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The physical and chemical changes taking place in a very high volume fly ash cement paste (FAN-4) fol-
lowing exposure to temperatures up to 1000 °C are presented. Tests were repeated with commercially
available CEM II/A-M Portland composite-cement (MS). FAN-4 pastes showed impressive residual
strengths after heat exposure which increased dramatically when heated previously at 800 or 1000 °C.
This was in stark contrast to the MS paste, which showed a continual decrease in residual strength fol-
lowing heating and subsequent cooling. The increase in residual strength with FAN-4 paste coincided

K‘.Ey words: . with a major shrinkage event, which was associated with sintering and the formation of the new mineral
High temperature resistance . . . . . .

Durability phases anorthite, gehlenite, wollastonite, diopside and albite. The MS cement formed generally non-
Sintering hydraulic calcium silicate phases upon heating at >800 °C. The differences in phase formation were
Fly ash linked to different starting elemental compositions. The FAN-4 paste was considerably richer in Si, Al,

Hybrid alkaline cement Fe and alkalis but poorer in Ca. The elemental composition of the binder phase will be an important factor

Paste to take into account when determining the high-temperature performance of future cements and con-
cretes, which are likely to contain significantly higher contents of supplementary cementitious materials
than is presently the case.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Lowering the CO footprint of Portland cement based materials

While significant improvements in the Portland cement (PC)
manufacturing process have been made by shifting from the wet
process to the dry process and introducing pre-heating and pre-
calcining stages [1,2], it is unlikely that further major improve-
ments in thermal efficiency of the process can be made [3]. It is
widely regarded that the key to further major reductions in the
CO, emissions associated with PC manufacture is to increase the
quantity of blended materials in cements, i.e. to reduce the mass
of clinker in a given mass of cement by blending with industrial
by-products, natural pozzolans or calcined clays [2,4-5].

Arguably the most significant industrial by-product with re-
gards to blended cements is coal fly ash. Rough estimates for global
fly ash production in 2010 are around 800-1000 Mt although the
exact figure is difficult to ascertain since in many countries coal
power stations are not obliged to report this data. From a life cycle
assessment perspective, it is feasible to consider available fly ash as
a CO, free resource. Fly ash has been used in blended cements for
decades at replacement rates of around 10-30% as is reflected by
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various national and international standards [6-7]. More recently
work has been carried out investigating the use of blended ce-
ments with significantly higher fly ash contents [8-10]. One major
issue with high fly ash content cements is slow setting and low
early strengths. One possible approach to minimising this problem,
while maintaining high cement replacement rates, has been to cre-
ate ternary blended cements with fly ash, limestone and PC
[11,12]. Another approach has been to add a source of strong alkali
to activate fly ash glassy phases much more rapidly than is the case
with the typical pozzolanic reaction with portlandite at ambient
temperature [13,14]. With regards to the latter approach, the
blended cements can be termed as “hybrid alkaline cements”.

While drastically reducing the CO, emissions associated with
the binder, the effect of the high fly ash content on durability as-
pects of pastes is uncertain. In a recent publication by the authors,
the high fly ash content cement pastes and mortars were shown to
present a similar resistance to Na,SO,, seawater and acid solutions
as a commercially available sulphate resistant PC [15]. Another
important durability aspect is resistance to high temperatures,
which provides a useful indicator of the behaviour of a material
during a fire event.

1.2. High temperature exposure of Portland cement and concretes

Cement based materials are non-flammable and offer signifi-
cant safety advantages over wood and plastic and help protect
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steel rebar in structural concretes. However, fire events and high
temperature exposure can nonetheless cause significant damage
to PC based materials.

In a normal PC paste, pore water and crystalline hydration
water can be lost from AFt and AFm type phases and C-S-H gel
at temperatures below 300 °C [16]. Despite this, it is worth men-
tioning that some pastes can exhibit strength increases following
heating at 105 °C [17,18]. Such unusual behaviour is likely to be
due to trapped steam vapour creating conditions favourable for
the in situ hydrothermal synthesis of C-S-H type phases.

As the temperature increases, the dehydration of portlandite,
another major product in PC pastes, generally occurs between
400 and 550°C [19] and provokes a significant shrinkage effect
[20]. The presence of dehydrated portlandite leaves the micro-
structure prone to expansion upon subsequent rehydration, which
is an exothermic reaction, as indicated by the reverse reaction of
Eq. (1) [19,21]. The rehydration of portlandite is well known to
be detrimental to cement pastes and concretes and the degree of
degradation can be directly linked to the sorptivity of heat exposed
PC pastes and concretes [22]. Due to the restricted movement of
water through the pore network of the solid matrix, water re-
moved by C-S-H, AFt/AFm and portlandite dehydration can be re-
tained within the matrix as steam vapour, with pressures building
up to a point at which cracks are produced and surface spalling can
occur as tiny pockets of high pressure vapour are explosively re-
leased. Considerable research effort has been focussed on trying
to understand the key factors behind the spalling process [23,24].
The performance of cements and concretes containing pozzolanic
additions has been shown to be beneficial in cases where blast fur-
nace slag [25] or volcanic ash [26] were used. While this could sim-
ply be attributed to the lower portlandite content, such an
explanation would fail to account for irregular results with silica
fume blended cements [27,28].

