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10 Abstract

11  The effects on composite cements of the aluminium content of slag plus that of additional sulphate,
12 has been investigated. Samples containing cement or composites with 40% replacement by one of 2
13 different slags, differing in aluminium contents, were prepared. A further blended sample was
14  prepared with additional anhydrite replacing 3%w/w of binder. Slag blended mortars showed
15 comparable strengths to the neat cement system at later ages. Adding slag changed the hydration
16 kinetics of the clinker phases. The addition of sulphate had no effect on slag reactivity but increased
17  that of alite. Slags richer in aluminium resulted in greater incorporation of aluminium into C-S-H and
18  encouraged the presence of hemicarbonate over monocarbonate. The Ca/Si ratios of the C-S-H
19 formed were comparable between the two blends, being marginally lower than that of the neat
20  system. The addition of anhydrite resulted in the adsorption of sulphate onto the C-S-H, plus
21  stabilisation of ettringite.

22
23 1. Introduction

24 With a continual drive away from traditional cement systems, a better understanding of how the
25  addition of supplementary cementitious materials (SCMs) affects hydration and the final phase
26  assemblage is needed. Many current studies on composite systems focus on mechanical or durability
27  aspects of specific SCMs but fail to inform the rest of community of the impact which the bulk
28 composition, and the subsequent hydrates that are formed, have on the evolution of performance
29 of composite cements’.

30 Attempts have been made to determine reactivity and performance of blast furnace slags, based

31 on chemical and mineralogical composition alone***

and several hydraulic ratios have been
32 summarised®. However, Mantel’ tested various mixes and found no correlation between the more
33  common ratios and performance. Despite this, there remains a strong dependence on such ratios,
34  and they are incorporated into standards even; for example, it is required by BSI 197-1:2000 that

35  (Ca0+Mg0)/SiO, should exceed 1°.

36 Slags, whose slow hydration needs activation, produce analogous hydration products to cement,
37 mainly a C-S-H, albeit with a lower Ca/Si ratio and increased Al/Si”®. Furthermore, a change in
38 aluminate, carbonate and sulphate content can further upset the hydrate assemblage, especially the
39  ettringite and AFm distribution®, while, a hydrotalcite-like phase may also form'. The quantity and
40 composition of the hydrates formed are dependent on the composition of the starting materials that
41  comprise the blend. Despite the slow hydration of the slag, leading to a lower degree of hydration at
42  very early ages, slag blends can outperform neat cement systems at later ages with respect to

10,11
h

43 strengt . The increased performance is dependent on both the phase assemblage and
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microstructure. The hydration of slags in OPC blends can also be accompanied with some
consumption of CH™.

The present work focuses on the change in hydrate phase assemblages as cement is blended
with blast furnace slag, and relates this to mechanical performance. Furthermore, the impact of the
alumina content of the slag is also studied™, as is the effect of sulphate level, an important additive
to regulate setting time.

2. Materials and Methods
2.1. Materials

An industrial CEM | 42.5 R was chosen along with two ground granulated blast furnace slags of
differing chemical compositions. The chemical compositions of each of these materials, as
determined by XRF, are shown in Table 1, while Figure 1 shows their respective particle size
distributions. Tables 2 and 3 meanwhile give the mineralogical composition of the cement clinker
and blast furnace slag respectively.

The slags have very comparable particle size distributions (Figure 1) and amorphous contents
and vary primarily via their chemical composition. Considering the more abundant elements, slag C
is richer in Ca, Al and Mg and slightly depleted in Si compared to slag B. The molar CaO/SiO, ratios
for slags B and C are 0.96 and 1.12, respectively. The quartz used in the calorimetric study was
almost pure SiO,, containing approximately 1.7 % of impurities.

2.2. Methods

Pastes, with a w/b of 0.5, were cured in plastic vials and kept in a water bath at 20°C for 14 days
before being transferred into a hydrated lime solution at 20°C. At predetermined time intervals,
samples were characterised by XRD-Rietveld, thermogravimetric analysis (TG) and scanning electron
microscopy (SEM).

The mix design of the different blends is shown in table 4. Additional pastes where the slag
fraction was replaced with quartz of an equivalent particle size distribution were also prepared, so as
to determine the filler effect.

Isothermal conduction calorimetry (ICC) was performed using a TAM Air twin-channel
calorimeter. 6g of anhydrous binder was placed in a 20 mL plastic ampoule to which 3g of water
(water/binder, w/b=0.5) was added. The pastes were shaken on a vortex mixer for 2 minutes at low
speed. Measurements were taken over a period of 28 days, with quartz pastes as reference™.

