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ABSTRACT
It is known that the initial product of hydration of high-alumina cement at
low temperatures, often labeled “CA}l" contains both crystalline and
amorphous portions. The thermal decomposition of this product was stud-
ied in several samples. This study was carried out by two different
methods: derivative thermogravimetric analysis (DTG) and x-ray diffrac-
tion (XRD) combined with temperature. The DTG signal of the compound
was decomposed in four different kinetic processes. The nature of the
water liberated in each process was characterized by the shape parameters
of the process. The x-ray diffractograms at different temperatures showed
two volume variations of the CAHcompound, related to contractions in
the c parameter before the collapse of the structure to yield an amorphous
phase. Two of the four observed processes are related to the dehydration
of the crystalline portion and the other two to the amorphous dehydration.
© 1998 Elsevier Science Ltd

Introduction

The hydration of CA yields a complex product, still not well characterized. There are
several unknowns that can be approximated through thermogravimetric analysis. One is
the initial amount of amorphous phase (gel), that seems to depend on the temperature of
hydration (1), and slowly crystallizes with time (2,3). The water content of the crystalline
portion may depend on the relative humidity (4), whereas the hydration degree of the
amorphous portion is unknown. Classically, the gel has been considered an alumina gel
(5,6,7), but other authors have observed varying amounts of calcium (8), even with a C/A
ratio close to unity (9,10). Several authors proposed the hypothesis that the gel is a
precursor of the crystalline phase (11). Taking into account all these considerations, we
propose that the hydration of CA takes place according to the following reaction
(<20°C):

1Address correspondence to F. Guirado at his present address: Servei di Recursos Cientifics, Universitat
Roviral i Virgili, Tarragona, Spain.
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CA + H (excess)— a-CAH, (cryst.)+ (1 — a)-CAH, (gel)
(x= 6, yvariable, 0=a=1)

At room temperature, the CAld slowly (over several years) transforms to the so-called
“cubic” phase, and gibbsite, according to the following reaction:

3'CAH10 — C3AH6 + 2'AH3 + H
cubic phase gibbsite

The structural properties of aluminous cement are affected by the previous transformation.
The study of the differential thermal analysis (DTA) and derivative thermogravimetric
analysis (DTG) curves of the hydrated aluminous cement have been used to measure its
transformation (12). The DTG curve is more advantageous than the DTA because it has a
straight base line that permits quantification of the process that takes place. Moreover, the
DTG curves have marked inflexion points and plateaux, features that are not present in the
TG measured curves.

However, the overlapping of the different processes on the DTG curve is very important.
Between the two main peaks of a DTG curve a plateau can be observed far from the base line.
Because the baseline in DTG curves is a straight lirdnédt = O, the plateau indicates that
there is a considerable rate of weight change between these peaks (13).

In this work, we have studied the thermal decomposition of the so-called,CBHNeans
of the DTG curve decomposition on the basis of different kinetic processes. The kind of water
liberated in each process has been characterized. DTG results were correlated with those
obtained by XRD.

Theoretical Considerations

The rate of a non-isothermal reaction, like that taking place in thermogravimetry, can be
expressed as

do

gt~ IM ) 1)

wherea is the conversion degrefq) is a function that represents the hypothetic model that
controls the reaction mechanism, ag(d) is a rate constant that depends on the temperature.
The functiong(T) is assumed to take the Arrhenius form:

o(T) = Aerr )

where A is the preexponential factok the activation energy, an® the universal gas
constant. The conversion degree is expressed by:

o ®)

(62

whereP, andP,, denote the weight lost at instatrdind at the end of the process, respectively.
If we suppose a constant heating r@te= dT/dt, then Eq. 1 can be expressed as:



Vol. 28, No. 3 THERMAL ANALYSIS, CALCIUM ALUMINATE CEMENT, HYDRATION 383

(2 i @)
a1 \p *
Integrating the last expression we obtain:
J'l da J'Tz (A) - EAp( ) 5)
— = — RT = —p(x
o fe) ) \B RB
wherep(x) is the truncated expansion of Schlomilch (14), expressed by:
(1 1 E 5
X) = - X=——
p() =& X/ \x+ 2 RT ©)

The elucidation of the mechanisms of a reaction from TG data is not a well-resolved problem
(15,16). Several authors have been using different mathematical methods in order to deter-
mine the mechanism that governs a given reaction (17-21).

