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Abstract 

A now conceptual approach is proposed for evaluation of the most important properties of 
cement-containing composites on the basis of the rate and degree off completeness of hardening 
processes and study of the porous structure during material formation, within the limits of the 
system "composition-structure-process-property". 
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Introduction 

Cement-containing building materials are the most frequently used in civil 
engineering. However, they are very complex, due to the dispersion character 
of the components, the time dependence of their material properties, the hetero- 
phase nature of the reaction products, the composition and the structure. There- 
fore, measurement of their thermophysical properties requires special treatment 
(see, e.g. [1]). One of the promising approaches to the study of the properties 
of cement-containing composites consists in studying the system "composition- 
structure-process-property" [2]. Thermokinetic and thermodynamic methods 
[3, 4] are accepted as most powerful tools in this concept. 

The features of heterogeneous interactions in dispersion systems impose a 
number of requirements on experimental calorimetric methods. The most im- 
portant of them are the isolation of the reagents before the beginning of the in- 
teraction and the high degree of mixture homogeneity independently of the 
water-solid ratio. 

Original devices have been developed for the isolated location of the re- 
agents, the control of their being brought into contact and homogenization by 
means of the free delivery of powders into the reaction cell, mixing with the liq- 
uid components, adsorption interaction or forced mixing, depending on the liq- 
uid, solid or gaseous nature of the reagents. The processes were studied in the 
temperature interval of 5-180~ 

0368-4466/95/$ 4.00 

�9 1995 Akad~miai Kiad6, Budapest 

John Wiley & Sons, Limited 

Chichester 



498 USHEROV-MARSHAK, SOPOV: BUILDING MATERIAL SCIENCE 

Thermokinet ics  

In thermokinetic studies, a fixed limitation is set between conceptual and 
formal kinetic devices of identification and interpretation of the experimental 
results. Use of the mathematical model of kinetic reactions leads to a complex 
of interconnected problems related to the four stages shown in Fig. 1. 
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Fig. I Thcrmokinctie analysis 

The primary processing consists in the dynamic correction of the measure- 
ment results by the Tian equation, and the formulation of two differential and 
integral dependences, dQIdx =3'i(x) and Q=fi(x). 

The integral dependence is calculated by using the quantitative method of 
Ermit, considering the value of the second derivative of dQ/dt determined by 
the Lagrange method of the second kind. 

We connect the pick-out of typical reaction stages and periods with a relative 
conception of slow and rapid processes. These parameters are characterized by 
a relation between two values having rate measures connected with the process 
itself, hardening for example. One of them is the momentary heat emission rate, 
la= Q(x); the other is obtained by time-averaging of Q(x): 
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w= 1/'t ~Q('t)dx 

For wllx>l the reactions proceed rapidly, and for w/Ix<l they proceed slowly. 
Three singular change points (from rapid to slow and vice versa) are to be ob- 
served in thermokinetic curves. 

In a long-term prognosis, the forestall time exceeds the observation time. 
The problems under study depend on the choice of formal approximation mod- 
els. As a rule, the functions Q=f(x) are represented by monotonously rising 
asymmetric sygmoid curves tending to a thermodynamically determined limit. 
The prognosis procedure is interconnected with the error-evaluation treatment. 
This is feasible by using an approximation with limits. The important condition 
is the existence of a point ('Cx, Qx) on the curve Q=f(x), such that for x>xx the 
reaction system does not undergo any changes. Approximation functions with- 
out local extrema are considered upper and lower estimates in this case. Ex- 
trapolations of the thermokinetic function in the prognosis interval fall into the 
"corridor" of two approximation functions. 

The probabiliy model of Kolmogorov for systems involving chemical inter- 
actions is employed in the kinetic analysis of processes. This model, which has 
been repeatedly supplemented, does not take into account a number of essential 
factors, e.g. endogenetic effects generated in surface layers of a liquid phase, 
the formation of non-steady concentration fields, electrokinetic changes, etc. 
The unity conditions of the rate of growth of new phase germs are disturbed. 
The development of the approach is based on the construction of a self-coordi- 
nated model with the solution of an inverse kinetic problem. Changes resulting 
in new formations being transformed from a metastable into a stable condition 
are taken into consideration. 

