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Abstract The use of calcined clays as partial replacement

of cement is encouraged since it promotes the reduction of

the green-house gas emission and the energy requirement

of cement-based material, maintaining or enhancing the

mechanical properties and the durable performance of

these materials. In this paper, the use of thermal methods—

DTA/TG and calorimetry—to select and to evaluate two

kaolinitic clays for their use as pozzolanic materials was

explored. The content and crystallinity of kaolinite in clays

can be determined by DTA/TG analysis, and this technique

is also suitable to select the calcination temperature for

complete kaolinite dehydroxylation. Calorimetric analysis

on blended cements (30 % by mass of replacement) can

differentiate the reactivity of calcined kaolinitic clays.

Results show that more reactive calcined kaolinitic clay

develops the second and third peaks earlier than those of

PC with great intensity and high acceleration. The reac-

tivity of calcined clays is associated to raw materials

containing kaolinite with high structural disorder that

determines calcined clays with large specific surface area,

high grindability, and small mean particles size (d50) for

the same grinding objective. Finally, the DTA/TG analysis

can determine the type and the amount of hydrated phases

obtained at different ages to evaluate the pozzolanic reac-

tion of calcined clay in accordance with the standardized

pozzolanic activity index.

Keywords Kaolinite � Calcined clay � Pozzolanic

activity � Cement � DTA/TG � Isothermal calorimetry

Introduction

Portland cement (PC) is a basic component of concrete

and mortar widely used in the construction of buildings

and infrastructure systems. In addition, PC production

causes serious environmental problems, such as the CO2

emissions and the energy consumption during its pro-

cess [1, 2].

The use of calcined clays as partial replacement of

cement is encouraged since it promotes the reduction of the

green-house gas emission and the energy requirement for

cement-based material, maintaining or enhancing their

mechanical properties and the durable performance of

these materials. Among the different clays, when they are

thermally activated, kaolinitic clays appear as highly

reactive pozzolan after appropriate grinding. The thermal

treatment (550–900 8C) produces the dehydroxylation of

kaolinite in the clay obtaining an amorphous aluminosili-

cate phase (AS2), called metakaolinite (MK) that presents a

good pozzolanic activity [3–5].

When kaolinitic-calcined clays are incorporated to

Portland cement, several effects (physical and chemical)

are observed on the hydration process at ambient tem-

perature. The main physical effects are (a) the dilution

effect, which is equivalent to an increase in the water-to-

cement ratio, inversely proportional to the replacement

level; and (b) the filler effect, which is related to fine

grains interposed between cement grains separating and

dispersing the reactive cement grains; they also act as

nucleation centers for the CH, accelerating the
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dissolution process and stimulating the hydration of

cement. The main chemical effect is the pozzolanic

reaction between the MK and the CH, producing a

cementing compound like C–S–H and some alumina-

hydrated phases that depend on the CH available.

According to Murat [6], the reaction produces calcium

aluminate hydrate when the CH content is higher,

Eq. (1), and strätlingite, when the CH content is lower,

Eq. (2).

AS2 þ 6CH þ 9H ! 2C� S� H þ C4AH13 ð1Þ
AS2 þ 3CH þ 6H ! C� S� H þ C2ASH8 ð2Þ

Depending on the replacement level, the content of MK

in calcined clays, the reactivity of MK, its specific surface

area, and the acceleration promoted on cement hydration,

the pozzolanic reaction can compensate the adverse effect

of dilution during early age [7, 8].

The objective of this study is to use the DTA/TG and

calorimetry techniques to select and to evaluate kaolinitic

clays for their use as pozzolanic materials, determining the

kaolinite content and structural features, the calcination

conditions, and the differences in the pozzolanic activities

with Portland cement.

