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Abstract

When exposed to attack by meisture, macroscopic defect-free materials (MDFs) undergo
mass and phase changes. The nature of such changes was studied thermoanalytically. Attacked
samples differ from non-attacked samples in the degradation of classical cement hydrates (TG,
below 200°C) and calcium carbonate (TG, DTA, 550-650°C). Quantitative assessment favours
the hypothesis of the impregnation/barricr ellect due to the incorporation of poelyphosphate glass
into the structure of the MDFs, The identity of the therma! decomposition of attacked and non-at-
lacked samples in the range 230-400°C demonstates the 1esistance of cross-linked sections of
polymer and clinker constituents to the effects of moisture.
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Introduction

The increasing knowledge relating to macroscopic defect-free materials (MDFs),
together with the definition of chemically bonded ceramics as a class, has led to the
gradual acceptance of a chemical hypothesis of the erigin of their properties. It is
considered that the chemical cross-links and changes in bulk properties (relative to
those in polymer-free cements) are the result of reactions occurring during the for-
mation of MDFs. Rirchall #t al [1] ontlined the use of aluminous cements, portiand
cements and sulfate clinkers, and a wide range of water-soluble carbonaceous poly-
mers. Several models involving atomic-level cross-linkages have becn postulated to
explain the chemical origin of the exceptional properties of MDFs produced from
aluminous cements and polyvinylalcohol-acetate [1-6]; these models are comple-
mentary and evidently provide a realistic chemical view of the reactions occurring.

We carlier reported {7, 8] on the involvement of Al, Fe, P and C atoms in cross-
links within the amorphous AFm-like reaction product/intergranular gel during the

* The cement chemistry notation used is as follows: C=Ca0), A=Al20s, F=Fe 02, §=5i02, E:SO;,
H=Hz0, c=C(», wis=water:solidus mass ratio
** Author to whom all correspondence should be addressed.
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MDF development process of sulfobelitic (SAFB) clinkers with other examples of
water-soluble polymers: hydroxypropylmethyl cellulose (hpmc) and polyphosphate
glass (poly-P). The design of Al{Fe)-0-C(P) cross-links resulted from magnetic
resonance studies. The thermoanalytical curves display characteristic effects (TG,
DTA, 250-350°C) due to the presence of polymers in the reaction products and Lo
the thermal decomposition of linkages of Al{(Fe)-O—C{PY} in the material in the given
temperature range. Thus, the heat evolution dynamics of the reactions and the de-
composition temperatures of the reaction products higher than those of classical hy-
drates [16] support the presence of solidified polymers in cross-links within AFm-
like intergranular regions.

Control of the resistance of MDFs Lo moisture is an exceptionally important task
for both scientists and technologists. The incompleteness of conversion of ¢linkers is
obvious at the given ratios wis (typically, w/s ranges from 0.1 to 0.2}, and this incom-
pleteness exerts a negative effect: low (or undefined) moisture resistance. Studies on
the resistance of MDFs to moisture are not uniform as concerns their results,
Igarashi and Takarashi [9] differentiate the effects of moisture helow and above a
relative humidity (RH) of 65%, the lower RHs did not deteriorate the MDFs,
whereas the higher RHs did. Their study was performed on portland cement-based
MDFs. Results have also been presented for aluminous MDFs [10, 11]; the resis-
tance ol these Lo moisture was believed to be high, Percolative principles controlling
the kinetics of degradation of moisture have been discussed in general by Chu and
Robertson [12], but the eifects are not satisfactorily delined for MDFs. Our carlier
studies on the control of the resistance of MDFs based on sulfobelitic clinker to
moisture [13, 14] showed that the presence of clusters with cross-links decreases the
percolation if the RH is less than or equal to 52%. A substantial mass increase occurs
tn an environment with 100% RH, with reversible and irreversible mass changes de-
pending on the nature of the polymer. This has led to the postulation of a hypothesis
ol the impregnation/barrier effect of poly-P in the structure of MDFs.

The present work focused on the thermoanalytical recognition of the irreversible
phase changes that occur when MDEs based on sulfobelitic clinker, hpme and/or
poly-P are exposed (o extreme humidity (RH=100%). The regions and phases resis-
Lant or not resistant to attack by moisture have heen distinguished and correlated
with the localization ol the cross-linked sections in the original MDFE.

Experimental

Laboratory clinker phases (C4AF, C4A4S) and physical mixtures of them were pre-
pared [7] by reactions of chemical grade compounds at 1250°C. More complex SAFB
clinkers (in which the individual clinker phases were present together with C,S, be-
lite, 25% by mass) were synthesized at 1250°C [13]. Low-energy SAFB plant clink-
ers were produced at 1240-1270°C in standard medium-sized rotary kilns (Cimus Ltd,
Romania). Sintering conditions and phase analysis data arc given in Table 1.