The cement - water interacting system should be regarded as an open ther- 
modynamic system with three basic phases, solid - cement stone, liquid - 
water, and a vapor - gas mixture. A rigid solid cube of cement stone interacting 
with liquid and vapor is examined. The interaction depends on the dimensions 
of the pores and the degree of absorbability of water by their walls. The inter- 
action analysis is based on the thermodynamics of surface phenomena. The 
method of differential scanning calorimetry (DSC) (Fig. 2) is the experimental 
base. 

According to Stockhausen et al. [5], in a capillary-porous body four modi- 
fications of the adsorbed and capillary condensed water can be distinguished. 
The water in the pores has a foliated structure and its properties (primarily the 
crystallization temperature) vary with the distance between pore centers. The 
solid surface of the pores adsorbs the molecules of water. Such an interaction 
distorts the water structure and this is the kinetic obstacle to liquid crystal- 
lization [6]. 
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Fig. 2 Thermodynamic analysis 

The dependence of the crystallization temperature of the water in the pores 
on their dimensions is derived, taking into consideration the thermodynamic 
water - ice balance, and the chemical potential equilibrum [7]. We have 

T 

R -  v 
o 

O) 

where y is the free surface energy on the limit of the division liquid---solid; AS 
is the entropy chang during crystallization," and v is the liquid phase volume. 
After integrating Eq. (1), we get 

A 
R - - - ~ - B  

(To- 73 (2) 

where A and B are experimental factors. 
The pore-distribution curve is a function AV/AR =fiR). 
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In the time interval dx, the phase transition energy is proportional to the area 
yd(ro-T) (Fig. 2). 

When crystallization takes place in the system, the volume of the pores is di- 
rectly proportional to this energy and inversely proportional to the apparent 
crystallization energy W: 

Cyd(ro-T) (3) 
AV= W 

where y is the deflection from the baseline; and C is the coefficient factor. 
Consequently, the distribution curve equation will be 

AV_ ky( To-- T) 2 (4) 
AR W 

where k is the factor including the influence of the chosen method of investiga- 
tion and the sensitivity of the calorimeter. 

From a comparison of the water crystallization and melting curves for po- 
rous materials, it is possible to determine the pore shape by analysing R and the 
temperature decrease for each case. Thus, it is supposed that all pore shapes can 
be reduced to two types: spherical and cylindrical. In the former case, the solid 
phase curvature does not change with melting and crystallization and conse- 
quently hysteresis does not appear. 

For cylindrical shape pores a considerable hysteresis is observed between 
melting and crystallization. The melting curve does not provide the pore distri- 
bution, but it contains information on their shape. 

As a result, two hypothetical curves can be plotted (Fig. 2), one of them be- 
ing spherical (2), the other one cylindrical (1). Comparison of these curves with 
the pore-distribution curve of a material under study allows an estimation of 
the pore shape. 

Water - ice phase transition analysis provides information on the free water 
content in the material. Its amount is proportional to the mass of water in the 
material and to the peak surface of the phase transition. A comparison of these 
values for samples with different hardening times permits quantification of the 
change in the degree of hydration from the free water content in the hardening 
material. 

Application 

The indirect prognosis of the strength duration and the, freeze-thaw durabil- 
ity depending on the parameters of the porous structure is based on a thermo- 
dynamic analysis of the binder-water system. 
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Fig. 3 Thermokinetic classification of binding materials, hardening processes and properties 

The thermokinetic analysis of inorganic-binder hardening leads to a classifi- 
cation based on the reaction rate and degree of completeness (Fig. 3). 

High-reaction binders belong in the first type: CaO, 3CaO.A1203 and others. 
The periods of acceleration and slowing down are apparent from the functions 
Q/d'c=f(x). 

The maximum rate of the process corresponds to the beginning of transfor- 
mation when or=0.15--0.3. This kind of hardening does not lead to the forma- 
tion of strong structures under common conditions. 

