM | Cement paste

w/C Control Casdays T (Na-MFP) —> Cyggays Cagdays — T (Na-MFP)
0.4 29.19+15.58 31.54 +13.02 38.88 + 18.09 3155+ 7.34
0.5 26.11 + 8.28 37.02£21.20 36.31 + 14.55 35.88 + 13.53
0.6 19.85+9.73 34.05 +10.72 33.91 +13.05 45,80 £17.21
CEM 111/B Cement paste
0.4 25.47 +7.86 23.58 +9.24 29.36+9.29 31.91+11.35
0.5 17.26 £ 5.89 15.48 £ 6.51 18.53+8.10 25.38 +10.50
0.6 26.21+19.48 15.33+7.88 22.84+7.61 13.46 + 4.92
SP Mix Cement paste
0.4 19.71+£11.25 18.33+ 7.83 26.2 £10.21 23.86+8.13
0.5 25.94+11.04 28.52 + 9.63 27.03+9.11 31.55 +8.87
0.6 11.15+ 5.68 17.86+12.49 16.81+6.71 23.11+8.69

Table 23: The average and standard deviation of the Hardness for different cement pastes obtained from the nano-
indentation test (indent number =100)

Mean (xSD) Hardness (GPa)

CEM | Cement paste

w/cC Control Casdays T (Na-MFP) — Cygqays Ca84ays —T (Na-MFP)
0.4 1.08£1.13 1.31+1.00 1.59+1.23 1.33+0.46
0.5 0.83£0.51 1.60+1.72 1.53+1.19 1.36£0.80
0.6 0.74 £ 0.67 1.27 £0.86 1.44 +0.93 2.01+£1.48
CEM I1I/B Cement paste
0.4 0.94+0.71 1.12+0.81 1.28 £1.03 1.72+£1.03
0.5 0.54 £0.52 0.75+0.69 0.85 +0.86 1.30+1.02
0.6 1.81+2.21 0.74 £0.64 1.05+0.85 0.59+0.44
SP Mix Cement paste
0.4 1.04 £1.20 0.92£1.30 1.15+0.93 1.19+0.73
0.5 1.14 £0.99 141+1.11 1.17+£0.74 1.65+1.32
0.6 0.44 £ 0.38 1.02+0.93 0.86 £ 0.58 1.19+0.03
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Figure 33: Mean elastic modulus (left) and hardness (right) for cement paste CEM I, CEM IlI/B and SP Mix with different
water-cement ratio and treatments
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Elastic modulus and hardness classification

Analysis method

For CEM IIl/B and SP Mix paste sample the data showed a change in the mechanical phase at the
range of 18-35 GPa and 36-40 GPa compared to CEM | paste sample. The results were grouped into
four phases in order to understand the different reactions in the cement matrix. For each phase
group, the number of indents, hence the frequency, within that phase was calculated. This
classification was used for the modulus and the hardness.

As discussed in Chapter 3, previous researchers reported the elastic modulus and hardness for C-S-H
and CH. For the C-S-H two types were distinguished: high-density C-S-H and Low-density C-S-H which
identify the inner and outer product of the hydration product, respectively. In this study, both types
are listed in a single category as presented in Table 24. JianDe (2011) reported the elastic modulus
and hardness for calcium carbonate to be 70 GPa and 3 GPa, respectively and for the Ca(OH),-CaCO;
compounds the elastic modulus was in the range of 34-83 GPa and the hardness in the range of
1.75-4.15 GPa. Table 24 present data for the elastic modulus and hardness for a single crystal
material as reported in the literature (Samandari et al., 2009; Zamiri et al., 2010). For elastic modulus
lower than 18 GPa and hardness lower than 0.8 GPa are believed to be due to surface defects or
porosity in the sample (Howind et al.,, 2011). Table 25 presents the classification of the elastic
modulus as explained in Table 24.

Table 24: Classification of C-S-H and CH used in this analysis

Elastic modulus Hardness
(GPa) (GPa)
C-S-H (L+H) 18 -35 0.8-1.2
CH 36-39 1.3-1.8
Ca(OH),-CaCO; (Compound) 34 -83 1.75-4.15
CaCO; 60 - 80 2-4
'Fluorapatite (Caio(PO4)eF>) 139.7+3.8 2.0040.10
’Cement clinker 125-145 + 25 8-10.8 +3
Hydroxyapatite Ca;o(PO,)s(OH),
(Side-Base)- 143.56 — 150.38 6.41-7.06
Data for single crystal
*Cement clinker:
CsS 1357 8.70.5
C,S 130+ 20 8+t1
CA 145+ 10 10.8+0.7
C,AF 125+ 25 95+14
Alite 1257 9.2+0.5
Belite 127 £10 8.8+1

1-(Broz et al., 2006) 2-(Sorelli et al., 2008) 3-(Velez et al., 2001)
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Overview 1: Expected reaction which affected the elastic modulus and hardness

Carbonation of Calcium hydroxide
Ca(OH), + CO, »CaCO03 + H,0

Carbonation of C-S-H
(3Ca0. 2Si0,. 3H,0) + 3CO, >3CaC05+2Si0 .nH,0 + (3-n) H,O
(n: mass of water in the silica gel)

Reaction of Na-MFP

2_
3 PO3F?~ + 6Ca(0H); (¢rysratine) < €25 (PO4)3F amorphous) + CaF2 qrystatiine) + 6 OH + 3 Hz0

(Reaction of POsF*", PO3~or F~ with Ca(OH),, CaCO; or porous silica which results possibly into
fluorapatite (Cas(PO,)sF) or carbonate fluorapatite (Cas(PO,COs)sF) as well as an unidentified
amorphous formation(s)).
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Table 25: The distribution of the elastic modulus (%)

Elastic Modulus (GPa) | Control Cygqy T—Cygq Cagq—T | Control Cygqy T—Chgq CasqBT | Control Cygy T—Chgq Caga—T
CEM1-W/CO0.4 CEM 1lI/B-W/CO0.4 SP Mix - W/C 0.4
<18 12% 5% 5% 6% 9% 24% 3% 5% 49% 56% 14% 19%
C-S-H 18-35 71%  72%  42% 64% 77% 66% = 80% 62% 42%  38% @ 72% 72%
CH 36-39 4% 12% 18% 18% 9% 5% 5% 12% 4% 3% 6% 4%
>39 14% 10% | 34% 13% 4% 5% 12% 21% 4% 3% 8% 4%
CEM 1 -W/C0.5 CEM 11I/B -W/C 0.5 SP Mix -W/C 0.5
<18 11% 5% 5% 5% 59% 67% 51% 18% 13% 10% 14% 6%
C-S-H 18-35 74%  63% 49% 54% 39% 32% @ 46% 64% 72% 68% 67% 63%
CH 36-39 8% 6% 7% 11% 1% 1% 0% 9% 5% 14% 9% 16%
>39 7% 26% | 39% 31% 0% 0% 3% 9% 9% 9% 10% 15%
CEM1-W/CO0.6 CEM 111/B -W/C 0.6 SP Mix -W/C 0.6
<18 53% 1% 13% 1% 42% 71% 15% 83% 89% 62% 59% 28%
C-S-H 18-35 40% 64% 45% 20% 33% 25% 75% 17% 9% 32% 39% 67%
CH 36-39 3% 21%  12% 13% 6% 1% 6% 0% 1% 3% 2% 2%
>39 5% 13% = 31% 66% 19% 3% 4% 0% 0% 3% 0% 3%
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(3-9 %) change in the elastic modulus compared to carbonated samples
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Analysis of the Elastic modulus classification

The results for CEMI cement paste samples showed that the treatment before carbonation increased
the elastic modulus for the phase > 39 GPa compared to the carbonated sample; the tests were

executed for samples with water-cement ratio 0.4 and 0.5. The sample with water-cement ratio of
0.6 and a treatment after carbonation showed an increase of 53% in the elastic modulus compared
with the carbonated sample.

With a high water-cement ratio, the pores were filled with a carbonated solution with a low pH
which facilitated the hydrolysis of Na-MFP in HPO3~ and F~ ions and reacted with calcium to form an
amorphous material. Another explanation could be that when the sample was exposed to accelerate
carbonation, the CaCO; was formed filling the pores in the cement matrix. This process needed
sufficient calcium and water in the pores to continue. While the formation of CaCO; continued filling
the pores, it might be that there was some of the unhydrated cement that is blocked. Figure 34 and
Figure 35 shows the position with high elastic modulus (104.5-114.3 GPa) which could relate to
unhydrated cement or clinker.

Avg Modulus [1000-1800 nm] Avg Modulus [1000-1800 nm] (GPa)
v

1145

1024

90,25

@

Q

S
|

78,13

66,00

53,88

Y Test Position (um)
Fy
38
1

Y Test Position (um)

“75

29,63

17,50

X Test Position (um) X Test Position (um)
Figure 34: Cement paste CEM | W/C 0.6 — Figure 35: Cement paste CEM | W/C 0.6 -
T (Na-MFP) = C28days C28days = T (Na-MFP)

The results of CEM 1li/B cement paste samples showed an increase in the elastic modulus in the
phase (18-35 GPa) and a decrease in the elastic modulus lower phase (<18 GPa) for the treatment
before carbonation while for the treatment after carbonation the data showed an increase in the
elastic modulus with higher phase, (36-39 GPa) and (>39GPa) for water-cement ratios of 0.4 and 0.5.
Figure 36 to Figure 39 show the decrease of the elastic modulus for the treatment after carbonation

for water-cement ratio of 0.6 and formation a material which has a lower elastic modulus than C-S-
H, the figures also show the spatial distribution of this material.

The SP _Mix cement paste samples showed an increase in the elastic modulus for the treatment

before carbonation with water-cement ratio of 0.4 and after carbonation for water-cement ratios of
0.5 and 0.6.
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The reaction of Na-MFP and the formation of the amorphous material increased the elastic modulus
of the cement matrix. The carbonation of the cement paste with a water-cement ratio of 0.6
followed by the treatment with Na-MFP decreased the elastic modulus.

The nanoindentation results showed that the treatment improved the elastic modulus of the cement
matrix. Whether the improvement was obtained for the treatment before or after carbonation
depended on the water-cement- ratio.

Considering the elastic modulus of the apatite reported in Table 24, which was higher than any
values measured from the test, it was not clear whether the amorphous material formed as a result
of the reaction of Na-MFP with the cement matrix was an apatite. The results gave an indication of
the formation of a material improving the elastic modulus.

The treatment after carbonation gave more distributed increases in hardness compared to the
treatment before carbonation. CEM III/B with water cement ratio 0.6 showed increases in the
hardness in the phase <0.8 GPa while the treatment before carbonation showed a dispersed
increase in the higher phases as presented in Table 26. The results showed that treatment after
carbonation resulted in distributed improvement of the hardness of the cement matrix surface for
CEM | and SP MIX cement paste regardless the water cement ratio but for cement paste CEM I11/B
was limited to lower water-cement ratios (0.4-0.5).
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Figure 36: Cement paste CEM I1I/B -W/C 0.6- Control Figure 37 : Cement paste CEM I1I/B- W/C 0.6- Cyggays
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Table 26: The distribution of the hardness (%)

Hardness (GPa) Control Cysq T—Csq Ci¢q—T Control Cyzgqy T—Casq Cagg—T Control Crsg T—Crsq Cigq—T
CEMI-W/CO0.4 CEMIII/B-W/C0.4 SP Mix - W/C 0.4
<0.8 62% 18% 22% 14% 47% 38% 22% 8% 61% 78% 38% 36%
CS-H 0.8-1.2 21% 36% 20% 35% 28% 24% 42% 30% 19% 7% 36% 27%
CH 1.3-1.8 6% 37% 37% 40% 14% 27% 23% 32% 7% 3% 16% 21%
>1.8 11% 9% 21% 11% 10% 11% 14% 30% 13% 12% 10% 16%
CEM 1 -W/CO0.5 CEM III/B -W/C 0.5 SP Mix -W/C 0.5
<0.8 64% 44% 22% 18% 83% 68% 57% 17% 53% 18% 32% 9%
C-S-H 0.8-1.2 25% 29% 28% 31% 8% 17% 26% 39% 18% 43% 30% 18%
CH 1.3-1.8 8% 6% 20% 32% 7% 10% 7% 18% 18% 16% 22% 39%
>1.8 3% 21% 30% 19% 1% 6% 10% 26% 11% 24% 16% 34%
CEM 1 -W/CO0.6 CEM III/B -W/C 0.6 SP Mix -W/C 0.6
<0.8 72% 24% 28% 4% 33% 64% 26% 77% 85% 50% 61% 24%
CS-H 0.8-1.2 17% 36% 17% 18% 32% 22% 52% 15% 12% 23% 20% 29%
CH 1.3-1.8 6% 33% 34% 53% 9% 10% 7% 5% 1% 12% 11% 30%
>1.8 5% 7% 21% 25% 26% 4% 15% 3% 1% 15% 8% 17%
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4.2.2. Analysis of the porosity and pore size distribution

The MIP test was applied on paste samples for each cement type for different water-cement ratios.
As mentioned before, the results of the MIP test are indicative values. The test techniques were kept
identical for all samples; these were: sample size, drying and pressure. The values obtained were
based on a single test for each sample, which for accuracy reasons will not be enough for claiming
that the values obtained are reliable values. The results obtained from the tests were used to
compare the porosity and the pore size distribution for each sample under systematically sampling
strategy with controlled techniques.

In order to gain more insight into the pore size distribution, the measured pore size distribution from
the MIP test was classified into four size ranges:

10-50 um Capillary pores - Large
50 nm-10 um Capillary pores - Medium
10-50 nm Capillary pores - Small
2.5-10 nm Gel pores

Table 27 presents the background of the classifications according to Mindess. Figure 40 presents the
total porosity as measured by the MIP test and Table 29 presents the calculation of the total porosity
compared to the capillary porosity in the range (10 nm-10 um).

First, the effect of the carbonation was analysed, then the effect of the treatment with Na-MFP.

Table 27: The classification of the pore size is according to S.Mindess (Jennings et al., 2002):

According to IUPAG According 1o P, Menta,
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Figure 40: Total Porosity as measured by MIP Test (B:T->C, and A: T->C,g4)
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Effect of accelerated carbonation on the capillary porosity

Table 28: Percentage of capillary porosity for carbonated and control cement paste

Cement paste W/C0.4 W/C0.5 W/C0.6
type
Control Casdays Control Casdays Control Casdays
CEM | Paste 20% 25% 18% 18% 17% 14%
CEM 11I/B Paste 19% 25% 27% 39% 52% 56%
SP Mix Paste 15% 16% 30% 36% 40% 45%

Table 28 presents the results of the capillary porosity for the carbonated and control samples. The
control samples of CEM | cement paste show a slight decrease in the capillary porosity of about (1-

2%) with the increase of the water-cement ratios which was not expected. Generally the capillary
porosity of the cement paste increase with the increase of the water-cement ratio. These findings
could be related to the discontinuities of the pores in the sample. For the carbonated sample of CEM
| cement paste with water-cement ratio 0.4 the capillary porosity increased but not when the water
cement ratio increased which also not in agreement with what reported in the literature.

The results for the CEM lll/B cement paste indicate that at increasing water cement-ratio the

capillary porosities increased. In general, pastes samples made with slag blended cement showed
higher porosities than those made with ordinary Portland cement this was not in agreement with
the result obtained for the water cement ratio 0.4.The capillary porosity for the CEM | cement paste
was higher compared to CEM I1I/B.

The capillary porosity of the SP Mix cement paste, due to the addition of Fly ash, showed decreasing

compared to CEM | and CEM 1lI/B cement paste but, at increasing the water cement the capillary
porosity increased.

The results for the carbonated CEM | paste showed a decrease in the capillarity porosity only when

the water-cement ratio was 0.6. This could be related to the decreasing volume of the permeable
voids of cement paste exposed to accelerated carbonation. This might be accountable to the fact
that the CaCO3,,,sta1s 0Occupy more volume compared to Ca(OH)2. On the contrary, calcium carbonate
has a low solubility and it, therefore, promotes blocking of pores decreasing the permeability of the
cement paste. CEM | cement paste had a higher calcium content compared to slag cement paste.
This could result in an increase of the formation of CaCO; for the case of a higher water content
(Hussaina et al., 2015).
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Effect of the treatment with Na-MFP solution on the capillary porosity

Table 29: Effect of the treatment with Na-MFP solution on the capillary porosity

e W/C0.4 W/C0.5 W/C 0.6

Control  Cygy T—Cygq Cygq—T | Control  Cpgy T—Cpgy Cpgq—T | Control  Cpzy  T—Crgq Crpa—T
CEMI 20% 25% 14% 14% 18% 18% 13% 13% 17% 14% 20% 12%
CEM 1ll/B 19% 25% 17% 18% 27% 39% 30% 31% 52% 56% 18% 25%
SP Mix 15% 16% 13% 15% 30% 36% 34% 30% 40% 45% 19% 24%

Table 29 presents the capillary porosity for cement pastes as measured with the MIP test. It was
noted whether the treatment was before or after carbonation; a decrease in the porosity compared

to the carbonated samples was obtained. Except for CEM | cement paste with a water-cement ratio

of 0.6 a decrease in the porosity when the treatment was applied after carbonation.

