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Abstract In this work, the effects of the variation of
hemihydrate and the water/cement ratio were evalu-
ated on the compressive strength and reaction mech-
anisms in pastes of calcium sulfoaluminate cement
(CSA cement) prepared from industrial wastes as
fluorgypsum, aluminum dross and fly ash. Based on
stoichiometric calculations and the chemical compo-
sitions of the raw materials, CSA clinker, with low
content of belite was synthesized at 1250 °C for 4 h. In
general, compressive strength of ~40 MPa were
reached after 360 days of curing: strength increased
as water/cement reduced. Ettringite and gypsum were
the main hydration products forming dense
microstructures of intertwined crystals; while gehlen-
ite and spinel formed in the CSA clinker did not
present any hydraulic behavior. The increment in the
hemihydrate provoked lower setting times by an
enhanced rate of ettringite formation; however, in
some cases it was detected a decrease in strength after

M. Gallardo-Heredia (<)) - J. M. Almanza-Robles -

D. A. Cortes-Hernandez - J. C. Escobedo-Bocardo -

U. Avila-Lépez

Centro de Investigacion y de Estudios Avanzados del IPN
Unidad Saltillo, CP 25900 Ramos Arizpe, COAH, Mexico
e-mail: marisol.gallardo@uadec.edu.mx

Present Address:

M. Gallardo-Heredia - R. X. Magallanes-Rivera

Universidad Auténoma de Coahuila — Facultad de Ingenieria,
Blvd. Fundadores Km 13, Ciudad Universitaria,

CP 25354 Arteaga, COAH, Mexico

90 days due to the delayed formation of this phase. It
was observed the formation of two main exothermic
manifestations by isothermal calorimetric tests corre-
sponding to gypsum and ettringite formation; how-
ever, an overlap of both processes was noted as the
temperature was increased.
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1 Introduction

The fabrication of Portland cement involves temper-
atures near 1450 °C and decarbonation processes that
represent about 10 % of CO, liberation worldwide
annually [1]. This establishes the necessity for the
development of eco-friendly cements capable of
reduce such emissions by partial or total replacement
of Portland cement [2, 3]. On the other hand,
technological innovations that allow an efficient
management of industrial wastes through recycling
and reuse, could contribute to the preservation of the
planet’s natural resources and reduction in the energy
requirements for the synthesis of hydraulic cements
[4, 5].

The manufacture of calcium sulfoaluminate
cements (CSA) emerges as a real alternative to the
aforementioned, as can be synthesized at relative low
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temperatures with reduced CO, emissions [6]. They
have an adequate development of mechanical proper-
ties and are composed mainly by CaO, Al,05; and SO3
[7-9], that can be obtained from industrial wastes and
byproducts such as fly ash, aluminum dross and
fluorgypsum [10-16]. According the European List of
Waste (MAM, BOE 19/2/2014, Spain [17]) these
materials are classified as non-hazardous (fly ash) and
potentially hazardous residues (fluorgypsum and alu-
minum slag).

A typical CSA clinker consists predominantly of
calcium sulfoaluminate and belite with lower percent-
ages of ferrite, mayenite, periclase, perovskite,
gehlenite and calcium aluminate [18]. The synthesis
of the reactive phases is strongly dependent on starting
materials and temperature; however, depending on the
minor phases, a complex synergy of reactions could
lead to very different hydration mechanisms and
structuration of products [19, 20]. In the hydration of
CSA cements, the main product is ettringite which is
formed by dissolution of the calcium sulfoaluminate
and precipitation of ettringite, aluminum hydroxide
and sometimes monosulphate [20]; once the CSA
begins to consume, the ettringite formation can
continue in the presence of gypsum [21, 22]:

C4A3S + 2CSH, + Hiy — C3A(CS);Hsp + 2AH;
(1)

Nevertheless, fast setting and expansion may originate
if calcium sulfate is added in excess (20-30 %) [18].
The formation of ettringite at early stages of hydration
contributes to the development of mechanical proper-
ties; however, the development of this phase at later
stages, which is known as delayed ettringite formation
(DEF), can be unfavorable due to expansive processes.
The DEEF is often attributed to an excessive amount of
sulfate [24, 25, 42].

