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ABSTRACT

The effects of different surface area of ground quartz in 24 hour precured and
autoclaved cement-quartz pastes, at C/S of 0.5, were investigated. Portlandite
production and calcium silicate hydrate formation increased during precuring
in the presence of ground quartz, while the compressive strength increased
with increasing quartz surface area. Autoclaving for 8 hours at 177°C under
saturated steam yielded calcium silicate hydrates, belonging to the tober-
morite group, of decreasing crystallinity with increasing surface area of
quartz. The drying shrinkage increased with increasing surface area of quartz
corresponding with the decrease in crystallinity of the binder, while the com-
pressive strength reached an optimum value at a quartz surface area compara-
ble to that of the cement used.

Introduction

It is well known that many physical properties of cement and/or lime based products are
enhanced by autoclaving (high pressure steam curing) and this has generally been attributed
to the formation of more crystalline, low lime phases when compared to the presence of gel-
like phases in products cured at ambient temperatures [1]. The benefits of autoclaving in-
clude a permanent high early strength equivalent to that of 28 day moist cured strength,
lower moisture content after manufacture, a reduction in drying shrinkage and carbonation
rate and consequently carbonation shrinkage [2-6]. Drying shrinkage is related to the crys-
tallinity of the calcium silicate hydrate binder and is known to decrease with increasing
crystallinity of the latter, while the compressive strength increases up to an optimum value
[7]. Early experience in making autoclaved cement based materials showed that the presence
of siliceous material of a sufficiently reactive nature was essential for satisfactory strength
[8]. Autoclaving cement with finely ground quartz (quartz additions greater or equal to about
30% [9]) prevents the formation of portlandite, Ca(OH),, and results in the formation of
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"stable" calcium silicate hydrate C-S-H(I) [10], which is closely related to the natural min-
eral 11.3 A tobermorite discovered by Heddle in 1880 [11]. In low-density autoclaved prod-
ucts, such as aerated concrete, tobermorite has been widely found to be the major constituent
of the binder [12-15]. In denser materials, such as calcium silicate bricks, crystallisation of
calcium silicate hydrates to give tobermorite is apparently minimal [16].

For moulded samples, the reaction between cement and quartz is mainly controlled by
diffusion of silica through the product formed on the surfaces of the quartz particles [17,18].
For constant C/S and water/solids ratio and hydrothermal treatment, parameters which influ-
ence the kinetics are the particle size distribution of the silica, represented by the specific
surface area, and the degree of crystallinity of the silica used [19]. It is known that the sur-
faces of silica gels and quartz are covered with acidic Si-OH groups [20]; in the presence of
a strong base, such as Ca(OH),, their dissociation results in the formation, nucleation and
precipitation of C-S-H phases, via a complex series of reactions. Greenberg [21] concluded
that the rate determining step in the over-all lime/silica reaction was the rate of solution of
silica and that this was proportional to the surface area of the latter, whereas other workers
found evidence that the overall reaction was diffusion controlled [22]. Kennedy [23] con-
cluded from his measurements in the hydrothermal temperature range that quartz is essen-
tially insoluble at ambient temperature, whereas amorphous silica displays a sufficiently
high dissolution rate. In a finely divided form, after ball mill grinding, for example, quartz is
reactive because of a "disturbed" surface layer which has a thickness of approximately 0.11
to 0.15 microns [24], and even up to 2 microns [25]. A combination of cracks, dislocations
and protruding edges seems to disturb the original quartz structure in such a way as to cause
abnormally high dissolution rates of the quartz in water and alkaline solutions [20]. Various
authors have come to similar conclusions [26-28].

These studies are part of an investigation to further elucidate the effects of surface area/
article size of ground quartz on various chemical and physical properties pertaining to auto-
claved cement:quartz pastes, and relating these to the durability of commercially available
autoclaved building products. The study presents the result of investigations on 24 hour
precured and subsequently autoclaved cement:quartz pastes using ground quartz of different
surface areas with a wide particle size distribution.

Experimental

Starting Materials, Ground quartz of various grades from Ballarat, Victoria, supplied by
Commercial Minerals and type A Ordinary Portland cement from Blue Circle Southern
Portland Cement, Berrima Works, NSW, were used in this study. Fig.1 depicts the particle
size distribution by sedimentation, provided by the supplier. The major chemical and physi-
cal properties of the starting materials are listed in Table 1.