Ca(OH), « Ca0O +H,0 AH = +65KkJ/mol (forward reaction)

(1)

CaCO; <~ Ca0 +CO, AH =+178 kJ/mol (forward reaction)

(2)

Another aspect to consider is the decomposition of calcite to free
lime, which generally occurs at temperatures of 600-850 °C (see Eq.
(2)). The free lime produced by decarbonation, like that from port-
landite dehydration, is liable to later hydrate into expansive
Ca(OH),. At higher temperatures, sintering of silicate phases can oc-
cur and provoke major changes in sample density, dimension and
crystalline components. The hybrid alkaline cement used in this
study is likely to behave in a much different manner to a pure PC
paste at sintering temperatures (typically 800-1100 °C) due to its
high fly ash content. Another important consideration may be the
significant quantity of quartz introduced with the fly ash compo-
nent. Quartz is known to exhibit a sudden expansion at 573 °C fol-
lowing conversion from low o to high B type quartz [18,19].

The general effect of replacing cement clinker with a class F fly
ash is to reduce the quantity of Ca in the paste and therefore the
quantity of portlandite and calcite present. Any free Ca(OH), will
either carbonate or sooner or later be locked into C-S-H or C-A-
S-H type gels via the pozzolanic reaction of portlandite with fly
ash glassy phases [29]. According to Khoury [18], this should help
improve resistance to degradation at high temperatures and was in-
deed reflected in a large number of tests carried out on cement
pastes and concretes exposed to 600 °C [30]. However, many other
aspects such as differences in the gel structure, Ca:Si ratios of gels,
w/b ratios and the nature of any aggregates used may also be
important.

As part of a larger set of trials, the objective of this work is to
evaluate the resistance of a novel hybrid alkaline cement contain-
ing a very high content of fly ash (ca. 80% by mass) to high temper-
ature environments in comparison with a PC based reference paste.
Although many other factors such as aggregate type and specimen
dimensions will undoubtedly be important, in order to focus solely
on the behaviour due to the nature of the binder composition at
high temperatures, tests were carried out with pastes, and then
only with specimens of identical dimensions.

2. Materials and methods
2.1. Materials

The very high volume cement binder (FAN-4) consisted of a
class F fly ash milled until >98% of the sample passed a 45 pm
sieve, a PC clinker milled until >85% passed a 45 pum sieve and a
laboratory grade Na,SO,4 salt (Panreac). Further details of the hy-
brid blend composition and raw material compositions can be
found in an earlier publication by the authors [14].

As a reference material, a commercially available Type II/A-M
Portland-composite cement (MS) was also tested under the same
conditions as used with the test hybrid cement (FAN-4). According
to the EN 197-1 [7] definition of Type II/A-M cements, between 6%
and 20% of cement by dry mass had been substituted by an unspec-
ified pozzolanic material or blend of pozzolanic materials, such as
coal fly ash, blast furnace slag or natural pozzolans. Furthermore,
up to 5% content as limestone is also permitted. Due to obvious
economic and environmental reasons, blended Portland cement
is becoming more common on the market at the expense of pure
(CEM I type) Portland cements. Type II/A-M cements are particu-
larly attractive since they afford significant flexibility to the man-
ufacturer in cement formulation and make it harder for
competitors to copy any successful blends. In terms of total dry
content as PC clinker, the hybrid FAN-4 paste contains only 18%
clinker (Ca poor) whereas the reference Type II/A-M cement will
contain around 80-90% clinker (Ca rich). The major elemental
compositions, as determined by X-ray fluorescence (Philips PW
1404/00/01), of the two anhydrous cements are shown in Table 1.

2.2. Paste elaboration

Pastes were mixed together with distilled water using the min-
imum liquid to binder ratios possible while maintaining sufficient
workability of the paste. The liquid to solid ratios were 0.36 and
0.32 for the FAN-4 and MS pastes respectively. Pastes were mixed
manually for 3 min and cast into 1 x 1 x 6 cm stainless steel
moulds with the aid of a jolting apparatus. Moulds were then
placed in a curing chamber maintained at 23 £+ 2 °C and >95% rel-
ative humidity. After 24 h, samples were demoulded and left to
continue curing in the humidity chamber for a period of 70 d be-
fore being subjected to the high temperature resistance tests.

2.3. High temperature resistance tests

Paste samples were weighed, measured and photographed prior
to being exposed to either: 200, 400, 600, 800 or 1000 °C for a

Table 1
Major element composition determined by XRF (expressed as oxides in wt.%).