For quantitative XRD analysis, hydrated paste samples were crushed to a fine powder by manual
grinding in a pestle and mortar without any prior hydration stopping, so as to minimise any damage

1% The powders were backloaded into 16 mm diameter sample holders and

to phases present
diffraction patterns collected with a Philips Panalytical X’Pert MPD diffractometer equipped with a
Cu Ka X-ray source, an X'Celerator detector and operated at 40kV and 40mA. Patterns were
measured from 7 to 70° 26 with a step size of 0.0334°. During collection, no carbonation of the
sample was observed. Rietveld refinement of the patterns was conducted using the Philip’s X’pert
HighScore Plus programme version 2.2a (2.2.1). The XRD patterns were individually fitted for each
sample, such to account for the amorphous phases (slag, C-S-H). The quantification of the X-ray
amorphous phase content was conducted using the external standard method, using the G-factor
method”, with corundum (Al,03) serving as the standard. Reference files were taken from the ICSD

library.
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The degree of slag hydration was measured by backscattered electron (BSE) image analysis'®.
2mm thick disks were cut using a Struers Accutom-50 (Struers diamond cut-off wheel MOD 13) and
freeze dried to constant weight. The samples were resin impregnated and then polished with silicon
carbide paper followed by diamond paste. BSE images and elemental maps were obtained at a
working distance of 8mm with an acceleration voltage of 15KeV. The degree of hydration was
estimated on 50 images, collected at 800x. Note, the smallest features were not visible by this
method, with a single pixel being 0.17x0.17 um at 800x magnification. If we assume that the largest
particles that cannot be captured are of the size of 2px*2px, then based on the particle size
distribution shown in figure 1, at most 2 % of material is excluded®.

For samples cured for 1, 28 and 180 days, EDS point analysis was also carried out on outer
product (Op) and inner product (Ip) C-S-H, as well as the slag hydration rims when applicable. For Op
C-S-H, 80 individual points were taken, whereas for Ip C-S-H and slag hydration rims 40 were
collected. From plots of Si/Ca versus Al/Ca, Al/Si ratios were determined from the slope of the line
originating from the origin drawn through the point with the lowest measured Al/Ca to best avoid
intermixing with other phases®. The Ca/Si was taken as the point along that same line having the
highest Si/Ca ratio. The Mg/Al for hydrotalcite-like phases in the blends was determined from the
slope of a plot of Mg/Si versus Al/Si of the EDS data collected from slag hydration rims. The
intersection of the slope with the abscissa gave the Al/Si of the C-S-H formed within the slag
hydration rims.

The portlandite (CH) content and the amount of bound water W, was measured on freeze-dried
paste samples by thermal gravimetric analysis (TGA) analysis using a Stanton Redcroft 780 series
under a nitrogen atmosphere, with a 20°C/min heating rate from 20 to 1000°C. Freeze drying was
chosen over other drying methods, since it has been proposed as a suitable hydration stopping
method for SEM and TGA analysis™?'. Zhang and Glasser®” assessed that ettringite is susceptible to
damage when vacuum drying, for example during freeze drying. This can potentially result in an
underestimation of the bound water content, and a more gentle drying method would be advised
for cementitious systems rich in ettringite. However ettringite is not a major phase in the systems
presented here, and C;A dilution in the blends further reduces its content. Therefore it is believed
that the drying method should not affect the results strongly. The portlandite content was
determined using the tangent method and the bound water was taken as the mass loss between
50°C and 550°C; with both sets of data normalised to the total mass loss at 550°C. The content
measured by STA agreed with those measured by XRD, with a difference between the two sets of
data being no greater than 1.5 %.

where:

CH,, — mass loss of water bound to CH

Mecy — molar mass of CH, M¢y=74 g.mol'1

My, o0— Molar mass of water, My,0=18 g.mol'1

where:
W;s,— mass loss at 50°C
Ws5o — mass loss at 550°C

Phase assemblage was modelled using GEMS (Gibbs Energy Minimisation)>.  Thermodynamic

data was taken from the PSI-GEMS database’*** along with cement specific data®®*"%,
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2.3. General overview of hydration

The bound water content gives an indication of the progress of hydration (figure 2a)*>*° but
cannot be directly related to the overall degree of hydration. All the blended systems showed a
lower total bound water content, with C,40S, showing the lowest. The addition of anhydrite in blend
C,40S.S had no noticeable impact upon the total bound water content. Similar results were found by
Zajac. et. al. at longer hydration times for limestone composite cements®.

The influence of binder composition could also be observed via development of the portlandite
content (figure 2b). Replacement of cement clinker resulted in production of significantly lower
levels of portlandite, since portlandite is produced only by the hydrating cement clinker. However,
when normalised back to the cement content, the portlandite content in all slag blends was still
lower than that of the neat system. Since slag hydration can be accompanied by portlandite
consumption, to form C-S-H", the reduction in portlandite content was due to slag hydration®.
There were also slight differences between the different slag blends. Slag B showed comparable
levels of portlandite to C, for the first 7 days of hydration, after which there was a slight deviation as
the portlandite content declined in the blend. However, for slag C the portlandite content was much
lower from a very early stage, paired too with further, modest consumption as slag hydration
progressed. This is possibly due to a change in composition of the slag, where slag C has a higher
Ca/Si ratio. The addition of anhydrite in blend C;40S.$ encourages AFt formation requiring a source
of calcium, more than that provided by anhydrite itself, and is sourced from CH. Hence its overall
content is further reduced.

