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This

 

study

 

was

 

designed

 

to

 

determine

 

the

 

effect

 

of

 

temperature

 

on

 

the

 

mechanical

 

strength

 

(in

 

both

 in

 

vivo

 

and

 

post-exposure

 

trials)

 

of

 

two

 

alkaline

 

cements

 

(without

 

OPC):

 

(a)

 

100%

 

fly

 

ash

 

(FA)

 

and

 

(b)

 85%

 

FA

 

+

 

15%

 

bauxite,

 

the

 

activated

 

alkaline

 

solution

 

used

 

was

 

85%

 

10-M

 

NaOH

 

+

 

15%

 

sodium

 

silicate.

 A

 

Type

 

I

 

42.5

 

R

 

Portland

 

cement

 

was

 

used

 

as

 

a

 

control.

 

Two

 

series

 

of

 

trials

 

were

 

conducted:

 

(i)

 

in

 

vivo

 trials

 

in

 

which

 

bending

 

and

 

compressive

 

strength,

 

fracture

 

toughness

 

and

 

modulus

 

of

 

elasticity

 

were

 determined

 

at

 

different

 

temperatures;

 

and

 

(ii)

 

post-firing

 

trials,

 

assessing

 

residual

 

bending

 

and

 

compres-
sive

 

strength

 

after

 

a

 

1-h

 

exposure

 

to

 

high

 

temperatures

 

and

 

subsequent

 

cooling.

 

The

 

findings

 

showed

 that

 

from

 

25

 

to

 

600

 

�C,

 

irrespective

 

of

 

the

 

type

 

of

 

test

 

(in

 

vivo

 

or

 

post-firing),

 

compressive

 

mechanical

 strength

 

rose,

 

with

 

the

 

specimens

 

exhibiting

 

elastic

 

behaviour

 

and

 

consequently

 

brittle

 

failure.

 

At

 

tem-
peratures

 

of

 

over

 

600

 

�C,

 

behaviour

 

differed

 

depending

 

on

 

the

 

type

 

of

 

test:

 

(i)

 

in

 

the

 

in

 

vivo

 

trials

 

the

 

high

 temperature

 

induced

 

pseudo-plastic

 

strain

 

and

 

a

 

decline

 

in

 

mechanical

 

strength

 

that

 

did

 

not

 

necessarily

 entail specimen failure; (ii) in the post-firing trials, compressive strength rose.
1. Introduction

While thermal conductivity in Portland cement-based concrete
is low and the material is non-combustible, sustained exposure to
fire causes severe spalling and as a result structural damage or
even collapse, with the obvious consequences of risk to human life
and high economic costs [1–3].
Portland cement paste plays a predominant role in that beha-
viour. At 95 �C, C–S–H gel dehydrates and shrinks substantially,
while tiny explosions take place in the material. At 450 �C port-
landite and at 750 �C calcium carbonate decompose. When the
cement rehydrates on contact with water, it disintegrates [3].

In recent years, a new family of aluminosilicate binders called
alkaline cements or geopolymers has been the subject of
considerable attention [4–9]. When are hydrated in the presence
of alkalis, these materials (such as metakaolin or fly ash) yield a
three-dimensional alkaline aluminosilicate hydrate known as
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N–A–S–H gel, which differs from the C–S–H gel generated in
Portland cement hydration [10,11]. The secondary reaction prod-
ucts include several types of zeolites, including hydroxysodalite,
Na-chabazite and zeolite P. The amount and type of such zeolites
depends on the nature of the alkaline activator used and the curing
conditions [6–13]. The properties that best define these alkaline
cements are indisputably their ability to develop high mechanical
strength in a short period of time at moderate temperatures
(T < 100 �C) [6,14] and their excellent durability [15–23].

The findings published to date on their fire resistance and per-
formances under high temperature conditions are promising. All
reports concur that these materials perform better than Portland
cement, for at 600–800 �C and greater, in most cases their com-
pressive strength rises after cooling [19–24].