In diverse studies concerning the hydration of CSA,
it was concluded that the rate of ettringite formation is
strongly dependent on the type and quantity of the
calcium sulfate added: increasing the amount of
hemihydrate, an expansion occurs by crystal growth
around the cement grains; while in pastes with
anhydrite, there is no expansion because the crystal
growth occurs in the solution but the mechanical
properties are poor since anhydrite dissolves very
slowly [7, 24, 26, 27]. The latter is of great importance
as dimensional stability and strength development are

major factors in the durability, and on the other hand,
hemihydrate manufacture requires less energy than the
artificial synthesis of anhydrite and leads to a better
performance, hence the importance of studies involv-
ing the hydration mechanisms of CSA cements with
hemihydrate.

In this work, the effects of the composition of the
binder, in terms of the content of commercial [-
hemihydrate, and the water/cement ratio were studied
on the development of mechanical properties of CSA
pastes cured from 1 to 360 days. Studies based on
isothermal conduction calorimetry and XRD were
carried out to establish the effects that directly
influences the development of microstructures, the
formation of hydration products and dimensional
stability in CSA cement pastes synthesized from
industrial wastes.

2 Experimental

Table 1 shows the chemical composition of the raw
materials used: fly ash (FA), aluminum slag (AS) and
fluorgypsum (FG), analyzed by semiquantitative
spectrometric method (XRF) with dispersion wave-
length (BRUKER, Model S4 PIONEER). The fluor-
gypsum did not show fluorine in its chemical
composition that could affect the formation of calcium
aluminate phases [25], consistent with other reports
for this material (Escalante-Garcia et al. 2008). The
AS were ball milled for 2 h in a stainless steel
container (5 L) for separation of AL° residues to a
particle size of <106 pm.

Table 1 Chemical compo- Oxide AS FA FG
sition in main oxides of raw
materials by XRF (wt%) Na,O 25 - _

MgO 50 14 -
ALO; 632 248 -
Sio, 117 595 0.1

SO; 08 - 56.3
Cl, 46 - -
AS aluminum slag, FA fly K,O 22 17 =

ash, FG fluorgypsum, CSA
clinker AS 4553 wi%; FA S0 7348 432
0.64 wt%; FG 12.82 wt%; TiO, 09 17 -
CaCO; 41 wt%, Blaine MnO 0.5 - -
3800 cm?/g, Density 2.9 g/ Fe,0; 12 61 -
cm
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The AS was blended with the FG and FA in
adequate proportions and homogenized in plastic
containers for up to 4 h before the synthesis of the
CSA clinker. Taking into account the data in Table 1
and based on stoichiometric mass balances (regardless
impurities or inert phases in raw materials), the
starting proportioning was adjusted with CaCOj
(industrial grade, 97 % purity) for the clinkerization.
The adjustment was carried out so that the percentage
of CSA was 80 and 20 wt% of Ca,SiO, (C,S), as
typical CSA clinkers [28]. Samples of 2 cm of
diameter were prepared by uniaxial pressing at
44 MPa and were calcined in Al,O5; containers at
1250 °C for 4 h in a Thermolyne 46,200 furnace with
a heating rate of 10 °C/min. The clinker was cooled
inside the oven until it can be manipulated. Clinker
formation of CSA was confirmed by XRD as will be
seen in Sect. 3.