DTG curve better marks all different processes that take place in any thermal decompo-
sition than its primitive precursor, TG. A change in TG slope is reflected as a marked peak
in DTG. In this sense, any process can be represented, theoretically, as a peak function. By
analyzing the peak it is possible to obtain several parameters as the temperature at different
decomposition degrees, the mass loss in each process and the kinetic parameters described
previously.

Several kinetic models were proposed to describe the different thermal processes observed
through DTG and DTA (22,23). Among them, Coats-Redfern model (18) and the so-called
Avrami equation (24,25) were selected, because they fitted more acurately our experimental
data. In the first moddi«) = (1-a)", n being the order of reaction, and in the secd@d
=21 — o)[—In(1 — w)]*2

Experimental

The CA phase was obtained by heating at 1300°C for 200 h an equimolar mixture of pure
reactants AIO; and CaCQ (Merck purity). The reaction advance was controlled by XRD
periodically. The final sintered compound was finely milled and sieved beid@u.. The
hydration of CA was carried out at 5°C in excess water, and periodic stirring. Final product
was filtered, washed with acetone and characterized by x-ray diffraction. To compare these
laboratory samples with commercial cement, samples of a Spanish aluminous cement
“Electroland” were hydrated with different proportions w/c (water/cement) and cured for 28
days at room temperature. The commercial samples were hydrated under stanadard condi-
tions used in cement laboratories. Laboratory samples were prepared in order to obtain a
complete hydration of CA phase by changing w/c ratio, hydration time, and stirring period.
Table 1 shows the hydration conditions for the laboratory and commercial samples, num-
bered from 1 to 7.

Thermogravimetric analysis for samples 1 to 6 were performed with a SETARAM
TG DTA92 at different heating rates (1 and 5°/min.) from 20 to 300°C in Ar at 2I/h as
atmosphere. Sample 7 was analyzed with a NETZSCH STA 409 G,ifiuX at 1l/h as
atmosphere.

X-ray diffraction analyses with temperature (XRDT) were performed with a SIEMENS-
D500 diffractometer equiped with a positional sensitive detector (PSD). The experimental
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TABLE 1
Hydration conditions and experimental conditions of TG and XRDT analyses for the
samples studied.

Range Analysis
Sample Initial Comp. w/c Phases T(°C) t Analysis B mg. (°C) label

1 CA 50 CAH,, 5° 7 days TG 1 138 20-300 TG1-1
5 155 20-300 TG1-5

2 Electroland 0.3 CAH,,+CA? 20° 28 days TG 5 431 20-500 TG2-5
3 Electroland 0.25 CAH,,+CA? 20° 28 days TG 5 453 20-500 TG3-5
4 Electroland 0.2 CAH,,+CA? 20° 28days TG 5 570 20-500 TG4-5
5 CA 200 CAH,o 5° 13 days TG 1 153 20-300 TG5-1
XRDT 1 - 20-300 XRDT
6 CA 80 CAH,, 5° 46 days TG 1 134 20-300 TG6-1
7 CA 48 CAH,, 5° 9 days TG 1 77 20-600 TG7-1

5 79 20-600 TG7-5

1 Detected by XRD

2 and other minor phases.

3 Chemical composition in weight per cent of oxides determined by x-ray fluorescence was: 3,3 Al
38.0 Ca0; 2.6 SiQ 1.5 TiO,; 14.3 FeOg; 0.3 MgO.

conditions were: temperature range from 20 to 300°C, heating ratd dmin., step size of
0.05°3, and counting time of 6s. One scan was measured each 20°C,, Cadiation was
used. Table 1 shows the different analyses done for each sample.

Results

TG

A simple view of a DTG curve suggests that the whole curve is a sum of two different

processes, marked by two main peaks (Fig. 1). By comparing sample 1 analyzed at 1 and
5°/min, one can observe a small shoulder on the low temperature side of the first peak, which
corresponds to a process that is partially overlapped. This small peak can only be observed
clearly at low heating rates because at higher rates it is completely overlapped. Between two
main peaks, instead of a valley there is a pronounced plateau due to a fourth process. In

summary, we assume that the water of CAli$ lost in four different processes.