Davidovits [24] deemed that certain of the binders he synthe-
sised ((Na,Ca)-polysialate and (K,Ca)-polysialate-silox) exhibited
excellent fire resistance up to 1200 �C. Barbosa and Mackenzie
[19] obtained similar results for sodium silicate + caustic
soda-activated metakaolin, observing that while the material
shrank slightly due to water loss from 100 to 200 �C (�15% hydra-
tion water), at 250–800 �C it could be regarded as essentially
dimensionally stable. At 800 �C it shrank due to rising density or
volume change induced by the crystallisation of new phases.
These authors, however, do not believe that this shrinkage could
be due to a melting point or viscous creep. In any case, they con-
sider that this process ceases abruptly at 880–900 �C. Then the
sample maintains its dimensional stability until it finally fused at
temperatures of 1000–1300 �C, depending on slight variations in
composition. Bakharev [20] found that fly ash activated with
Na-containing activators exhibited shrinkage cracking and a rapid
decline in strength at 800 �C, events related to a drastic increase in
the average pore size. The loss of strength on firing may have been
associated with the deterioration of the aluminosilicate gel.

According to most of the papers published to date [19–29],
these materials reach a critical point at around 600–800 �C. In that
temperature range, paste dimensional stability is seriously
affected, which impacts bending strength substantially. In contrast,
compressive strength measured on post-firing cold samples rises;
an effect attributed to the partial sintering that takes place at such
temperatures.

Some of the papers reviewed centre on how to control these
dimensional changes and raise material resistance to high tem-
peratures. Krivenko and Kovalchuk [21], for instance, observed
that the formation of a given percentage of thermostable zeo-
lites in the starting cements raises dimensional stability at high
temperatures considerably. Most authors [21–29] found the
starting cement composition (Si/Al ratio and alkali content) to
be a determinant, with the liquid/solid ratio also affecting the
results [34].

Alkalis, in turn, play a dual role which calls for a certain com-
promise in cement design. On the one hand, a high alkali content
(8 or 12 M) is needed to accelerate the activation reactions in alka-
line cements and obtain materials with high initial strength. As
alkalis act as fluxes at high temperatures, however, their content
must be limited to generate thermally stable materials.

The SiO2/Al2O3 ratio is another prominent factor: ratios of 2–4
are known to raise initial material strength and to favour the for-
mation of thermostable zeolites such as herschelite, faujasite and
hydroxysodalite which induce recrystallisation in the material at
high temperatures without severely affecting its structure [21].
Higher ratios hinder the formation of such zeolites and favour sin-
tering. Lower ratios prompt the formation of large amounts of zeo-
lites ([zeolites]>10%) at high temperatures, raising internal stress
in the material due to intense re-crystallisation [21].

Nearly all the aforementioned papers centre on the study of
materials cooled after exposure to high temperatures (brief
exposure to fire). Very little research has been conducted on these
materials under conditions that may be regarded as real, i.e.,
in vivo, exposed to high temperatures while bearing structural
loads.

Although more experimentally complex and entailing the use of
highly sophisticated equipment, such studies have been success-
fully conducted in prior research. Some alkaline cements with
specific compositions have been found to exhibit pseudo-plastic
behaviour at high temperatures [22].

In keeping with that line of research, the present paper dis-
cusses an exhaustive study of in vivo mechanical behaviour, partic-
ularly failure behaviour, in alkaline cements at high temperatures.
To that end, pastes were tested in vivo (on a load frame positioned
inside an electric kiln) for compressive and three-point bending
strength, fracture toughness and modulus of elasticity. In addition,
after hot testing and cooling, a number of physical–mechanical and
characterisation trials were run on the materials to gain a better
understanding of their behaviour.
2. Experimental

Two materials were used in the present study, a fly ash (FA) from a Spanish
coal-fired power plant (Aboño) and bauxite. The bauxite was used to modify the
Si/Al ratio because some authors [19–21] indicated that one of the most significant
factors that affecting to the phases composition and mechanical behaviour of the
geopolymer materials at high temperature is the initial chemical composition as
well as the temperature of firing. The chemical composition of these materials,
determined with X-ray fluorescence, is given in Table 1.