Experimental

Materials

Two natural kaolinitic clays from Argentina were exam-

ined: K1 collected from primary deposits (La Rioja,

Province); and K2 collected from a sedimentary deposit

(Rı́o Negro Province) [9, 10]. The chemical composition,

determined by ICP-AES analysis in an external laboratory

(ALS, Argentina), and the loss on ignition of clays are

reported in Table 1. A Portland cement (PC) classified as

CEM I according to EN-197 [11] was used to prepare

blended pastes and mortars. Its chemical composition

determined by the X-ray fluorescence is reported in

Table 1. The mineralogical composition of clinker calcu-

lated using the Bogue’s formula was C3S = 47 %,

C2S = 22 %, C3A = 8 %, and C4AF = 9 %. The minor

component in CEM I was the limestone addition (less than

5 %), and the Blaine specific surface area of Portland

cement was 383 m2 kg-1.

Methods

Raw clays

The argillaceous minerals present in kaolinitic natural clays

were identified by differential thermal analysis (DTA) and

corroborated by X-ray diffraction (XRD). The kaolinite

content was determined by the thermogravimetric method

(TG) [12]. DTA-TG analysis was carried out using a

NETZCH STA 409 thermobalance, and XRD analysis was

performed on Philips PW 3710 diffractometer operating

with Cu Ka radiation at 40 kV and 20 mA.

The crystallinity of kaolinite in the clays was evaluated

using different indexes obtained from DTA and XRD

patterns. The slope ratio index (SR) is calculated as the

ratio between the slope of the descending branch of the

kaolinite dexhydroxylation peak in the DTA curve

(350–700 �C) and the slope of the ascending branch of the

same peak. The SR characterizes the presence of surface

defects: For SR = 1, the peak is symmetric, and the kao-

linite does not present many surface defects, and when the

SR is greater than 2, the mineral presents many surface

defects [13]. The calculated indexes based on XRD were

full width half maximum (FWHM-001 and FWHM-002)

[14, 15], Hinckley (HI) [16] and random defects (R2) [17].

Calcined clays

Calcination was carried out in a programmable laboratory

furnace Indef 272 using a fixed bed technique. The calci-

nation temperature was selected from the DTA analysis as

discussed later.

Calcined clays were ground in a mortar-type mill (Fritsch

Pulverisette 2) until fineness was 80 % lower than 45 lm. In

this material, the particle size distribution was determined

using Malvern Mastersizer 2000 laser particle size analyzer,

and the d90, d50, and d10 diameters were calculated. Com-

plementary, the specific surface area (SS) was determined

using BET technique (Micromeritics ASAP 2020) and the

Blaine method [18]. The K1 and K2-clays calcined and

ground are named as MK1 and MK2, respectively.

Hydration of blended cement

The hydration of pastes containing blended cement was

studied at early and later ages. The pastes were prepared

Table 1 Chemical composition of kaolinitic clays and Portland cement (PC), in percent

Materials SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 LOI

K1 (ICP) 45.9 37.0 0.77 0.08 0.12 – 0.06 0.40 0.99 13.30

K2 (ICP) 51.4 31.3 0.92 0.40 0.19 – 0.36 0.38 1.42 12.15

PC (XRF) 19.9 5.5 3.00 58.62 3.81 3.22 0.70 1.11 0.34 3.19
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using a water-to-cementitious material ratio (w/cm) of 0.5

and cured in sealed plastic bags at 20 �C. The blended

cements were formulated replacing PC by 30 % by mass of

ground kaolinitic-calcined clays (30MK1 and 30MK2). A

neat Portland cement paste was prepared as reference. This

replacement level was selected according to the pozzolanic

activity test for calcined clays (thermal-activated pozzo-

lan). In this test, the blending cement tested has a

replacement level of pozzolan by cement ranging from 25

to 35 % in mass or volume depending on the standard used.

This paper is derived from previous investigation on the

pozzolanic properties of calcined clay with different

argillaceous minerals [7], where the kaolinite content was

from 16 to 94 %, and the national standard specifies

blended cement with 30 % in weight of pozzolan.