Si0O, AlLO; CaO Fe,03 MgO Na,0O K0 SO; LOI"

FAN-4 487 17.1 135 74 1.8 1.8 2.1 22 44
MS 26.3 6.8 466 2.5 4.8 1.0 1.0 64 40

¢ LOI represents weight “loss on Ignition” at 1000 °C during 1 h in Pt crucibles.
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period of 1 h. Exposure was achieved by direct placement in an
oven pre-heated to the test temperature. Immediately after remov-
ing from the oven, half of each sample batch was left to cool on a
ceramic plate in air (‘slow’ cooling) and the other half was cooled
by immersion in tap water for 15 min (rapid cooling) then left to
dry on paper towels in air. Although both methods can be consid-
ered as relatively fast cooling procedures, immersion in water is
even faster than in air and is an important consideration due to
the fact that in real life, most fires are extinguished with water
and the subsequent rehydration of fire damaged cement based
materials is a particular concern.

Samples were left overnight to dry on a laboratory bench and
then reweighed, measured and photographed. The 1 x 1 x 6 cm
samples were then tested for flexural strength via a 3 point loading
test with prisms centred upon two supports spaced 50 mm apart
(NET-ZSCH 6.111.2 GmbH). The load was applied from above on
the centre of the specimen and the flexural strength limit calcu-
lated according to Eq. (1) for samples with rectangular cross
sections.

~ 3PL
2.b.d*

3)

where is the F the flexural strength (MPa); P the maximum load at
failure (N); L the distance between lower support spans (50 mm); b
the average width of sample (10 mm); and d is the average height of
sample (ca. 10 mm)

The flexural strength test produced a single fissure in the centre
of the prism. The two fragments were each then tested for com-
pressive strength across a 10 x 10 mm platen with a loading rate
of 0.07 kN/s applied (Ibertest Autotest 200/10/SW). Strengths of
pastes not subjected to high temperatures were also tested as a
baseline control. After testing, some fragments of each sample
batch were ground to a fine powder and analysed by X-ray diffrac-
tion (Bruker D8 Advance). Changes in microstructure and paste
reaction products were analysed by Field Emission SEM with
EDX analysis of broken paste fragment surfaces (Hitachi S-4800).

Normally hydrated paste prisms (70d old) were also tested
with a dilatometer (Netzch 402E). This technique measures the
movement of alumina pushrods that are pressed on the axial ends
of the prismatic test specimen with a force of 20cN. The sample
chamber was also made of alumina. Any expansion or shrinkage
of the prism is reflected by the movement of these pushrods and
is recorded by a data logger as a function of test time and chamber
temperature. Tests were carried out over the range 20-1000 °C at a
heating rate of 10 °C min~! in a He atmosphere. Finally, nonheat
treated pastes were also analysed by simultaneous TG-DTA
(thermo-gravimetric-differential themal analysis - TA SDT Q600
analyser) in an air atmosphere from 30 to 1000 °C at a heating rate
of 10 °C/min.

3. Results
3.1. Visual changes in paste samples

Visual changes to pastes are illustrated in Fig. 1 for both FAN-4
and MS pastes.

From the images in Fig. 1 it is clear that different reactions are
taking place in each paste system. In the FAN-4 paste, a progressive
lightening of the original dark grey colour was apparent after heat-
ing at 400 and 600 °C. Heating up to 800 °C caused an abrupt
change to an orangey-red colour which then evolved to a pale
red colour upon heating at 1000 °C. This behaviour is characteristic
of changes in Fe compounds present in fired FAN-4 pastes and is
analogous to the process that is well known in the brick industry

for producing the orange-red-pink hues in bricks [31,32]. Partial
fissures were noted in 800 and 1000 °C heated pastes.

With the MS reference paste, very little change in the paste col-
our was noted even after exposure at 800 °C. However, after reach-
ing 1000 °C, a distinct yellow colour was noted in both air and
water-cooled pastes. This is likely to be due to the formation of Sul-
fur deposits from the decomposition of sulphides present in any
blast furnace used in the MS cement. Fissures were noted in MS
pastes from 400 °C and upwards, sometimes leading to complete
fracture across the prism.

3.2. Changes in mechanical strengths of pastes after heat exposure

Changes in relative compressive strength and flexural strength
as a function of cement type, cooling method and temperature
are summarised in Fig. 2a and b.

The results in Fig. 2 reveal a number of differences between
FAN-4 and MS paste mechanical strength responses to heat expo-
sure, particularly in compressive strength behaviour. While MS
pastes showed a gradual decrease in compressive strength up to
600 °C, losses in FAN-4 pastes were notably lower. However, the
major change was at temperatures >600 °C, where FAN-4 paste
residual compressive strengths increased by around 100% while
MS pastes showed continued drops in residual strength. Compres-
sive strength trends were generally similar for both air and water
cooled pastes of a given cement.