Two binders were studied (see Table 2) to determine the effect of slight compo-
sitional changes, namely FA (100% fly ash) and FBx (85% FA + 15% bauxite). The same
alkaline activator was used in both, WN (a solution containing 15% sodium sili-
cate + 85% 10-M NaOH). The control was a water-hydrated CEM I 42.5 R Portland
cement.

Different types of specimens were prepared with the pastes depending on the
trial to be conducted. Further to the literature, the alkaline cements or geopolymer
were initially cured at 85 �C for 20 h and 98% relative humidity [22]. The CEM I 42.5
R cement used as a control was cured at 22 �C and 98% relative humidity and stored
in a climatic chamber for 6 months. All the materials were stored in a climatic
chamber through the 6 months testing age.

The methodology followed in the in vivo and post-firing trials is described
below.
2.1. In vivo trials

To ensure sample uniformity, a single block (100 � 100 � 60 mm) of paste was
moulded with each cement. Six months later they were mechanised into smaller
prismatic specimens of varying dimensions depending on the trial to be conducted:
(a) 10 � 4 � 60 mm for the bending strength trials; (b) 5 � 4 � 30 mm for the frac-
ture toughness trials; and (c) 4 � 4 � 8 mm (for a ratio of 2:1) for compressive
strength testing. Prior to testing, all the specimens were measured with callipers
with a precision of 0.01 mm. At least four specimens were tested for each type of
trial and experimental temperature: 25, 400, 600, 800 and 1000 �C in the compres-
sive tests; 25, 200, 400 and 600 �C in bending strength; 25, 200 and 400 �C in the
fracture toughness trials.

An original and unprecedented procedure was devised to notch the samples for
the fracture toughness tests, in which indentation radii of around 20 lm were
attained, i.e., more than one order of magnitude lower than normally achieved with
diamond wire saws. The procedure consisted of pre-notching the 5 � 4 � 30-mm
specimens to a depth of 0.8 mm with a 1 mm diamond saw. That pre-indentation
cut a square out of the specimen profile. Industrial shaving razors were then used
to make indentations smaller than the critical microstructural size of the material.
The 150 lm thick razors were set into the machine depicted in Fig. 1(a), specifically
designed for this purpose. The razors were impregnated with a gel containing dia-
mond powder and push–pulled (reciprocating motion) against the material until it
was worn down to a depth of around 200 lm. The total length of the indentation
was consequently around 1 mm. Its depth on the fracture surfaces (after specimen
failure) was determined with a profile projector with a resolution of 0.001 mm. This
method generates indentations practically equivalent to real cracks with minimal
damage to the material (which is not the case with diamond saw notching) and
yields a fracture toughness measure closer to the actual value.

The fracture toughness trials were conducted with a three-point bending (TPB)
device in which the supporting pins were spaced at 20 mm. The sample was posi-
tioned with the indentation on the side opposite the loaded surface and aligned
with the centreline of the loading pin to ensure that when the force was applied,
the specimen would fail along a crack generated at the back of the indentation.



Table 1
Chemical composition of solids, determined with X-ray fluorescence.

Material % (wt)

1LoI SiO2 Al2O3 Fe2O3 MgO CaO TiO2 K2O SO3 Na2O Others

3FA 2.231 51.78 27.80 6.18 1.52 4.59 1.35 2.51 0.71 0.59 0.74
Bauxite 12.801 3.40 53.12 22.77 0.20 3.72 3.90 – – 0.09
2CEM I 42.5 R (control) 3.28 21.13 4.16 3.80 0.13 63.34 – 0.74 3.06 0.25 1.043

1 Loss on ignition from 25 to 1000 �C.
2 Cem I 42.5 R supplied by Molins, Catalunya, Spain.
3 FA = fly ash, [SiO2]Reactive = 34.93%; [Al2O3]Reactive = 16.95% [30,31].

Table 2
Binders.