The decomposition of each DTG curve was done by using a program that fit the observed

data to the sum of four given kinetics models. This program works inside the MATH-
EMATICA environment (Wolfram Research, Inc.). We followed two criteria to assign a

model (Coats-Redfern or Avrami equation) to each process: the similitude of preexponential

factors at different heating rate)(for the same sample; and, on the other hand, the model
combination that gave us the minimum erfraccording to the expression:

3 [Obs — Calg)?
~ 3 [Obs)

R (7)
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Figure 1 shows the DTG curve observed and decomposed as a sum of four processes for
TG1-1, TG2-5, TG4-5, and TG7-1 analysis. The best fittings were obtained by decompos-
ing the curves of TG1-1 and TG1-5 in four curves as follows: Coats-Redfern model for
curves 2nd and 4th (with £ n = 6), and two-dimensional growth model for curves 1st and
3rd. All samples were fitted according to this scheme.

The slope of DTA peaks is currently described by several shape factors that are related to
the activation energy, the preexponential factor, and the order of the reakfidn 4éndn
respectivelly). Both shape factors and kinetic parameters were used to characterize the water
released by different processes and to identify the reaction type (26). We have calculated the
following shape parameters of asymmetry and width (27) for each calculated curve of the
DTG analysis:

AT(0.8;0.2)= Tog— Tor % = Ctrgmay

re8ro.2max _ AT(Tnax To.d)
aréar(max:o.s) ~ AT(TogTo)

The peak width is estimated kyT(0.8;0.2) which is the difference of temperatures for 20
and 80% of conversion degreg,(, andT, ). Peak asymmetry is evaluated by the following
factors: %, which gives the degree of conversion at the maximum rate of decomposition;
Tmax T1/To, the ratio between the peak area before and &ffgr andR .., the ratio between

Tl/TZ = (8)
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TABLE 2
Total weight loss (%), obtained temperatures (K), shape factors, and residuals from DTG
curve analyses for the studied samples.

Analysis Peak T(max) T(0.2) T(0.8) % AT, R(max) R

TG1-1 1 336 322 341 61.2 1.57 0.72
total weight loss 2 372 355 387 51.4 1.05 0.53
37.7% 3 498 487 502 62.1 1.64 0.74

4 438 406 522 39.3 0.65 0.28 1.92
TG1-5 1 394 372 402 60.6 1.53 0.71

2 424 403 439 55.7 1.22 0.60
37.56% 3 540 527 546 62.1 1.63 0.74

4 488 460 589 36.7 0.59 0.22 2.03
TG2-5 1 389 373 394 61.4 1.58 0.72

2 416 405 463 37.0 0.55 0.20
19.29% 3 526 487 544 59.2 1.44 0.68

4 544 545 700 19.4 0.26 0.01 1.96
TG3-5 1 391 375 397 61.3 1.57 0.72

2 416 412 482 25.3 0.34 0.05
18.45% 3 542 516 553 61.0 1.55 0.71

4 547 449 627 38.3 0.63 0.25 2.72
TG4-5 1 389 374 395 61.4 1.58 0.72

2 415 404 462 34.2 0.52 0.18
15.63% 3 548 524 558 61.1 1.56 0.72

4 527 505 652 33.7 0.51 0.15 2.00
TG5-1 1 337 323 343 61.0 1.56 0.72

2 366 355 390 40.9 0.69 0.31
42.06% 3 485 476 489 62.3 1.65 0.74

4 443 417 518 38.5 0.62 0.26 2.95
TG6-1 1 344 329 350 61.0 1.56 0.72

2 377 360 384 60.5 1.53 0.71
40.57% 3 480 449 494 59.8 1.48 0.70

4 392 384 566 24.9 0.36 0.04 2.20
TG7-1 1 319 299 327 60.0 1.44 0.70

2 365 350 394 43.1 0.76 0.35
41.00% 3 516 499 522 61.6 1.60 0.73

4 400 375 610 30.1 0.47 0.11 1.23
TG7-5 1 357 330 370 59.0 1.43 0.68

2 411 383 424 58.3 1.40 0.67
41.00% 3 545 529 551 61.7 1.61 0.73

4 427 402 596 314 0.49 0.13 1.94

the difference of temperaturd@s,,, — To,andT, g — Ty . Theoretically, it has been proved
that the reaction orden) modifies the peak width whereas the asymmetry is independent of
E and A terms (27). Once these factors were calculated, they were compared with those
obtained from thermal analysis of well-characterized minerals containing different kinds of
water (adsorption, interlayer, structural, or crystal water, etc.) as estimateddwaf¢26).