With regards to flexural strength data, the cooling method had a
much greater influence on results. MS pastes heated at >400 °C
and air cooled became extremely brittle. None of the 400 °C MS
samples were able to be tested (hence the discontinuation in the
solid MS line in Fig. 2b). At higher temperatures, only 1 or 2 of
the 4 MS replicates were able to be tested for flexural strength. Be-
yond exposure temperatures of 200 °C, residual flexural strengths
in FAN-4 samples were consistently higher.

3.3. Length and weight changes in prismatic specimens after heat
exposure

The MS pastes exhibited extremely stable dimensions over the
entire temperature range when cooled in water but a steady
shrinkage when cooled in air. These tendencies suggest that the
expansion caused by the rehydration of free lime by cooling water
was sufficient to compensate for thermal shrinkage caused by the
initial dehydration reactions. In contrast, the cooling method had
no significant influence on the shrinkage tendencies of FAN-4
pastes.

The degree of shrinkage in FAN-4 pastes was quite small and
steady until 600 °C, after which a major shrinkage event was noted
in FAN-4 pastes between 600 and 800 °C. This event coincided with
the sudden increases in compressive strengths noted in Fig. 2 and
such a combination is typically characteristic of a major sintering
event. To study this event in more detail, dilatometric analysis of
the pastes was carried out in order to better isolate the tempera-
ture at which this event occurred in the FAN-4 paste.

Dilatometry data for MS paste in Fig. 4 reveals a slight shrinkage
between 200 and 500 °C, which can be attributed to dehydration of
the specimen, followed by slight expansion between 500 and
800 °C, which may be attributable to simple thermal expansion
of the specimen. Between 900 and 1000 °C, MS paste began to
shrink significantly.

With FAN-4 pastes, marginal shrinkage between 150 and 350 °C
can be attributed to dehydration. The major shrinkage event in
FAN-4 pastes between 600 and 800 °C (as indicated by Fig. 3b) is
confirmed and its onset pinpointed at around 705 °C. The degree
of shrinkage measured in FAN-4 pastes with dilatometry apparatus
was considerably larger (ca. 9%), than when prisms were manually
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Fig. 1. Changes in visual aspect of (a) FAN-4 and (b) MS paste samples after exposure to different temperatures and cooling by water immersion or air convection.

—=—FAN-4 air
- ®#--FAN-4 H,0|
—v—MS air
-v-"MS H,0

240 A

| strength)
N
5]
1

160 +
120 +

go | F T}

“1 (a)

T
0 200

Ina

Compressive strength

(% of orig

T T
400 600

160

Flexural strength
(% of original strength)

Exposure temperature (°C)

Fig. 2. Relative changes in (a) compressive strength and (b) flexural strength of MS
and FAN-4 pastes as a function of cooling method (air or water) and exposure
temperature. Note that results are the average of 4 measurements for flexural
strength or 8 measurements for compressive strength. Original compressive
strengths were 33.2 (100% for FAN-4 data) and 66.0 MPa (100% for MS data).
Original flexural strengths were 7.2 MPa (100% for FAN-4 data) and 11.6 MPa (100%
for MS data).
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Fig. 3. Change in paste weight (a) and length (b) as a function of temperature
exposure and cooling method.

measured with calipers after removing from the oven and cooling
(ca. 5%, see Fig. 3). The most likely reason for this difference is that
the former was measured in situ at high temperatures and the
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Fig. 4. Diatometric data of in situ measured MS and FAN-4 paste prism length
changes during heating in a He atmosphere up to 1000 °C at 10 °C/min.

latter only after cooling overnight. The dilatometry data also reveal
that the FAN-4 paste shrinkage halts at 900 °C, remaining stable up
until 1000 °C at the end of the test.

The two general trends in weight changes shown in Fig. 3 are
that weight loss was much greater in MS pastes than FAN-4 pastes
and that for a given paste, losses were less in H,O cooled samples
than air cooled ones. This latter observation is only logical consid-
ering that cooling water can be reabsorbed and also reacts with
free lime to form portlandite. Since MS cement contained much
higher quantities of cement clinker phases, it is logical that MS
pastes also contain higher quantities of C-S-H type gel, ettringite,
portlandite and calcite and thus the greater general weight losses
observed up to 800 °C.

Weight losses in FAN-4 pastes were much lower in general.
Lower losses up to 200 °C imply that the combined quantity of
crystalline water in gel and AFt/AFm type products was much
lower than in MS pastes. Again this is only logical given the much
lower contents of clinker phases present in FAN-4 pastes. Unlike
the MS pastes, no sudden change in weight loss was noted between
800 and 1000 °C when cooled in water. This implies that unlike
with MS pastes, no significant quantities of water soluble com-
pounds were formed in FAN-4 pastes at 1000 °C.