Name Solid Hydrating
liquid

L/S Curing
conditions

SiO2/Al2O3

ratio2

FAWN 100% FA WN1 0.35 20 h 85 �C,
98% RH

1.86

FBxWN 85% FA + 15%
Bauxite

WN1 0.35 20 h 85 �C,
98% RH

1.41

3OPC CEM I 42.5 R Agua 0.30 20 h 22 �C,
98% RH

5.18

1 WN = 15% sodium silicate + 85% 10-M NaOH (21.03% Na2O, 4.05% SiO2, 74.92%
H2O).

2 Ratio in binder by weight.
3 OPC = Ordinary Portland cement.
In the three-point bending tests, the supporting pins were spaced at 40 mm
(around ten times the sample depth) [32,33]. All the compressive and bending
strength and fracture toughness tests were conducted on an INSTRON 6866 test
frame with a 1 kN load cell. The loading pin travel rate was 50 lm/min throughout.
The frame was positioned inside a kiln (see Fig. 1(b)). For a fuller description of the
test conditions, see references [22,23].

The modulus of elasticity values were obtained from the slopes on the bending
test stress–strain curves (r–e) graphed for four trial temperatures: 25, 200, 400 and
600 �C.

2.2. Post-firing trials

All the specimens were prepared from a single mix of each cement (five moulds
with six 1 � 1 � 6 cm specimens). Four specimens were then tested to failure for
bending strength and the two resulting pieces (eight in all) for compressive
strength. These values were used as a reference. Four specimens (per test temper-
ature and type of material) were then fired in an electric kiln for 1 h at temperatures
of 200, 400, 600, 800 and 1000 �C and then abruptly cooled to ambient temperature.
After thermal treatment they were tested to determine relative residual bending
(rFR) and relative compressive (rCR) strength. Relative residual bending strength,
rFR, is defined as rR/rFO where rFO is the flexural strength at room temperature
and the relative residual compressive strength rCR = rC/rCO where rCO is the com-
pressive strength at ambient temperature. See reference [22] for further details.

The starting materials and samples tested were analysed on a Philips PW 1730
(CuKa radiation) diffractometer. Samples were examined in the 5� to 60� 2h range
at a scanning rate of 2�/min.
Fig. 1. (a) Notching appara
The variation in material porosity and pore size distribution with temperature
(25, 400, 600 800 and 1000 �C) was determined on a Micromeritics 9320 mercury
intrusion porosimeter designed for a pore size range of 200–0.075 lm.
3. Results and discussion

3.1. Behaviour of materials tested in vivo

These trials were designed to gain a fuller understanding of the
mechanical performance of materials tested at high temperatures
while simultaneously bearing a small pre-load.

The in vivo compression test findings for (4 � 4 � 8 mm) paste
specimens are shown in Fig. 2. Here the alkaline cements could
be tested up to 1000 �C. By way of example, Fig. 2(a) depicts the
physical appearance of a FAWN cement specimen before and after
testing at 1000 �C. Note that it was flattened without failing, gen-
erating a ‘‘barrel’’ effect. The strength values recorded are plotted
against temperature in Fig. 2(b). In the control cement, these val-
ues began to decline at 400 �C while in the alkaline cements they
rose up to 600 �C in FAWN and to 800 �C in FBxWN. At tempera-
tures of over 1000 �C, the alkaline cements were softened too much
to determine compressive strength.

The compression test stress–strain curves for the trial tempera-
tures are shown in Fig. 3. Fig. 4, in turn, contains an example of a
stress–strain curve for a theoretical material exhibiting plastic
behaviour. According to this curve, in non-brittle failure material,
the elastic zone is delimited by the yield stress, i.e., the critical
stress beyond which the material does not fully regain its original
shape after the load is removed. In other words, the material is per-
manently deformed. Beyond that stress, it undergoes plastic defor-
mation, exhibiting ductile behaviour.