Sample Preparation. The raw mixtures used were 47.5% cement and 52.5% ground quartz,
(C/S = 0.5), using a different grade for each mixture. Water to total solids ratio was 0.35 for
all mixes, using deionised water. In addition 2 mixtures were made with cement only, one
set of samples was water cured for 28 days and the other autoclaved as set out below. Me-
chanical mixing was conducted in accordance with ASTM C 305-82 except that the final
mixing at medium speed was extended to 2 min. Pastes were cast into moulds and consoli-
dated on a vibratory table, followed by a 24 hour curing period in a moist cabinet, (23 + 1.7°¢
C, 95% relative humidity as per ASTM C 511-85). Demoulded samples were cut into ap-
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FIG. 1.

Particle size distribution by sedimentation for ground quartz used. 1 = 60G, 2 = 100G, 3 =
200G, 4 = 300G and 5 = 400G.

proximately 13 mm cubes and 90 mm long prisms, and were autoclaved for 12 hours of
which 8 hours was at 177°C under saturated steam, followed by drying at 103°C for 24
hours. Samples for precure evaluation were also dried at 103°C for 24 hours.

Physical and Chemical Testing. Precured and subsequently autoclaved cement and cement-
quartz pastes, were analysed using a TA-instruments SDT 2960 simultaneous DTA/TGA

analyser at a heating rate of 10°C/min to 1100°C under flowing nitrogen (100mV/min). De-
tails of the data analyses using computer software have been given elsewhere [29]. X-ray
diffraction (XRD) analysis was conducted on autoclaved specimens using a Siemens D5000
using copper Ko radiation from 5 to 50° 20 at 0.02° 20 per sec. XRD patterns were
smoothed, background corrected, Ko, stripped and corrected for instrumental drift.

The amount of acid-insoluble residue, AIR, of disc milled precured and autoclaved sam-
ples was used as a measure of the unreacted quartz content according to the method de-
scribed by Crennan et al. [31]. Samples were analysed in triplicate. A minimum of 7
precured and autoclaved cubes were tested for compressive strength after cooling oven dried
samples over silica gel and soda lime in a desiccator. The bulk density of each autoclaved
cube was determined by weight and volume measurement prior to the compressive strength

TABLE 1
Main Physical and Chemical Properties of Type A Ordinary Portland Cement
and Ground Quartz
Ground Blaine Surface | % SiO3 Major Oxides in Potential Compound
Quartz Type | Area (cm2/p) Cement (%) Composition (%)
60G 2200 99.0 Ca0 64.4 C3S 60
100G 2600 99.0 Si02 21.1 C2S 15
200G 3600 99.0 Al203 4.15 C3A 3
300G 5200 99.0 Fe203 4.60 | C4AF 14
400G 6750 99.0 SO3 2.60
cement 3550 MgO 1.14
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FIG. 2.

DTA curves for 24 hour precured cement and cement-ground quartz pastes.

tests. Drying shrinkage on autoclaved and water cured prisms was determined as per ASTM
C 426-70 with modifications as follows: samples were dried at 103°C; a special jig was used
to accommodate the prisms; length measurements were made using a Mitutoyo Digimatic
Indicator measuring to 0.0001 inches.

Results and Discussion
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FIG. 3.

Amounts of CH formed in 24 hour precured cement-ground quartz pastes.
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DTA curves for autoclaved cement and cement-ground quartz pastes.

the 24 hour precure, in the presence of ground quartz, both CH and C-S-H phase(s) had
formed, indicated by an endotherm ~ 440°C and exotherm ~ 900°C, respectively. No such
exotherm was apparent for the 100% cement paste. The small endotherm at 571°C is due to
the - transition in quartz. The presence of C-S-H phase or gel in the cement paste, referred
to as phase X in earlier studies [9], is manifested by the broad endotherm around 150°C.
AFm and AFt phases may also contribute to this broad endotherm [9,30]. From TGA %
weight loss determinations, 15.1 % CH was produced for cement paste, theoretically then
47.5% cement present in the mixtures should produce 7.2 % CH. The amounts of CH pro-
duced in the presence of ground quartz are depicted in Fig. 3. The results indicate that in the
presence of ground quartz CH production and C-S-H phase formation were enhanced when
compared to cement alone. These findings may be explained by considering the surfaces of
the ground quartz particles as "nucleating agents", possessing cell-size domains of about the
same size as that of the solid to be nucleated [2], here C-S-H phase(s) and CH.