The hydration studies at early age were performed

during 48 h using an isothermal conduction calorimetry

operating at 20 8C. Thereafter, the progress of hydration

compounds was studied by thermal analysis (DTA/TG) on

fragment of paste sample at 2, 7, and 28 days. To identify

the hydrated phases at the characteristic times of the

calorimetric curve and later ages, XRD analysis on pow-

dered samples of paste was performed using a Philips PW

3710 diffractometer. At the stipulated time, fragments of

paste were immersed in acetone to stop the hydration.

Thereafter, they were placed overnight in an oven at 40 �C

and then cooled in a desiccator. Finally, the sample was

ground to pass a 45-lm sieve and the XRD-holder was

backfilled to prevent the crystal preferred orientation.

Compressive strength

Compressive strength of blended cements was determined

on mortars cubes (25 9 25 9 25 mm3) made with stan-

dard sand (1:3) and w/cm of 0.50. The strength activity

index (SAI) was calculated as the ratio of the compressive

strength of the blended cement to the strength of the

Portland cement at the same age [7].

Results and discussion

Raw clays

The DTA curve of pure kaolinite shows an endothermic

peak in the temperature range of 500–700 8C due to the

mineral dehydroxylation [15], and it is associated with a

mass loss of 13.76 % [12]. The results obtained by DTA/

TG for the kaolinitic clays are presented in Fig. 1, and the

kaolinite content determined by TG is reported in Table 2.

K1-clay has the highest kaolinite content (99 %), and both

clays can be classified as kaolin since kaolinite content is

higher than 75 % [19]. XRD patterns of both clays

confirmed that the main argillaceous mineral is kaolinite,

and the impurities are quartz and anatase for K1-clay; and

quartz, anatase, and illite for K2-clay.

The values of SR, FWHM-001, FWHM-002, HI, and R2

indexes are summarized in Table 2. The five indexes

classify K2-clay and K1-clay as containing disordered and

ordered structures, respectively. The SR index determined

by DTA has been sufficient to determine the degree of

structural order/disorder in kaolinite.

Summarizing, the content and crystallinity of kaolinite

in the clay can be determined by DTA/TG analysis. Both

variables have large influence on the pozzolanic activity of

calcined clays. Then, the compressive strengths at different

ages depend on the amorphous material derived from

kaolinite content in clay, the structural order/disorder of

kaolinite, and the specific surface area, all of which

determine the rate of pozzolanic reaction. The specific

surface area of calcined clay has a large influence on the

hydration at very early age; the structural disorder of

0 200 400 600

548.7 °C

K2

K1

992.6 °C577.2 °C

Kaolinite Endo.

Metakaolinite

Dehydroxylation

Exo.
Recrystallization

Spinel
phase

984.6 °C

Temperature/°C
800 1000 1200 1400

Fig. 1 DTA curves of kaolinitic clays

Table 2 Kaolinite content in clays determined by DTA/TG and

crystallinity indices of kaolinite obtaining by DTA and XRD

Technique K1 K2

DTA/TG Kaolinite/ % 99 87

Índex Range analysis

DTA SR 1.76 3.20 &1.0 O; C2.0 D

XRD FWHM-001 0.21 0.58 \ 0.3 O; [0.4 D

FWHM-002 0.20 0.64 \ 0.3 O; [0.4 D

HI 1.19 0.36 [ 1.5 O; \0.5 D

R2 1.16 0.77 0.7 D to 1.2 O

O order structure, D disorder structure

Pozzolanic activity of calcined kaolinitic clays
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kaolinite is more important at 28 days; and the kaolinite

content has greater mass at later ages [7].

