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Slag hydration and chloride binding in slag cements exposed to a combined
chloride-sulphate solution

Joseph O. Ukpata, P. A. M. Basheer and Leon Black

School of Civil Engineering, University of Leeds, UK

Abstract

The effects of curing temperature (20T or 38TC), slag composition and slag content
on the hydration and chloride binding characteristics of ground granulated blast-
furnace slag (ggbs) - blended cements have been studied. Two slags (CaO/SiO; =
1.05 or 0.94) were each blended with CEM | 52.5R at 30% and 70% replacement.
Paste samples of constant 0.5 w/b ratio were hydrated for 56 days, dried and
exposed to either sodium chloride or combined sodium chloride — sodium sulphate
solutions. Sodium sulphate concentration was 3g/L, while chloride concentrations
varied from 0.1 to 3.0M. Post-exposure reaction products were characterised by
XRD and thermal analysis. Chloride binding was followed via Friedel’s salt formation,
with thermal analysis showing a decrease in Friedel’s salt formation in the presence
of sulphate ions. Increasing slag content changed the nature of the chloride binding
mechanism significantly. Hydration of slag studied by SEM-BSE image analysis
showed that the higher basicity slag was more reactive, with the degree of slag
hydration increasing with temperature. An increase in the slag load reduced the
degree of slag hydration. Apart from the increase in slag load, the other changes in

hydration corresponded well with the chloride binding characteristics of the blends.

Keywords : chloride, chloride binding, sulphate, slag, cement.

1. Introduction

Corrosion of steel reinforcement bars is a major problem affecting the durability of

reinforced concrete structures located in marine environments. Structures may often
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suffer deterioration arising from the corrosion of reinforcing steel bars due to chloride
attack. This undermines the structural integrity of the steel bars, with adverse
implications for design service lives. Studies have reported that chloride ions are
either bound to the binder paste component of the concrete matrix, or freely held in
pore solutions within the matrix. It is the free chloride ions in the pore solutions that

are responsible for causing the corrosion of embedded steel bars

Bound chloride ions do not contribute to corrosion of embedded steel in concrete
structures [1-3]. Therefore, durability is ensured by reducing porosity and increasing
the chloride binding capacity of concrete. Supplementary cementitious materials
(SCMs), such as slag, are known to have good chloride binding capacity [4, 5]. This
would ensure that any residual chloride ions penetrating the concrete matrix are fully
or partially bound by the blended cement component of the concrete. The combined
strategy would enhance reduction in the concentration of free chlorides such that any
remaining chloride ions in the concrete matrix do not reach the chloride threshold

necessary to initiate steel corrosion.

Many studies have indicated that there is a critical concentration of chloride ions for
corrosion initiation in embedded steel to occur [3, 6-8], and the aim of any durability
design against chloride attack must be to keep free chloride concentrations in the
concrete matrix below critical levels. The threshold concentration has been found to
increase in slag-blended cement systems [7] and the incorporation of ggbs (slag)
with high alumina contents in cements is well-known to increase chloride binding

capacity of Portland cements [1, 4, 5, 9, 10].

Chloride binding is achieved through both physical and chemical processes. The

physical process is where chloride ions are adsorbed to the surfaces of C-S-H or
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other phases of hydrated cement, while the chemical process involves reaction of
chlorides with the C3A, C4AF, or their hydrates - monosulphates to form Friedel’'s salt
(FS) and/or Kuzel’s salt (KS) [10-15]. However, where NaCl is the exposure solution,

chloride binding in Portland cement is mainly attributed to the formation of FS [16].

The binding of chlorides can be affected by several factors [1, 17, 18]. The effects of
external factors such as interaction with other anions, as present in marine
environments, need to be investigated. For example, the presence of external
sulphate ions are known to reduce chloride binding or destabilise already bound
chlorides [1, 19-23]. Meanwhile, an increase in exposure temperature from 20<C to
38T has been found to increase chloride binding [4, 24]. However, Z ibara [25] found
that the effect of temperature on chloride binding depended on the chloride
concentration of the exposure solution, with increasing temperature decreasing
chloride binding at low concentration (e.g. 0.1M), yet increasing chloride binding at
higher chloride concentration (e.g. 3.0M). Yet, Dousti and Shekarchi [26], in their
study covering a range of temperatures from -4C to 70C found that chlori de binding
in plain and blended cements decreased significantly at temperatures beyond 22<C.
This, and other similar works, suggests that more work remains to be done to clarify
the contradictions concerning the effects of temperature on chloride binding of
cementitious materials. Furthermore, studies have found that differences in
associated cations (i.e. Na, Mg, Ca) have significant effects on chloride binding
capacity of cementitious materials [1, 16, 19]. De Weerdt et al [27] associated these
effects with changes in pH of the exposure solution and the chloride binding capacity

of the C-S-H phase of hydrated cements.