2.1 Specimens preparation

The clinker was ball milled in an Al,O5 container to a
Blaine fineness of 380 m?/kg. It was subsequently
mixed with 15, 20 or 25 wt% of commercial [-
CaS0,4-%2H,0 (Yesera Monterrey) in a mechanical
homogenizer with Al,O3 balls during 2 h. Pastes were
prepared according the procedure described in the
Mexican standard (NMX-C-085 [29]) with two dif-
ferent water/cement (w/c) ratios (0.4 or 0.5). The
pastes were casted into cubic molds of 25 mm and
vibrated for 60 s. The molds were covered with plastic
sheets and placed in isothermal conditions (20 °C) for
24 h; subsequently, the cubes were demolded and
placed in containers with water for up to 360 days. The
volume ratio solid:water in the containers was 1:4. The
identification for each system will be of three digits
(e.g. 415); the first will refer to the w/c ratio and the
last two to the hemihydrate percentage.

2.2 Characterization

The apparent porosity (% AP) of selected systems was
evaluated according international standard (ASTM-C-
20 [30]), which indicates measurements of the samples
in saturated, suspended and dry weight. Additionally,
pH measurements were performed to establish poten-
tial leaching using an ORION pH-meter model 250A.
Based on the Forrester design [31], isothermal
conduction calorimetry was used to register the rate

of heat evolution: 15 g of CSA cement with 15, 20 or
25 wt% of hemihydrate at 20, 30 and 40 °C were set as
study, while the w/c ratio was fixed at 0.4 or 0.5. The
setting times were determined by Vicat needle
(ASTM-C-191 [32]) and compressive strength (CS)
tests were performed after 1, 3, 7, 14, 28, 90, 180, 270
and 360 days under the procedure established in the
Mexican standard (NMX-C-061 [33]).

After the CS assays, fragments of the collapsed
cubes were immersed in methanol in order to stop the
reactions. To identify the phases present at different
ages of curing, the samples were grounded to
<150 pm using a planetary mill (Retsch PM 400/2)
and were further analyzed by XRD (X’Pert Phillips
XPD): scanning range 7-80°20, step of 0.03°260 and
incidence time of 3 s/step. For the study of the
microstructures, fracture surfaces of the samples were
carbon-coated and observed under SEM (Phillips
XL30 ESEM) using the secondary electron technique
and performing EDS X-ray microanalysis on selected
areas.

3 Results and discussion

Figure 1 shows the XRD pattern of the synthesized
clinker at 1250 °C. Reflections corresponding to the
formation of calcium sulfoluminate (CayAlgO;2(SOy)-
ICSD# 28480) are observed throughout the figure;
similarly, gehlenite (Ca,Al,SiO;-ICSD#39921), cal-
cium aluminate (CaAl,O4-ICSD#260), mayenite
(CajpAl14053- ICSD#6287), pleochroite (CaspAlsg.
Mg;Si304g-ICSD#25353) and spinel (MgAl,Oy-
ICSD#79000) are also observed. Peaks of belite
(CaySi04-ICSD#963) are observed in Fig. 1; how-
ever, according a semi-quantitative phase analysis
performed (XPowder), this phase was obtained in a
lower percentage than was intended (Sect. 2) due to
the thermodynamic stability of the gehlenite and
spinel [24]. The semi-quantitative analysis takes in
consideration the intensity of the peaks and it showed
60 wt% calcium sulfoluminate, 6 wt% belite, 28 wt%
gehlenite and 6 wt% of remaining phases. Despite the
MgO present in the AS, no periclase was observed in
the clinker and could be expected as in the form of
spinel from the starting material. The presence of high
contents of gehlenite may be due to sulfur losses on the
synthesis, as CaSO, decomposition could be present at
the temperature of clinkerization [18]. However, the
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Fig. 1 XRD pattern of the
synthesized clinker at
1250 °C for 4 h

Intensity (a.u.)

<+ = Calcium sulphoaluminate v = Mayenite
@ = Calcium aluminate - Belite
Q =Pleochroite B-Spinel

¢ = Gehlenite

calcium sulfoaluminate and the secondary phases
observed are comparable to other works on CSA
synthesized at similar temperatures [10-16, 18].