A comparison of the Fig. 3 findings to the theoretical curve in
Fig. 4 shows that at ambient temperature, 400 and 600 �C, both
alkaline cements (FAWN and FBxWN) exhibited the linear elastic
behaviour characteristic of brittle materials. At higher tempera-
tures, from 800 to 1000 �C, their behaviour of alkali cements was
plastic, with permanent deformation. Portland cement, in contrast,
tus; (b) loading frame.



Fig. 2. In vivo compression tests: (a) FAWN cement before and after compression testing at 1000 �C; (b) compressive strength versus temperature.

Fig. 3. In vivo compression test stress–strain curves at different temperatures for (a) FAWN, (b) FBxWN and (c) OPC.

Fig. 4. Theoretical stress–strain curve for a material, based on compressive or
bending strength testing.
exhibited brittle failure in the compression tests conducted at all
the experimental temperatures. As expected, Portland cement per-
formed well at ambient temperature. At 400 �C, its mechanical
strength continued to be competitive, with nearly negligible defor-
mation. At higher temperatures its ultimate limit stress declined
due to transformations taking place in its constituent phases [2,3].

Photographs of the 10 � 4 � 60 mm specimens before and after
the in vivo three-point bending tests conducted at different temper-
atures are reproduced in Fig. 5. The colour change observed in
FAWN and FBxWN was associated with the oxidation of the iron
present in the starting materials, which muted from greyish green
to brownish red in the materials tested at 600 �C [34]. That
explains why the colour change was more intense in FBxWN
(Fig. 5 (c) sample at 600 �C), which with 15% bauxite, had a higher
iron content (see Table 1).

With rising temperature, the dehydration of the commercial
OPC control became increasingly visible, its surface varying from
a moist dark grey at ambient temperature to a dry light grey at
400 �C.

The two alkaline cements, FAWN and FBxWN, behaved simi-
larly at 25, 200 and 400 �C, with brittle failure (see
Fig. 5(a) and (b)). At 600 �C they underwent permanent deforma-
tion, as confirmed below in the stress–strain curves, with a beha-
vioural variation from linear elastic to plastic. After such
significant deformation, their bending strength declined to nearly
negligible due to microcracking across the entire surface, although
they did not split into two halves. For that reason, in vivo bending
tests could not be conducted on these materials at temperatures of
over 600 �C.

The OPC specimens could not be tested even at 600 �C, for as
Fig. 5(c) shows, at that temperature the material crumbled before
it could be tested.

Fig. 6 shows the in vivo bending test findings. The alkaline
cements performed better than the Portland cement control, as a
rule. At ambient and all the test temperatures, the alkaline cement
had higher (>10 MPa) bending strength than the Portland cement
(�6 MPa). Above 400 �C the alkaline cements show a bending
strength around 10 MPa and a 600 �C around 7–8 MPa. At 600 �C,
mechanical strength was negligible in the control Portland cement,
for, as noted earlier, the specimens collapsed before the value
could be determined (see Fig. 5).

The bending test stress–strain curves are shown in Fig. 7. At 25,
200 and 400 �C, the alkaline cements (FAWN and FBxWN) exhib-
ited linear elastic behaviour and brittle failure (as in the compres-
sion trials and as confirmed by the abrupt decline in the stress–



Fig. 5. Specimens before and after in vivo bending strength tests at different temperatures: (a) FAWN, (b) FBxWN and (c) OPC.

Fig. 6. In vivo three-point bending tests at different temperatures [the values for
FAWN and FBxWN cements at 600 �C are not significant because although it
underwent deformation, the material did not fail: see Fig. 5(a) and b)].
strain curve) and yield strength declined with rising temperatures.
At 600 �C, despite the drastic decline in these materials’ mechani-
cal strength (to approximately one-sixth of the ambient tempera-
ture value), their stress–strain curves were indicative of
plasticity. The Portland cement paste generated a bell curve typical
of this material [35–38]. A first nearly linear stage in which cracks
appeared but did not spread was followed by non-linear behaviour
to the peak where abrupt failure occurred due to the growth and
propagation of cracks and microcracks, and ultimately by a some-
what more gently sloped decline.