The present study investigates simultaneously the effects of some key factors such
as temperature, presence of external sulphate, slag composition, slag content, and

3
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concentrations of the attacking free chlorides, on hydration and chloride binding
characteristics of slag-blended cements, to build on earlier related studies [4, 24].
NaCl, being the most abundant in marine sea water environments [14], is used in

this study as the source of attacking chloride.

2. Experimental details

2.1 Materials and exposure solutions

Two slags similar to those used elsewhere [4, 24, 28-30] were used in this study,
alongside CEM | 52.5 R. The slags have similar physical properties (Table 1 & Fig.
1) but different chemical compositions (Table 2) and both comply with relevant
standards [31, 32]. They have been designated as slags 1 and 2, with slag 1 being
more basic and having a higher alumina (Al2O3) content, of 12.23% compared with
7.77% for slag 2 (Table 2). As noted previously, alumina is a driver for chloride
binding with higher alumina content favouring improvement in chloride binding
capacity of cement [4, 10]. Blending of slag with CEM | was carried out using a roller
ball mill incorporating plastic charges. Either 30% or 70% of CEM | was replaced
with each of the slags to produce 4 different test binders, shown in Table 3.
Exposure solutions were prepared using standard laboratory reagent grade sodium
chloride and sodium sulphate, which were diluted in deionised water to specified

concentrations in the test method.

Table 1: Physical properties of cementitious materials

Property Unit CEM | Slag 1 Slag 2
52.5R (S1) (S2)
Blaine cm?/g 7357 5995 5540
Density g/cm?3 3.16 2.93 2.91
D10 pm 2.94 2.27 2.87
D50 pm 9.43 11.56 12.91
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99 Table 2: Chemical compositions of cementitious materials

Property Unit CEM | Slag 1 Slag 2
52.5R (S1) (S2)
SiO; % 20.50 36.58 40.14
Al;O3 % 5.43 12.23 7.77
TiO2 % 0.29 0.83 0.30
MnO % 0.05 0.64 0.64
Feo 03 % 2.51 0.48 0.78
CaO % 63.43 38.24 37.90
MgO % 1.51 8.55 9.51
K20 % 0.79 0.65 0.55
Na,O % 0.17 0.27 0.36
SO3 % 3.43 1.00 1.47
P>Os % 0.14 0.06 0.02
LOI 950C % 1.37 1.66 0.40
Total % 99.62 99.88 99.43
Glass content % na 99.3 97.1
Ca0/SiO; Na 1.05 0.94
(CaO + MgO) / SiO» Na 1.28 1.18
Phase
compositions:
CsS % 58.5 Na na
C.S % 14.4 Na na
CsA % 10.7 Na na
C4AF % 7.0 Na na
Calcite % 0.8 Na na
100
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102  Fig. 1. Particle size distribution of cementitious materials
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Table 3: Test binders configuration

Binder component (wt. %)

Binder CEMI(PC) Slag1(sl) Slag2(s2) P
30S1 70 30 § 05
30S2 70 } 30 05
70S1 30 70 } 05
7052 30 ! 70 0.5