3.1 Time of setting

Table 2 shows the setting times for different systems;
it can be observed that higher w/c ratios provoked
higher setting times. In the other hand, systems 420
and 520 (20 wt% of CaSO,-2H,0) exhibited lower
setting times than pastes with 15 wt% hemihydrate.
This behavior could be attributed to a higher concen-
tration of Ca®* and SO,*” ions provoking gypsum
formation at a higher rate than pastes with lower
content of hemihydrate. The system 525 presented
initial and final setting of 23 and 40 min respectively,
lower than systems 515 and 520, indicating that the
reactions for crystals formation are faster in the first
case due to a higher amount of CaSOy-2H,0.

From the results of Table 2, it can be noted that the
setting times of CSA cements are very short when

compared with Portland cement, which has a permis-
sible range of 45 and 375 min for initial and final
setting times, respectively (ASTM-C-150 [34]), typ-
ically delayed by an initial formation of a C-S-H layer
preventing dissolution [35]. In contrast, in the mech-
anisms of CSA cement reactions, hydration is carried
out at a higher rate by the presence of CaSO,-2H,0
acting as an activator for ettringite precipitation.

3.2 Compressive strength

The CS results of the studied systems are shown in
Table 3 as an average of 4 samples; the standard
deviation (SD) is also observed. In the system 415, an
accelerated development of mechanical properties is
observed in the first 72 h, reaching 49.4 MPa at
28 days; however, a continuous decrease was regis-
tered after that age. Strength loses in CSA cements are
often attributed to the delayed formation of ettringite
causing expansion and promoting microcracking in
the matrix [24]. In this case, the drops after 90 days

CaS0,-YsH,0 (wt%)

Initial (min) Final (min)

Table 2 Times of setting System wle

of studied pastes cured at

20°C 415 0.4
515 0.5
420 04
520 0.5
525 0.5

15
15
20
20
25

36 58
43 65
28 46
39 60
23 40

PIEM
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Table 3 Compressive strength (MPa) of studied systems
cured at 20 °C (SD + 0.30-3.02)

System Curing time (days)

1 3 7 14 28 90 180 360

415 179 432 450 473 493 433 40.8 343
515 149 19.0 22.1 247 232 19.8 190 20.6
420 180 246 42.6 433 43.6 377 467 368
520 16.6 213 26.7 265 263 269 258 209
425 236 302 328 286 326 343 36.1 39.0
525 179 19.6 183 21.7 248 21.1 238 273

could be attributed to the growth of ettringite origi-
nating internal stresses resulting in microstructural
rearrangements. In the other hand, in the system 515 a
maximum CS of 24.8 MPa was observed at 14 days;
notably lower than the correspondent paste with w/
¢ = 0.4 (415), and similarly, the CS is reduced from
28 days onwards. The strength loss in this case could
be related to the porosity generated by a higher volume
of mixing water not being filled by hydration products
[36], as will be corroborated in the next section.
According Table 3, the system 420 exhibited an
increase in CS from 1 to 28 days; after 90 days a
decrease was observed, and a subsequent increment at
180 days was again detected. However, after that age a
drop is again registered concluding with 36.0 MPa at
360 days. Similarly to system 415, the decrease in
strength could be attributable to the delayed formation
of ettringite, while the subsequent increase to the
formation and growth of this phase within the
microcracks promoting strength development [24].
Higher contents of gypsum increase the Ca®' and
SO4>~ liberation promoting the formation and/or
growth of late ettringite in small proportions. For the
system 520, and similar to 515, an ascendant devel-
opment was observed during the first 7 days onwards.
Meanwhile, the paste 425 presented 32.8 MPa at
7 days; at 14 days a slight decrease was observed and
then a gradual increment to 39.0 MPa at 360 days was
registered. This behavior was similar to that observed
in a Portland cement paste prepared and cured under
the same conditions for comparison purposes [37].
The strength drop could be attributed to a higher
amount of gypsum (25 %) accelerating the rate of
ettringite formation, as will be discussed in Sect. 3.5.
The system 525 presented a maximum CS of
27.3 MPa at 360 days; nevertheless, it surpassed the

minimum permissible in specifications for hydraulic
cements (ASTM-C-150 [32]; NMX-C-414 [38]).