Table 2 shows the total weight loss, temperature ranges, asymmetry paramet&saares
obtained for each curve.
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FIG. 2.
Experimental x-ray diffraction profiles obtained at diferent temperatures for sample 5.
Profiles have been moved vertically. Vertical axis indicates intensity in arbitrary units.

XRDT

The cell parameters of CAHphase (hexagonal symmetry) were calculated for each tem-
perature. Each XRD profile was fitted with the program FULLPROF (28) based on the
Rietveld method (28). The option of this program called Pattern Matching was used, because
it permits researchers to fit a XRD profile without knowing the entire crystal structure. For
each XRD profile up to 420K, cell parameters, FWHM (full-width-at-half-maximum),
lorentzian and gaussian contributiortd] parameter), asymmetry correction fop 2 30°

and preferred orientation (March model (30)), and intensities of all reflections were fitted.
Figure 2 shows seven experimental XRD profiles obtained for sample 5 from 293 to 403K.
In Figure 3, the variation of the, ¢, andV cell parameters are depicted as a function of
temperature

Discussion

The c lattice parameter and the volume of the c¥ll,show two inflexions at approximately
310 K and 385 K, whereas paramegeshows a single inflexion at 385 K (Fig. 2). These
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FIG. 3.

Experimental x-ray diffraction profiles obtained at different temperatures for sample 5.
Profiles have been moved vertically. Vertical axis indicates intensity in arbitrary units.

inflexions take place inside or near thg, — Ty grange for 1st and 2nd curves, respectively,
depending on the heating rate. It is apparent that the two first curves are related to water loss
of the crystalline phase CAH This hypothesis is confirmed by the fact that the shape
parameters for these curves are indicative of “crystalline” water, because similar shape values
were obtained for different hydrated minerals (26). The first curve can be related to water
located between layers normal ¢aaxis, because only a reduction orcell parameter was
observed, whereas remained constant. On the other hand, the second curve is related to
structural water because there was observed a simultaneous reductoanofa cell
parameters. Once this water is released, the structure collapses. These two different roles of
water molecules have been confirmed by the solution of the crystal structure from powder
diffraction intensities (31).

Temperature range for the 3rd peak coincides with that of gibbsiteAelcomposition
described by several authors. However, no crystalline gibbsite was detected by XRD in
sample 5. Because shape parameters for this 3rd peak corresponds to “crystalline” water as
well, we have assumed that this gibbsite is in crypto-crystalline form, giving broad peaks
with low intensity.

Shape parameters of 4th peak are indicative of “amorphous” water not attached to any
crystal structure. The water lost in this process can be related tq @Atérphous, because
no crystal changes were observed in this temperature range through thermodiffractometry.
We have assigned this last curve to the decomposition of an amorphoug GAtHis peak,
especially for commercial sampldg, ., value is not satisfactory. The inconsistences in these
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values are attributed mainly to a ill-definition of the top and tails of peak 4, which is highly
correlated with all remainder peaks. It is uncertain how, for this peak, to assign a correct
reaction orderrf), and consequently the positionsTof .., To o, andT, goscillate accordingly.

Conclusions

DTG curve corresponding to dehydration of CAftan be decomposed at least in four well
differenced processes.

Dehydration of the crystalline portion CAHakes place in two steps, detected through
volume variations. Water initially released at<T 310 K is thought to be interlaminar. A
subsequent more important loss of water at B85 K produces the collapse of the structure.

Peak number 3 corresponds to crypto-crystalline gibbsite that can appear as a product of
dehydration of amorphous CAH

Peak number 4 can be related to the dehydration of the amorphous portiop CAH
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