2.2 Test methods

2.2.1 Chloride binding

The chloride binding test method was similar to the equilibrium method developed by
Tang and Nilsson [33] which has been used regularly [4, 10, 34]. Two sets of paste
samples cast in 30ml plastic vials at 0.5 w/b ratio were sealed, rotated for 24 hours
at 20rpm to prevent bleeding, and then stored in vacuum-sealed plastic bags to cure
in water baths set at 20C or 38T for 56 days, followed by crushing, drying and
exposure to test solutions. The paste samples were crushed to particle sizes ranging
from 0.075 — 2.0mm. Drying for the first 3 days was done in a desiccator containing
silica gel and soda lime under low vacuum (0.75bar) to remove excess water,
followed by further 14 days drying at 11% relative humidity in a CO»-free desiccator
containing soda lime and saturated lithium chloride solution. Drying to 11% RH was
found to be appropriate for studying the stoichiometry of C-S-H, providing a good
basis for any estimate of absorbed water [33, 35]. Both drying regimes were
implemented under laboratory-ambient temperature of 23+1<C, to preserve the paste
microstructure. The hydrated paste samples were soaked in parallel solutions of
pure NaCl (0.1 — 3.0M), and combined NaCl (varying concentration: 0.1, 0.3, 0.5,
0.7, 1.0, 2.0, & 3.0M) plus NaSOs (fixed: 0.021M or 3g/L typical of the
concentrations found in seawater and in line with a previous study [36, 37]) in 125mi
plastic bottles at liquid to solid ratio of 4. The mixtures were saturated with Ca(OH)>

to prevent leaching, sealed with the bottles’ lids and stored in the laboratory, at
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temperatures of 20C and 38C. The 38T oven-stored samples w ere further sealed
using parafilm to prevent evaporation. The soaked samples were stored for 42 days
to reach equilibrium concentration between the bound and free chloride ions [4]. This
was checked by weekly measurements of free chloride concentrations in the 3.0M
solutions, assuming these would take longer to attain equilibrium than samples of
lower chloride concentrations [10]. Chloride ion concentrations were measured by
ion chromatography, using Metrohm 850 professional IC / 896 detector equipped

with an automatic sample processor. Bound chloride was calculated from Equation

1.

__ 3545V (Ci—Cp)
Co="w, (1)
Where:

Cpo = bound chlorides (mg/g of sample);

Ci = initial chloride concentration (mol/l);
Ct = free chloride concentration at equilibrium (mol/l);
V = volume of external chloride solution (ml); and

W4 = mass of dry sample (g).

At equilibrium, bound chlorides (mg/g of binder) were plotted against free chlorides
(mol/l) to obtain the chloride binding relationships (isotherms) for the various test

binders (Fig.2). The 2 well-known chloride binding models, Langmuir (Equation 2)
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and Freundlich (Equation 3) isotherms were used to fit the experimental data to

obtain ‘best fit’ chloride binding coefficients (a and ) for the test binders (Table 4).

®  Experimental data
Freundlich model (r* = 0.96) =

w
o
1

- - - Langmuir model (r* = 0.94)

Bound chloride (mg/g - binder)
& & 8 &
1 1 1 1

6]
1

0 T T T T "
0 1 2 3
Free chloride (mol/l)

Fig. 2. Best fit chloride binding isotherms.

_ (X.Cf
T+ BCp

()

Cp

Cp =a.Cl 3)

2.2.2 X-ray diffraction (XRD)

Crystalline hydration products were followed using a Bruker D2 phaser diffractometer
with a Cu Ka source, operating at 30 KV and 10 mA. Scanning was performed on
back-loaded, powdered samples from 5° to 70°: 26, at 0.034° increment with a scan
time of 2 s and sample rotation of 15/min. Phases were identified using BRUKER

XRD DIFFRAC.SUITE V3.0 software.

2.2.3 Thermal analysis
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Thermogravimetric analysis (TGA) was performed on powdered samples using a
Stanton Redcroft 780 series thermal analyser. The samples were heated under
nitrogen (at a flow rate of 50 ml/min) up to 1000C, at a heating rate of 20C/min.
The initial sample masses were kept between 15 and 17 mg. The weight losses due
to phase changes were used to identify and quantify hydration products such as

portlandite (CH) and Friedel’s salt (FS).

2.2.4 Degree of hydration by SEM/EDX image analysis (1A)

The degrees of clinker and slag hydration were investigated using scanning electron
microscopy/ energy dispersive x-ray spectroscopy (SEM/EDX), image analysis of
backscattered electron (BSE) images in conjunction with EDX magnesium maps.
These were acquired using Zeiss EVO MA 15 SEM equipped with Oxford
Instruments X-max SDD EDX detector. 30 BSE images and corresponding EDX
maps were obtained per sample, at 800x magnification and working distances
between 8 and 9mm, using an accelerating voltage of 20KeV. Image analysis was

carried out using ImageJ software in line with previous studies [38, 39].