The second type includes the majority of traditional binders having given 
strength characteristics (cement, building gypsum, 3CaO.SiO2 and others). The 
reaction course, whose maximum rate corresponds to an ~ of approximately 
0.3--0.5, provides chemical properties. 

The low reaction intensity in the time interval from several days to several 
months, and sometimes to several years, is characteristic of binders whose re- 
action activity is practically not displayed under normal conditions (slags, 
ashes, calcium silicates: 2CaO.SiO2, and mixtures of CaO and SiCh). Maxi- 
mum values of the transforming rate appear at ~x>0.7. This type of binder can- 
not harden and the required strength is produced only when activation is 
applied: pressure and mechanical-chemical activation. 
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Fig. 4 Thcrmoporometry of tricaleium silicate 

Thus, thermokinetic analysis allows prediction of the main physical-me- 
chanical materials and determination of the conditions necessary to obtain the 
required properties. 

The thermodynamic analysis of hardening binders confirms the change in 
the water crystallization temperature during the hydration process (Fig. 4a). 
The dimensions of the pores decrease, due to the growth of new formations in- 
side. In the freezing curves (Fig. 4), we can see the water - ice phase transition 
and the respective dimensions of the pores. Thus, in 3CaO.SiOz hardening, at 
least three different types of pores are formed (Fig. 4b). 

The pore-shape analysis of hardening binders assumes that near-spherical 
pores prevail in the early hydration stages. However, due to the hysteresis in the 
crystallization-melting process, "bottle-neck" pores [8] appear. In later hydra- 
tion stages, the volume of fine cylindrical pores increases. 

Thermoporometry is limited by the minimum pore size of 1.6 nm, because 
adsorption water does not freeze in smaller pores. 

The kinetic and thermodynamic parameters of the processes of  structure for- 
mation of cement - containing compounds should become the basis for a com- 
puter data bank, and a knowledge base for new information technologies for 
building materials. 

J. Thermal Anal., 43, 1995 



504 USHEROV-MARSHAK, SOPOV: BUILDING MATERIAL SCIENCE 

References 

1 J. Toman and R. Cemy, High Temperatures-High-Pressures, 25, (1993) 643. 
2 V. I. Kuznetsov and Z. A. Zaiteva, Chemistry and chemical technology. Evolution of inter- 

connections, Nauka, Moscow 1984, p. 295. 
3 E. Calvet and H. Prat, Microcalorimetry, Mir, Moscow 1963, p. 477. 
4 0 .  P. Mchedlov-Petrossyan, A. V. Ushcrov-Marshak and A. M. Urzhenko, Heat emission 

during binding materials and concrete hardening, Stroyizdat, 1984, p. 224. 
5 N. Stockhausen, H. Dorner, J. Zech and M. J. Setzer, Cem. Contr. Res., 9 (1979) 783. 
6 R. E. Beddoe and M. J. Setzer, Cem. Contr. Res. 20 (1990) 236. 
7 G. P. Brovka, Navuka 1 technika, (1991) 190. 
8 D. H. Bager and E. J. Sellevold, Cem. Contr. Rcs., 16 (1986) 709. 

Zusammenfassung - -  lm Rahmen des Systems "Komposition - Struktur - Prozess - Eigen- 
schaft" ist ein neuer konzcptualer Zutritt zur Bcwertung dcr wichtigsten Eigenschaften dcr zc- 
menthaltigen Kompositcn aufgrund der lnterpretierung der Geschwindigkcit der Erhartung und 
Formierung der Stoffporenstruktur vorgeschlagcn. Thcoretische und cxperimentclle Grundlagen 
der thermokinetischen und thermodynamischen Analysen der Gcsetzmiissigkeiten dcr Formic- 
rung yon Eigenschaften der zu erforschenden Obje~e sind dargestellt. Der Zusammenhang der 
kinctischen und encrgctischen Parametern mit physikalisch-mechanischcn Kennziffcrn der zu cr- 
hartenden Stoffe ist auch gezcigt. 
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