Weight losses in the two pastes were also examined by simul-
taneous TG-DTA from 30 to 1000 °C in an air atmosphere at a heat-
ing rate of 10 °C/min. The results shown in Fig. 5 reveal that weight
losses from fine powdered paste samples (both previously air
dried) generally corresponded well to weight losses of complete
prismatic paste specimens. The simultaneous differential thermal
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Fig. 5. Simultaneous TG-DTA data for (a) air cooled MS paste and (b) air cooled
FAN-4 paste. Note that samples were heated from 30-1000 °C at a rate of 10 °C/min
in an air atmosphere.

analyses also included in Fig. 5 reveal that a significantly higher
quantity of absorbed/crystalline water from gels and AFm/AFt
was lost from MS pastes (ca. 8%) than from FAN-4 pastes (ca. 4%)
during heating up to 200 °C. In the 200-600 °C range, the main
thermodynamic event in the control MS paste was clearly the
dehydroxylation of portlandite. However, the FAN-4 paste showed
a completely different thermal profile in this section. Instead of a
clear endothermic peak due to portlandite dehydroxylation, two
small exothermic peaks at around 350 and 430 °C were noted. Gi-
ven that a general weight loss was observed in this region, it is
likely to be due to combustion of traces of residual organic matter
present. Another reason for differences in this temperature region
is likely to be the higher Iron content of the FAN-4 paste. The oxi-
dation of Fe or FeOOH to Fe,03 and crystalline changes in Fe,03
cystalline structures have been considered to occur in pure fly
ash cements at these temperatures [33]. Finally, both samples
show distinct decarbonation events at around 700 °C.

3.4. Changes in crystalline phase composition of pastes after heat
expostre

From the strength and shrinkage results presented, examination
of FAN-4 paste chemistry and microstructure at temperature expo-
sures above and below 700 °C, is of considerable interest. Fig. 6 be-
low compares nonheat-treated FAN-4 paste XRD data with that of
pastes exposed to 400 °C and 800 °C after air cooling.

Prior to high temperature exposure, the FAN-4 paste was com-
pletely free of portlandite but contained a significant degree of cal-
cite and a small amount of gypsum. The main fly ash phases were
also noticeable; quartz (Q), anorthite (a), maghemite (M) and
hematite (h). The glassy amorphous halo typical of fly ashes was
noted via a background hump between approximately 18 and
35° 260. Some unhydrated belite (B) was also evident. The key
component of the paste, the cementitious gel, is XRD amorphous
and can give rise to a background halo in diffraction spectra.

FAN-4 800°C air

FAN-4 400°C air

C
Mo ooy

Intensity (offset for clarity)

FAN-4 20°C (70d hyd)

T T T T T T T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60
Degrees 2 Theta

Fig. 6. XRD data of selected FAN-4 pastes. Peak labels are A - anhydrite (CaSO,),
a - anorthite (CaAl;Si;Og), Ak — akermanite (Ca;Mg(Si»0-)), Al — albite (NaAlSi3Og),
B - belite (Ca,Si0y), C - calcite (CaCOs3), D - diopside (CaMgSi,Og), F - iron silicates
(Fayalite Fe,SiO4 and Laihunite Fe;sSiO4), G - gehlenite (Ca,Al(AlSiO5)), Gy -
gyspum (CaS04.2H,0), h - hematite (Fe,O03), M maghemite (Fe,03), Q - quartz
(Si0y), V - vaterite (CaCO3) and W - wollastonite (CaSiOs).

However, it was not possible to distinguish any gel halo from the
halo due to glassy phases originally present in the fly ash.

The presence of gypsum in non-fired pastes is supported by the
appearance of the anhydrite at 25° 2@ in 400 and 800 °C treated
pastes. After heating to 800 °C, major strength gains and shrinkage
were observed in FAN-4 pastes. This was associated with clear
changes in crystalline phases present although the background
amorphous hump did not change significantly. All peaks due to cal-
cite or vaterite disappeared and new crystalline phases, potentially
corresponding to albite (Al), wollastonite (W) gehlenite (G) and
possibly anorthite (a) and diopside (D) were noted. Another new
crystalline phase noted at 800 °C, which may have a significant role
in the sintering process for FAN-4 pastes, was Laihunite (F) a Fe-
silicate.

For comparison, XRD data for MS pastes before and after heat
treatment are also included in Fig. 7.