3. Results and discussion

3.1 Chloride binding

The relationships between bound and free chlorides were fitted by both Freundlich
and Langmuir isotherms to determine chloride binding coefficients (Table 4). The
Freundlich model generally showed better fit of the experimental data consistent with

other findings [1, 4, 10, 33, 34]. Langmuir isotherms normally assume a monolayer,
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while Freundlich isotherms assume more than a single layer, and are hence more
consistent with the binding process investigated here. The chloride binding of
samples exposed to pure chloride solutions fitted the 2 isotherms better with the
adjusted r? values mostly greater than 0.90. It is presumed that the changes in phase
assemblage due to the interactions between the cement paste and the sulphate ions
in solution (see below) brings about changes in chloride binding reflected in the

diminished quality of fit for the two isotherms described above.

Table 4. Chloride binding coefficients

) Exposure Temp. Freundlich model Langmuir model
Binder  solution
(T a B Adi.?  « B Adj. 2

30S1 NaCl + Na2SOs 20 14.68 0.33 0.74 53.35 2.33 0.81
30s1  Nacl 20 18.14 0.51 0.98 35.68 0.82 0.90
30s1  NaCl+Na:SOs 38 14.95 0.42 0.88 36.98 1.29 0.86
30s1  NaCl 38 20.17 0.57 0.97 34.29 0.60 0.92
7051  NaCl+Na:SOs 29 25.05 0.41 0.62 91.79 2.24 0.66
70S1  NaCl 20 21.87 0.55 0.94 40.38 0.70 0.87
70S1  NaCl+Na:SOs 33 24.59 0.68 0.88 34.45 0.35 0.85
70S1  NaCl 38 25.52 0.65 0.96 40.60 0.46 0.96
30s2  NaCl+NaSOs  pg 12.67 0.41 0.66 33.05 1.40 0.68
30s2  NaCl 20 18.35 0.57 0.97 30.32 0.56 0.91
30s2  NaCl+NaSOs 33 12.69 0.48 0.73 27.70 1.02 0.77
30s2  NaCl 38 18.19 0.61 0.98 28.11 0.46 0.94
7052 NaCl+Na:SOs 20 17.06 0.60 0.96 28.44 0.56 0.94
7082 NaCl 20 19.94 0.76 0.99 25.87 0.24 0.99
7082 NaCl+Na:SOs 38 19.65 0.70 0.93 25.80 0.28 0.91
7082 NaCl 38 22.33 0.74 0.99 30.51 0.28 0.99

3.1.1 Influence of slag load, slag composition and external sulphate

Generally, chloride binding in combined solutions was lower than in pure chlorides in
line with the literature [1, 40], although the presence of sulphates did lead to less

clear cut trends, reflective of the lower r? values. A similar observation was reported

10
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by Maes [40], concerning chloride ingress from a combined chloride-sulphate
solution. However, most previous studies used much higher concentrations of
sulphate [21, 22, 40-42], although chloride binding was still reduced at the

concentrations used here, which are comparable to Zibara [25].

The influences of slag load and slag composition on chloride binding are presented
in Figures 3 and 4 for exposure at 20C and 38T respective ly. Increasing the slag
content in the blends from 30 to 70% generally increased chloride binding for both
slags and temperatures, consistent with the literature [43]. Improved resistance to
chloride penetration due to increasing slag replacement has been attributed to
increased chloride binding resulting from increased C-A-S-H formation, in addition to
pore refinement of the concrete [5, 14, 15]. Figures 3 and 4 also show the effects of
an external sulphate source. At both temperatures, the presence of sulphate caused
a slight decrease in the chloride binding of all the samples, when the free chloride
concentration was less than 1.0 mol/l. A possible reason for this is the preferential
reaction of sulphate with CzA and C4AF or their hydrates to form ettringite, which
inhibits the formation of Friedel’'s salt (3Ca0.Al.03.CaCl..10H20) or Kuzel's salt
(3Ca0.Al203.0.5CaCl2.0.5CaS04.11H,0) responsible for the chemically bound
chlorides [41, 44]. The decrease in chloride binding however, appears less severe at
high slag load, again consistent with the literature [5]. Increasing slag content is
known to increase chloride resistance of slag-blended systems due to increased
aluminate content and the increased presence of C-A-S-H brought about by the slag

hydration [45, 46].
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Fig. 3. Chloride binding isotherms: influence of external sulphate at 20<C.
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Fig. 4. Chloride binding isotherms: influence of external sulphate at 38<.