The effect of a higher water-cement ratio on the treatment was as follows:

- With a water-cement ratio of 0.5, CEM | and CEM 1l /B showed more improvement in the

porosity when treated before carbonation compared to the carbonated samples while the

opposite was the case for SP Mix paste.

- With a water-cement ratio of 0.6, CEM IlI/B and SP Mix showed more improvement in the

porosity when treated before carbonation compared to the carbonated sample while the

opposite was the case for CEM | paste.
The improvement in the capillary porosity indicated that Na-MFP reacted with the cement matrix
forming a material blocking the pores in the cement matrix. The difference between before or after

carbonation varied between 1-5 % for the end results of the porosity. The porosity recovered for the
carbonated CEMIII/B paste after applying the treatment were 7%, 8% and 31% for water-cement
ratio 0.4, 0.5 and 0.6, respectively. See the results in Table 30.

Table 30: Covered porosity for the treatment before or after carbonation
*Change in the capillary porosity for treatment before carbonation compared to control sample
** change in the capillary porosity for treatment after carbonation compared to carbonated sample

g:::':;pe w/Co0.4 W/C0.5 W/C0.6
*(T—>c28d ) **(CzSd—>T) *(T—’sz;d ) **(T—>czsd ) *(T—>Czsd ) **(CZSd —>T)

CEM | 6% 12% 5% 5% -3% 2%

CEM I1I/B 2% 7% -3% 8% 34% 31%

SP Mix 2% 2% -4% 6% 21% 21%
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Effect of carbonation and treatment on the pore size distribution
From the MIP measurements, the pore size distribution was analysed. These were done for several

characteristic pore sizes (radii) and critical pore radius. The critical radius is the inflection point on

the curve of intruded volume versus pore size that is the pore radius corresponding to the peak
value in dV/dD curve. This size corresponds to the smallest pores creating a connected path in pore

structure.

Figure 41 presents the critical pore size for all samples and the numerical result is presented in Table

31. The results which were underlined in the table showed a high critical pore size combared to what

reported in the literatures. It is noted that the lowest critical pore size was reached when the

treatment was before carbonation for all samples.

Table 31: Effect of the treatment with Na-MFP solution on the critical pore size (um)

Cement
paste w/co0.4 W/C0.5 W/C0.6

Control Cygq T—Cyq Cyq—T | Control Cygq T—Cyq Cosq—T | Control Cygq T—Crq Cogq—T
CEM | 0.095 0.543 0.045 0.073 0.073 0.073 = 0.045 0.045 0.095 0.073 = 0.036 0.073
CEM lli/B 0.083 0.045 0.019 0.155 0.271 0.118 = 0.045 0.236 0.442 0.118  0.029 0.312
SP Mix 0.045 0.206 0.017 0.206 0.073 0.442 0.027 0.442 0.073 0.271 0.022 0.271
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Figure 41: Critical pore size as measured by MIP Test (B: T>C,sq and A: T->Cygq)
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4.2.3. Thermogravimetric analysis/Differential Scanning Calorimetry (TGA/DSC)

The TGA (thermogravimetric analysis) curve presents the relationship between the temperature
increase and the weight loss of a sample heated constantly from 40 to 1050 °C with a heating rate of
10°C/min. The DSC (Differential Scanning Calorimetry) curve presents the temperatures and heat
flow associated with thermal transitions: phase transitions/changes, dehydration, gas evolution,
melting, and crystallization.

The procedures used in this analysis and the data obtained from the tests were:

1. From the DSC curve, the onset temperatures for the phase transition zones were
determined.

2. From the TGA curve, the percentages of the mass loss were calculated for the specified
phase transitions temperature. The mass losses were calculated for each temperature
interval for each sample.

The calculation steps and the TGA/DSC curves for each test are presented in Appendix 4. In this
section, the results are summarized in tables for comparison and analyses. Table 32 present the

expected mean transition.

Table 32: The expected mean transition

Peak Approximated Process

Temp range (°C)
Peakl 105-200 Dehydration of C-S-H gel and ettringite
Peak2 400-450 Dehydration of calcium hydrate(CH)
Peak3 500-800 Decarbonation of calcium carbonate (CaCO;)
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Overview 2: thermal stability of hydroxyapatite and calcium apatite

In previous studies on the thermal stability of the hydroxyapatite (HA), Yanming et al. (2005) and
Nikcevica et al., (2004) proved that at around 800-850°C the weight loss is caused by the release of
OH’ groups from the HA crystals and above 1000°C is the further decomposition of the HA (Nikcevica
et al., 2004; Yanming et al., 2005).

Adolfsson et al. (1999) reported that the decomposition reactions of into tricalcium phosphate
(TCP;Ca3(P0O,),) could be divided into two steps, according to the formulae 1 and 2.

Calo(PO4)6(OH)2 - Calo(PO4)5(OH) 2.2xOX+X Hzo ( at about 800 OC ) (1)
Calo(PO4)6(OH) 2.2x0x = 3C33(PO4)2 +Cao +(1'X) H,0 (at about 1220 OC) (2)

Tonsuaadu et al. (2012) investigate the thermal stabilty of diefferent type of apatite and
hydroxyapatite. The most thermally stable is Fluorapatite (CaPO,) with the melting point at ~1650°C
which is outside the range of this study.

Temperature/°C
0 200 400 600 800 1000 1200 1400 1600
PRSI U ST T (S T S ST UN SN PR U SN NS U S RSN R |

Fluorapatite 1660 °C @
Chlorapatite | Hexagonal — meneelinic 1530°C @
Hydroxyapatite [ Dehydroxylation | Decomp. |
Stable (heated with H,0) 1570 °C @
Carbonated Ap:
(htype)
(Btype)| | CO, loss, decomposition |
(3959
Bioapatite [A;0Toss— CO, loss |

Figure 42: A review on the thermal stability of calcium apatites (Tonsuaadu et al., 2012)

Previous studies about the thermal analysis of hydroxyapatite and calcium apatite were used to
understand whether the weight loss in Peak 3 (500-800°C) and higher for the tested samples A
(T>Casdays) and B (Cyg40,>T) were related to decarbonation only or a combination of decarbonation
and decomposition of HA.
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Analysis of the CEM | paste samples

Figure 44 shows the TGA/DSC graph of CEM | samples with water cement ratio 0.4, 0.5 and 0.6. For
each water cement ratio, four samples were tested: 1) control, 2) carbonated for 28 days (Cisgays), 3)
treatment before carbonation (A: T—Cyg4ays) and 4) treatment after carbonation (B: Cyggay—T). Table
33 presents the numerical values of the results obtained from the test. The red numbers in the
tables are used for explanation in the analysis.

Table 33: Result of DSC/TGA temperature interval for CEM |

CEM I W/C0.4 W/C0.5 W/C 0.6
Cement
Paste Temp- Mass Temp- Mass Temp- Mass
interval loss interval loss interval Loss
Peaks (T°C) (%) (T°C) (%) (T°C) (%)
Peakl 121-247 9.1% 121-246 6.8 104-240 9.8
Control Peak2 |  456-550 4.9 460-558 3.5 466-516 3.2
Peak3 | 722-857 1.0 701-849 3.2 717-892 2.9
Peakl 125-257 43 93-239 8.4 119-269 6.9%
Casdays Peak2 | 459-576 2.3 469-540 2.3 458-508 1.6
Peak3 791-916 10.7% 782-933 5.6 794-898 3.59
A Peakl 112-257 7.3 112-241 6.9 99-232 6.4
T Contan Peak2 | 461-534 2.0 459-586 2.0 328-636 4.0
Peak3 802-868 1.0% 817-860 0.4 780-903 0.3
B: Peakl 94-267 9.2 100-249 11.4 119-276 10.0
C;sd 7 | Peak2 | 459-622 6.6 453-557 43 457-581 1.4
2y Peak3 | 622-831 2.7 742-899 3.1 750-877 3.4

Table 34: Total mass loss (%) at the end of the test for CEM | cement paste

CEM | — cement paste

w/C0.4 W/C0.5 W/CO0.6

Control 231" 21.9 23.6

Casdays 30.6 24.6 25.6
A: T—Cpgunys  17.4% 17% 13.9%
B:Cosuey—T  25.5 22.9 24.6

Sawsan G.A. Hulsman-Khalil Results and discussion| 57



The observations on the results are as follows:

1) The total mass loss for CEM | cement paste with w/c 0.4 was higher compared to cement pastes
with W/C of 0.5 and 0.6. A reason is the dehydration of the C-S-H gel in Peak 1 (121-247°C)
which was higher than for cement pastes with a W/C of 0.5 or 0.6. Besides that the sample
showed a high mass loss of 3.94% in the beginning of the test (40-120°C), see Figure 43; the
sample was not dry enough and free water was released.

2) The mass loss due to the decarbonation of calcium carbonate Peak3 (791-916°C) with
carbonated CEM | cement paste having a W/C of 0.4 was higher compared to the carbonated
cement paste with water-cement ratios of 0.5 or 0.6.

3) From Table 34 the results indicate that the treatment before carbonation showed lower mass
losses compared to the treatment after carbonation for a range of test temperatures (40-
1050°C). The mass loss due to the dehydration of C-S-H gel and ettringite in Peak 1 and the
dehydration of calcium hydrate (CH) in peak 2 was lower compared to the cement paste treated
after carbonation. This could be related to the formation of a material which can discompose in
temperatures higher than the given temperature in the test 1050°C. Based on the studies
reported by Nikcevica et al. (2004) and Adolfsson et al. (1999) and presented in Overview 2, the
pyrolysis of carbonate from calcium hydroxyapatite (HA) occurs at a temperature just higher
than 1050 °C. See Figure 44 where these points are identified as 1 and 2.
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Figure 43: TG/DTG for control cement paste CEMI | -W/C 0.4
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Figure 44: TGA and DSC result for CEM | cement paste for different treatments with W/C of 0.4, 0.5 and 0.6 (A: T->Czggays and B: Cggay>T)
1. Peak around 1050 °C showed mass loss which could be related to the decomposition of Apatite for B: C28day>T

2. Peak around 1050 °C with no mass loss no clear evidence of formation of Apatite for A: T->Cagdays
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Analysis for CEM 11l/B cement paste

Figure 45 presents the TGA/DSC results for the CEM Ill/B cement pastes. The analysis and
observations with regard to results are as follows:

1.
2.

Peak around 900°C due to decarbonation process (decomposition of CaCOs);

Peak around 450 * 50 °C due to the dehydration of the CH which was clear for the control
samples with different water-cement ratios but not for the treated samples regardless
whether the treatment was before or after carbonation. This could be due to the reaction of
Na-MFP with the CH forming calcium hydroxyapatite which will decompose at around 800 °C
according to Adolfsson et al. (1999);

Peak around 1050°C showed mass losses, see Table 35, which could be related to the
decomposition of Apatite for B: C28day—T,;

Peak around 1050 °C with small mass losses for samples treated before carbonation which
could be due to traces of apatite formation.

The total mass loss increased with the increase of the water-cement ratio. This was only the

case for the control and carbonated cement paste samples, but not for the treated samples.
The treatment after carbonation (B: Cygqay —T) showed a slightly different mass loss of about
1%. The treatment before carbonation (A: T—Cyg4.ys) Showed a lower mass loss around 800°C
(0.1%) for a water-cement ratio of 0.4 and for the cement paste with a water-cement ratio
of 0.6 the loss was around 5.0%, see Figure 46. This could be due to the decarbonation
process indicated by a large peak in the range of 800-997°C followed by decomposition of
another material around 1048°C which could be traces of apatite.

The mass loss for cement paste with a water- cement ratio of 0.4 for the sample treated
before carbonation (A: T>Cygays) Was higher compared to the samples with a water-cement
ratios of 0.5 or 0.6. This might be related to the mass loss of CH indicated by a large peak
around 400-762°C with a mass loss of 11.3%.
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Figure 45: TGA and DSC for CEM IlI/B paste samples with each treatment with a W/C of 0.4, 0.5 and 0.6

(colored numbers are explained in the analysis)
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Table 35: Result of DSC/TGA temperature interval for CEM I11I/B
(red numbers are explained in the analysis)

CEM IlI/B W/C0.4 W/C0.5 W/C 0.6
Cement Temp- Mass Temp- Mass Temp- Mass
Paste . . .
interval loss interval loss interval loss
Peaks (T°C) (%) (T°C) (%) (T°C) (%)
Control Peakl 97-274 11.2 112-247 18.8 120-243 19.8
Peak2 412-468 0.8 459-556 1.1 461-468 0.1
Peak3 732-803 1.1 802-911 1.0 468-808 1.7
Casdays Peakl 108-272 5.9 102-263 6.8 105-250 5.8
Peak2 400-562 3.8 419-533 2.5 305-486 3.1
Peak3 746-804 2.2 787-858 1.7 604-829 11.8
Peakd | 804-1048 3.8 858-965 1.5 993-1048 1.0
A: T>Cpsqays | Peakl 106-200 4.8 115-249 8.0 110-271 7.3
Peak2 | 400-762°  11.3® 249-768 5.0 311-519 3.9
Peak3 762-864 0.9 768-1048 0.1 602-815 2.8
Peak4 864-932 1.1 815-967 1.6
Peaks 967-1048 0.8
B:Cosaay>T | Peakl 110-261 5.8 112-267 6.0 101-288 6.6
Peak2 429-700 10.3 456-549 4.4 288-637 11.9
Peak3 700-901 1.0 632-820 1.5 637-801 1.0
Peakd | 901-1048 1.5 820- 976 1.3 801-997 1.4
Peaks 976-1048 0.6% 997-1048 0.5%

Table 36: Total mass loss (%) at the end of the test for CEM 111/B cement paste
(red numbers are explained in the analysis)

CEM llI/B-cement paste

Control

c28days
A: T_’Czsdays

B :c28day_’T

w/co.4

22.5
26.1
23.7%

22.6

w/co0.5
30.8
28.5
14.8

21.4

W/C0.6

34.2
28.4
19.8

21.8
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Figure 46: DCA/ TGA result for CEM 111/B 0.5 left and CEM I11/B right for the treatment before carbonation
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Analysis for SP MIX paste samples TGA/DSC results

Figure 47 and Table 37 present the TGA/DSC results for the SP Mix cement pastes. The analysis and
the observation on the results were as follows:

1. Peak around 900°C due to decarbonation process (decomposition of CaCO3) and the a loss
corresponds to a decomposition of CO;>~ bearing minerals in FA such as calcite.
2. Peak around 450 * 50°C due to the dehydration of the CH for the control samples and not
for the treated samples. This was similar for with CEM 1lI/B cement pastes.
3. Peak around 1050°C showed mass loss which could be related to the decomposition of
apatite for B: Cyg4ay2>T
4. Peak around 1050 °C with small mass losses for samples treated before carbonation. This
could be due to traces of the formation of apatite.
5. Control samples experienced high loss of mass due to free water at the beginning of the
test (40-105 °C) which was around 4%.
6. Treatment before carbonation showed less mass loss compared to treatment after
carbonation.
Table 37: Result of DSC/TGA temperature interval for SP Mix Paste samples
Cement W/Co0.4 W/C0.5 W/C 0.6
Paste SP
Mix
Temp- Mass Temp- Mass loss Temp- Mass
interval loss interval interval loss
Peaks (T°C) (%) (T°C) (%) (T°C) (%)
control Peakl | 115-242 16.4 104-192 11.1 93-204 9.3
Peak2 | 462-583 14 459-548 14 414-512 1.8
Peak3 980 small mass | 897-973 small mass 874-956 0.7
loss loss
Casdays Peakl | 108-241 4.5 108-236 4.3 123-236 3.9
Peak2 | 420-532 1.9 402-562 3.4 313-491 2.5
Peak3 | 530-802 11.5 741-827 41 806-902 3.6
802-922 3.3 827-973 1.5 902-1048 1.5
A: Peakl | 108-250 6.8 108-250 6 105-272 7.6
T->C28days | Peak2 | 300-800 5.8 457-582 35 441-542 1.5
Peak3 | 800-1048 1.4 747-808 0.4 615-1048 2.2
B:C28day->T | Peakl | 91-243 9.7 110-278 7.1 106-262 5.8
Peak2 | 305-718 11.5 411-506 34 441-487 1.8
Peak3 | 718-912 1.5 >600 Wide peak for | 745-889 0.8
decarbonation
912-1048 small mass | 901-1048 1.6 889-1048 1.4
loss

Table 38: Total mass loss (%) at the end of the test for SP Mix cement paste
(red numbers are explained in the analysis)

SP MIX-cement paste

w/co0.4 W/C0.5 W/C 0.6
Control 26.7" 225 21.2
Casdays 25.1 24 25.4
A: TBC 540y 15.5 18.8 14.7
B:Casaay>T 25.7" 23.1 21.3
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Figure 47: TGA and DSC for SP MIX Paste samples with each treatment with W/C =0.4, 0.5 and 0.6
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4.3. Results overview

In this part, an overview of the results of the experiments is presented.