Intensity (offset for clarity)

S 70d hyd. (20°C air)

T T T T T T T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60
Degrees 2 Theta

Fig. 7. XRD data of MS pastes before and after selected heat treatments. Peak labels
are: A - alite (3Ca0.Si0,), Ak - akermanite (Ca;Mg(Si»0-)), Anh - anhydrite (CaSO4,),
B - belite (Ca,Si0y,), C, calcite (CaCOs), E - ettringite (3Ca0.Al;,03.3CaS04.26H,0), G
- gehlenite (Ca,Al(AlSiO7)), L - larnite (Ca,SiO4), L* - (various Ca and Ca/Mg
silicates), P - portlandite (Ca(OH),), Q —quartz (SiO;).
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The hydrated MS paste is typical of any PC paste. The diffraction
pattern of the non-heated paste is dominated by the main calcite
peak at 29° 2@. The broad and diffuse diffraction at the base of this
peak is characteristic of amorphous C-S-H gel [34]. In general, a
broad background halo, most likely due to the unspecified minor
content of slag, was noted between 26 and 34°. Other important
peaks are due to portlandite, ettringite and some unhydrated
alite/belite. The presence of a quartz peak at 27° is a result of MS
cement having been blended with minor quantities of unspecified
pozzolanic additions. After treatment at 400 °C, the only notable
change in crystalline phases was the disappearance of ettringite
signals. However, after treatment at 800 °C, portlandite peaks dis-
appeared, calcite peaks were greatly reduced and the formation of
a dominant broad set of peaks due to poorly ordered crystals
diffracting between 32 and 34° 2@ appeared. Diffraction in this
particular region corresponds well to alite and belite as well as
non-hydraulic phases such as akermanite, gehlenite and numerous
polymorphs of Ca disilicate and other Ca/Mg silicates (denoted L' in
Fig. 6). An interesting point is that the amorphous C-S-H gel halo
from 26-34° 2@ disappeared after heating at 800 °C, while the
new broad diffraction peaks appeared. This implies a structural
reorganisation of the gel phase and minor slag component to form
poorly ordered Ca-silicate and Ca/Mg silicate crystalline phases
after heating at 800 °C.

3.5. Changes in FAN-4 paste microstructure after heat exposure
>700°C

To visually confirm that the changes observed in FAN-4 pastes
between 600 and 800 °C were due to sintering, the pastes heated
at 600 and 800 °C were analysed by SEM-EDX. The key results
are summarised in Fig. 8.

The images in Fig. 8 reveal an abrupt change in sample micro-
structure between 600 and 800 °C exposure. At 600 °C the mor-
phology of the paste broadly resembles that of a normal cement
gel fracture surface, with irregular and amorphous nodules and
agglomerates. Fly ash cenospheres were clearly visible throughout
the paste and the Si:Al ratio was generally 2:1 with variable con-
tents of Ca depending on the proximity of the EDX point to under-
lying non-reacted fly ash particles. Contrary to XRD evidence, no
examples of stand-alone anhydrite crystals were found. Point 4
in the EDX data of Fig. 8 was the most concentrated level of S found
in the microstructure.

When the paste was treated at 800 °C, evidence of the forma-
tion of a molten vitreous phase was clear throughout the sample
via the presence of continuous smooth structures with holes where
gaseous products have bubbled off. The EDX points in image 8b
show a significant enrichment of Ca at the general expense of Al
in the molten phase. In XRD data, the main peaks for Ca-Mg
silicate phases such as diopside (CaMgSi,Og) and akermanite
(CayMg(Si»07) coincided with those for other likely products free
of Mg such as wollastonite (CaSiOs3) and gehlenite (Ca,Al(AlSiO7).
Although SEM-EDX data implies that Mg is actively involved in
the molten phase, due to the limited quantities of Mg available,
the XRD peaks are likely to be dominated by the non-Mg containing
phases.

4. Discussion

The results have revealed that unlike reference PC paste, FAN-4
pastes retain their compressive strengths when cooled after expo-
sure to high temperatures up to 700 °C. At around this tempera-
ture, the pastes undergo a sintering process that causes
significant shrinkage (5-9% depending on how it is measured)
and a major increase in residual compressive strength. At 800 °C,

(a) 600°C

(b) 800°C

e

I30.EJunF1

S|C-S4800 20.0kV x1.80k SE(M) ;
Pointno.| O Si Al Ca Fe S K Mg Na

1 62,7 223 8,79 0,73 139 0,02 087 13 1,83

2 61,3 194 10,1 1,35 125 024 1,68 132 331
3 59,7 162 9,06 7,09 201 032 107 163 285
4 62,7 11,9 605 85 109 591 071 094 2,13
5 61,3 212 250 437 119 086 1,77 545 133
6 603 20,1 237 105 1,32 139 3,98

7 594 17,5 437 105 1,77 464 184

Fig. 8. SEM-EDX data for FAN-4 pastes exposed to (a) 600 °C and (b) 800 °C. Both
pastes were air cooled. EDX data is expressed as normalized atom?%.

water is rapidly lost from cementitious gels and any ettringite
present. Calcite will decarbonate to form free lime and release
CO, gas. Any available sulphate can react with free lime to form
anhydrite. All these processes were supported by the observations
in XRD data for both MS and FAN-4 pastes.