3.1.2 Influence of slag composition and temperature

Higher temperatures increased the bound chloride content. This may be explained
by the higher degree of hydration when curing slag cements at higher temperatures
(Table 5). The chloride binding isotherms for the investigated slag pastes are shown
in Figures 5 and 6 for 30% and 70% slag blends respectively. These figures highlight
the effects of slag composition and temperature on chloride binding. The more basic,
alumina-rich slag 1 blends generally bound more chlorides than the equivalent slag 2
blends at both exposure temperatures, although the opposite was observed in a

single instance (exposure to pure chloride solution at 20°C) (Figs. 5b & 6b) at

12
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concentrations greater than about 1.0M. The reason for this is not clear. However,
increasing alumina contents of binders have been reported to have a positive impact
on chloride binding [4, 10, 47]. Temperature had a greater influence than slag
composition for both slag loadings, but particularly at 70% slag replacement. This
reflects the positive role of slags in chloride binding. Typically, increased temperature
led to improved chloride binding capacity in the paste blends, especially at higher
chloride concentrations [4, 25]. However, this effect was only slight at low free
chloride concentrations (<1.0 mol/l). This is in agreement with previous findings [25].
The bound chloride contents were generally higher than those reported in the
literature for plain Portland cements, indicating an increased chloride binding

capacity of slag-blended cements [1, 10].
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Fig. 5. Chloride binding isotherms for 30% slag-blends: influence of temperature
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Fig. 6. Chloride binding isotherms for 70% slag-blends: influence of temperature

3.2 X-ray diffraction (XRD) analysis

Figures. 7 and 8 show XRD patterns obtained from samples following chloride
binding determination at 0.5M and 3.0M free chloride concentrations. The changes in
crystalline phase composition are consistent with the hydration and chloride binding
characteristics of the slag-blended pastes. All of the samples revealed the formation
of Friedel’'s salt (FS). Hydrated 30% slag blends exposed in the 0.5M solution
showed reflections due to ettringite, portlandite and FS as the main crystalline
phases, at 9.1°, 18.1° and 11.2° 26 respectively. The intensities of their reflections
reduced with 70% slag content of the blends, while Kuzel’s salt (KS) was formed,
with a reflection at 10.5° 26, along with FS. These correspond with the weighted
degrees of hydration of the blends, which decreased with increased slag contents.
However, as the concentration of chloride in the solution was increased to 3.0M,
ettringite was almost absent, while FS reflection increased significantly. The
relationships between the 2 blends were similar with samples exposed in 0.5M

chloride solution.
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The 30% slag blends showed increased levels of Friedel’s salt both when the
samples had been cured at 38°C, and when using the alumina-rich more basic slag
1. These observations are consistent with previous findings, namely that for systems
dominated by cement clinker, then exposed to NaCl solutions, chloride binding is

mainly defined by the formation of Friedel’s salt [16, 17, 26].
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Fig. 7. XRD patterns of pastes exposed to NaCl and combine NaCl plus Na>SO4

solutions (Ct = 0.5M). C: calcite; CH: portlandite; CSH: calcium-silicate-hydrate; E:
ettringite; FS: Friedel’s salt; KS: Kuzel’s salt.
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Fig. 8. XRD patterns of pastes exposed to NaCl and combine NaCl plus Na>SO4
solutions (Ct = 3.0M). C: calcite; CH: portlandite; CSH: calcium-silicate-hydrate; E:
ettringite; FS: Friedel’s salt.

Less intense Friedel’s salt reflections were found however in the samples exposed to
a combined chloride-sulphate solution, confirming the negative impact of sulphate on
chloride binding. At high slag load, it is possible that the dominant C-A-S-H phase
formation would require a source of calcium which then destabilises FS formation.
This dominant pozzolanic reaction is confirmed by CH consumption, evidenced by

the weaker reflections for the 70% blends (Figs 7b & 8b).