Table 39 presents the results obtained for the investigation of the penetration and the reactivity of
the Na-MFP solution with a weight concentration of 25% into the mortar samples mixed with CEM I
/B. The Na-MFP solution was applied by means of a single paint brush on the surface for wet and
sealed cured mortar samples (W/C=0.45) exposed during different periods to accelerated

carbonation.

Table 40 ,Table 41 and Table 42 present the results obtained from the microstructure experiments
for the three types of cement. The samples were impregnated under vacuum with Na-MFP solution.
The applied tests were Nano-indentation (NI), Mercury Intrusion Porosimetry (MIP), and
Thermogravimetric analysis/Differential Scanning Calorimetry (TGA/DSC).

Table 39: Results overview of the penetration of the Na-MFP solution applied on the mortar samples

Test Type Sample, storage, and treatment

Results overview

- Cement mortar CEM | ,CEM 111/B and
SP MIX

- W/C=0.45and C/S=1:3

- Curing under water for 28 days.

- Accelerated carbonation for 14/28
days (CO, 3% &RH 65%).

- Na-MFP solution applied on the
surface before/after carbonation.

Photomicrographs XPL
(Thin section around 30um)

- The maximum penetration depth
of the Na-MFP solution was
about 8 mm for CEMIII/B cement
mortar after the sample was
exposed for 28 days to
accelerated carbonation.

The reacted layer appears as a
dark layer under the XPL
microscope suggesting an
amorphous formation.

Detailed Results: Table 19

- CEM IIl/B mortar

- W/C=0.45

- Sealed curing for 124 days.

- Accelerated carbonation for 14/28
days (CO, 3% &RH 65%)

- Na-MFP solution applied on the
surface after carbonation

Scanning Electron
Microscopy (SEM/EDX)
results: measuring the
P(At%) concentration in
different depth

An clear indication of the
penetration of Na-MFP solution
to a depth around 10 mm for the
samples treated after 14 days
carbonation

Traces of phosphorus found to a
depth of 20 mm for the samples
treated after carbonation for 28
days.

Detailed Results: Table 20

- Cement paste CEM III/B and SP Mix

- W/C=0.45

- Curing for 28 days in the desiccators
(20 °C and RH 55%)

- Accelerated carbonation for 14/28
days (CO, 3% &RH 65%)-

- Na-MFP solution applied on the
surface before/after carbonation.

Stereomicroscope images
(phenolphthalein test)

Decrease in the carbonation
depth for the samples treated
after carbonation

Treatment after carbonation
reduces the maximum
carbonation depth from 1.7 mm
to 1.0 mm and from2.1 mm to
0.32 for CEM 111/B and SP Mix
paste sample, respectively.

- Detailed Results: Table 21
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Table 40: Overview results of microstructure analysis for CEM | cement paste

(A: T (Na-MFP) = Cyg4qys

B: C,sdays = T (Na-MFP)

C: C28days

R: Control sample)

CEM | cement paste

w/c Test type Results overview
Nanoindentation Elastic Modulus (GPa) Hardness (GPa):
E(<18) :C<R, C=A=B H(<0.8) :C<R, A<C<B
E(18-39):R<C, A<B<C H(0.8-1.2):R<C, C<B<A
E(36-39):R<C, C< A=B H(1.3-1.8):R<C, C=A<B
E(>39) :C<R, C<B<A H(>1.8) : C<R, A<B<C
MiIP: Capillary porosity: Critical pore size:
Percentage of Capillary porosity C-A=C-B=12% Aye=0.045 um
(CP%) decreased due to the Byer =0.073 pum
0.4 treatment A or B compared to the Cyer =0.543 um
carbonated sample and the Critical
pore size (d., um)
TGA/DSC: M(%) due to dehydration of M(%) due to decarbonation
Mass loss (%) due to dehydration of  (CH): (CaCO3):
(CH) and decarbonation (CaCO;) R:4.9% R: 1%
process and (mass loss at higher C:2.3% C:11%
temperatures) A: 2% A: 1%
B: 6.6% B: 3%
Nanoindentation: Elastic Modulus ( GPa ) Hardness (GPa):
E(<18) :C<R, C=A=B H(<0.8) :C<R, B<A<C
E(18-39):C<R, A<B<C H(0.8-1.2):R<C, C=A<B
E(36-39):C<R, C<A<B H(1.3-1.8):C<R, C<A<B
E(>39) :R<C, C<B<A H(>1.8) : R<C, B<C<A
MIP: Capillary porosity (CP%) Critical pore size:
Percentage of Capillary porosity C-A=C-B=6% Age= 0.045 um
(CP%) decreased due to the Byer =0.045 pm
0.5 treatment A or B compared to the Cyer =0.073 um
carbonated sample and the Critical
pore size (d., um)
TGA/DSC: M(%) due to dehydration M(%) due to decarbonation
Mass loss (%) due to dehydration of  of (CH): (CaCO3):
(CH) and decarbonation (CaCOs) R:3.5% R:3.2%
process and (mass loss at higher C:2.3% C:5.6%
temperatures) A: 2% A: 0.4%
B:4.3% B:3.1%
Nanoindentation Elastic Modulus ( GPa ) Hardness (GPa):
E(<18) :C<R, C=B<A H(<0.8) :C<R, A<C<B
E(18-39):R<C, B<A<C H(0.8-1.2):R<C, A=B<C
E(36-39):R<C, A=B<C H(1.3-1.8):R<C, C=A<B
E(>39) :R<C, C<A<B H(»>1.8) :R<C, C<A<B
MIP: *Increase in Capillary Critical pore size:
Percentage of Capillary porosity porosity : Ay=0.036 um
(CP%) decreased due to the A>C(6%) Byer =0.073 pm
0.6 treatment A or B compared to the CB=2% Cyer =0.073 um

carbonated sample and the Critical
pore size (d., um)

TGA/DSC:

Mass loss (%) due to dehydration of
(CH) and decarbonation (CaCOs)
process and (mass loss at higher
temperatures)

M(%) due to dehydration of

M(%) due to decarbonation

(CH):
R:3.2%
C:1.6%
A: 4%
B:1.4%

(CaCO3):
R: 2.9%
C:3.6%
A:0.3%
B:3.4%
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Table 41: Overview results of microstructure analysis for CEM I1I/B cement paste

(A :T (Na-MFP) > C28days

B :C28days = T (Na-MFP) C: C28days

R: Control sample)

CEM 111/B cement paste

w/C Test type Results overview
Nanoindentation Elastic Modulus (GPa) Hardness (GPa):
E(<18) :R<C, A<B<C H(<0.8) :C<R, B<A<C
E(18-39):C<R, B<C<A H(0.8-1.2):C<R, C<B<A
E(36-39):C<R, C=A<B H(1.3-1.8):R<C, A<C<B
E(>39) :R<C, C<A<B H(>1.8) : R=C, C<A<B
MIP: Capillary porosity: Critical pore size:
Percentage of Capillary porosity  C-A=C-B=7% Ayer=0.019 um
(CP%) decreased due to the Cyer = 0.045 pm
0.4 treatment A or B compared to Byer = 0.155 um
the carbonated sample and the
Critical pore size (d., um)
TGA/DSC: M(%) due to dehydration of M(%) due to decarbonation
Mass loss (%) due to (CH): (CaCO3):
dehydration of (CH) and R: 0.8% R:1.1%
decarbonation (CaCO;) process C:3.8% C:2.2% (3.8%)
and (mass loss at higher A:11.3% A: 1% (1.1%)
temperatures) B:10.3% B: 1% (1.5%)
Nanoindentation: Elastic Modulus ( GPa ) Hardness (GPa):
E(<18) :R<C, B<A<C H(<0.8) :C<R, B<A<C
E(18-39):C<R, C<A<B H(0.8-1.2):R<C, C<A<B
E(36-39):C=R, C=A<B H(1.3-1.8):R<C, A<C<B
E(>39) :0 C=A<B H(>1.8) :R<C, C<A<B
MIP: Capillary porosity: Critical pore size:
Percentage of Capillary porosity ~ C-A=C-B=8% Ager=0.045 um
(CP%) decreased due to the Cyer =0.118 um
0.5 treatment A or B compared to Byer =0.236 um
the carbonated sample and the
Critical pore size (d., um)
TGA/DSC: M(%) due to dehydration of M(%) due to decarbonation
Mass loss (%) due to (CH): (CaCO3):
dehydration of (CH) and R:1.1% R: 1%
decarbonation (CaCOs) process C:2.5% C:1.7% (1.5%)
and (mass loss at higher A: 5% A:0.1%
temperatures) B:4.4% B: 1.5% (1.3%) (0.6%)
Nanoindentation Elastic Modulus ( GPa ) Hardness (GPa):
E(<18) :R<C, A<C<B H(<0.8) :R<C, A<C<B
E(18-39):C<R, B<C<A H(0.8-1.2):C<R, B<C<A
E(36-39):C<R, C= B=0<A H(1.3-1.8):R=C, B<A<C
E(>39) :C<R, B=0,C=A H(>1.8) : C<R, B=C<A
MIP: Capillary porosity: Critical pore size:
Percentage of Capillary porosity ~ C-A =38% Ager=0.029 um
(CP%) decreased due to the C-B=31% Cyer =0.118 pm
0.6 treatment A or B compared to Byer =0.312 um

the carbonated sample and the
Critical pore size (d., um)

TGA/DSC:

Mass loss (%) due to
dehydration of (CH) and
decarbonation (CaCOs3) process
and (mass loss at higher
temperatures)

M(%) due to dehydration of
(CH):

R:0.1%

C:3.1%

A:3.9%

B:11.9%

M(%) due to decarbonation
(CaCO3):

R:1.7%

C:11.8% (1.0%)

A:2.8% (1.6%)(0.8%)

B: 1.0% (.4%) (0.5%)
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Table 42: Overview results of microstructure analysis for CEM IlI/B cement paste

(A :T (Na-MFP) > C28days

B :C28days = T (Na-MFP) C: C28days

R: Control sample)

SP Mix cement paste

W/C Test type Results overview
0.4 Nanoindentation: Elastic Modulus (GPa) Hardness (GPa):
E(<18) :R<C, A<B<C H(<0.8) :R<C, B<A<C
E(18-39):C<R, C<A=B H(0.8-1.2):C<R, C<B<A
E(36-39):C=R=B<A H(1.3-1.8):C<R, C<A<B
E(>39) : CzxR=B<A H(>1.8) :C=R, A<C<B
MIP: Capillary porosity: Critical pore size:
Percentage of Capillary porosity  C-A =3% Ay=0.017 um
(CP%) decreased due to the CB=1% Byer = Cger = 0.206 pm
treatment A or B compared to
the carbonated sample and the
Critical pore size (d., um)
TGA/DSC: M(%) due to dehydration of M(%) due to decarbonation
Mass loss (%) due to (CH): (CaC03):
dehydration of (CH) and R:1.4% R: Crystallization small M%
decarbonation (CaCOs) process  C:1.9% C:11.9% (3.3%)
and (mass loss at higher A:5.8% A: 1.4%
temperatures) B:11.5% B: 1.5% (Crystallization small M% )
0.5 Nanoindentation Elastic Modulus (GPa) Hardness (GPa):
E(<18) :C<R, B<C<A H(<0.8) :C<R, B<C<A
E(18-39): C<R, B<A=C H(0.8-1.2):R<C, B<A<C
E(36-39):R<C, A<C<B H(1.3-1.8):C<R, C<A<B
E(>39) :R=C, C<A<B H(>1.8) : R<C, A<C<B
MIP: Capillary porosity: Critical pore size:
Percentage of Capillary porosity  C-A =2% Ayer=0.027 um
(CP%) decreased due to the C-B=6% Bycer = Cyer = 0.442 um
treatment A or B compared to
the carbonated sample and the
Critical pore size (d., um)
TGA/DSC: M(%) due to dehydration of M(%) due to decarbonation
Mass loss (%) due to (CH): (CaC03):
dehydration of (CH) and R: 1.4% R: Crystallization small M%
decarbonation (CaCO3) process  C:3.4% C:4.1% (1.5%)
and (mass loss at higher A:3.5% A:0.4%
temperatures) B:3.4% B: No clear peak (1.6%)
0.6 Nanoindentation Elastic Modulus (GPa) Hardness (GPa):
E(<18) :C<R, B<A<C H(<0.8) :C<R, B<C<A
E(18-39):R<C, C<A<B H(0.8-1.2):R<C, A<C<B
E(36-39):R<C, C=A=B H(1.3-1.8):R=0, A=C<B
E(>39) :R=0, A=0,C=B H(>1.8) :R=0, A<C<B
MIP: Capillary porosity: Critical pore size:
Percentage of Capillary porosity  C-A =26% Ayr=0.022 um
(CP%) decreased due to the C-B=21% Bycer = Cger = 0.271 um

treatment A or B compared to
the carbonated sample and the
Critical pore size (d., um)

TGA/DSC:

Mass loss (%) due to
dehydration of (CH) and
decarbonation (CaCOs) process
and (mass loss at higher
temperatures)

M(%) due to dehydration of

M(%) due to decarbonation

(CH):

R:1.8%
C:2.5%
A:1.5%
B:1.8%

(CaCO03):
R:0.7%

C:3.6 (1.5%)
A:2.2%

B: 0.8% (1.4%)
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Cement paste Test
type applied

CEM I
Cement paste

Treatment ‘ w/C ’ ‘ Highlights
( N
Improving in surface elastic modulus
B 0.4,0.5 and increasing the tensile strength
(hardness)
\ J
NI ( N
Improving in surface elastic modulus
A 0.6 and increasing the tensile strength
(hardness)
\, J
A,B 0.4,0.5 Decrease in the capillary porosity
MIP B 0.6 Decrease in the capillary porosity
A 0'%%'5 ! Small Critical pore size
TGA/DSC A O.l(l),%S, Low (CaCO,)

Figure 48: Highlights of the results obtained for the microstructure analysis for cement paste CEM |
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Treatment

Cement paste Test
type applied

‘ wy/C ’ ‘ Highlights

4 N
Improving in surface elastic
B 0.4,0.5 modulus and increasing the
tensile strength (hardness)
NI > 3
Improving in surface elastic
A 0.6 modulus and increasing the
tensile strength (hardness)2.2
\ J
AB 0.4,0.5 Decrease in the capillary porosity
_—
CEM III/B —_—————
Cement paste MIP A 0.6 Decrease in the capillary porosity
A 0.%,%.5, Small Critical pore size
A&B 0.4 Low (CaCO,)
TGA/DSC
B 0.5,0.6 Low (CaCO,)

Figure 49 : Highlights of the results obtained for the microstructure analysis for cement paste CEM 1lI/B
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Cement paste Te§t Treatment W/C Highlights
type applied
4 N
Improving in surface elastic
A 0.4 modulus and increasing the
tensile strength (hardness)
NI \ J
4 N
Improving in surface elastic
B 0.5,0.6 modulus and increasing the
tensile strength (hardness
\ J
A 0.4,0.6 Decrease in the capillary porosity
SP Mix
Cement paste MiP B 0.5 Decrease in the capillary porosity
0.4,0.5, N .
A Small crritical pore size
0.6
A 0.4 Low (CaCO,)
TGA
DSC
B 0.5,0.6 Low (CaCO,)

Figure 50: Highlights of the results obtained for the microstructure analysis for cement paste SP Mix
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5. Conclusions

The main objective of this research was to characterise the effect of applying the aqueous sodium
monofluorophosphate (Na-MFP) on the microstructural and micromechanical properties of slag
cement systems. As part of the research, the most effective method of applying the Na-MFP solution
(25% wt.) on the surface of slag cement mortar or paste was determined.

For the three type of cement used; CEM 1 42,5 N, CEM Ill/B 42,5 N and Ternary blended cement (SP
Mix) with a slag content of 55%, 30% CEM | 52,5 R and 15% fly ash, the study indicates that applying
the Na-MFP solution on carbonated surfaces provide a higher penetration of the solution than
before carbonation, regardless the curing method used; wet, sealed or in a dissectors (20 °C and RH
55%). Applying the Na-MFP solution on the carbonated surface improved the surface by forming a
product that blocking the pores in the cement mortar/paste and it showed as a dark layer under the
XPL microscope suggesting an amorphous formation. Decreasing the permeability of the surface will
increase the surface resistance against carbonation and other environmental attacks.