Blend composition did impact on compressive strength evolution (table 5). Replacement of the
cement by 40% slag led to lower early-age strengths, but continued gradual strength development at
later ages, such that all of the blends containing slag had comparable strengths to the neat system
after 180 days; in line with previous research which has shown that slag cement blends can evolve

10,11,33

equivalent or even greater strengths than neat cement systems at later ages . Oner and Akyuz'!
estimated an optimum cement replacement level by slag of 55 % to reach a maximum strength.

After 180 days of hydration, both the neat and the blended systems show comparable strength.

The preliminary results clearly show on-going hydration in all slag systems. This is seen firstly in
the evolution of the bound water. The neat system C; showed little change in bound water beyond 7
days of hydration, by which time most of the clinker phases would have hydrated. However all the
slag blends showed a continual increase. Furthermore, the portlandite content continually
decreased over time in all the slag blends, most likely consumed by the slags. This indicates that
hydration continued in the slag blend, such that all the investigated systems had comparable
strengths after 180 days of hydration. A deeper investigation was therefore performed to better
understand the interplay of hydration kinetics, phase assemblage and microstructure on the
evolution of slag cement performance.

2.4. Hydration kinetics

Figure 3a shows the heat evolution rate for all blends, normalised to the cement content. The neat
system was dominated by one peak, associated with alite hydration, followed by a very slight hump
after 1 day, indicative of secondary aluminate reaction upon sulphate depletion®****®. The addition
of slag was accompanied by an increase in the maximum heat rate of the alite phase; characteristic
of the filler effect exacerbating clinker hydration. Furthermore, an additional peak was observed
soon after the onset of the deceleration of alite hydration; this peak (labelled A) is analogous to the
faint hump seen in the neat system C; and is due to the hydration of the aluminate phase under the
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influence of the slag'. The occurrence of peak A was not constant in the slag blends; arising after
18h and 22.5 hours for C;40S. and C,40S;, respectively. Since both slags had the same particle size
distributions, the known impact of particle fineness on the filler effect’” can be discounted. Thus,
this difference was likely dependent on slag composition, with the aluminium-rich slag C showing a
slightly quicker reaction. The addition of anhydrite in C;40S.$ caused a delay in the hydration of the

aluminates®®, as previously demonstrated by Richardson et. al.**.

Slag addition was accompanied by an increase in the total heat when normalised to the cement
content figure 3b. This effect was dependent on the slag type. The more basic, alumina-rich slag C
blend evolved more heat than the blend containing slag B. The addition of sulphates (C,40S.$) had
no effect on the total heat released, although early age hydration appeared to be accelerated. The
increase in reactivity per gram of clinker could be attributed to two distinct effects. Firstly, hydration

30,39 40,41 .
, With

an increase in the water/cement ratio (table 4) plus the provision of nucleation sites, promoting

of the slag itself is exothermic™ . Secondly, there is also the aforementioned filler effect
early-age clinker hydration®. This is illustrated in figure 3 where the blend C,;40Q contained 40%
quartz (which was assumed to be unreactive) in place of GGBS; any increased reactivity is therefore
attributed to the filler effect only.

2.4.1. Hydration of the Cement Clinker

Hydration of the individual cement clinker phases was also followed by XRD (table 6). Alite
dissolution in the neat system was fast with over 90 % having reacted within 28 days in C;; and 61 %
within just one day. Upon slag addition, alite hydrated more rapidly and only traces remained after
28 days. In contrast belite hydration was inhibited upon slag addition, but did eventually approach
the degree of hydration of the neat system.

CsA was very reactive, with only traces being detected beyond 28 days of hydration in the neat
system C;. Its reactivity was increased in the presence of slag with only traces remaining after just 2
days of hydration. The addition of sulphate however caused a delay in its reactivity but only
marginally; C;A consumption was delayed compared to C,40S. but still faster than in the neat system
agreeing with the calorimetry observation.