For samples exposed to combined chloride — sulphate solutions, higher chloride
concentrations lead to displacement of sulphate as shown in Fig.8. The clear
ettringite peaks at 0.5M CI (Fig.7) were absent at 3.0M CI (Fig.8). Also, Kuzel’s salt
was observed via the reflection at about 10.5° 26 [48], following exposure to the
0.5M chloride - sulphate solution at 20C. This is in line with previous research,

where it was reported that chloride can displace sulphate from monosulphate to form
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Kuzel’'s salt at lower chloride concentration, while FS is formed at higher

concentration [49].

3.3 Thermal analysis

Thermogravimetric analysis (TGA) was conducted to confirm and quantify the
phases formed. Figs. 9 and 10 show DTG plots, revealing peaks consistent with
those discussed for XRD. For pastes in combined solutions (Fig. 9), Friedel's salt
decomposed from about 260C to 370CT for the 30% blends, and a bout 260C to
430C for the 70% blends. These range of temperatures are consistent with the
literature for pure FS [50, 51] and FS in plain and composite cements [11, 16, 21].
According to previous studies [11, 16, 52], FS formed in the paste may be identified
from the second of three main DTG peaks, which occurs approximately between
250C and 420, depending on binder type as shown in Figs. 9 and 10. The other
two with mass losses from 100-200C and 650-750C are only cle arly resolved in

pure FS phase as in [49].

(a) Combined solution (C, = 3.0M) 0.004 (b) Combined solution (C, = 3.0M)
0.00 ok ‘
7 .~ /D ;
— o | ‘«\;'/
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Fig. 9. DTG plots showing Friedel’s salt peaks for pastes exposed to combined NaCl
- Na>SO0s4 solutions: (a) 30% slag blends, (b) 70% slag blends.
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Fig. 10. DTG plots showing Friedel's salt peaks for pastes exposed to pure NaCl
solutions: (a) 30% slag blends, (b) 70% slag blends.

DTG peaks were more intense and FS decomposition occurred over a more narrow
temperature range in the 30% slag samples than in the 70% slag samples. This is
consistent with the XRD patterns and perhaps reflects a slightly less crystalline or
ordered phase. There was no major difference in the decomposition temperature

ranges for the pastes exposed to pure chloride solutions (Fig. 10).

TGA was used to quantify the Friedel’s salt content in the various samples, to further
highlight the effects of different factors including: temperature, slag composition, slag
content, external sulphate and free chloride concentrations (Figs. 11 & 12). At 30%
slag load (Fig.11), the presence of sulphate led to decreased presence of FS,
consistent with chloride binding. This effect is more pronounce at 0.5M than 3.0M
chloride concentration. At 70% slag content and 3.0M chloride concentration
(Fig.12), the presence of sulphate did not impact on FS content. This is consistent
with the XRD results (Fig.8b). There are two possible explanations for this. Firstly,
the higher aluminate content ensures that there is no competition for aluminates
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between sulphates and chlorides. Secondly, this supports previous findings that it is
the C-A-S-H phase in slag blended cements which accounts for the majority (~70%)
of total bound chloride in the paste [15]. This is also in line with Fig. 13 showing the
relationships between bound chloride and the formed FS for 30% and 70% slag
blends respectively. However, at 30% slag replacement and irrespective of chloride
concentration, a strong, statistically significant linear relationship was observed
between bound chloride and FS content, Pearson correlation = 0.803, p value =
0.000 (2-sided). Also, adjusted r> = 0.62.This was not the case for the 70% slag
blends and also shows a low adjusted r? = 0.16. As shown in Fig.13b for the 70%
slag blends, the relationship between bound chloride and FS at low chloride
concentration (0.5M) appears to be different from that at higher concentration (3.0M).
This finding indicates that FS formation is not the main precursor for chloride binding

at high slag replacement, supporting earlier finding in the literature [15].
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Fig. 14 shows portlandite contents determined by TGA following chloride binding in
3.0M pure and combined chloride solutions. In all instances, portlandite contents
were lower in the 70% blends than in the 30% blends. This is due to a combination
of clinker dilution and the pozzolanic behaviour of the slag consuming the portlandite

produced upon clinker hydration.