The second part of the study focused on the effect of the Na-MFP solution (25% it.) on the
micromechanical and microstructural properties of paste samples with different slag contents and
the different water-cement ratio (W/C). The reaction of the solution with the cement matrix was
significantly affected by the water-cement ratio, slag content and the condition of the cement paste
at the time the solution was applied; whether this sample was carbonated. or not carbonated. The
conclusions of the study are as followed:

1- Micromechanical properties; the elastic modulus and hardness

The Na-MFP solution reacts with the carbonated cement matrix improving the elastic modulus and
the hardness of the cement paste. The study indicates that this applied to CEM Il /B and CEM | with
W/C of 0.4 and 0.5 and for the cement paste SP Mix with W/C of 0.5 and 0.6 when the Na-MFP
solution was applied after carbonation. When the Na-MFP solution was applied before carbonation,
the elastic modulus and the hardness of cement paste with CEM I, CEM 11I/B for a W/C of 0.6 and for
the cement paste with SP Mix with a W/C of 0.4 was improved.

2-Porosity

The capillary porosity for CEM |, CEM 1l /B cement pastes with a W/C of 0.4 and 0.5 was improved
when the Na-MFP solution applied on the cement paste before or after carbonation. This indicates
that the solution reacts with the cement matrix forming a product (amorphous material) blocking
the pores in the cement matrix.

The decreases of the capillary porosity of CEM | cement paste compared to the carbonated samples
were 12% and 5% for W/C = 0.4 and 0.5, respectively while for CEM Ill/B cement paste the decreases
in the capillary porosity were 7% and 8% for W/C = 0.4 and 0.5, respectively.

Applying the Na-MFP solution before carbonation on cement paste that has a high water-cement
ratio can result in an increase in the capillary porosity. The capillary porosity for CEM | cement paste
with a W/C of 0.6 increased after applying the Na-MFP solution compared with the carbonated
sample. The decrease in the capillary porosity was only 2% when the Na-MFP solution was applied
after carbonation.
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The capillary porosity of CEM 11I/B cement paste with W/C=0.6 improved when the Na-MFP solution
was applied after carbonation.

The decrease in the capillary porosity for the SP Mix (with 15% fly ash) cement paste was not
significant for the samples with a W/C of 0.4 and 0.5 but the samples with a W/C of 0.6 the decrease
in the capillary porosity for the samples treated after carbonation was 26% compared to the
carbonated sample.

The lowest critical pore size was reached with the treatment before carbonation. This was the case
for all cement paste samples with different slag contents and W/C ratios. The critical pore size for
the SP Mix cement paste was lower compared to CEM | and CEM III/B cement paste. This result was
due to the presences of the fly ash in the cement mix.

3-Thermal analysis; carbonation resistance

The content of CaCO; was low in the cement matrix for the samples treated before carbonation for
CEM | cement pastes (W/C=0.4, 0.5 and 0.6). For CEM IIl /B and SP Mix cement paste with W/C=0.4 a
low CaCO; content in the cement matrix was reached when the treatment was applied before
carbonation. With higher water —cement ratios (W/C= 0.5 and 0.6) a low CaCO; content was reached
when the treatment was applied after carbonation.

The low content of CaCOzin the cement matrix showed that the treatment increased the resistance
against carbonation.

The analysis of the microstructure showed that the reaction of the Na-MFP and the formation of the
amorphous products were affected by the slag content as was proven in previous research. This
study showed that the reaction also was affected by the water -cement ratio in conjunction with the
condition of the cement paste, whether the sample was carbonated or non-carbonated.
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6. Recommendations

The experiments showed favourable results with regard to of sodium monofluorophosphate (Na-
MFP) on the surface of slag content cement in order to increase the resistance against carbonation.
However, further research it is recommended to obtain more information on the chemical
composition of the amorphous gel formed as a result of the reaction of Na-MFP solution with the
cement matrix; after or before carbonation.

The penetration test showed that applying the treatment on the surface of the CEM 11I/B and SP MIX
cement pastes tests before carbonation increased the carbonation depth. This result is not in
agreement with what was obtained from the microstructure analysis based on the TGA/DSC tests.
The method used in applying the Na-MFP solution can play a role which needs further studies.

The effect of applying the Na-MFP solution before carbonation and repeated again after carbonation
is an important topic, especially in the highly carbonated environments. Also, the influence of fly ash
which was used in the SP Mix needs further research since the finesse and content of calcium of the
fly ash could affect the results of the microstructure analysis.
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1. Appendix: Images of mortar samples

1.1 Images for blanc and samples exposed to accelerated carbonation for14 days

Condition CEMIII

Blanc

Photo original
size:
h:14.08mm
w:18.78mm

Accelerated
Carbonation-
14 days

Photo original
size:
h:14.08mm
w:18.78mm
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1.2 Images for samples treated with Na-MFP followed by exposition to accelerated carbonation for 14 days

Condition CEMIINI

Na-MFP>

R_c-r14days

Photo original size:
h:14.08mm
w:18.78mm

14.08mm

18.78 mm
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1.3 Images for samples exposed to accelerated carbonation for 14 days followed by treatment with Na-MFP

Condition CEMIII

RCT144=> Na-
MEFP

Photo original
size:
h:14.08mm
w:18.78i

14.08mm

18.78 mm
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1.4 Images for samples treated with Na-MFP followed by exposition to accelerated carbonation for 28 days

Condition CEMI CEMIII

Na-MFP >
RCT g4

Photo original size:
h:14.08mm

w:18.78m: 14.08mm
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1.5 Images for samples exposed to accelerated carbonation for 28 days followed by treatment with Na-MFP

Conditi

RCT,54> Na-MFP

Photo original size:

h:14.08mm
w:18.78mm

14.08mm

CEMIII
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2. Appendix : Result of ESEM/ EDX analysis for CEM III

1.6 Result for paste samples-CEMIII treated with Na-MFP solution after and before exposing to carbonation for 14 days

4 .
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1.7 Paste samples-CEM lll treated with Na-MFP solution after 14/28 days
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1.8 ESEM/EDX result for paste sample-CEM lll treated with Na-MFP solution after carbonation for 28 day (500-7500 um)

RCT28days --> Na-MFP
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1.9 ESEM/EDX result for paste sample CEM lll treated with Na-MFP solution after carbonation for 28 day (10000-15000 um)

RCT28days --> Na-MFP
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1.10 ESEM/EDX result for paste sample CEM Il treated with Na-MFP solution after carbonation for 28 day (17500-22500 um)

RCT28days --> Na-MFP
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3. Appendix: Nanoindentation test

1.1. CEMI Paste samples

WIC = 0.4, Blanc
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1.2.CEM lll paste samples
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1.3.SP MIX paste samples
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1.4.CEM 111 0.4 Blanc
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1.5.CEM Il 0.4 RCO, -28 days
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1.6.CEMIII0.4 A
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1.7.CEMIII 0.4 B
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1.8.CEMIII 0.5 Blanc
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1.9.CEM Il 0.5 RCO,-28 days
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1.11. CEMIIO0.5B
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1.12.

CEM 111 0.6 Blanc
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1.13. CEMIII 0.6 RCO,-28 days
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1.14.

CEMINO0.6 A
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1.15. CEMIII0.6B
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1.16.

Classification of elastic modulus
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1.17. Classification of Hardness
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4. Appendix: Result of the Mercury Intrusion Porosimetrytests

1.11 Porosity and critical diameter for paste samples with different treatments with the same W/C ratio
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Water cement ratio 0.5
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Water cement ratio 0.6
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1.12 Porosity and critical diameter for paste with different treatments with the same cement type

CEMI 0.4
20 T T T : T ” CEMI 0.5
v T
RBlnc (22%)|
25+ - =R Bbnc (16%)
= RCO, (26%) sl —RCO, (19%) | |
b AU 3 & — A (%)
2 0 (W% = — (15%)
@ 15[ T % 10 T
2 H
é 0} i g
o sk »
W | 5
0 = o s . i —
10 107 10" 10° 10" 10? 10° 10 107 107! 10° 10' 102 10*
s Diameter (pm) - Diameter (um)
o =
3 03 2oz
E T T T T T E g T T T
= <
® 025} - 2 02} ol
E RCO, £ 3
2 o2f A 4 % s —_—
2 0 =4 =0
» 015 E e
2 5 o4
& oif R a
O oot 4
%, 005 - . g
3 o 2 3 2 102 «;" ry u;' 107 10°
3 107 107 107" 10° 10" 10? 10° °
1 Diameter {pm)
Diameter (pm)
CEMI 0.6
25 T T T T T
RBlrc (19%)
1 o RCO, {15%) | 4
=
= A (22%)
z, 15 B (14%) .
@
2 10 1
]
a | |
° =
107 10? 10! 10° 10! 102 10°
— Diameter (pm)
)
% 02 v v T v
=
2
o
>
@
S
[-%
2
5 r
E 10°
Diameter (pm)

Sawsan G.A. Hulsman-Khalil 4. Appendix| 111



CEM III
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SP MIX
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1.13 Total porosity
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1.14 Critical diameter size
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1.15 Calculation of the pore size distribution and capillary porosity

Blanc RCO2 A B Blanc RCO2 A B Blanc RCO2 A B
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09% 01% 09% 1.0% 05% 08% 05% 09% 05% 0.6% 05% 0.9%
21.5% 26.1% 15.3% 15.3% 18.9% 19.4% 14.3% 15.1% 18.6% 15.2% 21.7% 14.0%
CEMIIl W/C 0.4 CEMIII W/C 0.5 CEMIII W/C 0.6
Blanc RCO2 A B Blanc RCO2 A B Blanc RCO2 A B
1.0% 07% 07% 11% 08% 1.1% 11% 15% 58% 13% 1.1% 0.7%
11.7% 14.7% 6.5% 11.9% 15.4% 19.5% 43% 19.7% 39.5% 23.3% 55% 17.6%
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24% 11% 15% 06% 1.1% 6.7% 02% 1.4% 05% 6.4% 08% 0.2%
22.2% 26.8% 19.3% 19.8% 28.5% 47.0% 30.8% 33.8% 58.7% 63.5% 20.2% 25.5%
SP MIX W/C 0.4 SP MIX W/C 0.5 SP MIX W/C 0.6

Blanc RCO2 A B Blanc RCO2 A B Blanc RCO2 A B
1.7% 13% 08% 0.7% 07% 07% 1.0% 12% 08% 1.0% 0.5% 1.5%
15.3% 29.0% 5.1% 16.5% 3.1% 8.4% 45% 89% 12.2% 28.2% 6.1% 24.8%
242% 15.6% 13.7% 7.4% 12.2% 7.7% 88% 57% 17.7% 7.7% 14.8% 5.1%
41% 18% 08% 08% 23% 11% 1.7% 1.0% 33% 1.4% 14.9% 0.5%
45.3% 47.7% 20.3% 25.4% 18.3% 17.9% 16.0% 16.7% 34.0% 38.4% 36.3% 31.9%
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1.16 Relation between total porosity and capillary porosity for the same type of cement with different W/C ratio and

treatment
CEMI CEMIII
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60% ._=—-""\\
25% /ﬂ\ se 50% - \
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- ~ :

® 0% - N
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5 ~
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10% I I I I I 0% T T T T 1
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SP MIX

60%

30% Capillary porosity (10nm-10pm)  --————— -
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u% T T T T 1
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—SP Mix 0.4 =——S5P Mix 0.5 =—5P Mix 0.6

Sawsan G.A. Hulsman-Khalil 4. Appendix| 117



1.17 Relation between total porosity and capillary porosity for each type of cement with the same W/C ratio and different
treatment

Sawsan G.A. Hulsman-Khalil
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5. Appendix: Thermalgravimetric analysis/Differential Scanning Calorimetry (TGA/DSC)

1.18 Cement paste mixed with CEM | and different water- cement ratio

2 . . 2 . 2 : . :
CEMI0.4 ﬁ'g’: CEMIO0.5 Blanc CEMI0.6 Blanc

- 2

o L L
g1 1
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— D- 0_
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At a4t
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1.19 Cement paste mixed with CEM Il and different water- cement ratio

2 - . . . : 2 - : . 2 - - - -
CEMINO.4 Blanc CEMINO.5 Blanc _ CEMIN0.6 Blanc
- — R {:02 — R CO2
=R —_—h —A
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= —B —B
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— D = 4
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e .
0 200 400 600 800 1000 12 1200
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@ 80 1
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70t i i i 1 70t 70t 1
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1.20 Cement paste mixed with SP MIX and different water- cement ratio

2 T T T w T 2 T T T 2 T T T T T
SP MIX0.4 Blanc SP MIX0.5 — Blanc SP MIX0.6 —Blanc
a — 002
217 —_—a 1 1} 1r
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E of i of of
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b7}
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1.21 Analyzing data from TGA/DSC Test: onset points and mass changes

CEMIW/C0.4
R: Blanc
DSC /((mW/mg) [42): DDSC /(mW/mg/min
Onset: 1211°C
1 exo Mid: 130.2°C
Ihﬂection: 121.8°C : : 0.2
A End: 139.4°C i : CEMI blanc0.4 20-10-2015
/ B ——
7 [4.2]: T DDSC ! ;
/ Onset:  247.6°C = i : ;0.1
0.5 i Mid: 207°C /1y i i :
P4 Inflection: 288.1°C [ i :
] End: 29389C |} PA, : —POe, ORF N
! e s . e bt \\-\f i gt S NTIN jw’l-/| 0.0
74 i ]
|
0.0 i [
iI 0.2
(42} i i [42): :
S e : Onset  722.6°C { L 03
05 M 1os0c ;‘:l\;]de:ctim gié E :
i Inflection: 115.5°C End: 749.8°C
End: 1214 C 2y : [4.2): it -04
Onset  4563°C ii I\OA{‘:_’C 2;;2 S
Mids GLLC i Inflection: $710 g
Inflection: 494.4°C : e s 05
10 End: 483.3°C = : 1
; : : +-0.6
200 400 600 800 1000
Temperature /°C
Man _2015-10-261032 User. TU Deift
TG /% DTG /(%/min)
100 -
95 {
CEMI blanc0.4 20-10-2015
—— TG ! i
DTG | g F-0.5
90 ]
42} 2&
i -1.0
85
i -1.5
80 4.2:-4.88%
[4.2]: -1.03 % [
75 4 i H i i
200 400 600 800 1000
Temperature /°C
Man 201510201520 User. TU Deift
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CEMIW/C0.4

R1C0O2: RCT28d
DSC /{(mWimg) . DDSC /(mW/mg/min)
exo Onset  1247°C a0 ) 1
b Mid: 1348°C CEMIR1 Uf ZBDgc2015 i 0.1
Inflection: 125.8 °C v
0.2 T Ende__ 1450°C ---—-pbpsc
,
A = e e L
SR S | l !_f R 1 f,." aFyiar 0.0
0.0 5 [
Ly
B2 B2} | | r-0.1
Qg Onser 989°C Onset:  4595°C I
% Mid: 1115°C Mid:  5048°C i
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End: 124.0°C End: “50°C Ef]‘t_ mosC | i | L 02
B2y e o |
0.4 iOnset  257.0°C Mid: ~ 847°C |
iMid: 2638°C o B e i
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0.6 1 :
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132 ol Onset:  9160°C
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T ———
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1.0 4 | -
200 460 600 800 1000
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100 1 30%
[3.2]: -3.10% rbtpa 0.0
— e, : Pt :
e e A Y J/ i
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75 J e H
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CEMIW/C0.4

A: Na-MFP =2 RCT28d

DSC /(mW/mg) DDSC /(mW/mg/min)
0 CEMIA 0.4-25-9-2015
[1.2]: — DSC
Inset: s01°c ¢ o DDSC 0.10

vIid: 151.5°C
flection: 160.4°C

054 nd: 170.9°C i~y
[1.2]: ," \i 0.05
Onset: 257.1°C . .
Mid: sioc |12 Fin

Inflection: 3743°C | Or_lsiEt

. Ende—" 386256 .4 M“’i 2
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R 2 i
P “\iﬁ-’ﬁi \ ‘r‘._n_u‘..,\-‘n\_ wn oy l 0.00
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Mid: | | f178°C

0.04 i Inflection:"792.2 °C -0.05
: End: 814.9°C
Onset:  111.95C
Mid: , 125.3°C -0.10
Inflection: 137.0 °C b
End: 138.8°C I
-0.5 1 [1.2]:'. I -0.15
Onse.l:,r 533.5° \_{,——-—&
Mid:||  5624° PTene
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. 1-0.20
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CEMIW/C0.4