Ferrite hydration was modest and only 59 % of the phase reacted within 28 days. Slag addition
accelerated ferrite hydration, such that after 28 days of hydration, 60 to 80 % had reacted in all
blended systems. The presence of additional sulphate had no discernable effect. This effect of slag

42,43

on the individual clinker phases is in agreement with the literature™ ", and a similar effect has been

seen with ternary cement systems containing limestone powder and fly ash®.
2.4.2. Ground Granulated Blast-Furnace Slag

The degree of slag hydration was followed by BSE-IA, the results of which are plotted in figure 4.
After 1 day 20 % of slag in blend C,40S, had hydrated, while the figure for slag C was 26 %, whether
or not additional sulphate was added. After 1 year of hydration there was a clear difference in slag
reactivity between the mixes, with 57 % and 68 % of slag B (Al poor) and slag C (Al rich) having
reacted respectively. Slag reactivity is dependent on several factors; including w/b ratio and slag
fineness™. Because the slags’ physical properties and the water/binder ratios in this study are
constant, this suggests that slag chemistry defines the degree of hydration provided that there is
sufficient activator, in this instance cement. The reactivity of slags has been previously investigated
based on their composition alone and several ratios have been proposed?®. The most common is the
basicity ratio CaO/SiO, where good reactivity is expected for values greater than 1; Slag B and slag C
have a CaO/SiO, of 0.96 and 1.12 respectively.
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The measured degrees of hydration agree with previous findings. Luke and Glasser®® found that
41 % of the slag had reacted after 1 month of curing and 65% had reacted after a full year in blends
containing 30 % slag. Similarly, Lumley et. al.*’ measured a degree of hydration varying from 30-55 %
after 28 days of curing, and 45-75 % after 1 to 2 years of curing for blends with varying w/b and slag
content. The difference measured here between slag B and slag C may very well be due to the

change in composition and glass structure®*®*°.

From figure 3, it was possible to separate the heat evolved from slag hydration from that of the
clinker. The difference in heat evolution between the quartz blend, C;40Q, and the neat system, C,
is due solely to the filler effect. Therefore, the difference in heat evolution between a quartz- and
slag-blend is due to the hydration of the slag itself, and this has been plotted in figure 5, normalised
to the slag content. Slag C was more reactive than slag B, confirming SEM-BSE image analysis. At
very early ages (less than 1 day), apparent zero values of heat released from the hydration of the
slag was observed. This is likely to be the result of different interaction between the quartz, or slag,
with the clinker; the very different composition between the quartz and slag would result in changes
in the nature of the hydrates formed, most likely aluminates, and therefore resulting in minor
changes in heat released at early stages. This suggests that the reactivity of slags remain low at very
early ages confirming the SEM results. Slag C, the more reactive of the two slags, only reached a
degree of hydration of 26 % after 1 day.

More interestingly, sulphate addition led to the appearance of an apparent maximum after 3-4
days. This was a consequence of a change in hydration kinetics of the aluminates in the presence of
sulphates, as shown in figure 6. In blend C,40S.S, peak A was observed after 2 days, whilst in the
equivalent quartz blend (C,;40Q8) the same peak appeared 5 days into the hydration. By comparison,
in the blends not including additional sulphate (C;40S. and C;40Q) peak A appeared after about 1
day of hydration. The difference in time explains the observed maximum following subtraction of the
trace for C;40Q. Because peak A is associated with aluminate hydration as sulphate is depleted, this
would suggest an interaction between the sulphates and the slag allowing for a faster hydration of

the sulphate and consumption of the aluminates****>",

This change in the kinetics of the aluminates in the presence of sulphates is confirmed in figure
7. In blends containing no added sulphate, C;A hydration is fast, with only traces remaining in both
blends C;40Q and C,40S.. Upon sulphate addition, C;A hydration is delayed however, more so in
blend C,40QS, where C;A is present still after 7 days of hydration; confirming the calorimetric
observations.

2.5. Hydration products

figure 8 shows typical BSE micrographs of the neat system C; compared to the blended system
C140S,. In the micrographs obtained from pastes cured for 2 days (figures 8a and 8b) there was an
intimate mixture of anhydrous material, hydrated phases and pores. At this early stage a high
proportion of anhydrous material was visible; ranging in size from just a few microns to 20um or
more. This was also true for the anhydrous slag particles. The more noticeable hydrates included
calcium hydroxide (CH) appearing light grey, and outer product (Op) C-S-H, appearing dark grey.
Since slags hydrate more slowly than Portland cement clinker, a higher porosity was noticeable at
this early age in the blend compared to the neat system C;. At later ages (figures 8 c and 8d), inner
product C-S-H was more abundant, surrounding the partially hydrated larger grains. The finer slag
particles had fully reacted leaving only partially hydrated larger ones with characteristic hydration
rims. With increasing hydration the total pore area reduced.
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2.5.1. C-S-H composition

The chemical composition of C-S-H was examined by SEM-EDX. The Ca/Si and Al/Si ratios of C;
were shown to be constant over time, with a Ca/Si = 1.8 and Al/Si = 0.06 (table 7). Clinker
replacement resulted in changes to C-S-H composition. In the case of slag B the Ca/Si ratio
decreased to about 1.6 and remained approximately constant. The Al/Si ratio also remained
constant, with a value close to 0.1. These values are similar to those in the literature; where the
effect of slag on C-S-H composition and morphology are well reported and a C-S-H with a lower Ca/Si

and higher Al/Si atomic ratio is ultimately formed>*°%°>>*,

The use of slag C induced greater changes in the C-S-H composition. Higher alumina contents in
slag result in greater aluminium incorporation in the C-S-H. The Al/Si averaged 0.13 and again
remained unchanged during hydration. The Ca/Si of the C-S-H was higher than for the equivalent
blend made with slag B, due to the higher CaO/SiO, of the slag.