Processing o obtain model MDF materials was carried out as follows: (i) Dry
premixing of clinker phases or cement with hpme (5% of total mass). (i) Addition

Ao Therm, Anal. Cal, 56, 1999
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Table 1 Clinker fabrication conditions and the presence of clinker mincrals

Ignition Phases present
No. conditions (powder X-ray) Notes
laboratory furnace la+1b in mass proportions
1 o C,AF p
a 1250°C 4 1:1, 1:2 or 2:1 gave the _
laboratory lurnace < mixtures of C;AF+C, A3
th 125)(‘3”C C.A,8 for MDF-processing
laboratory furnace < ground, dry-stored and
2 1250°C C:AF+CAS+C,S MDF-processed
laboratory furnace - ground, dry-stored and
3 1250°C, quenched CAAFTCASHCS MDF-processed
4 plant rotary kiln C4AF+C4A3§+CZS ground, dry-stored and

1240-1270°C MDE-processed

of water to give w/s=0.2, or addition of an agueous solution of sodium polyphos-
phate to incorporate 5% (hy mass) of poly-P and give w/s=0.2 (s includes clinker and
tains a consistency of dense dough (up to 5 min). (iv) Static 5 MPa pressure in a pel-
let die (diameter 10 mm}, applied for periods of 30 min to 6 h. {v) Chemical rcac-
tions Kinetically frozen by air-drying at 30°C. Hydroxypropylmethyl cellulose
(Aldrich) was of p.a. purity {viscosity of 2% aqucous sclution: 80-120 centipoise).
Sodium polyphosphate glass (Budit 9, approximate stoichiometry of a tetraphos-
phate) was supplied by Chemische Fabrik R A. Oetker (Budenheim, Germany).

The resistance of model MDF samples to moisture was investigated at two differ-
ent RHs. Cylindrical samples were kept in desiccators in an environment with con-
stant RA: (1) saturated NaHSOyaq (RH=52%) or (ii} deionized water (RA=100%).
Mass changes were recorded by periodic weighing up to equilibrium mass increases
defined by the incremental change Am<0.01% at RA=52 and 100%. Further mea-
surements of the mass {ils decrease) of 1est samples (after equilibration at
RH=100%) werc carried oul during equilibration under ambient laboratory condi-
tions (again until Am<0.01%). The resulting values are [urther considered and dis-
cussed as irreversible mass changes due to auack by moisture. With the above sc-
quence, four series of mass changes were determined and discussed carlier [14]:

o the eflfect of RH=52%;,

o the effect of RH=100%, subdivided into

— irreversible change (the residue after mass decrease under ambient

conditions),
- reversible change (the difference between the total and the residue).

The reactions and phase changes associated with the irreversible component of
the mass changes were of interest. Accordingly, the residues alter treatment at
RH=100% and subscquent storage under ambient conditions were powdered and in-
vestigated thermoanalytically. Simultaneous TG and DTA were conducted from am-

S Therm. Anal. Cal., 36, 1999
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bient temperature to 1000°C, using a T.A.L SDT 2960 instrument ( 10-20 mg sample
mass, 10°C min™" in flowing air), on two series of MDF sampies (as-synthesized and
after attack by moisture). Additional runs incorporating ‘equilibration’ segments at
selected temperatures (according to the analysis of the original data) were taken for
representative samples of both series. Equilibration at a given lemperature is an op-
tional segment of the SDT 2960 control mode. the other measuring conditions were
identical with those in the original runs.

Results and discussion

Data relating to the whole range of studied compositions during thermal treat-
ment are presented in Table 2.

Table 2 Indicative TG intervals ("C) and DTA peaks temperatures ('C) of sulfobelite clinker
based MDF samples

Pol MDF samples
olymer
addiy[ives as-synthesized after irreversible attack by 100%RH
TG DTA TG DTA
160-200 100 100-250 100
hpme 250400+ 300* 250-350* 300%
500-700 (Ce) 570 (Cc)
100-200 100 100-400 100
poly-P 250-350* 200-350* 350*
500-700* 450-750* (Cc} 570 (Cc)
. 100-200 100 100-250 100
me +
plf)ly-P 200-400* 300+ 250-400* 300%
500-700* 400-700 (Cc) 570 (Ce)

Indicative thermal events: * — decomposition of cross-linked section of MDFs, (Ce) - decomposi-
tion of CaCO;

Thermal treatment generally demonstrated differences between attacked and
non-attacked MDF samples in the first (100-250°C) and third (450-750°C) tempera-
ture intervals. Figures | and 2 illustrate the sequences of thermal decomposition of
attacked and non-attacked MDF samples. Evaiualion of the mass losses and relation
of these to the effects in the DTA curves conlirmed three distinct temperature inter-
vals and particular changes within these intervals after atack by moisture, as fol-
lows:

* 100-250°C - increased mass loss from samples after attack by moisture,
 250-450°C - no change in DTA or TG curves of samples after the attack,
* 450-750°C - additional mass loss from samples after attack by moisture.