B: RCT28d 2Na-MFP

DSC /(mW/mg) [22): DDSC /(mW/mg/min)
Jr Onset: 94.4°C
exo Mid;  1082°C
— o CEMI B04 - 6-10-2015
] Infléction: 117.7 °C : +0.15
0.6 End 1180°C ———— bsc
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4 2.2 ! 0.10
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0.2 | H Mid: 3035 °C:
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CEMIW/CO0.5

R: Blanc
DSC /(mWimg) [42) CEMIblanc0.5 20-10-2015  DDSC /(mW/mg/min)
Onset  121.6°C ———— DSC
1 exo Mid: 130.1°C L DDSC ; 0.2
Inflection: 138.0°C H
0.6 i 1386°C
B [42): H : H :
K Onset:  195.2°C i § 3 0.1
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i End: 2460°C | . i
0.24i DS S v 11 ?{.»,,A.,M.v.N-v'w/»\-"-/“"?""w' 0.0
; : D G :
id 4 v
0.0 - 5 {
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f Mid: 621.8°C : ] 5
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0.2 1 ! 6360°C (a3} |
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Mid: | 7661°C -0.2
044 p2 i Inflection: 716.0°C
Onset:  1317°C; [4.2): i End: | 7566°C
Mid: 144.9°C Onset: ! H
0.6 Inflection: 138.0°C Mid: a703°Cc il [42: : 03
End: 147.4°C Inflection: 4954°C Onset:  849.17C
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| : Inflection: 848.9°C
08 End: 906.75C 04
. :
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CEMIW/C0.5

R1C0O2: RCT28d
DSC /(mWImg)  (35}: CEMIR1 05-5-10-2015 DDSC /(mW/mg/min)
il Onset  1356°C —  psc
€X0  Mmid: ; 1369°C ; —————— DDSC
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ii \ Onset  469.4°C
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CEMIW/C0.5
A: Na-MFP = RCT28d

Onset: 1475°C
Mid: 1592°C
DSC /((mW/mg) Inflection: 160.9 °C
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CEMIW/C0.5

B: RCT28d 2 Na-MFP

DSC /(mW/mg) 22}
Onset:  1281°C
1 exo Mid  1314°C CEMI B 0.5- 6-10-2015
Inflection: 1284 °C -
08 End: | 1347°C
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Inflection: 816.6 °C
End: 7702 °C
04 22): 1
Onset  2853°C 2.2k
06 Mid: 347.3°C Onset  8989°C
Inflection: 392.6°C Mid: 967.9 °C
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CEMIW/C 0.6

R: Blanc
DSC /(mW/mg) [4.2): DDSC /(mW/mg/min
Onset:  132.7°C CEMI blanc0.6 20-10-2015
l exo . Mid: 143.1°C —— DSC 0.2
{ Inflection: 135.6°C | = = = 00 === DDSC #
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0.6 —
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CEMIW/C 0.6

R1C0Oz: RCT>s4

DSC /(mWimg) B2 DDSC /(mW/mg/min)
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[3.2): -0.37 % N
901 L-0.4
* [3.2]: -35.64 %
+-0.6
85 A
0.8
80
-1.0
3.2:-3.53 %
75 ] [321::0.38% | 1.2
200 400 600 800 1000
Temperature /°C
Main  2015-10-20 1114 User: TU Delft
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CEMIW/C 0.6

A: Na-MFP2RCT28d

DSC /(mW/mg) CEMI A05.29.6.2015 DDSC /(mW/mg/min
L iexo : ; ——— Dsc
Omset  135.3°C ! --——-— DDSC
Mid: 143.8°C :
Inflection: 141.2 °C ) : o
End: 1523°C ! : ; ; I 1o0.10
/x\ i ]i
I i : | .
0.5 1 [ | Onset  2316°C | | it P
P | Mid: 2453°C | i 1 iomd
H | Inflection: 257.6 °C | | il P
: CEna 2®IC 2 i b il lto.0s
| i Onset:  381°C | ' Wl
i Mid:  33°C I R
| Inflection: 331.3°C it g’-\‘f vi |
0.0 | i End:  3804°C o 1 g
1.2) : : | i . it | '
Onset:  do°C | ; A I\,!V“,\ “\p\-"'} f\‘,‘l.\[u]i: | 0.00
Mid: e i i e fund st Onset:
Inflection: 116/6°C | o LA Mid:
End: 15 ; %
. // Onset: 780.2°C End:
0.5 Vo /7 nap i Mid:  B159°C -0.05
VooV Onset  2m7°C | Inflection: 807.8 °C
M e mi7eC | ok BLGRG
Inflection: 304.8 °C 3[1'211
End: 2007°C Onset: 6367 °C
Mid:  6855°C i ‘ i
; Inflection: 701.4°C i : -0.10
104 ‘ {End: 7344°C | :
200 400 600 800 1000
Temperature /°C
Main  201510-211320 User. TU Deift
TG 1% DTG /(%/min)
CEMI A0,6-29-9-2015
i —F TG
100 ] [1.2]: 044 % DTG
-1.90% WWWW\J‘U'O'O
95 p) % MNM
W [1.2]-13.88 % F-0.2
[1.2): 039%
12]:-399 %
90 ]% [1.2]: 029 %
v 1] 153 % r-0-4
\_é/ [1.2:0.05%
85 { ' '
0.6
80
-0.8
75 4
-1.0
200 400 600 800 1000
Temperature °C
Main  201510-1916:17 User: TU Delft
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CEMIW/CO0.6
B: RCT28d 2 Na-MFP

DSC /(mW/mg) DDSC /(mW/mg/min
22} " CEMI B 0.6 -6-10-2015
| exo e ; —— DbsC
» Inflection: 123.1 °C T —_ bpsc | H
0.8 =2 lf.nd: 127.6 °C 0.2
081 4 |
[2.2): i
/‘/ Onset:  2763°C 0.1
0.4 / Mid: 32i1°C
. £ Inflection: 3598 °C A
A End: se79°c [ ‘ ]
/ A MmN A i e
B2 “.’-.;.r»/ s l ~ol """?‘J\.‘\.\.'-f‘"’ \- »"J A,"‘"'h‘l."'n-rh"’?"’\/' O 0.0
‘ e : 2k LS :
! | i ! Onset:  7502°C: &
0.0 22 | i i Mid: 7e16°c; M
&@t: 1%9 C i ! Inflection: 754.6 °C | [22} Y i
M. b O il i End:  7716°C {Onset:  8052°C i 01
Inflection: 1231 °Qf |.j R2: Mid:  8147°C :
0.2 1 Ena: 106l0 q i Onset: : 581.8°C {Inflection: 811.9°C
e Mid: 631.1°C {End: 815.9°C
i ,’ : Inflection: 6483 °C ! 22 i
: : ’ End: | 6804°C Onset:  877.8°C
0.4 1 b - ‘ Mid:  9813°C [-0.2
sl s set:  457.0°C ) 4
! i Mid: 4554°C Inflection: 981.8°C
\J Inflection: 471.9°C End: 9?‘17 2
0.6 - i End: 4604 °C r
200 400 600 800 1000
Main  201510-211332 User: TU Deift Temperaturel C
TG /1% DTG /(%/min
CEMIB 0.6 -6-10-2015
100 —— DTG
3 —Jr0.0
F-0.5
2.2]:-10.00 %
90 4
F-1.0

[2.2]: -24.60 %

85

[2.2]: -1.42 % L1415

-3.29%
80
[2.2]:-1.26%

22]:-2.14%
[2.2]: 9049 %

75 =

200 400 600 800 1000
Temperature /°C

Wain 201510-1916:30  User: TU Dellt
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CEMIIIW/C 0.4

R: Blanc
DSC /(mW/mg) [32) DDSC /(mW/mg/min)
Onset: 129.2°C
0841 exo Mid: 139.7°C
Inflection: 140.3°C CEMIII R1-15-9-2015
End 1433°C — DpsC 0.2

0.6 1 --—-—- DDSC
i 2 [3.2]
: st 274.0°C  Onset 3059°C _
0.4 | id: Jragec  Mid seicc B2y )
] flection: 254.0°C Inflection: 311.8 °C Oi.\set: 468.1°C 0.1
i - Y7a7ec  End 3424°C  Mid: 468.8°C -
: Inflection: 472.7 °C
0.2 1 | End: 4706 °C N
! ‘ IAY
ﬁ /\/\» [
|

N prne o™ \ . ,l'\ I/‘\A\ ,' "J'{'IM'\ .I._‘,"“\r": 0.0
[3:2): I \f T Vo

) i 2]: ' Onset  878.0°C
021 ]?[nﬂs.er. z;lg E ! set:  7316°C l-| Mid: 876.1°C
Inflection: 100.4°C / 7450°C i! Inflection: 875.7 °C
inlecton: .qs [ lection: 7346 °C i End: 875.4°C -0.1
04 {Fd  1oged 4 7468°C
il 3.2
ot Onset  972.9°C
06 4 | j [3.2]: Mid: 971.4 °C
. | Onset: 411.7 *C Inflection: 973.0 °C
'|_i Mid: 4188 °C End: si6c [0.2
i Inflection: 423.2 °C Onset: 802.5 °C
-0.8 1 |', End: 437.0 °C Mid: 803.2°C T—
Inflection: 802.4 °C
End: 804.0 °C
200 400 600 800 1000
Main  2015-10-2113:47 User: TU Delft Temperature/ C
TG 1% DTG /(%/min
100 [3.2): 074 %
CEMIII R1-15-9-2015
— TG
— DTG % I 100
o WMW
[3.2]: 9.28 % | 05
90 4
[3.2): -22.48 %
[3.2]: -0.58 % L 10
.\ 32]:-1.89%
a5 | J [3.2]: -0.82 %
~—1
'\ L 15
80 1
::054% | 20
200 400 600 800 1000

Temperature /°C

Main  2015-10-09 1420 User: TU Delft
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CEMIIIW/C 0.4

R1C0Oz: RCT>s4

DSC /(mWimg) B e DDSC /(mW/mg/min)
Mid: 178.7°C
l’ exo Inflection: 178.9 °C
021 End:  189.1°C CEMIIICO2 04b 9-10-2015 005
[42]: [4.2]: ~-- - - bbse 2 R
Onset:  399.2°C Onset:  530.1°C iﬂ'
0.04 7. Mid: 402.4°C Mid: 530.4 °C ' “ i
! Inflection: 445.5°C Inflection: 533.2 °C , i X
PR End: 4573 End: c £ ! !\-\M!\ A ,I.ﬂ‘!ﬂ
g Onset  dr7C a1 o RTE AR r0.00
e Ve 1307°C TR ("JJH [\f ) |
Inflection: 11¢5°C i "\\‘ e l’ "‘.\. " !
End: 183%°C . . 2 iy X !
0.4 1 [T et sot3cc W]
i ; id: 8053°C I
[42]: flection: 805.0°C | Onset  s021°C -0.05
06 Vet 2719°C d: 805.8 °C i Mid: 922.0°C
Mid: 2841°C | Inflection: 5042 °C
Inflection: 297.5 °C End: 884.2 °C
End: 296.4°C |
0.8 4 |
[42]:
Onsst  562.0°C | -0.10
Mid: 576.1 °C
-1.0 4 Inflection: 564.3 *C
End: 5902 °C [42]:
Onset: 746.8 °C
12 Mid: 762.7°C
- Inflection: 768.7 “C -0.15
End: 781.7°C
200 400 600 800 1000
Temperature /°C
Main 201510211348 User: TU Delft
TG /% DTG /(%/min
100 4 [421:-0.96 % CEMIICO2 04k 6.10.2015
Dapor — TG -3
42]:-286% DTG
95 t 4.2]:-3.01% 6
L4
90
2
[4.2]:-2613% |
851 T e il ‘ =T1°
8
-2
80 1
-4
42]:-1.01%
[42) W6
75 -i183b
i
-8
200 400 600 800 1000
Temperature /°C
in  2015-10-1211:10 User TU Delft
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CEMIIIW/C 0.4

A: Na-MFP =2 RCT28d

DSC /(mW/mg) DDSC /{(mW/mg/m
1 exo
CEMIIIA 0.4-22-9-2015 r0.10
— DS8C
s P N S S DDSC
| Onset  1320°C
0.5 Mid: 144.9°C 1{1 F0.08
Inflection: 141.9 °t1'2]:
Eny 157ge@nset:  2002°C i
7 Mid: 216.6°C i +0.06
4 Inflection: 200.4°C [1-2]: o
End: 232.9°C Onset: 298.9°C [1.2): Il
Mid: 309.5°C Onset:  597.9°C [ L
0.010 : Inflection: 3037 °C MLS?r 258_7cc [1.2): i 0.04
Onsety bosec End: 2948°C Inflection: 675.9 °C Onset 17617 °C ; g.z]:
Mid,/  A7eC — e opgecMid  7657°C| brset  wecc L0.02
flection:  J.0°C Inflection: 7646°C | Mid: g79.6°C [ V-
nd; ID?.2°C 770.2°C|  Ihflection: 1013.75Q
0.5 | ' \ [éi;r: 401.4°C i f?gll r0.00
T UoMid aserec v o ‘-;U"l
| Inflection: 4636 j¢ ke !
| End: wsgedl2l A L-0.02
. Il © Onset: 531
} A ,-" Mid: 569.6°C Omsot: 8634 ° -
VoV misn i Vi @2l 004
1.0 \ nd: 2 Inflection: 863.3 *(
1/ End: ;u}a'%/
v r-0.06
. r T . . --0.08
200 400 600 800 1000
Main__2015-10-2113:43 User TU Delft Temperature[ C
TG /% DTG /(%/min)
[1.2]:-0.81 %
100
CEMIIIA 0.4-22-9-2015
DTG L0.0
%1 [12]:-2.53 % W
[1.2]: -1.53%
/\ F-0.2
90 1 -
35 %
[1.2]:-2373%
T
\ " L.0.4
85 \ ——— T3] 2.40 %
\\ I 5.53% r-0.6
80 1 [1.2]: 0.90%
[1.2]: -1.10°%
[12:41.03% | 0.8
75 1
200 400 600 800 1000
Jain  201%-10-0914:00 User: TU Delft Temperature[ C

Sawsan G.A. Hulsman-Khalil 5. Appendix| 136



CEMIIIW/C 0.4

B: RCT28d 2 Na-MFP
DSC /(mW/mg) g-lkt - DDSC /(mW/mg/min)
Mid: 167.9°C
‘L exo Infldction: 177.0 °C
End; 173.1°C CEMIII B 0.4-29-9-2015
L ——— DsC 0.08
—————— DDSC
0.2 22k i
tnset:  429.5°C [
Ld: 449.8°C il tl 0.06
00/ onses t1103°C tnf::mm ﬁg E Il Ll
: wid:)  11231°C i
Infleftion: 120.8 °C 2.2: jhig 1004
Endf  |1359°C Onset  {573.4°C i o i
| / i Mid:  {587.8°C o Lol
02 1 ‘ Inflection:: 591.7 °C  Opset: 626.3:1°C I I \JI 0.02
g . End: 6022°C ppig: 645.71°C Pl ;! )
ii I 22 Inflection: 647.31°C . . [
| | Onsét: 261.0°C End: 664.21°C T 3
0.4 11 | Mg 2688°C . ‘Pf.-\.”f\.ﬁ ﬁ i 0.00
j Inflection zr;fscc L AR
' End 2742 ., 22 O
i P v . ol soseec 220 )
06 1 i / ~ w7 oA il sopaec Omset o SULETC 002
| / ! VI Inflection: so75oc Mid: pLLC
| o End: | sipgec Mflection: 59437
RFAY, (22 End: 9430 0.04
084 Loy Onset  700.1°C -
: \ Mid: 7124°C
™ Inflection: 709.9 °C
End: 716.4°C -0.06
-1 0 L T T T T T
200 400 600 800 1000
2. Main__2015-10-211344 User. TU Delft Temperature/ C
3.
4,
TG /% DTG /(%/min
1001 | i | [0
; 0.0
95 - j MPOAR g NI,
: I ey "
; CEMIIl B 0.4-29-9-2015 ;
§ — TG § H-0.2
| ————— DTG 1
90 - i
i pa2as |04
85
L-06
‘[2.2]: 0.81% :
80 A 5 [221:-098% | L.0.8
: : : : j 1.0
200 400 600 800 1000
Temperature /°C
5 ain 2015101210119 User TU Deift
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CEMIIIW/C0.5