Calcined kaolinitic clays

The selected calcination temperatures for K1 and K2 clays

were 700 and 750 8C, respectively. The maximum tem-

perature for the complete dehydroxylation of kaolinite and

its transformation into an amorphous phase metakaolinite

occurs at 700 8C for K1 (Fig. 1). For this clay, the exo-

thermic peak at 985 �C is assigned to the metakaolinite

recrystallization in the spinel phase. When the temperature

is higher than 700 8C, the reduction of the amorphous

phase is detected by Fourier-transformed infrared spec-

troscopy (FTIR), attributed to the structural rearrangement

to form the crystalline phase [20]. For K2, the temperature

was 750 8C, and both results were corroborated by poz-

zolanic activity test [21]. Using the emanation thermal

analysis (ETA), Balek and Murat [22] determined the

temperature for the maximum structural disorder of meta-

kaolinite. It was *700 8C for clay with well-crystallized

kaolinite (called ANG), and *750 8C for clay with poor-

crystallized kaolinite (called FON). They concluded that

the disorder of MK decreases when the temperature

increases up to 850 8C, and it can be correlated with the

‘‘recrystallization’’/‘‘sintering’’ of the pseudo-lattice of

metakaolinite leading to an extensive segregation of alu-

mina and silica. In previous study [21], employing different

techniques, the authors confirm that the optimal tempera-

ture for the high pozzolanic activity was higher for kao-

linite with disordered structure.

MK1 obtained from K1-clay with high content of

ordered kaolinite has a high content of metakaolinite, but it

has a low specific surface area (BET and Blaine), and it is

too hard to grind, causing a large maximum particle size

for the same grinding objective (20 % on 45-lm sieve).

Then, the mean particle size (d50) of MK1 (19.6 lm) is

greater than the d50 of MK2 (7.4 lm), and their coarser

particles (d90) are too larger (see Table 3). This coarse

particle size distribution can affect negatively the pozzo-

lanic activity of MK1-calcined clays. On the other hand,

MK2 obtained from K2-clay with low content of disor-

dered kaolinite has a larger specific surface area than that

of MK1 (4.8 times larger for SS BET and 1.4 times larger

for SS Blaine) and finer particle size distribution for the

same grinding procedure (Table 3).

The degree of structural disorder in the kaolinite deter-

mined by SR-index from DTA analysis is an indication of

the primary or the secondary origin of geological deposit.

The order/disorder of the kaolinite structure determines the

specific surface area, the grindability, and the mean particle

size of the calcined clays.

Hydration at early age

Figure 2 shows the calorimetric curves for pastes con-

taining PC, 30MK1, and 30MK2. For the heat release rate

versus time curve (Fig. 2a), the overall progress of

hydration can be divided into five periods: (1) dissolution

and wetting, (2) dormant, (3) acceleration, (4) aluminate

reaction, and (5) de-acceleration.

The first period is characterized by a high exothermic

signal that occurs immediately after mixing the water with

the cement. It is attributed to the wetting, the dissolution of

C3S, and the formation of initial ettringite (Ett) on the

surface of grains [8, 23]. It is followed by the dormant

period with a very slow reaction (first valley). The third

period is due to the acceleration of C3S hydration that

causes the second exothermal peak. The fourth period

observed in this cement (third peak) is typically associated

with the reaction of C3A, and it is suggested that it corre-

sponds to the renewed formation of Ett (AFt- phase) [8, 24].

Finally, the de-acceleration period is characterized by the

slow decrease of thermal signal.

For the selected times marked in the calorimetric curve

(Fig. 2a), the XRD patterns for pastes containing PC,

30MK1, and 30MK2 are illustrated in Fig. 3.

In the PC paste (Fig 3a), the unhydrated phases of PC

(C3S, C2S, C3A, and C4AF) were identified coexisting with

gypsum during the dormant period (3 h). Some Ett and

portlandite (CH) are identified at very early age, but the

intensity of their peaks is very low. The second calori-

metric peak starts at 3 h having the maximum at *12 h,

and the slope of calorimetric during the accelerating period

is 0.50 J g-1 h-2. During the acceleration period, XRD

patterns (3–12 h—Fig. 3a) show that the intensity of C3S-

peaks decreases with the consequent increase of the

intensity of CH peaks, while those assigned to C2S remain.