Fracture toughness is a measure of material resistance to brittle
failure in the presence of a crack. This test was conducted on
5 � 4 � 30 mm prismatic specimens, notched as described above
(see Fig. 8(a)). The findings are given in Fig. 8(b) and the respective
stress–strain curves in Fig. 9, which show the fracture toughness
values for mode I plane strain KIC. The subscript I in KIC means that
this critical stress intensity factor, K, refers to mode I fracture at the
crack tip [35–39]. Brittle materials, in which plastic strain at the tip
of the crack is nil or negligible, have small KIC values and are liable
to catastrophic failure. KIC values are fairly large for ductile mate-
rials, where processes zone are developed around the crack tip.
In general, fracture mechanics is particularly useful for predicting
catastrophic failure in materials with intermediate ductility values.

Fig. 8 shows that the KIC values were low for all the cements
tested, as expected in very brittle materials, although the values
were slightly higher for the alkaline cements. Moreover, these val-
ues tended to decline with rising temperatures, again more
abruptly in the Portland cement. At temperatures of 600 �C and
higher, the alkaline cements (FAWN and FBxWN) exhibited a series
of microcracks that prevented the material from bearing the
pre-load. Once the test temperature stabilised and the load was
raised, the material failed at a nearly nil load increase. The OPC
could not be tested at 600 �C either, for at that temperature the
material retained practically no strength.

The in vivo fracture toughness stress–strain curves (see Figs. 8
and 9) showed that the alkaline cements were tougher than
Portland cement with rising temperature, inasmuch as the specific
fracture energy (area under the F–d curve) was larger in the later.

The relative modulus of elasticity at high temperatures was found
from the slope in the elastic zone on the stress–strain curves
obtained in the bending tests at different temperatures. Relative
variations with temperature for each material are shown in
Fig. 10, in which the modulus of elasticity for ambient temperature
was assigned a value of 1. As noted, the OPC underwent the



Fig. 7. In vivo bending test stress–strain curves for four test temperatures: (a) FAWN, (b) FBxWN and (c) OPC.

Fig. 8. (a) Pre-test specimen; (b) fracture toughness versus temperature.

Fig. 10. Relative modulus of elasticity at high temperatures.
greatest deterioration with temperature, with a modulus of elastic-
ity that declined steadily to practically nil at 600 �C. The two alka-
line cements behaved similarly to one another but differently from
OPC, with a very slow decline up to 400 �C and more abruptly at
600 �C.
3.2. Post-firing trials

As explained in the experimental section, mechanical behaviour
was studied not only in the in vivo trials, but also in cold pastes
subsequent to exposure to high temperatures (thermal shock).
Fig. 9. Toughness stress–strain tests at different t
The temperature-induced variations in material mineralogy
(XRD) and microstructure (porosity) were also determined.

Fig. 11 shows the residual bending (a) and compressive (b)
strength values after the materials were exposed to different tem-
peratures for 1 h and then cooled to ambient temperature during
20 h. Between 25 and 600 �C, bending strength declined slightly
in the alkaline cements, rising slightly (especially compressive
strength) at higher temperatures. In contrast, the residual strength
values for Portland cement declined abruptly to practically nil at
temperatures of 800 �C or over. In both case bending and compres-
sive strength sample FBxWN shows a better behaviour. The
post-fired and cooled alkaline cements performed better in terms
emperatures: (a) FAWN, (b) FBxWN, (c) OPC.



Fig. 11. Residual strength after 1-h exposure to different temperatures: (a) bending
strength (rFR = rR/rFO); (b) compressive strength (rCR = rC/rCO).
of compressive than bending strength due to the strain placed on
the material. In both cases, bending and compressive strength,
sample FBxWN shows a better behaviour, this could be in part
associated with the lower Si/Al compositions according to the pre-
vious works results [21] however other parameters are important
as shown below.