3.3 Porosity

Figure 2 shows the results of the apparent porosity
(AP) for selected systems. It is noted that the paste 525
registered a higher AP than the system 425; in
agreement with the lower CS for this system (Table 3).
In the paste 425, a decrease in the AP from 1 to 7 days
was observed, while at 14 days the AP increased
causing the drop in the CS discussed in the previous
section. From 28 days onwards it was observed a
continuous general reduction in the AP. These results,
in addition with the CS observations, indicate that at
initial stages of curing the porosity decrease as the
structuration of hydration products fill the volume
initially occupied by water. After 14 days, the forma-
tion and growth of hydrated phases generate an
expansion of the material which leads to an increase
in microcracks generated by dimensional changes,
which subsequently are filled by the continuous
densification processes from the ettringite growth.

3.4 pH of the curing medium

The pH measurements of the curing medium of the
pastes are presented in Fig. 3. The initial pH of the
curing water was 8.1; probably by the presence of
mineral salts and impurities [37]. It was noted that

30 -
425 = 525 =

25

20

Porosity (%)

15 /

10 4

5 vy
TT T T 7/7T T

137 14 28 90 180 270 360
Curing time (days)

Fig. 2 Apparent porosity of systems 425 and 525 cured at
20 °C for 360 days

PIEM
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Fig. 3 pH of the curing water of studied systems cured at 20 °C

systems with w/c = 0.4 presented higher pH than w/
¢ = 0.5 (see dotted line) due to a higher concentration
of solids in the paste that in contact with the aqueous
medium promoted ion exchanges (release of Ca*™ and
AI*") causing degradation of the ettringite and
subsequent formation of external Ca(OH), and
Al(OH); responsible for the increment in the pH
[39, 40]. No evidence of gypsum decomposition was
observed, as SO427 in the curing medium was not
detected by ICP analyses (not shown). In the pastes
with higher content of gypsum (420 and 425) the
initial increase in pH is lower than the system with less
gypsum (415), probably by a higher structuration and
impermeability caused by an increased formation of
ettringite, which in turn decrease the ion exchange.
Additionally, Ca(OH), and Al(OH); at the surface of
the cubes could act as a barrier to ion migration, and
the balance is reached at longer times as is shown in
Fig. 3.

3.5 X-ray diffraction

It can be seen in Fig. 4 from the XRD results of paste
415, well-defined reflections after 24 h of the main
hydration product ettringite (CagAl>,(SO4)3(OH);5.
26H,0-ICSD#16045); peaks of anhydrous CSA and
gypsum (CaSO,-2H,O-ICSD#2057) are also observed
after 1 day, indicating that the CSA reactions are not
completed, but hemihydrate and belite had been
completely hydrated promoting the initial strength
development. Ettringite reflections increased mark-
edly after 28 days, where maximum strength was also

o = Ettringite 4= Calcium Sulphoaluminate
4= Ghelenite M= Spinel
%= Gypsum

425 360 days

m ¢ m $39.0 MPa

o o

o o l
J NJD?J' ouo o &%UMJO 1YY 0.
7 9 o 0‘0 T om o g R 360 days
o L8l s ol eSSt o et X g 343 MPa

270 days

0 " ¢ 40.7MPa
\ Mot e

o
Jmm J S u’tmu Jo a0t enete

Intensity (a.u.)