The formation of C–S–H phase, a poorly crystalline com-

pound, cannot be identified by XRD. In this period, the

intensity of Ett peaks also increases, and gypsum cannot be

identified at 12 h.

After the C3S hydration peak, the calorimetric curve

shows the third peak that has the maximum at *19 h with

an upward slope of 0.09 J g-1 h-2. For the PC used with

medium C3A content (*8 %) and normal content of

Table 3 Physical characteristics of Portland cement (PC) and kao-

linitic-calcined clays

Materials d90/lm d50/lm d10/lm SS Blaine/

m2 kg-1
SS BET/

m2 kg-1

PC 49.7 15.4 2.3 383 –

MK1 131.4 19.6 1.3 997 8,117

MK2 47.0 7.4 2.1 1,365 38,997
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gypsum (3.2 % of SO3), this third peak is attributed to the

point of exhaustion of solid gypsum that causes the

acceleration of the aluminate-hydrated phase [25, 26].

After 12 h, the gypsum is absent in the XRD-pattern, and

the main changes that occur from 12 to 24 h (Fig. 3a) are

that the C3A phases decrease until peaks disappear and that

the main aluminate hydration product is Ett formed from

sulfate previously absorbed in the C–S–H phase, according

to Gallucci et al. [26].

During the de-acceleration period, no characteristic

points are detected. XRD patterns during this period

(24–48 h in Fig. 3a) show the formation of AFm-

phase assigned as calcium hemicarboaluminate (HC:

C3A.CH0.5CC0,5.H12) with more intense peaks at 48 h.

The calorimetric curves of both blended cements show

the five periods of hydration during the first day (Fig. 2a).

The dissolution and dormant periods have the same dura-

tion than those in PC paste, but the acceleration period can

be faster and shorter depending on the type of MK used.

For 30MK2, the exothermic signal during the dormant

period was higher than that of PC paste, while it was lower

for the 30MK1. The XRD-pattern at 3 h shows low

intensity of the peaks assigned to the gypsum, and greater

intensity of those assigned to Ett in the 30MK2 paste

(Fig. 3b, c).

For 30MK1-blended cement, the acceleration slope is

0.35 J g-1 h-2 showing that the hydration rate is lower

than that of PC. The maximum of the second calorimetric

peak occurs in advance (1 h) compared with the PC paste,

and its intensity was 30 % lower than the one corre-

sponding PC due to the dilution effect. The third calori-

metric peak (Fig. 2a) is sharper and narrower, and it occurs

earlier (*3 h before than PC). It has the same intensity as

in PC paste, and the slope of heat release is four times

greater (0.37 J g-1 h-2). Figure 3b shows the XRD cor-

responding to 3, 6, 12, 24, and 48 h of hydration. As in the

case of PC, Ett and CH are detected at the early hours.

During the acceleration period, the intensity of C3S peaks

decreases, and that of CH increases indicating the progress

of cement hydration. Before and after the aluminate peak,
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the alumina-hydrated phase detected by XRD is Ett, and

only the C3A-peak disappears. This observation confirms

that the third peak corresponds to the second formation of

Ett [25]. At 48 h, the hemicarboaluminate (HC) was

detected as well as in PC paste, indicating that when the

sulfate is exhausted; some parts of alumina remain unre-

acted; and the first phase of transformation from AFt to

AFm occurs.

For 30MK2-blended cement, the second calorimetric

peak occurs earlier than in PC paste, and the acceleration

slope (0.82 J g-1 h-2) is much higher than that of PC

(Fig. 2a). The third calorimetric peak occurs early at 10 h

(*9 h before PC), and its intensity is stronger (Fig. 2a)

with an exothermic rate of 1.62 J g-1 h-2. This value is

eighteen and four times higher than the one corresponding

to PC and MK1, respectively. After this peak, the de-

acceleration is too fast.