Fig. 12 plots porosity and pore size distribution in the cooled alka-
line cements versus firing temperature. Total porosity values
appeared not to have been significantly affected by thermal treat-
ment. Porosity grew very little between the initial temperature and
600 �C and turned slightly downward between 600 and 1000 �C.
Nonetheless, exposure to high temperatures did seem to have a sig-
nificant effect on pore size distribution (see Fig. 12(b) and (c)). The
most prominent changes were observed at 600, 800 and 1000 �C,
when pore size increased significantly. That process may have been
due to the fact that high temperatures transformed the liquid water
present in the material to water vapour, which tended to escape, gen-
erating pressure on the pore walls and intensifying inter-pore con-
nections to the detriment of smaller pores. The pore structure was
able to absorb such stress, however, without inducing the spalling
normally observed in OPC under similar conditions [2,3].

In another vein, the increase in pore size seemed to prompt a
slight decline in effective porosity at 1000 �C. This redistribution
of and slight decline in porosity at higher temperatures are consis-
tent with the findings of other authors, who reported a rise in
material density [27–28] as a result of exposure to high
temperatures.

Fig. 13 reproduces the XRD patterns for the starting alkaline
cements at ambient temperature and the material treated for 1 h
at 800 �C, the temperature at which the most prominent miner-
alogical changes were observed, with the disappearance of some
phases and crystallisation of others. The presence of a halo at ambi-
ent temperature for 2h angles of 25–35� was associated with the
formation (as the majority product) of a N–A–S–H-type gel [6–
10], the substance that affords the material its mechanical
strength. The crystalline phases detected included quartz, mullite
and hæmatite, present primarily in fly ash, and diaspore, a compo-
nent of bauxite. These crystalline phases may be regarded as prac-
tically inert to alkaline activation [22,23,30]. Hydroxysodalite
(Na4Al3Si3O12OH), a zeolite, appeared as a new crystalline phase
and remained thermally stable up to 600 �C [21–22]. It disappeared
at 800 �C, giving way to nepheline (NaAlSiO4) (see Fig. 12). The ini-
tial halo associated with the formation of N–A–S–H gel was also
observed to decline slightly in intensity and some of the crystalline
phases present in the starting material that underwent no change
during activation, such as the diaspore in FBxWN, tended to
disappear.

The present findings showed that alkaline cements had higher
mechanical strength and better fracture performance than the
OPC control at high temperatures in both in vivo and post-firing
trials.

For temperatures of under 600 �C, the two types of cements
exhibited similar brittle failure behaviour, a condition in which
plastic strain is generally absent and scant energy is absorbed dur-
ing failure. The cracks formed when a load is applied are unstable
and may spread rapidly; in other words, once formed, they con-
tinue to grow spontaneously with no load increase. The outcome
is that at fairly low temperatures relative to the melting point,
the material splits into two or more pieces in response to the static
(i.e., constant or slowly increasing) stress applied.

At temperatures of 600 �C or over, however, the alkaline
cements behaved differently from the control. Between 600 and
800 �C, in the presence of a small load, the formation of a
pseudo-viscous phase softened the former, which were deformed
but did not (always) break (see Figs. 2 and 5). These materials
exhibited pseudo-plastic behaviour, which would explain why
their compressive strength rose after cooling (see Fig. 11) (an out-
come not observed in OPC at any temperature), whereas their
bending strength did not due to the dimensional changes taking
place in the specimens. The control Portland cement lost consis-
tency, crumbled or spalled (see Fig. 5).

Alkaline cements soften because certain components (usually
the alkalis) melt sooner than others, forming with the
non-molten constituents a plastic mass deformed by its own
weight or an external load. At these temperatures they resemble
but are not identical to ductile materials, which are known to nor-
mally undergo substantial plastic deformation with high energy
absorption prior to failure. Ductile failure is characterised by a
good deal of plastic strain in the area around the spreading crack.
Moreover, the process takes place slowly as the crack spreads.
Such cracks, whose propagation is constrained unless a heavier
load is applied, are generally regarded as stable. Evidence of per-
ceptible plastic strain (such as twisting and spalling) on the failure
surface is also present.