28 days
I
M,Ammu‘ww S fomote %4 s

1 day

¢
o o o |+ .
¢ et oot s Bt ot e oo mes ¢ 210 MPa

10 20 30 40 50 60 70 80
2(9

Fig. 4 XRD patterns of paste 415 (except where indicated)
cured at 20 °C

observed, suggesting that the majority of this phase is
formed. A semi-quantification of the ettringite (XPow-
der) was performed for the first 28 days in this system:
1 day-23.0 %, 7 days-42.0 %, 14 days-45.7 %,
28 days-47.2 %, suggesting that the CSA cement
hydration is more significant during the first 7 days
and gradually arises until 28 days, in coincidence with
the observed strength development (Table 3). After
270 days, the intensity of the peaks of ettringite show a
slight decrease, as was similarly observed for the
reflections of the inert phases spinel and gehlenite,
thus, the decrease in strength observed for this system
at 270 days, was possibly derived from microstruc-
tural rearrangements, as XRD results do not suggest
any significant changes in the formation of phases.
Figure 4 shows the XRD pattern for the system 425 at
360 days of curing, where it is observed well defined
peaks of ettringite and the absence of reflections of
anhydrous CSA clinker or gypsum. This indicates that
gypsum is actively involved in the early reactions,
leading to the formation of ettringite, but without
strength losses at later stages of curing (see Table 3).

3.6 Microstructures

Figures 5 and 6 show representative SEM results of
the studied systems. In the micrograph of the paste 415
in Fig. 5, can be see that after 28 days it is present a
compact morphology of elongated and intertwined
crystals of ettringite conferring densification. It is also
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Fig. 6 SEM images of paste 420 cured at 20 °C

noted the presence of AI(OH); as a result of the CSA
cement reaction [27], corroborated by the absence of
Ca and Al in EDS analyses performed in this zones
[37]. Microcracks were observed in some specimens
for the internal pressure of the ettringite formation;
nevertheless, the CS reached the highest values at this
age. In the image of the paste 425 in Fig. 5, is observed
a more compacted and denser microstructure than the
latter, possibly caused by the rapid hydration provoked
from a higher amount of calcium sulfate. It is also
noted large ettringite crystals on the surface of the
matrix of hydration products; however, intertwined
crystals of small size are also present densifying the
microstructure.

Figure 6 shows micrographs of the paste 420,
where it can be observed that after 90 days a
microstructure with multiple microcracks resulted in
the decrease in the CS (Sect. 3.2); however, after
180 days the cracks were diminished probably by the
growth of new ettringite acting as a filler. However,
cracking and consequent drop in strength was again
observed at further ages probably to dimensional
changes generated by the ettringite growth. The
systems with lower w/c ratio resulted in smaller

interlaced crystals and higher compaction than the
pastes with w/c = 0.5, supporting the CS results.

3.7 Heat of hydration

Figure 7 shows the results of isothermal calorimetry
for systems 415 and 515 hydrated at different
temperatures. In the pastes at 20 °C it was observed
that after the wetting of the powders an exothermic
manifestation (peak 1) was presented almost immedi-
ately and lasting a few minutes indicating the start of
the dissolution. After a very short induction period, the
apparition of a peak 2 was observed, reaching a
maximum rate of heat liberation (RHL) at 60 min of
5.3 and 7.5 W/kg for w/c = 0.4 and 0.5 respectively,
which is attributable to the hydration of the hemihy-
drate provoking the setting of the pastes [41]; in
parallel, the formation of calcium monosulphate from
the CSA could also be carried out [42], nevertheless
this phase was not detected by XRD nor ettringite
during the first hours of hydration [37]. It is interesting
to note that the maximum of peak 2 is within the range
of the setting times (Table 2) when manipulation of

the paste is possible.
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Fig. 7 Isothermal conduction calorimetry for the systems 415 and 515

A second period of induction can be seen in Fig. 7
at 20 °C with an onset at 4 h, diminishing the RHL
almost to zero indicating a complete hemihy-
drate —gypsum conversion. From 4 to 22 h the RHL
increases again with the formation of a peak 3, which
is dependable on the initial CSA cement hydration
forming ettringite. This peak reaches a maximum at
11 h and 2.6 W/kg for w/c = 0.4, and at 11.4 h and
2.8 W/kg for w/c = 0.5. It is interesting to note in
Fig. 7 that peak 3 extends longer and is less intense
than peak 2, suggesting a slow CSA cement—ettrin-
gite conversion. After 20 h a slowdown was observed
in the RHL with a marked tendency to zero, indicating
that the reactions are decelerating and will be
completed until all reactants are consumed or the
conditions are no longer favorable.