Fig. 3c shows the XRD patterns corresponding to 3, 6,

12, 24, and 48 h of hydration of 30MK2 cement. During

the acceleration period (between 3 and 6 h), the hydrated

compounds detected were Ett and CH. After the third

calorimetric peak (12 h), the intensity of Ett peaks in XRD

is higher than that determined in the other pastes, but it is

accompanied by a well-defined peak of the AFm phase

(assigned as calcium hemicarbonate). The intensity of the

CH-peaks is lower than that corresponding to PC or

30MK1, showing a little CH-consumption to form C–S–H

and C–A–H phases by the pozzolanic reaction. Therefore,

Ett and HC remain as crystalline phases. The HC phase is

formed in the pozzolanic reaction between the reactive

alumina from the pozzolan, and the CH and CC from the

limestone filler [27], a minor component in the PC used.

Up to 48 h, Fig. 2b shows that accumulated heat

released by 30MK1 was always lower than that of PC,

indicating that the dilution effect is predominant for this

addition, and that a lower compressive strength is expected.

For 30MK2-blended cement, the accumulated heat was

higher than that of PC up to 22 h indicating the stimulation

effect on the PC hydration caused by this addition. After

2 days, the accumulated heat values were 143.4, 87.7, and

129.2 J g-1 for PC, 30MK1, and 30MK2, respectively.

These values correspond to 0.61 and 0.90 of the accumu-

lated heat of PC for 30MK1 and 30MK2, respectively.

The calorimetric analysis clearly differentiates the

reactivity of both kaolinitic-calcined clays. Similar results

were reported by Lagier and Kurtis [8] using a Portland

cement with medium C3A content (Cement 2) with 8 % of

metakaolin with similar mineralogical composition, but a

different specific surface area. For samples analyzed in this

paper, the structural order of kaolinite in K1-clay deter-

mines a MK1 with less specific surface area, high d90, and

less access points for the pore solution. Therefore, it has a

low early reactivity up to 12 h, which causes the reduction

in the accumulated heat due to the dilution effect. The

increase in the slope corresponding to the third peak of the

calorimetric curve could be attributed to the early SO4
2-

depletion in the pore solution by adsorption that causes the

high specific surface area of mineral addition. MK2 presents

a high specific surface area and more access points for the

pore solution due to the original structural disorder of

kaolinite in K2-clay, causing an acceleration of the hydra-

tion at early age. The large specific surface area of MK2

also develops a more pronounced and intense third peak,

which may be attributed to the formation of aluminate

phases, similar to that occurred in Portland cement with

medium or high C3A content blended with mineral addition

having a large specific surface area, such as silica fume [28].

Hydration at later age

Figure 4 shows the DTA analyses for PC, 30MK1, and

30MK2 pastes obtained at 2, 7, and 28 days, respectively.

Kuliffayová et al. [29] reported that the DTA curves

indicate four endothermic peaks at 120–260, 300–440,

450–530, and 530–900 8C. The first two endothermic

peaks located at about 120–440 8C characterize the dehy-

dration of the C–S–H, C–A–H, and C–S–A–H compounds.