R: Blanc
B2k :
DSC /(mWimg) °° e DDSC /(mW/mg/min
Mid: 143.1°C
Lexo Md: = 181°C Cemlliblank05 8-10-2015 loa
1.5  Eg: 139.3°C —— DbsC i
SNy DDSC
[3.2):
Onset  409.2°C
Mid: 419.4°C
1.0 1 Inflection: 415.8 °C F0.2
End: £9.7:C
054~ e
Al b W 4 o L N P
o — |t \_\ o s ._,.~-,....-»_h-l_l,-f‘f“.,f\.,._, “.\p.j L Vet L 0.0
Pad L [3.2):
: v dnset:  802.8°C
0.0 1 | 1 [3.2]: Mid: 856.8 °C
[} Onset: | 556.2°C Inflection: 807.0 °C
[ Mid: 602.5°C End: 833.1°C (-0.2
i. H Inflection: 631.1°C
| End:
-0.5 I | i [3.2): B2F
i | Omset  2472°C Omset  711.5°C Onset:  911.4°C
Vo Mid: 201.1°C Mid: 7449 °C Mid: 935°C
U1 Inftection: 367.7 C Inflection: 7126 °C 925.2°C [ 04
10 I Ena:  180°C 32} End: 7902 °C End: 4°C
Y 1 dnset:  459.1°C
“‘ Mid: 464.5°C Lo
v Inflection: 464.9°C
End: 1468.4°C r-0.6
-1.5 A . + T T y
200 400 600 800 1000
Temperature /°C
Main  201510-211255 User TU Delft
TG /% DTG /(%/min)
F0
3.2 -4.39 %
95 1
Cemlliblank05 8-10-2015
— TG
DTG Lo
90 1
85 1 3.2]: -18.75 % -4
\ - [3.2]: -30.82 %
80 1
-6
75 1
3.2]: -2.88 %
[3.2]: -0.65 % -8
[32]:-1.13% 321 055%
.2[: U.D0D % . op
70 4 [3.2): 0.22 % 3.2} 096%
T t [3.2: 1.29%
F-10
65 | , , . i .
200 400 600 800 1000
Temperature /°C
ain 201510091550 User TU Delft
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CEMIIIW/C0.5

R1CO;: RCT284

DSC /(mW/mg) [Sf]: e DDSC /(mW/mg/min|
set: 59.4 =
0.44 4 €xo Mi: 1A% CEMIIIR1-0.5-25-9-2015
End: 189.3 “E X psc
731, S N P DDSC
0.2 4 Onset:  2633°C Lo.05
Mid: 277.0°C A H ’
Inflection: 296.8 °C n j" \\ .
; End:  2908°C 0 ey
0.0 | [ ! Lp
U UPTSR I a | 1
. el l/-,‘-'\.‘“. R Ang o e J" :
v oA M N i
02 ' : BNV
[42]: [ 1 ! -0.05
Onset: 783" /./ [£2]: i! (2]
1 mia: 1029 °& S P ' 25
04 Inflection: 91.1°C O“S_E'“ 3B30°C l] Onset:  965.1°C
End:  1131°Cp, 5 ?ﬁ;{tmm_ :;ég Onset 7626t i 9sa1oc | g qg
Ot a1 o - 6*“-2EC Mid: 763.3 -’ld; Inflection: 973.1°C
0.6 1 i merec nds B2 Liection: 7648 % End:  98.2°C
Inflection: 346.7°C [42]: End: 7 | (4.2 015
081 En FOS°C Onser a1 | Onser  ss91 e
Mid: | 4392°C j Mg sssafc
Inflection: 4407°C } Inflection: 871.9°C
104 End: 461.6 °C End: 886.5 ° »_0.20
425
Onset: 787.2°C
124 Mid:  792.3°C [
Inflection: 791.5 °C 0.25
End: 795.1 °C
200 400 600 800 1000
Main  2015-10-21 1356 User: TU Delft Temperature’ C
TG /% DTG /(%/min
oo CEMIIIR1-0.5-25-9-2015 0.0
100 4 [4.2): -1.76 % A
rg DTG Moo
42]:-3.35 % '
95
F-0.2
L2 3.42%
42]: 0.88%
90 | = [12] 160% [4.2): -2.51 % [.03
J 28.47%
Nb\w\m r-0.4
85 )
\ F-0.5
\ 4 [42]): 9.82%
80 -
F-0.6
[42} -1.10 %
75 [4.2]: -1.65 % L-0.7
[4.2] -1.46 %
F-0.8
70 [4.2]: -0.92%
200 400 600 800 1000
n__2015-10-09 160 Lsar T1 Dalft Temperature I C
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CEMIIIW/C0.5

A: Na-MFP =2 RCT28d

DSC /(mW/mg) Do e DDSC /(mW/mg/min)
Mid: 127.2°C
v exo In;Lectlon: 116.6 °C CEMIIl A0.5-16-9-2015
End: 138.6 °C —— DSC
— L e DDSC
0.4 0.10
[1.2):
Onset: 249.5°C
0.21 Mid: 261.7.°C
: i Inflection: 281.4°C
i End: 273.8°C Il 0.05
. [
! / : .\'\
0.0 1 i I P
i Puo A W
- Iy v
!l - No.00
i SRR LA AT :
-0.2 1 : Amggrporrd Y i .\"“‘fu
i [1.2]:
B n Onset: 68.1 °C
04 ! ! '\,{'.l 2 Mid: 86.2 °C
4 1 4 AL . 7650
I et e 3 e 005
) 2 Mid: 320.1°C Onset: 633.0°C Mid: a 2-6 oC
Loy Inflection: 332.1°C Mid: 635.9°C Infloction: 9556 °C
N End: 503.1°C Inflection: 639.5°C : ;_mﬂﬂ- e
0.6 End: 642.6°C ne: -
200 400 600 800 1000
Temperature /°C
Main  2015-10-211353 User. TU Delft
TG /% DTG /(%/min
0.2
100 -
121 -1.67% A mntafifie F 0.0
% W
CEMIIl A0.5-16-9-2015 r-0.2
96 - -
[12]: -7.96 % DTG | 04
94
n2pusy | gg
=20
92 4
F-0.8
90 + [1.2): -0.87 %
| H-1.0
88 - |
F-1.2
861 [1.2]:-0.55 % [12]:-0.13%
| =414
84 L T T T T T
200 400 600 800 1000
Temperature /°C
Main  2015-10-091518 User: TU Delft
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CEMIIIW/C0.5
B: RCT28d 2 Na-MFP

DSC /(mW/mg) [2.2]: B DDSC /(mW/mg/min)
Onset: 1125°C
vexo | omd o msc CEMIIIB-05-24-9-2015
a 141.1°C Dsc
A R A ppsc ; 0.20
0.2 (2.2 i '
Onset  266.9°C |
Mid: 268.1°C &
Inflection: 279.7 °C | l 0.15
End: 289.5°C 223 Q2 i
0.0 1 2.2 Onset  518.9°C ﬁ“;e“ igggg Pl
. Onset: 341.8°C Mid: 00.0 °C 1 e .
gjslet 92.6°C MI:;e 359.5°C Inflection: 629.0 °C Inflection: 1027.3 CC ’ | 0.10
oneet o6 S End: L05°C End: 10232°C |
Inflection: 108.8°C End: [2.2): . !
029 pna: /N 1097°C Onset: 8204 °C 0.05
i Mid: 816.8 °C .
S/ \‘ Inflection: 820.5°C :
= | End: 817.2°C . jf
i \ N . Mgyl | fo.00
04 \ N I I TR J
\ / S ; [2.2]: i
\ 7 i Onset:  976.8°C i
N Mid: ogs.6°C| 11
gf]:t o Inflection: 992.4°C] || -0.05
set: 56.1°C N o
-0.6 1 Mid: 4614°C End: FG
Inflection: 472.0°C [2.2]: )
End:  4841°C Onset: 6328 1C v -0.10
Mid: 766.13C
Inflection: 778.3 %C
0.8 End: _ 81347
200 400 600 800 1000
Temperature /°C
Main 20151021 1354 User TU Delft
TG /% DTG /(%/min
CEMIIIB-0.5-24-9-2015
100 1 - - — TG Lo
22]:-117% oTa A0
0.0
2]:-5.99% W’\MW M\/‘
95 | W W L 0.1
[2.2]: -0.82 %
F-0.2
90
2139% |[03
L-0.4
85 1 L 05
-0.6
801 L07
-08
200 400 600 800 1000
Temperature /I°C
Main  2015-10-09 1538 User TU Delft
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CEMIIIW/C 0.6

R: Blanc
DSC /(mW/mg) DDSC /(mW/mg/min
. [4.2]: CEMIlIblank06 9-10-2015
exe Onset: 1202 °C E—— D?C 0.4
Mid: 3s5°Cc L TTTTTT bDsc
Inflection: 121.1°C
| End 1#7°C
F0.2
[4.2]:
romsp o g
: 334 5 B ! ; A u
Ipdeeion 3905 Ty v ' ,,.r/—'<,‘-"'u'f‘_,'\"-"‘l"-/“LV'\“'""' Y \"""\j gt R \r\q' 17 0.0
AN\ And: 432.1°C / .
- [t
[42]: [4.2]:
Onset: 467.8°C Onset: 674.6°C [47):
Mid: 512.9°C Mid: 738.0°C Opset 808.6°C 02
i . Inflection: 552.9 °C Inflection: 680.4 °C Mig: 8202 °C -
[42F o End: 558.0°C End: 696.4 °C Inflection: 818.6 °C
Onset: 98.2|.°C { End: 832.1°C
Mid: 10.0kc|
0.5 { pete 2l 42} 04
' o1 (425 Onset  so7o°C |
b Omeot: | 4518 °C Mid: 948.1 °C
1 j Mid: 471.3°C Inflection: 101. E GC
1.0 4 l,' Inflectior: 465.6 °C End: 969.7 °C
: v End: 474.9 °C
200 400 600 800 1000
Temperature /°C
Main 201510211402 User: TU Delft
TG /% DTG /(%/min)
CEMIlIblank06 9-10-2015
100 | D¥g
F0
95 1
F-2
90 1
85 1 4
4.2 -19.77 % (123 -34.22 %
80 1
-6
75
70 r-8
42]:-014 %
1.37% )
[421:0.36% 1401 084%
t } £2]:-1.09 %
65 1
F-10
200 400 600 800 1000
) Temperature /°C
Main  2015-10-121440 User: TU Delft
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CEMIIIW/C 0.6

R1C0Oz: RCT>s4

DSC /(mW/mg) DDSC /(mW/mg/min)
[3.2]: CEMIIIR1-0.6-28-9-2015
| exo Onset  250.4°C — Dsc
Mid: 254.0°C —— —— —— DDSC
Inflection: 246.7 °C
021 End:  2542°C A r0-05
i ;o
! l" \\.'\,
PSS i : L AehiL0.00
0.0 - k’-d_\_.;\.\..r-f-v"' e "-\. ‘ |. R {‘v'[ Uf"-‘- v ‘.
| — \,,‘ ‘ “\I}A
[3:2]: - | ; B2 | |" -0.05
0.0 ] Onset: 1053 4/ Onset: 4862 °C i
Mid: 130.7 °C Mid: 527.0°C Ir
Inflection: 114.1°C Inflection: 541.4 °C il
End: 156.0°C End: 2677 °C y -0.10
04 (3.2 li
Onset  304.8°C i
Mid: 340.4°C i [3.2): -0.15
Inflection: 322.9°C l Onset: 2.9°C
061 End: 370.6°C |.! Mid: 1016.6°C
- M\ l Inflection: 1033.4°C | _(y 2g)
\ End: 1040.3°C .
[3.2): 32 Tl §
08l Onset  604.0°C Onset:  829.8°
08 Mid: 610.2 °C Mid: 831.9° N -0.25
Inflection: 605.2 °C Inflection: 831.4°
End: 616.3 °C End: 834.3 °f
1.0 -0.30
200 400 600 800 1000
Temperature /°C
Main  2015-10-211401 User: TU Delft
TG /% DTG /(%/min)
CEMIIIR1-0.6-28-9-2015
_ — TG
100 A [3.2]:-057 % — DTG
0.0
95 -
[3.2]: 0.87%
90 -0.2
[3.2): -28.01 %4
85 4 L-0.4
[3.2]:-11.78 %
80 -
\\ |-0.6
75
-0.8
70 - ; . . , .
200 400 600 800 1000
Temperature /°C
Main  2015-10-121425 User. TU Deift
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CEMIIIW/C 0.6

A: Na-MFP =2 RCT28d

DSC /(mW/mg) Lon DDSC /(mW/mg/min
L exo E}nget - CEMIII AQ.6-18-9-2015
0.4 1 Mid: 1268 °C [ DBEE 0.10
. Inflection: 1132 *C
LEnd: 1436°C
,ﬁ 0.08
0.2 i |
[12} N
Onset:  2715°C I 0.06
Mid: 281.3°C !
Inflection: 295.6 °C il
0.04 S [1.2): i 1
End: PLOC 12y Onset:  7365°C ;4 fitoos
Onset  518.5°C Mid: 768.8 °C ; #;
Mid:  559.2C Inflection: 7858 °C ; ! !‘ll'
- Inflection: 593.1 °C End: 789.9 °C ¥
029 599.5°C " i H\'i 7 0.02
[ -
\ My tlv-.r‘{l'_é]:
\ ik, o ! Onset 957.0°C,  0.00
| yau ahoig v [ I : .2 )
04 AT, PRI Teflction: 981 g/
£ oo \"\"’"M'J'\'J v i r’\f End:  ss#lec [-0.02
i /./ Onset:  $11.6°C ]
S wia 69.0°C
-0.6 1 1 /‘I \ I Inflection: 320.1 °C -0.04
i End: 88.3°C ’
. v 1.2}
\ Onset: | 602.1°C
08 A/ Mid: 626.8°C -0.06
Inflection: 604.1°C
End: 630.3°C
200 400 600 800 1000
Main  2015-10-21 1358 User. TU Delft Temperature! C
TG /% DTG /(%/min)
100 [1.2]:-1.09%
CEMIII A0.6-18-9-2015 0.0
— TG
DTG
95 | M
[1.2] 734 % % r-0.2
[12] -053 %
90 nop-wrs% |04
F-0.6
85 1
1.2]: 2.24 %
[1.2]: -0.54 % F-0.8
[1.2]: -1.58 %
80 4
[1.2}: -0.40 % L-1.0
200 400 600 800 1000
201510121359 User TU Delft Temperature / C
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CEMIIIW/C 0.6

B: RCT28d 2 Na-MFP

[2.2]:
DSC /(mW/mg) Onsst  10L5°C DDSC /(mW/mg/min)
Mid 19.7°C CEMIIIB-0.6-24-9-2015
| exo Inflection: 102.2 °C . psc
Eptl: 138.0°Cc L h DDSC
0.2 |
f 0.4
2.2} I|
0.0 Onset:  288.6°C i
: Mid: 2967 °C | 0.3
Inflection: 3599 °C | :
End: 3746 °C 2.2 |
0.2 4 [2.2]: Onset: 97.0°C
Onset  446.8°C Mid: 998.4°C 0.2
Mid: 4785 °C Inflection: 1005.9°C | |
04 Inflection: 452.3 °C End: 1003.7¢C 3 |
End: 4843 °C !
06 - ol \
P ) 2,1
i~ \ - . Jin, RPN
\.\ /'/l\.—".‘ ~ -‘_.,/'rv\'v./'vw N _.rf\,! [L\,v.\\."v-/\-"*”"r"1* A j\'. o
-0.8 A e i
2.2):
1.0 (2} \\ nset:  801.1°C
. B fid: 865.9 °C
)EEI gzéé Inflection: 803.3 °C
1.2 Inflection: 657.2°C nd: 930.6 °C
: End: 665.1°C
-0.3
200 400 600 800 1000
) Temperature /°C
Main  2015-10-2114:00 User. TU Delft
TG /% DTG /(%/min
F0.2
100 [22):-0.89 %
CEMIIIB-0.6-24-9-2015
[2.2]: 656 % DTG r0.0
95 -
F-0.2
[2.2): -4.07 %
90 1 2] 2177 %| [ -0.4
F-0.6
85 -
F-0.8
80 | 22:-100%  [22}:-136%
-1.0
[22]: -0.07 %
200 400 600 800 1000
Temperature /°C
Main  2015-10-121413 User TU Delft
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CEMIIIW/C 0.6
SPMIXW/C 0.4