At 30% replacement, in most instances the CH content post-exposure was generally
higher in the samples exposed to the combined solution than exposed to the pure
chloride solution. This may be explained by the consumption of calcium from CH to
stabilise FS, of which there was more present following exposure to the pure chloride
solution. However, at 70% slag content this trend was reversed and also runs
counter to the trends in FS contents as shown in Figures 11 and 12. This can be
explained by the chloride binding relationships discussed earlier. Furthermore, the
preferential reaction of sulphate with the aluminate-rich slag blend would require
more calcium uptake to form monosulphate. As discussed earlier, depending on the
concentration of the available chloride, sulphate is displaced to form KS at low
chloride concentration or FS at high chloride concentration [49]. This agrees with the

change in trend observed in Fig.12.
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Fig. 14. Portlandite contents determined by TGA for pastes exposed to pure NacCl,
and combined NaCl plus Na,SO4 solutions (Cl = 3.0M).

3.4 Degree of slag hydration from SEM/EDX-1A

Typical SEM-BSE micrographs for slag 1 blends at 20C and 38<C are shown in Fig.

15, while Table 5 shows the degrees of clinker and slag hydration. Although, the
chloride binding paste samples were exposed to salt solutions after 56 days curing, it
was assumed that there would not be a considerable difference in the degrees of
hydration of the slag blends at 28 and 56 days. Hence, 28 days degrees of hydration
adopted here provides reasonable approximation of the later age hydration
characteristics of the pastes used for chloride binding investigation. Table 5 shows
that hydration of the slag blends increased slightly with increased temperature.
Meanwhile, there was a slight decrease in the degree of slag hydration with
increasing replacement, consistent with earlier findings [37]. However, the most
significant difference in the overall degree of hydration arose from changes in slag

content.
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Table 5. Degree of hydration from SEM-BSE image analysis

Wt.% Degree of hydration (%) at 20C Degree of hydration (%) at 38C

Age of
(day) Mix slag Slag Clinker Weighted Error Slag Clinker Weighted Error

30S1 30 63.22 94.53 85.137 0.60 67.57 96.02 87.485 0.52
30S2 30 52.09 94.26 81.609 0.76  53.47 95.93 83.192 0.49
70S1 70 62.11 98.47 73.018 0.77 63.32 99.84 74.276 0.60
70S2 70 49.35 98.43 64.074 0.56 51.67 98.64 65.761 0.74

28

The increased chloride binding of the pastes with higher slag contents, despite
reduced degree of hydration, confirms the valuable contribution of slags to chloride
binding [43]. The aluminates in the unreacted slag grains may react with the

chlorides to contribute to increased chloride binding [34]. The results also show that
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the alumina-rich slag 1 is more reactive, corresponding with the chloride binding
results discussed earlier. Slag composition has a greater impact on the degree of
slag hydration than does temperature, although, the situation is likely different at
early age. This behaviour is consistent with findings about similar slag systems
studied previously, where it was reported that increased hydration due to elevated
temperatures reduced from between 11% and 14% at 7days, to between 5% and 8%

at 28 days for 30% slag blends [29].

4. Conclusions

This study has shown that chloride binding in slag-blended cements is affected by
temperature and slag composition. However, the effects are different in pure chloride
solutions and combined chloride-sulphate solutions. This is possibly because of the
role of CH in stabilising the formation of FS. Chloride binding was slightly reduced in
the presence of sulphate. Despite reduced degree of hydration, higher slag loading
showed improved chloride binding, irrespective of whether the attacking solution was
pure chloride, or combined chloride and sulphate. Friedel's salt formation correlated
well with chloride binding at 30 wt% slag content. This was not the same for 70 wt%
slag blends. This is attributed to the activity of alumina in the unreacted slag which
may react with chloride to improve the chloride binding capacity of the pastes with
higher slag contents, in addition to the reported high binding capacity of the C-A-S-H
phase. Increase in temperature from 20T to 38C led to improved chlori de binding,
while blends containing a more basic, alumina-rich slag also bound more chlorides
than a less basic slag with a lower alumina content. The trend in chloride binding
concerning the influences of slag composition and temperature, were generally

consistent with the slags degrees of hydration. Ettringite was displaced in the
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combined solution at higher chloride concentration (3.0M) forming Friedel’s salt,

while Kuzel’s salt was formed at lower concentration (0.5M).

The novelty of the study is the differentiation of chloride binding characteristics
between low slag blends and high slag blends exposed to combined chloride-

sulphate solutions, highlighting the effects of temperature and slag compositions.
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