The addition of extra sulphate resulted in a slight increase in the Ca/Si ratio with the Al/Si
atomic ratios of the C-S-H at later ages similar to the blends without additional sulphate. However,
the addition of sulphate did lower the Al/Si ratio at 1 day. At this early stage, there was still some
residual anhydrite in the paste and so ettringite was preferentially precipitated over the AFm phases.
The aluminium concentration in solution was thus defined by the low solubility of ettringite®,
therefore aluminium incorporation into the C-S-H remained low. Additionally the S/Ca atomic ratio
increased (table 7) in C;40S., in line with similar, previous studies®®>”***°. The coupled increase of
both Ca and S content in the C-S-H suggests the absorption of calcium sulphate on C-S-H, as
predicted by Labbez et al.*.

2.5.2. Effect of Slag composition and Added Sulphate

The ettringite contents, as determined by XRD-Rietveld, are summarised in figure 10. All
hydrating systems quickly reached a stable plateau within the first few days of hydration. In the neat
system, C,, 17g of ettringite was produced from 100g of cement. Slag addition reduced the ettringite
content, with both slags behaving similarly. Therefore, the lower sulphate content of these blends
dominated over the increased aluminium content (table 1). The addition of sulphate in blend
C.40S.S led to an increase in ettringite content, exceeding those of C,. There was no indication of the
conversion of ettringite to AFm, with the former stabilised by the addition of limestone in the

. 1,62
clinker*%%?,

The addition of slag to blends altered the chemistry of the hydration products; and figure 11
shows the evolution of the AFt and AFm phases in all the systems, as measured by XRD. Throughout
the study ettringite was present in the neat system, but crystalline AFm was absent. As hydration
proceeded, hemicarbonate (Hc) was formed beyond 7 days and progressively transformed to

*%6283 "Upon the addition of slag, provision of

monocarbonate (Mc), agreeing with previous studies
aluminium led to formation of hemicarbonate within one day. In the case of C,40S,, the subsequent
progressive conversion of Hc to Mc started after 7 days of hydration and was almost complete after
a year. In the more Al-rich C,40S., Hc persisted and its conversion to Mc was only partial. The
addition of sulphates in blend C,40S.$ further upset the AFt-carboaluminate distribution. The
reflections for ettringite were more intense, but at the expense of the carboaluminate phases. Just
like its sulphate free equivalent, after 7 days of hydration, there was a strong Hc reflection, but this
was converted to Mc as hydration progressed. In the neat blends, the overall peak shapes of the
AFm phases were mostly well defined making their identification easy. The overall shapes of the

phase were more obtuse in the slag blends, however. As such, care should be taken when assigning
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reflections to the AFm phases, as their low crystallinity and variability in composition can result in

9,62

peak shift and changes in intensity””". Hydrotalcite (Ht) was present in all systems, the amount of

which was greatest in the blended systems due to the higher magnesium content of the slags.

The effect of slag on the AFm phase distribution is further highlighted in figure 12, showing
blends where the slag fraction has been replaced with quartz. In blend C,40Q, ettringite was present
after just 1 day of hydration and Hc precipitated after 2 days. Compared to its slag-containing cousin,
Hc was present after just 1 day with much stronger peak intensities. C;A hydration (figure 7) was
comparable between blends C;40Q and C,40Sc suggesting that the slag acts as an Al,O; reservoir
promoting earlier Hc precipitation in the slag blend. When adding sulphates, in blend C;40QS,
ettringite continuously precipitated, highlighting the slower dissolution of C;A, and Hc was never
present. In comparison to the sulphated slag blend, ettringite showed the strongest peak intensities
and was present in full by 2 days (figure 10), and Hc was present in minor quantities after just 2 days
of hydration. C;A hydration was delayed in blend C;40QS (figure 7); where there was too little
alumina to compensate for the additional sulphate, thus preventing any AFm precipitation within 7
days of hydration. This confirms the role of slag alumina content on the hydrates formed.

These results can be explained by the findings of Matschei et al’. The hydration of C;A with
sulphates produces ettringite and sulphate-AFm phases. In the blend quartz blend spikes with
sulphate, the SO;/Al,0; is sufficiently high enough for only ettringite to precipitate. With the slag
blend, more aluminium is available, effectively reducing the overall SO;/Al,0; allowing more AFm to
precipitate at the expense of ettringite. With calcite in the system, added to the clinker, carbonate
AFm phases are predicted to over sulphate AFm, as they are more stable in the presence of calcite.