J Therm. Anal. Cal., 56, 1999
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Fig. 1 Thermoanalytical curves of the model MDF material. The sample was synthesized
from the laboratory model of sulfobelitic clinker (No. 2 in Table 1) with hpme
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Fig, 2 Thermoanalytical curves of the model MDF material. The sample was synthesized
from sulfobelitic clinker (No, 4 in Table 1) with hpmc; it was then irreversibly at-
tacked for 20 days in an environment with 100% R and for 5 days under ambient
conditions (up to mass equilibration)
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Fig. 3 Thermoanalytical curves of the madel MDF material. The sample was synthesized
from sulfobelitic clinker (No. 4 in Table 11 with hpme; it was then irreversibly at-
tacked for 20 days in an environment with 100% RH and for 5 days under ambient
conditions. Equilibration segments during thermal decomposition were included at
300 and 650°'C
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Further, we measured a quasi-isothermal segment of the process of decomposi-
tion of the cxamincd samples. As mentioned in the experimental scction, this
SDT 2960 contrel mode allows cquilibration al given temperaturcs. We cstimated
these temperatures in accordance with the analysis of the original data. This serics of
results shows (Fig. 3) that quasi-isothermal equilibrium segmentation is a powerful
tool in studies of the thermoanalytical details of MDF materials. The thermal events
in the first and second temperature intervals were established for hoth moisture-at-
tacked and non-attacked samples. The first step of mass loss is fully completed by
250°C: the attacked samples exhibit a mass loss higher by 2-4% in this step. For the
attacked samples, the second interval was subdivided into two steps, with charac-
teristic cffects in the DTA curve (300 and 340°C), the former being the typical fca-
ture ol the decomposition of the AJ(Fe)-O—-C(P) linkages [8, 13]. Within experimen-
tal error, the mass loss was the same for individual non-attacked samples.
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Fig. 4 Effect of polymer identity on TG steps during heating of the model MDF materials ir-
reversibly attacked in an environment with [00% RH: a — sulfobetitic clinker with
poly-P; b — sulfobelitic clinker with hpme

The above results highlight from the aspect of phasc changes the irreversible por-
tion of the mass increase of MDFs during moisture uptake. The irreversible mass in-
crease varies from 2% (MDFs with poly-P) to 10% (MDFs with hpme) [ 14]. The at-
tacked probes exhibit:

® a higher proportion of classical cementitious C-(A,F)-S hydraulic phases, de-
composing by 250°C (Figs 2 and 3, Table 2);

+ an equal amount of AFm-like cross-linked section, with typical thermoanalyti-
cal traces in the temperature region 250-400°C [8, 13];

* newly-formed CaCO5 (2—4%), decomposing at 350-650°C [15].

As regards the details of the local structure of the MDFs [4-7, 10, 11], there arc
two unequivalent regions in MDFs as concerns the resistance to moisture. The TG
and DTA traces of the studied SAFB-based MDFs show thal the region with a cross-
linked section of Al(Fe)-O-C(P) is resistant. Thermal events altributed to unresis-
tant material occur in temperature regions typical for cementitious hydraulic phases
[16] and CaCQs3 [15].

The effect of the polymer used in the original synthesis upon the resistance to
moisture was discussed earlier [13, 14]. Materials containing poly-P exhibit 1/2 to

A Thenn. Anal. Cal., 56, 1999
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2/3 of the mass loss of the corresponding hpmc-containing materials, both in the in-
dividual steps and overall. The present results permitied a quantitative assessment ol
the effects of hpme and poly-P on the masg loss daring the thermal decomposition of
MDF samples attacked by moisture at 100% RH (Fig. 4). Both the individual se-
quences and also the total mass changes lor poly-P or hpmce-containing MDFs at-
tacked by extreme levels of moisture (10-13% if poly-P is present vs, 16-19% if
hpme is present, ¢f. Fig. 4) support the hypothesis concerning the impregnation/bar-
rier elfect of poly-P. The presence of poly-P minimizes the range of irreversible mass
and the phase changes duc to moisture uptake in the environment of 100% RH. Ad-
ditional straightforward study (of microstructures and conductivities) is needed be-
fore a full comparison may be made of the effects of hpmce and poly-P upon the prop-
erties of MDF materials.

Conclusions

1. Attack by extreme levels of moisture (KA=100%) results in a substantial mass
increase. Its irreversible part is obviously connected with changes in phase compo-
sition that furnish distinct thermoanalytical traccs.

2. In MDF samples exposed (o attack by moisture, thermmoanalytical methods re-
vealed the formation of secondary C—(A,F)-S hydrates and CaCOs only. The
amounts of these arc substantially suppressed when the original material contains
poly-P.

3. Thermoanalytical studics allow a clear distinction of the regions and phases
within MDF samples that arc resistant (cross-linked sections of clinker hydrates with
polymers) or unresistant (regions free of polymers) to the uptake of moisture.

* ok ok
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