The major difference between the two pastes was in the nature
of new silicate based crystalline phases formed and the fact that in
FAN-4, this was accompanied by shrinkage and increased strength,
but in MS paste less shrinkage but major decreases compressive
strength were observed. This section aims to discuss the possible
reasons for these differences, which are undoubtedly linked to dif-
ferences in elemental composition.

4.1. Reactions in the MS cement (high Ca/low Al)

The formation of significant quantities of dicalcium silicate type
phases was noted in 800 °C treated MS pastes. Useful information
on the phase transformations in MS cement can therefore be found
by reference to work by authors attempting to synthesise low en-
ergy belite (Ca,SiO4) cements [35]. The aim of such works is to
form reactive Ca,SiO4 compounds from suitable materials such as
fly ash and CaCOs by firing at relatively low temperatures (800-
1200 °C). In the paper by Pimraksa et al. [35], when the Ca0:SiO,
ratio of the system was fixed at 2, gehlenite (Ca,Al(AISiO) forma-
tion was favoured over larnite (3-Ca,SiO4) between 1000-1200 °C.
Furthermore, the reaction of quartz with free lime to form wollas-
tonite (CaSiOs) was observed by these authors at Ca0:SiO, =2 but
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not when Ca0:SiO, = 3. When the Ca0:SiO, ratio was raised to 3,
larnite formation became favourable over wollastonite. Our results
differ from those of Pimraska et al., [35] since in the MS paste we
can see in Fig. 7 that Larnite formation was favoured over Gehle-
nite even though the Ca0:SiO, ratio was low (approx. 1.8 based
on XRF data in Table 1). However, in broad agreement with these
authors, when the Ca0:SiO, ratio was lowered further (FAN-4 ce-
ment Ca0:Si0; = 0.28), wollastonite and gehlenite formation were
favoured over larnite.

Prior to heat treatment, the Ca-rich MS pastes consisted mainly
of C-S-H gel, portlandite and calcite. Earlier studies with naturally
occurring calcium silicate hydrate minerals such as tobermorite,
hillebrandite and xonotlite have shown conversion to wollastonite,
wollastonite plus portlandite or poorly crystalline larnite (o or B
forms depending on temperature) when firing samples at up to
900 °C [36]. The evolution of C-S-H gel from PC hydration upon
heating has been studied in detail by several authors. The gradual
conversion of C-S-H gel to what was termed “a nesosilcate” from
200 to 750 °C has been monitored by 2°Si NMR [37]. These authors
showed that after heating to 450 °C, existing Q% and Q! environ-
ments of the gel were decreased and new Q' and Q° environments
formed. The new Q° environments correlated with XRD evidence
for new compounds closely related to B-Ca,SiO, phases. The
growth in larnite content at the expense of C-S-H content during
heating up to 620 °C, as measured by in situ neutron diffraction
[38], generally supports the data of Alonso and Ferniandez [37]
and agrees with the observations for our XRD data with MS pastes
treated at 800 °C.

4.2. Reactions with the (low Ca/high Al) FAN-4 cement

Unlike the evolution of C-S-H gel to a poorly crystalline larnite
polymorphs observed in MS pastes, the products in FAN-4 pastes
were completely different. This is undoubtedly aided by the forma-
tion of a molten phase at 705 °C, within which solid state reactions
can occur. The formation of a molten phase was considered as
problematic by Skvara et al., [39] and in situ strength measure-
ments of alkali activated fly ash pastes showed that strengths
greatly increased upon cooling but were not representative of
paste strengths while actually subjected to heat treatment [40].
Molten phase formation can cause plastic deformation in load
bearing samples but can also help fill in existing cracks generated
by thermal stress or chemical reactions that cause shrinkage
effects. Whether molten phase formation is detrimental or benefi-
cial will depend on the extent of the molten phase formed and its
viscosity. The comparatively high Fe content in FAN-4 cement (see
Table 1) and the possible formation of Fe-silicates has been said to
lower sintering temperatures of fly ash based mixtures [41]. The
significantly higher Na and K contents (again see Table 1) in
FAN-4 pastes coupled with the presence of reacted fly ash glassy
phases may also contribute to the low sintering temperature in a
similar way as Na is well known to lower the melting point of silica
glass.