2.6. Slag Hydration Rims

Slag hydration is associated with the formation of a hydrotalcite-like phase. Unlike pure
hydrotalcite, where the Mg/Al is equal to 3, a ratio closer to 2 is more common in slag cement
blends®. Mg/Al ratios were obtained from the slope of the line of best fit when plotting Mg/Si
against Al/Si (figure 13). Data were obtained from slag hydration rims on samples cured for 180 days,
where the rims were sufficiently large enough to be measured with minimal interference from the
surrounding hydrates. The Mg/Al of the slag rims was highest in blend C,40S,, at 2.67. Replacement
of slag B with slag C led to a slight reduction in the Mg/Al ratio of the hydrotalcite, to 2.01. XRD
patterns showed only slight traces of hydrotalcite in the neat system C; (figure 11). However it was
not possible to observe hydrotalcite by SEM, it being finely intermixed with the C-S-H, and therefore
no EDX analysis could be performed.

This reduction in Mg/Al for the blend containing slag C was likely due to differences in slag
composition. Slag C contained more aluminium and magnesium than slag B, but had a lower bulk
Mg/Al ratio (0.89 versus 1.19). The increased aluminium content may explain the higher levels of
calcium hemicarbonate hydrate and the increased aluminium incorporation into the Op C-S-H.
However, with magnesium remaining immobile® and not being incorporated into C-S-H but rather
finely intermixed®, the lower initial bulk Mg/Al led to a lower Mg/Al ratio in the hydrotalcite. This
observation is in line with those of Ben Haha et. al. who measured a much lower Mg/Al for the
hydrotalcite like phase when the bulk Mg/Al of the anhydrous slag was much lower®”. Furthermore
as the MgO content increases in a blend, more hydrotalcite is expected to form requiring a greater
amount of Al, but also potentially reducing porosity and improving strength®®. Although poorly
resolved in XRD patterns®®, there appears to be a greater, albeit broad, hydrotalcite reflection
indicating a greater amount of hydrotalcite in blends using slag C.
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However when extra sulphates were added, there was a marked increase in the hydrotalcite
Mg/Al ratio, due to aluminium being incorporated in hydrate phases elsewhere. The addition of
calcium sulphate resulted in a lower Al/Si of the Op C-S-H at early ages only to increase as hydration
proceeded. The additional anhydrite was accompanied by a reduction in portlandite which was
consumed with the anhydrite to stabilise ettringite over monosulphate (figure 11). As a result, less
alumina was available in solution for the formation of the hydrotalcite phase, resulting in the
observed increase in the Mg/Al.

Figure 13 also allows the Al/Si ratio of the C-S-H within the slag hydration rims, estimated
assuming hydrotalcite to be free from Si. The values are slightly higher than those measured for the
Op C-S-H of the blended systems since the slags are richer than the clinker in aluminium.

2.7. Discussion

SEM-BSE analysis also enabled determination of the capillary porosity. Figure 14 shows a clear
negative correlation between porosity and compressive strength. Only the coarser porosity was
evaluated using this approach, as the finer porosity was invisible to the SEM. This suggests that the
coarse porosity dominates the compressive strength, independent of the mix designs, which is in

agreement with previous observations** %",

At later ages (180 days) the samples are characterized by a similar low coarse porosity and high
compressive strength. However, data from figures 3 and 4, plus table 6, show that the degree of
hydration was lower in the slag blends. This is confirmed by thermodynamic modelling (figure 15),
which showed clinker replacement with slag to reduce the total volume of hydrates. It was assumed
that the cement had reached 100% degree of hydration and that slag, using the composition of slag
C, had reached a degree of hydration 70 %. This corresponds to the situation after roughly 360 days
of hydration. The C-S-H phase was modelled having a Ca/Si of 1.6 and an Al/Si of 0.1 (table 7).
However, as shown above, the capillary porosity, and therefore the strength, doesn’t change. This
implies that the capacity of the hydrates to fill the pore space in the OPC and slag blended cement is
different. It is known that the properties of the C-S-H phase are modified in the presence of slag, for

52,53

example the microstructure™”* and this may be responsible for that phenomenon.

Figure 16 illustrates the effect of changing the Al,O; content in the slag on the phase
assemblage. The models assumed the same composition of the C-S-H plus the same degree of
hydration as in figure 15. The differences in phase assemblage here only reflect the changes in
composition of the slag, ignoring any kinetic effect of the 2 slags. Increasing the Al,O; content of the
slag from that of Slag B (7.4 % Al,0s) to that of slag C (12.3 % Al,Os) leads to the formation of AFm
phases (Mc and Hc) while decreasing the total volume of the C-S-H phase, slightly increasing the
total hydrate volume. With such a slight increase in volume, it is unlikely that the increasing the
Al,O; content would greatly affect the strength. As such the differences in strength (table 5)
between blends using slag B and C are due to the hydration kinetics of the slags (figure 4).