Quartz surfaces may become a substrate on which nucleating points can form, as dis-
cussed by Moorehead et al. [22]. The number of nucleating points would then be propor-
tional to the surface area of the ground quartz. Alternatively, the quartz may have
“solubilised” during the precure which would then support the presence of a “disturbed”
surface layer, i.e. an amorphous surface layer of lower stability and higher reactivity [32]. It
must be noted, however, that in pastes the reactions between cement and ground quartz are
mainly diffusion controlled [17,18]. The apparent drop in CH production with the 300G and
400G quartz compared with the 200G, as depicted in Fig. 3, may have been due to agglom-
eration in the raw materials, and could have resulted in a smaller total available surface area
than indicated by the Blaine results. The quartz was not sieved prior to the paste making so
that some agglomeration in the finer material was possible. Alternatively, the results may
indicate that the 200G grade quartz was of optimum surface area, i.e. had the optimum parti-
cle size distribution, for enhancing CH production and C-S-H phase formation.
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FIG. 5.
Ratio of relative 2.97/3.07 A X-ray line intensities of the binder in autoclaved cement-
ground quartz pastes.

Weczelik [33], in his studies of the effect of active SiO, (Aerosil) in hydrating tricalcium
silicate suspensions, found that the SiO, “stimulated” CH nucleation and growth, while
Beradi et al. [34] demonstrated the positive influence of ground quartz on the degree of
tricalcium silicate hydration during precuring and subsequent autoclave treatment. Results
for autoclaved samples (Fig. 4) indicate the following:

¢ The main phases in the autoclaved cement pastes are CH and a-GS hydrate, repre-
sented by endotherms at 453°C and 523°C respectively.

¢ All autoclaved cement-quartz mixtures contain unreacted quartz (endotherm at 571°C).

¢ The dehydration of C-S-H phases is manifested by the broad endotherm between 100-
300°C.

¢ The exotherm exhibited by all autoclaved cement-quartz samples at about 845°C,
marking the crystallisation to wollastonite (B-CS) is due to C-S-H(I) of C/S ratio of 0.8-
1.0 or aluminous tobermorite [2], or both. Pure C-S tobermorite does not show this
exotherm [30].
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FIG. 6.
Percent acid-insoluble residue (AIR) for 24 hour precured and autoclaved cement-ground
quartz pastes.
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FIG. 7.
Compressive strength for 24 hour precured cement-quartz cubes.

Overall, DTA results indicate slight variations in peak height for the exotherms with no other
"apparent" differences in the binder formed when using ground quartz of different surface
area.

From XRD analysis, the main phases in all the specimens were found to belong to the
tobermorite group of calcium silicate hydrates, C-S-H's. The d-spacing for the low-angle
tobermorite was present in all samples, however, for the sample made with 400G quartz it
was hardly discernible. According to Kalousek [2] the ratio of intensities of the 2.97/3.07A
lines can be used to differentiate between Taylor’s C-S-H(I), (intensity ratio = 0), and
tobermorite (ratio = 0.7-0.8). He also noted that partial transformation of the latter into
xonotlite causes a drop of this ratio to 0.5 or less; as no xonotlite was found in any of the
samples, the ratios of relative intensities are depicted in Fig. 5. The findings suggest that
with increased quartz surface area the binder became less crystalline and more C-S-H(I)-like
in character, for autoclaving conditions employed in these studies. These results are in ac-
cordance with the findings of Isu et al. [36] in their studies of autoclaved aerated concrete
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Compressive strength for autoclaved cement-quartz cubes.
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using quartz of different particle sizes. The tobermorite formed using the finer quartz was of
lower crystallinity than that using the coarser quartz, based on crystallite size determinations.