R: Blanc

DSC /(mW/mg) DDSC /(mW/mg/min)
[4.2):
1 exo Onset:  115.1°C 0.4
Mid: 1292°C
Inflection: 123.1°C
End: _ 1328°C 0.3
[4.2]: ) SPMixRblanc04 19 10 2015 Lo2
Onset: 3514°C o .
Mid: 376.1°C 4 __ DDsC
Inflection: 387.4 °C
End: 398.8°C 0.1
AN
A T ~1£0.0
s R——— B NP RS /'\,_,./ A g i | .
i/
i/ 0.1
if
[4.2]:
Onset:  839.1°C
Mid: 896.5 °C (42 02
242.1°C _ Inflection: 843.8 °C .2]: .
265.2°C [4.2]: End: .7 °C Onset: 9352 °C
:1279.9 °C Onset: 462.1°C Mid: 9 _t: :c .03
288.2 °C Mid: 463.4°C - Inflection: 9733 °C
Inflection: 467.9°C 2] i End: 1015.1°C
End:  4655°C Onset:  3839°C 04
Mid: 30.6 °C i
Inflection: 663.7 °C .
End: 712.8°C 05
200 400 600 800 1000
Temperature /°C
Main  2015-10-21 1404 User. TU Delft
TG /% DTG /(%/min)
100 -
— 0]
95 - _ :
SPMixRblanc04 19 10 2015
— -2
— DTG
90 -
[4.2): -16.44%
[4.2]:-26.66 % F-4
\\-\.
85 -
-6
80 1
42} -2.11%
2] 172% -8
75 \p/tt_[uimé% o) 0se
H LI Malo1%
!’/ ]
T T T T T r _10
200 400 600 800 1000
Temperature /°C
Main  2015-10-20 11:55 User TU Delft
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CEMIIIW/C 0.6

Rlco2: RCT28d

DDSC /(mW/mg/min)

Main  2015-10-2114:10 User TU Delft

DSC /(mWi/mg) [3.2:
Onset  107.5°C
1 exo Mid: 128.0°C ’ .
flection: 1175 °C 3, Sp Mix R1 0,4-‘9-8-2015
0.2 1 End:  1486°C Onset: | 2415°C - ——_ DD&C
Mid: 248.8°C n
Inflection: 242.2 °C Al /,f\‘
! End: 253.6 °C ! [T
0.0 ;--"‘- ,"v..w-u-""‘-r'-, A \ HVG’" + \-w\i A
) g e e R LA . h .
N v VR '
[
B2 il
02 Onset:  532.3°C il
Mid: 549.8 °C i
Inflection: 567.3 °C l |
B2} End: %74°C [32): Voo
041 Onset:  322.2°C Onset:  736.6°C | | Onset  so29°C
Mid: 336.0°C Mid: 7642°C il Mid: 846.7°C
Inflection: 357.4 °C Inflection: 7852 °C ) Inflection: 806.7°C
End: 375.8°C End: 795.1°C 1 End: 782.4°C
3.2 ||
-0.6 Onset  4202°C
Mid: 4355°C
Inflection: 437.2 °C [3.2
End: 438.7°C 132] Onset:  922.5°C
08 Onset:  646.6°C ﬁld: . Z é;g
Mid:  6634°C e
Inflection: 650.8°C nd: FBAC
End: 64.4°C
104
200 400 600 800 1000
Temperature /°C

0.00

-0.05

-0.10

-0.15

I-0.20

-0.25

-0.30

DTG /(%/min)

I

ol |

85 1
80

75

3.2]: -1.43 %

TG /%
100 | 13.2: -0.50 %
Sp Mix R1 0,4-29-9-2015
— TG
DTG
95 32): 112 %

3.2]: [2.40 %

::0.81 %

200 400

Main  2015-10-0911:04 User: TU Delft

600
Temperature /°C

800

1000
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CEMIIIW/C 0.6

A: Na-MFP 2RCT28d

DSC [(mwimgyT . DDSC /(mW/mg/min)
0.4 b exeud  130°C
) o ié’?; E SP MIX A0.4-18-9-2015
mr Dggg 0.08
Onset:  198.1°C
0.2 Mid: 219.0°C
Inflection: 198.9 °C 0.06
End:  2400°C
[1.2):
1 Onset: 309.6 °C
00 . amsec B2 . -n!i 0.04
4 flection: 3621 °C Onset 1619 °C [12]: R
Mid | S\ IErfé t‘ g:ééﬁ Mid: 417.1°C Onset:  531.4°C i nl'l‘ iyl
Ipflection] 105.6 °C ) ) Inflection: 489.3 °C Mid: 566.3 °C A | ﬂl\,' o 0.02
-0.2 1 F’“Ena: j eaec End: 482.0 °C Inflection: 564.7 °C t A ,f'\{-““'d"f ik
! j End: 6013°C  alihta A ;
’ | i | B l
i I N {3 onee  10s5ei} 0.00
04 i d]
i .
i ~ -0.02
! i
08 \\ ol Infl 805.9
\ /\ f nflection: 805. z -0.04
Y ot End: 813.0
Vo Onset:  6233°C
08 J Mid: 6228°C Onset: 8191
A Inflection: 619.6°C le 707.6°C -0.06
End: 622.3°C Inflection: 733.3°C
End: 726.2°C
; T - . . -0.08
200 400 600 800 1000
Temperature /°C
Main  2015-10-0909.57 User. TU Delft
TG /% DTG /(%/mi
SP MIX A0.4-18-8-2015
—— TG L too
—F DTG
W‘"\J\,\ﬂ
A, NWI\I\MM W\,.f/\/J
F-0.2
[1.2]: -1.48 % (L2 1548% |[-0.4
92 4 A
90 1
F-0.6
Iy {1.2]: 163 %
[1.2):-0.90 %
86 1 [1.2]): D.66% 1-0.8
[12]:-0.85%
[1.2):3021%
84 4 ' —
200 400 600 800 1000
Temperature /°C
Main  2015-10-0910:17 User. TU Delft
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CEMIIIW/C 0.6

B: RCT28d 2?Na-MFP

12.2]: ;
DSC /{(mW/mg) Omet o11°C DDSC /(mW/mg/min)
L exo M 2acc DF i
Ipflection: 1o7.3°C  On>°t 1702°C Sp Mix B 0.4 - 7-10-2015
129.7°C ;"I;ld: . $9 ; =E ————— DsC
nflection: o
End: 1946 °C ppsc 0.15
0 2.2k +0.10
Onset:  243.6°C Onset:  509.0°C
Mid:  2695°C Mid: - s90°C 2
Inflection: 298.0 °C Inflection: 5182°C  Onsst:  59067°C
End. 295450 End: - Mid: 631.0°C 0.05
Inflection: 644.3 °C q
End: 693.3°C R
("J i f./""
Ee N L 0.00
W A j"\"“-’\;’
718.9°C 0.05
e 22} 7328°C '
Onset  3054°C  Guoer  4115°C on: 73287C
Mid: 333.8°C i 1350 °C 747.1°C
Inflection: 342.0 :C Inflection: 418.7 °C 22} F-0.10
End: 3622°C gy 1383 °C Onset:  912.7°C
Mid: 933.5°C
R e Inflection: 935.1°C
Onset:  812.6°C End: 99({ -0.15
Mid: 825.3°C
Inflection: 836.4 °C
End: 852.4°C
T T . ; . -0.20
200 400 600 800 1000
Temperature /°C
Main  2015-10-211409 User TU Delft
TG I/% DTG /(%/min)
Sp Mix B 0.4 - 7-10-2015
- T
DTG /_ﬁﬂﬁwﬂ,/\,.1 0.0
WVW
.38% M
1-0.5
——122]: 236 %
[2.2: 0.73%
| [2.2]:1.38% [2.2): -35.68 %|
-1.0
2] -4.02%
22 -2.76 % (18
[22]: -0.64%
2.2]: -0.89 %
751 2] [2.2]:40.57 %
T T y T T -2.0
200 400 600 800 1000
Temperature /°C
Main  2015-10-09 1047 User TU Deift

Sawsan G.A. Hulsman-Khalil 5. Appendix| 149



SP MIX W/C 0.5

R: Blanc
DSC /(mW/mg) DDSC /(mW/mg/min)
. 4.2
exo Onset:  1519°C SPMixRblanc05 19 10 2015
1.0 1 Mid: 161.0°C —— DSC 0.3
Inflection: 1543°C | s DDSC
End: 1702 °C
! 0.2
!
i [4.2): -
0.51 ; Onset:  192.5°C 4
l. Mid:  2482°C Onset:  548.9°C 0.1
i Inflection: 199.0°°C Mid: 2017 -
1 End: 236.7°C !'\ Inflection: 658.6°C
i f \ End: 703.3°C
H i N
i 1 ! g 0.0
i S N P S B VN A0
0.0 42 ! N i i'/ e pol N e
Onset  1d12°cfy , i
Mid:  11p4°G !
Inflection: 12].5°¢ [42) ) 01
End: 1206 "E Onset: 865.4°C
i_] v Mid: 893.8°C
Vol oy (42 Inflection: 8717 °C [4.2]
05 cor 142k _ Onseti  459.2°C End: 897.2°C Onset:  9734°C |
HoE ey e S e N NGl 43 2
! Inflection: 3003°C  cetion: 466.1°C [47] Inflection: 9/3.0°C
1 ! End: 334.5°C End: yiL1ee Onset: 720.8 °C End: 973.7°C
\j ) ) Mid; 7335 °C —
J Inflection: 721.2 °C -0.3
End 746.3°C
200 400 600 800 1000
Temperature /°C
Main  2015-10-21 1459 User TU Delft
TG /% DTG /(%/min
100 4
” e J}0.0
H"WWM\
//J/’/ SPMixRblanc05 19 102015
g — TG [
95 TG -0.5
-1.0
90
[4.2]: -22.46 %)
-1.5
85
F-2.0
80 F-2.5
[4.2]:-0.78 % ;
[4.2]: -0.34 % [4.2): {0.80 %
— 30
200 400 600 800 1000
Temperature /°C
Main  2015-10-2013:08 User. TU Delft
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SP MIX W/C 0.5

Rl1co2: RCT28d
[3.2):
DSC /(mWimg)Onset:  1087°C DDSC /(mWimg/min)
Mid: 1285°C
| exo Inflection: 113.7°C Sp Mi
! o p Mix R1 0.5 - 8-10-2015 X
024 End 1483°C ) Dec 0.10
3 DDSC
Onset:  2362°C ok 0.0
Mid: 260.1°C 2k .
0.0 1 Inflection: 243.6°C | Omset  3063°C \ ?
e End: o710°C | Mid: 355.9°C ) PN
~" N Inflection: 304.9°C \ P i \L’Nit
i \ End: 341.4°C . ; ! R L
0.2 1 \ 3 : s J,,\,-\,.---—\.-,a.-..f\-_m.v-J'VVI\'V'-'--‘_,/" \| /'\ l "{ 410.00
\.\ s ]_:/' v i j’ \
ha Onset 4207 °C i _
04 Mid: 437.3°C ! | 0.05
Inflection: 436.8 °C ‘ f
End: 4534°C 1 i
06 i -0.10
3.2} i!
Onset  741.0°C |
Mid  703%¢ ||
08 Inflection: 768.6 ° || [3.2): -0.15
NGl S Ty bS
] Inilection: 976.8:°C
104 32} .
1.0 Ot 562.0°C * End:  976.0°C 0.20
Mid: 629.8°C B2k
Inflection: 698.0 °C Onset: 827.0 °C
-1.21 End: 697.5°C Mid: 833.03C -0.25
Inflection: 832.0 ?C
End: 839.14C
200 400 600 800 1000
Main  2015-10-21 1457 User. TU Delft Temperatu re / C
TG /% DTG /(%/min)
100 A
Sp Mix R1 0.5 - 8-10-2015 0.1
) — TG
[3.2]: -426 % DTG
0.0
95 [3.2):-1.07 %
[3.2):-132% .01
[3.2]: -3.36 %
90 0.2
[3.2); -23.65 %
F-0.3
85 - \ -04
\w/ L.0.5
[3.2]: -4.07%
80 | —
06
):-1.45%
75 [3.2]:-0.26 % F-0.7
200 400 600 800 1000

Wain  2015-10-0011:58 User: TU Deift

Temperature /°C
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SP MIX W/C 0.5

A:Na-MFP 2RCT28d

DSC /(mW/mg) (1.2} DDSC /(mW/mg/min)
Onset:  108.4°C
Mid: 127.3°C
1 exo Inflection: 114.7°C
End:  1461°C
] ] [1.2]: 0.06
0.2 1 \ Onset:  245.1°C )
! Mid:  269.8°C SPMixA 0.5-22-9-2015
1 Inflection: 247.6 °C —— DsC
i End: 2624°C 1 ITTm oo DDsC 0.04
B 2]
0.0 4 | set:  304.1°C
| 3054 °C
i lection: 386.6 °C r
| i d: 3916 °C [1.2): i Jl 0.02
: — Onset:  747.4°C [ il
0.24! ! Mid  7486°C Eo i WM
[ i Inflection: 749.5 °C Ao M TR
i i End: 7503°¢ / ~ep ot ifY H0.00
i Moy o f S
! /’"‘.\ et NP / \ /L y i |’ \f 1
04 ! ; Pl AR TN
i / 11223 0.02
\ ~ [/ [2F fOnset:  8081°C,
VAR, . =7 bo [1.2]: Mid: 820.9°C . N
VA S T o s iiknon 00O A5
0.6 1 \ / lv! Inflection: 489.1 °C i"hd: Q218°C Endt 8336 Cpppecion: 973.1°C | g 04
\ End: 1944 °C nflection: 569.1 °C End: 10i3.2°C -
: End: 635.7 °C o :
A, g
-0.8 1 : : . : : -0.06
200 400 600 800 1000
Main  2015-10-21 1412 User. TU Delft TemperaturEI C
TG /% DTG /(%/min)
100 1
SPMixA 0.5-22-9-2015 M 0.0
— T
DT
+-0.1
95 4
-0.2
[1.2]:-0.76 %
-0.3
[12]:-18.80%
90 | B
-0.4
-05
85 | [1.2]:-3.63 %
-0.6
[1.2]: -0.35 % [1.2]:-1.22%
[12]:-0.36 % [-0.7
80 . . . . .
200 400 600 800 1000
Main  2015-10-09 11:27 User: TU Delft Temperature/ C
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SP MIX W/C 0.5
B: RCT28d >Na-MFP

DSC /(mWimg) gfs];- Hodec DDSC /(mW/mg/min)
Mid: 1185°C
L exo Inflection: 114.9 °C
End:_ 1266°C
2.2):
Onset:  278.0°C [2.2] " +0.10
Mid: 288.6°C Onset  300.1°C Sp Mix B 0.5 'S‘ég'z 15
Inflection: 298.1°C Mid: 333.6°C
End:  299.1°C Inflection: 42.5°C 7 bDsC
End: 400.2°C
C 2.2k |
Mid: 1045 °C [2.2: ) Oneet: i 0.05
0.2 1 Jflectig: 107.8 °C Onset:  506.4°C Mid: R
A End: 108.0 °C Mid: 524.8°C Inflection:
! Inflection: 518.3 °C End:
nali i End: 530.5°C /
0.4 i ]
. [ [ 0.00
| 122 I . R i
-0.6 4 | dnset:  41¥2°C T Vi i
i fict: f0.0°c P J, :
H Inflection: 418.8°C Onset: 733.7°C Onset: 901:8°C
l. Enda »7428.1°C Mid: 742.8°C Mid: 9129 °C
-0.8 | I 2] Inflection: 737.7 °C Inflection: 9050 °
i 7 Onset.  6027°C End:  7519°C End:  924p¢C [-0.05
i / Mid: 611.9°C
-1.0 1 H /‘/ Inflection: 660.7 °C
W End: 692.6°C
200 400 600 800 1000
Main  2015-10-21 1414 User. TU Delft Tempera‘tu re ’ C
TG /% DTG /(%/min)
100 4
[22] -1 84 ¢%
Sp Mix B 0.5 - 7-10-2015
F\ — W 00
%1 L 0.2
[2.2]:-162 %
L 0.4
90 A
R |
85 A -0.8
F-1.0
80 A
057% l.12
[2.2]: -0.87 %
[2.2]:-057%
754 -1.4