Additionally, modelling results agree very well with the changes in the phase assemblage shown
in figures 10 and 11 The limestone within the cement ensured that the ettringite content remained
constant and that the formation of the carboaluminates became increasingly prominent. Modelling
reveals that the calcium demand for the formation of the additional AFm phases is rather limited.
The model also predicted that increasing the Al,Os content in the slag from 7 % to 12 % reduced the
portlandite content. The modelled reduction in portlandite was experimentally observed in figure 2,
when substituting slag B with slag C. This suggests that the changes between samples C,40S, and
C,40S, are related to changes in the C-S-H (table 7).
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Although C-S-H is the primary hydrate responsible for strength, the amount and type of
aluminate hydrates formed also play a role in space filling’®. It is important to note the effects
associated with changes in AFm phases and ettringite. The stabilisation of ettringite with addition of
extra sulphate leads to an increase in the volume of hydration products (figure 17), and thus one
would expect an increase in compressive strength. Nevertheless, comparing blends C,40S. and
C.40S.S, the latter has a slightly higher porosity, and lower compressive strength at later ages,
despite a similar degree of hydration. This is true despite the lower density of ettringite which is
much more prevalent in C;405.S (figure 10 and figure 16). Studies’*”> have shown that the addition
of a small quantity of sulphates enhanced strength; but higher levels led to a decrease in strength.
Gunay et. al’® showed that the nucleation growth process of the C-S-H is modified as calcium
sulphate is adsorbed on the C-S-H. The lower strength found here could be due to a reduced particle
force between C-S-H as measured by Medala”’. Sersale et. al.”® found that the mechanical resistance
and amount of porosity varied with sulphate content. This study suggests that the sulphate can have
a negative impact on the filling capacity of the C-S-H as already shown in the literature®.

3. Conclusions

Despite slower hydration kinetics of slag, and therefore a lower degree of hydration of
composite cements, the performance of slag cements can surpass that of neat cements at later ages.
This is because of changes in composition and phase assemblage which ultimately depends on the
starting bulk composition; where slags have much higher alumina and magnesia contents, and lower
calcium and silica contents than cement. Furthermore, the sulphate content can further alter the
phase assemblage.

The overall hydration of the clinker seemed unaffected by the presence of slag, with over 50 %
of the clinker having reacted after just 1 day. The hydration kinetics of the individual clinker phases
were affected, with C;S, C;A and C,AF being accelerated, and C,S retarded. But, there was no
discernible influence of the slag composition. However, the extent of slag hydration increased with
Ca/Si and Al,O; content in the investigated range. The addition of anhydrite to a slag blend
exacerbated the hydration of alite, but did not affect the kinetics of slag hydration

Slag addition affected C-S-H composition, with a reduction in Ca/Si and an increase in Al/Si. The
extent of these changes was dependent upon slag composition, with the more basic slag B (C/S =
0.96) vyielding C-S-H with a lower Ca/Si than slag C (C/S = 1.12). Sulphates further affected the
composition such that the apparent Ca/Si of the C-S-H increased as calcium sulphates were adsorbed
on its surface. At later ages the Al/Si of the C-S-H was not affected by sulphate addition, but was
much lower at early ages since it was controlled by the low solubility of ettringite.

Changing the starting composition of a blend also affected the AFm phase distribution, chiefly
with the increased alumina available in a blend; which is reflected in the AFm phases formed and the
amount of ettringite present. Slag C, richest in alumina, favoured the formation of calcium
hemicarboaluminate, even at later stages of hydration. The composition of the slag also had an
effect on the hydrotalcite-like phase seen in all blended systems; with the Mg/Al ratio varying with
the same ratio in the slag. More interestingly, the addition of extra sulphates resulted in an increase
in the hydrotalcite Mg/Al ratio as more alumina was consumed to form ettringite.

Changes in modelled phase assemblages have shown a decrease in paste volume with an
increase in slag content. At a given level of replacement, e.g. 40 %, the total phase volume increased
with the sulphate content, where the overall ettringite content continually increased. Increase in the
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alumina content in the slag, for a given hydration degree increased the total volume of hydrates only
slightly.