Fig. 6 depicts the results for the acid-insoluble residue (AIR) determinations for precured
and autoclaved samples. The AIR for precured specimens was found to decrease slightly
with increasing quartz surface area suggesting that more became solubilised during precur-
ing, thus a greater reaction conversion of quartz to produce primary reaction products. The
assumption that the reagents used to determine the uncombined or acid-insoluble residue
attack the C-S-H phases and not the quartz may not be strictly true but is unlikely to be
grossly in error [37]. For autoclaved samples the trend was found to be different, decreasing
slightly and increasing again for the finer quartz used. The lowest AIR corresponded to the
quartz surface area which also yielded the highest compressive strength. The slight increase
in the AIR, when the finer quartz was used, suggests that the degree of reaction was lower
during autoclaving possibly due to more primary product having formed during precuring,
and retarding the subsequent diffusion controlled reactions during autoclaving. Isu et al. [36]
had come to similar conclusions.

Compressive Strength, Bulk Density and Drying Shrinkage Results for the compressive

strength for 24 hour precured and autoclaved samples are depicted in Figs. 7 and 8, respec-
tively. The numbers in brackets ( ) and [ ], correspond to standard deviations and average
bulk densities respectively.

The results show increasing strength with increasing quartz surface area for the precured
samples, suggesting enhanced cement hydration and thus more “primary” product formation,
as indicated by TG results and AIR determinations. Increased formation of CH and C-S-H
phase(s) are accompanied by a reduction in unreacted quartz, suggesting increased reaction
conversion of quartz during precuring.

For autoclaved mixtures, the compressive strength was found to be highest for the 200G
quartz and compares well with earlier findings that for each degree of fineness of quartz,
there exists a certain C/S ratio which will produce optimum strength [38]. In these studies
the optimum surface area of ground quartz was 3600 cm*/g at a C/S = 0.5 and was compara-
ble to that of the cement used, i.e. 3550 cmz/g. Autoclaved cement was found to be of lower
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FIG. 9.
Percent drying shrinkage for autoclaved cement-quartz prisms.
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strength (99 MPa) than any of the cement-quartz mixtures. Bulk densities decreased the finer
the ground quartz used and agree with the findings by Crennan et al. [31]. The results for the
drying shrinkage are shown in Fig. 9.

The drying shrinkage was found to increase with the fineness of the ground quartz. Com-
paring these results with the ratio of relative X-ray intensities of the 2.97/3.074A lines, clearly
demonstrates the relationship between the crystallinity of the binder and the drying shrink-
age, more “C-S-H(I)-like in character” meaning less crystalline. The less crystalline the
binding material the more it tends to shrink. The results are in accordance with the findings
of Alexanderson [7]. It is interesting to note that the drying shrinkage was found to be lowest
for the autoclaved cement paste; this may perhaps be explained by the presence of 0-C;S
hydrate. Taylor [37] noted that products containing xonotlite or 0-C,S hydrate were found to
have lower drying shrinkages than those containing 11 A tobermorite. The drying shrinkage
for 28 day water cured prisms was found to be almost double that for autoclaved mixtures,
highlighting the advantages of autoclaving over curing at ambient temperature.

Conclusions

From this study we conclude:

1. The presence of ground quartz in cement paste enhanced CH production and C-S-H
phase formation during 24 hours of precuring, possibly by acting as a nucleating agent
and/or by having “solubilised” during the precure.

2. The strength of 24 hour precured cement-ground quartz mixtures was found to increase
with increasing surface area of ground quartz.

3. The main phases in autoclaved cement-ground quartz mixtures belonged to the tober-
morite group of calcium silicate hydrates with the binder being less crystalline with in-
creasing surface area of ground quartz used. The present results show tobermorite in a
dense material.

4. XRD was found to be more sensitive than DTA in identifying differences between the
phases formed.

5. Drying shrinkage of cement-ground quartz mixtures was found to increase with in-
creasing surface area of quartz. This correlated with the decrease in crystallinity of the
binder with increasing surface area of the ground quartz.

6. Compressive strength of autoclaved cement-ground quartz mixtures increased up to an
optimum value and then decreased. The optimum strength corresponded to a ground
quartz surface area comparable to that of the cement at a C/S ratio of 0.5.

The determination of carbonation shrinkage for all autoclaved and water cured prisms is
currently being carried out. Current studies are also conducted using ground quartz of nar-
row size distribution, to eliminate possible opposing factors of surface area and particle size
distribution, and to further elucidate the effects of ground quartz during precuring and auto-
claving in cement-ground quartz pastes.
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