A useful comparison is with materials known as alkali activated
fly ash cements and metakaolin geopolymers. Their compositions
are generally very low in Ca and relatively rich in Na. The cemen-
titious gels in these systems are proposed to be 3-D crosslinked
aluminosilicate networks of tetrahedrally linked groups with Na*
ions acting as counter ions to the negative charge generated by tet-
rahedrally bonded Al atoms [42-44]. The gel has been previously
labelled as N-A-S-H [45] and is also considered as a poorly or-
dered zeolite precursor due to the fact that prolonged curing at
moderately elevated temperatures (60-200 °C) results in the trans-
formation of the gel to various zeolites [46]. The Si:Al ratio has also
been shown to be important in zeolite formation from these sys-
tems [47]. However, no zeolite phases were observed by XRD

B N
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Fig. 9. Illustration of the location of MS and FAN-4 cement on ternary diagrams for
(a)Si0,-Al,03-Ca0 and (b)Si0,-MgO-CaO. Arrows indicate the shift to crystalline
phases after firing at 800 °C as implied by XRD data. Phase labels correspond as
follows: Alb. = albite (NaAlSizOg); Aker.=akermanite (Ca,MgSi»07); Ano. = anor-
thite (CaAl,Si»Og); Diop. = diopside (CaMgSi,Og); Geh. = gehlenite (Ca,Al(AlSiO7));
Lar. =larnite  (Ca,SiO4);  Mul. = mullite  (3-Al,05-25i0,);  Nep. = nepheline
(AINa(Si0O4); Wol. = wollastonite (CaSiO3).

analysis of heat treated FAN-4 pastes. This suggests that the lim-
ited Ca content of the FAN-4 binder was sufficient to inhibit zeolite
formation.

At higher temperatures relevant for comparison with this study,
Bakharev [48] showed that class F fly ash activated by Na-activa-
tors formed nepheline (NaAl(SiO,4)) at 800 °C and albite (NaAlSi3Og)
at 1000 °C, in good agreement with results published by Fernan-
dez-Jiménez et al. [49]. In other systems virtually free of Ca, the
formation of Nepheline and other sodium aluminosilicates was
shown to form upon heating beyond 850 °C [50,51]. Albite was also
detected in FAN-4 pastes in this study but no nepheline. A number
of different products in heated FAN-4 pastes such as gehlenite (Ca,.
Al(AISiO5)), diopside (CaMgSi,Og) and wollastonite (CaSiO3) were
observed instead, undoubtedly due to the presence of higher quan-
tities of Ca and limited quantities of Mg in FAN-4 pastes. The ter-
nary diagram (SiO,-Al,03-Ca0) relating the major elemental
compositions of MS and FAN-4 cements and indicating the shifts
to specific crystalline phases after heating at 800 °C, is given in
Fig. 9.

The SiO,-Al,03-Ca0 ternary diagram illustrates a well balanced
divergence of new crystalline phases in heated MS pastes and
clearly shows that higher Ca content gehlenite was favoured over
lower Ca anorthite. The same diagram also demonstrates that the
low Ca and relatively high Al content in FAN-4 pastes effectively
prohibit the formation of larnite. However, the Al/Na content of
FAN-4 pastes was not high enough to favour Nepheline formation
over Albite. In FAN-4 pastes, shifts to Si-enriched and Ca-enriched
crystalline phases were noted but not to Al-enriched crystalline
phases.

5. Conclusions

The temperature resistance of a novel low Ca content cement
paste with approximately 20% clinker content (FAN-4) and a Type
II/A-M Portland-composite cement paste with some 80-90% clin-
ker content (MS) have been investigated. From the results pre-
sented, the following conclusions can be drawn:
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e FAN-4 pastes exhibited a shift in colour from grey to red-orange
between 600-800 °C, which was associated with the possible
formation of Fe-silicates/hematite. This can be directly linked
to Fe present in the majority fly ash component of the FAN-4
cement. No such drastic colour change was observed in the con-
trol MS cement. Slight yellowing at 1000 °C is likely to be due to
sulfur formation from sulphides in any blast furnace slag
present.

e Sintering occurred in FAN-4 pastes but not in MS pastes. The

sintering event, and the fact that it occurred at a relatively

low temperature may be linked to the much higher Fe content

(x3) and higher total alkali content (x2) in FAN-4 pastes, having

an analogous effect as in processes in the brick and glass indus-

tries respectively.

Control MS pastes showed significantly greater weight losses

upon heating at all temperatures, due to greater quantities of

ettringite, gel H,0, portlandite and calcite, which in turn is
linked to the much greater (x4) clinker content in MS cement.

Heating of the control MS pastes to 800 °C led to the conversion

of cementious gel and CaO from dehydrated portlandite/decar-

bonated calcite to poorly crystalline calcium disilicate phases.

The lower Ca and higher Al content in FAN-4 pastes favoured

the formation of albite (NaAl(SiO4)), anorthite (CaAl,Si;Og),

diopside (CaMgSi,0g), gehlenite (Ca,Al(AlSiO7)) and wollaston-
ite (CaSiOs).

e Such important differences in elemental composition and their
influence on product behaviour should be considered when
developing novel low CO, footprint binders in the future. The
next logical step in this research would be to the assess perfor-
mance of the FAN-4 binder in concretes with different aggre-
gates and additives (super-plasticiser, air entraining agents
etc.).
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