The results demonstrate that slags have two main effects on performance; firstly, their hydration
increased the hydrate volume, secondly they modify the phase assemblage, changing the capacity
for pore space filling. Both processes result in an increase in the compressive strength. However, the
addition of sulphate had only positive impact on the early age strength.
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480 Table 1 - Compositions of Raw Material, Determined by XRF (% Weight)
CEM1 Slag B Slag C
LOI950°C % 2.62 (+0.85)* (+1.57)*
SiO, % 19.21 39.75 34.35
Al,O; % 5.50 7.36 12.33
TiO2 % 0.27 0.25 0.93
MnO % 0.04 2.54 0.4
Fe,0; % 2.77 1.33 0.52
Cao % 62.28 38.18 38.49
MgO % 2.19 7.65 9.58
K,0O % 0.93 0.65 0.48
Na,O % 0.08 0.13 0.24
SO; % 3.10 1.83 2.61
P,05 % 0.17 0.01 0.01
Total % 99.15 99.69 99.93

*The sample was oxidized with HNO; before determination of LOI

481 Table 2 - Clinker Content of C, (%Weight)
Phases C
C3S M3 [%] 61
B-C,S [%] 11.9
C3A [%] 7.5
C,AF [%] 8.3
Calcite [%)] 3.7
anhydrite [%] 2.9
Hemihydrate [%] 1.5
other [%] 3.2
482
483
484 Table 3 - Phases Present and Amorphous Content of the Slags (% Weight)
Phases Slag B Slag C
Calcite [%] 0.4 0.7
Quartz [%] 0.2 0.0
Gehlenite [%] 0.4 1.0
Amorphous content [%] 99.0 98.3
485
486 Table 4 - Mix Design of all Blends
C, C,40S, C,40S, C,40S.S
CEM | 1.00 0.60 0.60 0.58
slag - 0.40 0.40 0.39
anhydrite - - - 0.03
w/binder 0.50 0.50 0.50 0.50
w/cement 0.50 0.83 0.83 0.86
487

488



489 Table 5 — Unconfined Compressive Strength (MPa)
Time C C,40S, C,40S, C,40S.S
Days MPa o MPa o MPa o MPa o
1 13.0 0.5 7.1 0.2 7.2 0.2 5.9 0.3
2 270 0.7 13.6 0.5 16.6 0.2 16.6 0.3
7 46.2 1.5 32.5 0.9 354 1.2 36.8 0.6
14 499 1.7 43.9 1.4 45.3 2.5 42.0 1.9
28 525 2.0 45.4 1.1 49.3 0.6 48.1 1.1
180 55.6 2.7 53.6 2.6 56.3 3.0 52.9 2.7

490
491 Table 6- Evolution of Clinker Phases with Hydration (/100g of binder, error=£2%)
time [d] CsS (&) CA CAF CH(TGA) AFt DoH OPC

Cl1 0 610 119 7.5 8.3 0.7 0.0 0

1 236 11.0 4.1 6.8 10.8 17.2 49

7 4.6 9.7 0.9 3.8 16.9 17.2 79

14 5.8 9.0 0.9 3.6 16.7 16.5 78

28 5.2 8.8 0.5 34 17.7 16.4 80

180 2.2 4.3 - 3.6 18.0 16.5 88

360 0.1 3.6 - 3.8 18.2 16.6 92

C140Sb 0 36.8 6.4 4.5 4.5 0.4 0.0 0

1 152 6.7 1.2 3.2 7.1 9.9 49

7 0.3 6.6 - 1.4 10.2 10.5 83

14 0.7 6.5 - 1.4 9.9 9.9 83

28 1.1 6.3 - 13 9.7 10.2 83

180 1.0 2.6 - 1.1 8.5 9.7 91

360 0.9 1.7 - 1.2 8.8 10.1 93

C140Sc 0 3738 6.0 4.3 4.8 0.5 0.0 0

1 164 6.2 13 3.6 5.5 9.7 48

7 3.3 6.1 - 2.0 7.9 9.4 78

14 2.0 6.1 - 2.2 7.9 8.9 80

28 1.2 6.0 - 1.4 8.4 9.4 83

180 1.9 2.7 - 0.9 7.4 8.9 89

360 0.4 1.7 - 0.8 6.6 8.6 95

C140Sc$ 0 364 5.8 4.0 4.3 0.4 0.0 0

1 121 5.9 2.5 3.2 4.5 15.0 53

7 2.6 5.7 - 1.8 6.5 17.8 79

14 3.7 6.2 - 1.9 6.2 18.6 76

28 3.1 6.0 - 1.8 6.4 18.2 78

180 0.9 34 - 13 5.9 18.1 89

360 2.2 1.4 - 1.4 5.3 18.0 89
492
493
494
495
496

497
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Table 7 - Various Atomic Ratios of the Op C-S-H Phase (error= +0.005)

days G C,40S, C,40S, C,40S.$
1 1.85 1.61 1.67 1.78
Ca/Si 28 1.82 1.56 1.65 1.75
180 1.81 1.59 1.72 1.72
iD 0.06 0.12 0.14 0.08
Al/si 28D 0.07 0.11 0.12 0.13
180D 0.06 0.09 0.12 0.12
1D 0.07 0.05 0.05 0.09
S/Ca 28D 0.05 0.04 0.04 0.05
180D 0.04 0.01 0.02 0.04
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