The failure behaviour observed in alkaline cements at high tem-
peratures may entail certain advantages over the brittle failure in
OPC at the same temperature. Firstly, due to speedy and sponta-
neous crack propagation, brittle failure in OPC occurs suddenly
and catastrophically, with no pre-warning. In alkaline cements
the presence of plastic strain is a symptom of imminent failure,
leaving room for preventive measures. Secondly, more strain is
needed to induce ductile failure because ductile materials are by
definition tougher.

Lastly, of the two types of alkaline cements tested here, cement
FBxWN was observed to perform slightly better than FAWN in all



Fig. 12. (a) Variation in porosity and pore size distribution with temperature in alkaline cements: (b) FAWN and (c) FBxWN.

Fig. 13. XRD patterns for alkaline cements: (a) at ambient temperature; (b) after
1 h at 800 �C followed by abrupt cooling to ambient temperature legend: Q = quartz
(46-1045); M = mullite (01-0613); H = hæmatite (87-1165); D = diaspore (81-
0465); S = sodalite (11-0401); N = nepheline (83-2372).
the trials conducted. The reasons for such behaviour are not fully
clear. The two cements had the same initial and final phases with
the exception of the diaspore present in bauxite, one of the con-
stituents of FBxWN, which disappeared at 800 �C. Their pre- and
post-firing porosity and pore size distribution were also very sim-
ilar (see Fig. 12). Another nearly matching feature was their alkali
contents (activated with the same amount and type of alkaline
solution, see Table 2), although certain variations were observed
in their SiO2/Al2O3 ratios (1.86 and 1.41 for FAWN and FBxWN,
respectively) due to the higher proportion of Al2O3 in
bauxite-containing FBxWN.

Nonetheless, prior studies showed that bauxite per se does not
react during alkali activation and that in blends with fly ash the ini-
tial mechanical strength values decline with rising proportions of
bauxite [40]. In those studies bauxite contents of 10 to 15% were
seen to induce slight rises in alkali-activated fly ash cement
strength, however, such as observed in FBxWN with respect to
FAWN. In FBxWN, bauxite acted essentially as a
matrix-strengthening filler, which would partly explain the mate-
rial’s slightly higher compressive and bending strength. Inasmuch
as bauxite is used in heat-resistant materials [29,41], a certain per-
centage was included in one of the cements studied here. As noted,
its presence did slightly improve alkaline cement performance at
high temperatures.

4. Conclusions

The present findings revealed that the behaviour at high tem-
peratures of cements based on the alkaline activation of alumi-
nosilicates (high-silica, high-aluminium, low-calcium materials)
is clearly distinct from the behaviour observed in Portland cement.
While the latter exhibits a drastic decline in bending and compres-
sive strength with rising temperature due to brittle failure, alkaline
cements retain and even improve their compressive strength up to
temperatures of around 600 �C.

The most prominent findings of this study are as follows.

� In the 25–600 �C temperature range, irrespective of the type of
trial (in vivo or post-firing), bending and compressive strength,
fracture toughness and modulus of elasticity maintaining or
increasing with temperature in alkaline cements. Brittle failure
is observed in all cases.
� The pseudo-plastic strain taking place in alkaline cements dur-

ing in vivo trials at temperatures of over 600 �C prompts a
decline in mechanical strength, although the material does
not necessarily fail.
� The formation of a pseudo-viscous phase at around 600 �C may

largely explain why some of the cracks in the material are par-
tially or wholly filled, rendering crack spread and propagation
more complex. The result is macroscopic deformation that
may sound a warning of possible structural collapse before
the fact.
� An original and unprecedented procedure is introduced for

determining plane strain fracture toughness (KIC) at different
temperatures in prismatic (5 � 4 � 30 mm) specimens paste
with a 1-mm indentation for OPC (reference) and two alkaline
cements (FAWN and FBxWN)
� The two alkaline cements tested, FAWN and FBxWN, show sim-

ilar mechanical strength in both the in vivo and post-firing tri-
als. The slightly higher heat-resistant values recorded for
FBxWN may be associated with the presence of (15%) bauxite
in its composition.
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