The experiments at 30 and 40 °C in Fig. 7 indicate,
by the disposition of the curves, that the increment in
temperature changes significantly the reaction mech-
anisms: at 30 °C the formation of peak 1 is barely
visible regardless the w/c, however the appearance of
the dormant period is clear and very narrow; for w/
¢ = 0.5 the RHL drops almost zero and for w/c = 0.4
remains at 6 W/kg before the onset of peak 2, which
assumes a very rapid initial dissolution of the CSA
clinker and the start of the processes of gypsum
formation. Peak 2 is observable at 1.3 h at 30 °C for
both w/c with a practically nonexistent dormant

period, followed almost immediately by peak 3, which
in both cases reach a maximum of ~4 h (9.8 W/kg for
415 and 9.7 W/kg for 515) followed by a decrease in
the RHL that extends until after 10 h. It is interesting
to note the formation of a peak 4 at 17 and 21 h for w/
¢ = 0.5 and 0.4 respectively, probably caused by the
growth of ettringite crystals. In the experiments at
40 °C, an overlapping of peak 2 and 3 starting at 1 h
was observed, indicating that gypsum and ettringite
formation were developed into a single step, reaching
a maximum of 14.7 and 16.2 W/kg for w/c = 0.4 and
0.5 respectively. In this case the apparition of peak 4 is
at 11 and 17 h for w/c = 0.5 and 0.4 respectively,
similar to that observed at 30 °C, indicating that
crystal growth is hindered at lower w/c.

Figure 8 shows calorimetry curves for pastes with
different hemihydrate content. In the three systems it
is clear the formation of the first three peaks:
increasing the CaSO,-2H,0 content, the maximum
RHL for peak 2 increased, while its dormant period
appeared earlier and increased in intensity, reaching 0,
0.4 and 0.5 W/kg for 15, 20 and 25 % hemihydrate,
respectively, displacing the maximum of peak 3 at
earlier times (see vertical lines). This suggests that the
higher amount of sulfates in the systems lead to an
intense hemihydrate —gypsum conversion that acted
as a catalyst for the CSA reactions due to intense heat
liberation at short times. It is interesting to note that the
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Fig. 8 Isothermal conduction calorimetry for the systems 415,
420 and 425 at 20 °C

total accumulated heat in the analyzed systems was of
250-320 kJ/kg, which is in the permissible range for
Portland cements (ASTM- C-150 [32]).

4 Conclusions

e [t is feasible the synthesis of calcium sulfoalumi-
nate clinker at 1250 °C using aluminum slag, fly
ash and fluorgypsum. Nevertheless, low content of
belite and an increased amount of gehlenite was
observed.

e The main hydration product was ettringite which
showed a needle-like morphology and irregular
shaped plates. Presence of AI(OH); was also
detected; no monosulphate was formed in the
hydration products.

e In general, the compressive strength of the pastes
at 360 days was of ~40 MPa.

e The setting times were higher with higher w/c, and
were reduced increasing the amount of hemihy-
drate by an accelerated formation of ettringite.

e Delayed ettringite formation was responsible for
strength drops at 90 days; while at later ages,
decreases were caused by the continuous growth of
this phase.

e Pastes with higher w/c presented lower pH in the
curing media due to the differences in the concen-
tration of solids in the paste. Higher content of
gypsum led to lower pH attributed to good imper-
meability and an increased amount of ettringite.

e Isothermal conduction calorimetry showed that the
reactions are strongly affected by the temperature,
w/c and hemihydrate content. Increasing the
temperature caused an overlap of gypsum and
ettringite formations (peaks 2 and 3).
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