200

Main 20151009 11:44  User: TU Delft

400

600
Temperature /°C

800

1000
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SP MIX W/C 0.6

R: Blanc

DSC /(mW/mg) [4.2]: DDSC /(mW/mg/min)
Onset: 143.8°C
1 exo Mid: 155.9 °C
Inflection: 150.5°C SPMixRblanc06 19 10 2015 r0.20
End: 168.1°C — DsC
0.51 T P DDSC
: Onset:  2049°C 0.15
Mid: 207.0°C :
Inflection: 250.9:°C
End: 267.9°C
. 0.10
[4.2]: “ [42]:
0.0 Onset: 309.2°C Onset: 512.4°C
P ey via: suaec M 519°C 0.05
On;et: 3.9 °C Inflection: 3143°C | \ Inflection: 590.8 °C .
el 1?6.0 °C End: 303°C | | End: 623.1°C N 5 0
fnflection: 142.4°C i . “;I'v N
fEnd: 1s.0°C \ pos T WS F0.00
! A P R ! FAE| :
| ! - li'\-\‘,\ ¥ w\.f‘l\_ i", J\\!t W \‘-'. ]l‘\‘r i
0.5 1 bofin i vy
Py L\ 0.05
i ! [ Y Ls 2} 42} i
[ [49] I Onset:  s7apec Onsst  93987C
.‘ / Onset: 462.1 °C o Mid: 8924°C M N ; 4-9:: -0.10
H / M ohsC 1[ Inflection: §79.5 °C nflection: 980.8°C
i/ : 7. ! i 2. End: 974.1°C
i Inflection: 467.8°C || [42]: End: 8815°C
-1.0 1 ’ End:  4768°C | Onser | 6%52°C 015
i Mid: 7341 °C -
Inflection: 788.4°C
End: 813.0°C
T r T T v -0.20
200 400 600 800 1000
Temperature °C
Main  2015-10-21 1500 User: TU Delft
TG 1% DTG /(%/min)
100
[4.2]: -1.20%
WWWWW\’A’ [0
:-520%
95 1 ﬁ )
SPMixRblanc06 19 10 2015
— DTG 05
[4.2]:-4.09% ’
90 4
[4.2}: -21.18 %
4.2]: -335%
F-1.0
85 - 4 42]: 2.04%
e 4.2]: -1.80 %
[4.2]: -0.79 %
— [4.2) -1.41% r-1.5
80 '\ ;;/ [4.2): 069 %
[4.2): 057 %
200 400 600 800 1000
Temperature °C
Main  2015-10-2012230 User. TU Delft

Sawsan G.A. Hulsman-Khalil 5. Appendix| 154



SP MIX W/C 0.6

Rlco2: RCT28d

DSC /(mW/mglp2I: DDSC /(mW/mg/min)
Onset.  1235°c [32F .
1 exgl: 19geC Onset 179.65
Inflection; 126.1°C  Mid: 171.9°¢ SP MIX R1 0.6-5-10-2015
9eC Inflection: 178.6 °C DscC
End: 1783 L ___ DDSC 0.1
[3.2): ~
Onset: | 236.3°C 1 \
Mid: 248.1°C T f\ !-f‘\_v
3 .5 ° i ey [ ; A
1 Anflection: éiéi; ! g ftd Wy 0 !\«._’.‘vvl‘ W i, [ 00
B2 AT TN b b i
024 ons=t  9d'C (3.2): 1
o oS [3:2) Onset: 6917 °C | 32y
ection: 1165 Onset:  4915°C  y\pi9: 731.3°C j Dnset 8066 °C
End: 117.1°C Mid: 5294°C  Ipflection: 732.6 °C T Mid: 834.9 °C -0.1
04 Inflection: 541.4°C g 4. 752.1 °C ! Fnﬂenmﬂ: 816.4 °C
d: 567.2°C .l'End: §37.2°C
[3.2): 5
Onset  313.8°C
061 Mid: 3566 4C B2 0.2
Tnflection: 332.3 7C Onset:  950.9°C
End: 395.7 ¥C Mid: 971.5°C
Inflection: 973.1°C
08 End: 2.2 °C
: [3.2): F-0.3
Onset: 902.8
Mid: 914.8 .
104 Inflection: 898.1
o End: 9039
200 400 600 800 1000
Temperature /°C
Main  2015-10-211501 User. TU Delft
TG 1% DTG /(%/min)
100 [3.2]: -1.03 P
3-2]: -2.28 % SP MIXR10.6-5-10-2015
— TG
95 4
90
85
80
75 4
200 400 600 800 1000
Temperature /°C

Wain 2015-10-19 1214 User TU Delft

Sawsan G.A. Hulsman-Khalil 5. Appendix| 155



SP MIX W/C 0.6
A: Na-MFP 3RCT28d

DSC /(mW/mg) DDSC /(mW/mg/min)
0.4{ 4} exo [2.2):
Onset  161.1°C 0.10
Mid: 179.1°C )
Inflection: 1811 °C SPMixA 0.6-22-9-2015
. B — DSsC
0.2 End: w014°c ;T bBaC 0.08
0.06
0.04 [2.2):
Onset:i  2317°C
Mid: 261.6°C b (li 0.04
Inflection: 2441°C ) 'fi ; j\ﬂ Mi
; End: | 2622°C [T B
02 e Al f il jro.02
Ii.'.-",-rlf“/” ! |il i
LN |
C A jj'v‘\»f\"\) ot oo ! 0.00
04 Mid: ; 1057 °C Ay L Al Yoy Onset: 956.1°C
Inflectibn: 111.7 °C l. N il | \ r \," Mid: 990.5 °C
End: I 1246°C I .‘ \/2"2] Inﬂe.(tmn: 1020.6 °C -0.02
| i ] . . End: 5
J | Onset:  610.4°C
0.6 1 [ o Mid:  6464°C
i N\ Inflection: 615.4°C I-0.04
\ ! '\./' 2.2 End: 657.2°C
\ Onset Onset: 64°C | _0.06
08 \ Mid: : -0
" Infledtion: 581.1°C ﬁg(tm. . ;ég
End: 582.1 °C e 008
200 400 600 800 1000
Temperature /°C
Main  2015-10-211505 User: TU Delft
TG /% DTG /(%/min
100 1 0.2
SPMixA 0.6-22-9-2015
98 DTG Jf410.0
96 H-0.2
|11.2]:-7.56 %
94
-0.4
[1.2]: -14.66 %
92
[1.2}: 070 % 06
11.2]:-1.27 %
90
[1.2]: -1.54% +-0.8
88 1 [1.2]: -0.90 %
[1.2}: -051 % 10
1.2): -1.08%
86 1 [1.2]:-0.20 %
-1.2
200 400 600 800 1000
Temperature /°C
Main  2015-10-09 1241 User. TU Delft
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SP MIX W/C 0.6

B: RCT28d 2?Na-MFP

DSC /(mW/mg) [L.2): DDSC /(mW/mg/min
Onset: 106.2 °C
l exo Mid: 122.7°C
Inflection: 113.0 °C SP MIXB0.6b 12-10-2015
i 139.2°C — DsC
0.2 1 S R DDsC 0.10
Onset: 262.6 °C
Mid: 276.4°C
0.0 Inflection: 281.4 °C \ p 0.08
End:  2901°C M} i
A 1.2]: | ‘-l‘l 5
i [1.2): onset. 897°C; 1] ,\j 0.06
021 i Onset:  487.0°C ) tid: 961.4°C! i
i [1.2; } o 1l
" 1 Mid: 4887°C .o 6352 °C nflection: 976.6 °df | i
/ ‘ Inflection: 4572°C  yrui” ggy7eC Fad: 0317 o l’( 0.04
041 l.| Eodi - SI85°C 1osiecon: 642.6°C | \_ﬂ
; End: 2
~ [12} I to.o2
06 [ 1 Onset: 440.8°C
I : Mid: 437.2°C
i ! Inflection: 429.3°C 0.00
08 \_\ End:/\ 433.;’\3
i PN -0.02
1.0 4 \ /.’ .
\.\ v (12 -~ ection: 911.4°C -0.04
124 S Onset: 7449 15:5°C
o Mid: 747.1° L 006
Inflection: 745.5
End: 749.3°
-1.44 . , . : .
200 400 600 800 1000
Temperature /°C
Main  201510-211503  User: TU Delft
TG /% DTG /(%/min
+0.2
100 4 [1.2]: 0.76 %
F0.1
- F0.0
95 | "\ [1.2]:-3.81 % SP MIXB0.6b 12-10-2015
DTG F-0.1
-0.2
90 A [1.2]:-31.29 %
F-0.3
L 0.4
85 A
F-0.5
[1.2]:-143% l-06
[1.2}: -0.85 %
80 A [1.2]: 11,00 % 07
| )
200 400 600 800 1000
Temperature °C
Main 20151019 11:51 User: TU Delft
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1.22 Analysis DSC/TGA curve-CEM 10.4

9 CEMIO0.4
I | | I Blanc
—_R COI2
o1+
£
=
E | |
O
v
a
A F _
0 1200
100
90+ _
=<
@ 80 .
«
=
70 -
60 | | 1 | L
0 200 400 600 800 1000 1200
T(°C)
121-247
456-550 4.88 P2
722-857 1.03 P3
125-257 4.26 P1
459-576 2.27 P2
791-916 10.72 P3 Process
112-257 732 p1 P1 | Water loss from C-S-H gels
layers and from the
Holees 2.01 P2 dehydration of ettringite
802-868 0.99 P3 P2 | Dehydration of calcium
94-267 9.21 P1 hydrate(CH)
459-622 6.59 P2 P3 | Decarbonation of calcium
622-831 274 P3 carbonate (CaCO3).
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1.23 Analysis DSC/TGA curve-CEM 10.5

) CEMIO0.5
I I I I Blanc
R CO
2
o 1}
£
=
-g- D - ]
&
[72)
[m]

1200
60 L i 1 I 1
0 200 400 600 800 1000 1200
T(°C)

121-195
460-558 9.48 P2
701-849 3.15 P3
93-239 8.43 P1 Process
469-540 2.28 P2 P1 | Water loss from C-S-H gels
782-933 5.62 P3 layers and from the
112-241 6.89 P1 dehydration of ettringite
459-586 1.95 P2 P2 | Dehydration of calcium
817-860 0.41 P3 hydrate(CH)
100-249 11.42 P1 P3 | Decarbonation of calcium
453-557 4.27 P2 carbonate (CaCO3).
742-899 3.09 P3
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1.24 Analysis DSC/TGA curve-CEM 0.6
CEMI0.6

2

-

DSC (mW/mg)
(=]

]
-

100

90

80

Mass (%)

60 1 L L
0 200 400 600 800 1000 1200

104-240 P1
466-516 3.2 P2
717-892 2.86 P3
119-269 6.94 P1
458-508 3.46 P2
794-898 6.41 P3
99-232 6.35 P1
Process
328-636 3.99 Large Peak fqr P1 || Water loss from C-S-H gels
the dehydration || |, 015 and from the
of CH dehydration of ettringite
780-903 0.28 P3 P2 || Dehydration of calcium
119-276 10 P1 hydrate(CH)
457-581 1.42 P2 P3 || Decarbonation of calcium
750-877 3.4 P3 carbonate (CaCO3)
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1.25 Analysis DSC/TGA curve-CEM 111 0.4

CEMIINO.4
2 T T T T
D q
.§ 1
E
—— 0 =
[ ]
W
(=]
Ak
1] 200 400 600 800 1000 1200
100 === T T T T T
90 n
=
@ 80 S - .
n .
E \
70 = ! 1 ] ] { -
60 1 1 L 1 1
1] 200 400 600 800 1000 1200
T (°C)
901- 1.52 Crystallization peak around
1048 931°C
97-274 P1
412-468 | 0.82 P2
732-803 | 1.12 P3
878-973 | 1.64 Crystallization peak around
905°C, which may be due to a
different amorphous phase.
108-272 | 5.87 P1
400-562 | 3.77 P2 Large peak
746-804 | 2.24 P3
804- 3.84 Crystallization peak around
1048 902°C, which may be due to a
different amorphous phase
106-200 | 4.76 P1 Process
400-598 | 5.75 P2 Large peak P1 Water loss from C-S-H gel
f62°8645 R0 B3 i ” 5 layers and from the
864-932 | 1.1 Crys;ta |zajc|on peak aroun dehydration of ettringite
882°C, which may be duefte=a - -
different amorphous pha (P2 Dehydration of calcium
110-261 | 5.84 P1 hydrate(CH)
429-700 | 10.34 P2 large Peak P3 Decarbonation of calcium
700-901 | 0.98 No peak for carbonation jwith carbonate (CaCO3).
small loss of mass
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1.26 Analysis DSC/TGA curve-CEM II1 0.5

CEMIINO.5

2 T T

DSC (mW/mg)

100

90

80

Mass (%)

70

60 | | . | |
0 200 400 600 800 1000 1200

112-247 P1
459-556 1.13 P2
802-911 0.96 P3
102-263 6.77 P1
419-533 2.51 P2
787-858 1.65 P3
858-965 1.46 Crystallization
peak around
858°C
115-249 7.96 P1
249-768 5.02 Dehydration
process without
peak
768-1048 0.13 Crystallization
peak around
789°C with very
small mass loss
112-267 5.99 P1 Process
456-549 435 P2 P1 Water loss from C-S-H gel
632-820 1.5 P3 layers and from the
820- 976 1.28 Crystallization dehydration of ettringite
el (e gl P2 Dehydration of calcium
976-1048 0.62 Crystalllzatlon hydrate(CH)
with sharp peak - -
around 1000°C P3 Decarbonation of calcium
with carbonate (CaCO3).
endothermic
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1.27 Analysis DSC/TGA curve-CEM 111 0.6

2 CEMIII0.6
I I I I Blanc
. — R l.':C.I2
o L —_—A

E' — &
%
e D = -
(&
w
[m]

Ak -

1] 1200
100

90 - .
=
¢ 80 r .
[}
=

70 .

60 ! ! ] ! !

1] 200 400 600 800 1000 1200
T(°C)

120-243 P1

461-468 0.14 P2 small peak in
the DSC Curve

468-808 1.73 P3

808-928 0.84 Crystallization
around 1000°C-

Small peak DSC

105-250 5.79 P1

305-486 3.12 P2

604-829 14.07 P3

993-1048 0.98 Crystallization
around 993°C-large
peak DSC

110-271 7.34 P1

311-519 3.86 P2

602-815 2.78 P3

oot s | cmtber -

- ; rystallization wi
small loss of mass P1 Water loss from C-S-H gels

101-288 6.56 P1 Iayers and from the

288-637 11.88 | P2 dehydration of ettringite

637-801 1 P3 P2 Dehydration of calcium

801-997 1.36 Crystal!lza'flon : hydrate(CH)

997-1048 0.49 Crystallization with P3 D b ti f calci
sharp peak around ecarponation or calcium
1006°C with carbonate (CaCO3).
endothermic
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1.28 Analysis DSC/TGA curve-SP MIX 0.4
SP MIX0.4

2 T T

-
T

DSC (mW/mg)
o

]
-
T

100

90 |

Mass (%)
3

70 i i - .

60 1 1 1 1 1
0 200 400 600 800 1000 1200

T (°C)

115-242 16.44 P1
462-583 1.36 P2
980 Crystallization with
very small mass loss
108-241 4.51 P1
420-532 1.9 P2
530-802 11.51 P3
802-922 3.28 Crystallization
around 922°C
108-250 6.77 P1
300-800 5.79 P2
800-1048 1.37 Crystallization
around 802 Process
°C P1 Water loss from C-S-H gels
23;2‘7‘?8 ifis E; | > layers and from the
- ’ arge pea . -
By dehydration of ettringite
oc P2 Dehydration of calcium
718-912 1.53 P3 small peak hydrate(CH)
912-1048 Crystallization around P3 Decarbonation of calcium
912 °C with small loss carbonate (Caco3)
of mass

1.29 Analysis DSC/TGA curve-SP MIX 0.5
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2 T T T T
Blanc
R CO
= 1t 21
E
=
-g- ot T
&
w
(=]

1200
60 | . | | ]
0 200 400 600 800 1000 1200
T(°C)
104-192 11.11 P1
459-548 1.37 P2
897-973 Crystallization around
900°C with small mass loss
108-236 4.26 P1
402-562 3.36 P2
741-827 4.07 P3
827-973 1.45 Crystallization
around 832°C
108-250 6.02 P1
Process
G S i P1 Water loss from C-S-H gels
747-808 0.35 P3 layers and from the
110-278 7.07 P1 dehydration of ettringite
411-506 338 ) P2 Dehydration of calcium
o P — hydrate(CH)
O Clear peak for decarbonation - -
P P3 Decarbonation of calcium
901-1048 1.55 Crystallization carbonate (CaCO3).
around 901°C
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1.30 Analysis DSC/TGA curve-SP MIX 0.6

SP MIX0.6

-
T

DSC (mW/mg)
o

1] 200 400 600 800 1000 1200
T(°C)

93-204 P1

414-512 1.81 P2
874-956 0.69 P3
123-236 3.88 P1
313-491 2.52 P2
806-902 3.61 P3
902-1048 1.46 Crystallization
around
902°C
105-272 7.56 P1
441-542 1.53 P2 Process
615-1048 2.15 Crystallization P1 Water loss from C-S-H gel
:vn:c:"'?;:zle layers and from the
106-262 5 g Pl dehyd rat|.on of ettrlhnglte
441-487 1.75 P2 P2 Dehydration of calcium
745-889 085 | P3 hydrate(CH)
889-1048 139 | Crystallization | | P3 Decarbonation of calcium
around carbonate (CaCO3).
900°C
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