The endothermic peak observed at about 450–530 8C is

characteristic of the CH dehydroxilation. The last endo-

thermic peaks that appeared at about 530–900 8C represent

the decomposition of calcium carbonates. Ettringite suffers

loss water at a very low temperature (*40 �C), and its

complete decomposition into gypsum, hemihydrate (C–A–

H) together with an amorphous material that occurs at

120 8C [30]. According to Morsy [31], the first peak

located within 110–120 �C is mainly due to the dehydra-

tion of C–S–H, and the peaks observed around 160, 210,

and 310 �C represent the decompositions of C–A–H and

C–A–S–H. However, these peaks cannot be divided to

quantify the phases. Depending on literature, the CH de-

hydroxylation occurs at around 470 �C [31], at about

440–530 8C [29], or at 450–600 8C [25]. Finally, decom-

position of carbonates shows peaks in the temperature

range of 625–875 8C in the hydrated samples. However,

the decarbonation at 2 and 7 days occurred at a lower

temperature. This fact can be related to the presence of

different types of carbonates, different contents, or differ-

ent crystallinity degrees. [32]. In this study, the temperature

range for TG calculations was adopted as 110–440 �C for

dehydration of C–S–H, C–A–H, and C–A–S–H phases

including HC and Ett in the C–A–H group, and

440–560 8C for CH dehydroxylation. Table 4 reports the

percentages of mass loss corresponding to these tempera-

ture ranges. Complementarily, the crystalline phases

(especially, the CH, C–A–H and C–A–S–H phases) were

identified by XRD analysis at 7 and 28 days (Fig. 3).
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From the curve of PC-paste (Fig. 4a), the areas and

intensities of the characteristic peaks typical of

C–S–H/C–A–H and CH increase with the increasing

hydration age. At 2 days, the first endothermic peak cannot

distinguish between the peak corresponding to C–S–H and

the peak of aluminic phase, which appears as a shoulder at

7 days. Both peaks can be clearly differentiated at 28 days.

These results agree with the XRD analyses (Fig. 3a) where

it is possible to identify the AFm phases corresponding to

HC and MC (monocarboaluminate) at 7 and 28 days. The

endothermic peak of C–S–H (145 8C) is more intense than

the one corresponding to alumina phases (195 8C) at a later

age (28 days). The endothermic peak (380–410 8C) cor-

responding to the decomposition of hydrogarnet (C3AH6)

[29] was detected with the increasing intensity from 2 to

28 days. However, hydrogarnets are not identified in the

XRD patterns.

From the curve of 30MK1 and 30MK2 pastes (Fig. 4b, c),

the different reactivities of these additions can be evaluated

by the intensity and the area of the first and CH peaks. At

2 days, the peaks of CH and C–S–H/C–A–H/C–A–S–H of

the 30MK1 paste have a smaller area and intensity than the

ones corresponding to the PC paste. This is due to the

dilution effect and the slow reaction of MK1. For MK2, the

area of CH peak is too small, but the first peak present in

the curve has a similar area to the corresponding to PC. In

this peak, the maximum is at 150 8C, and a shoulder

assigned to aluminic phase is detected in accordance with a

well-developed peak of HC in the XRD pattern (Fig. 3c).

These results also agree with the accumulated heat reported

at 48 h: 30MK1 paste has lower accumulated heat than the

one corresponding to PC, and 30MK2 is close to PC

(Fig. 2b).

At 7 and 28 days, the decrease in the peak area of CH,

as shown in XRD patterns (Fig. 3b, c), is the main feature

in the curve of blended cements. This reduction is more

pronounced for the 30MK2-blended cement indicating a

large progress of pozzolanic reaction. The reaction pro-

ducts formed during the pozzolanic reaction are C–S–H,

C–A–H, and C–A–S–H [Eqs. (1) and (2)] producing

increases in the area and the intensity of the first peaks. At

7 days, the peak of C–A–H/C–A–S–H phases is well

defined and more pronounced than the one corresponding

to C–S–H at 28 days. C–A–H/C–A–S–H phases are iden-

tified as HC and strätlingite (C2ASH8) by XRD, and the

intensities of the peaks are more pronounced for 30MK1

paste. For 30MK2, the area of the first peak is larger than

the ones corresponding to PC and 30MK1 pastes indicating

higher amounts of these phases, but they have lower

crystallinity according to the XRD pattern at 28 days

(Fig. 3c).

For the PC paste, the mass loss is attributed to C–S–H/

C–A–H, and CH increases with the hydration progress. The

C–S–H and CH contents increase due to the progression of

C3S and C2S hydration, and the C–A–H phases (derived

from C3A and C4AF hydrations) identified by XRD

Temperature/°C Temperature/°C Temperature/°C
0

PC

28 days

28 days
28 days

     7 
days      7 days

     7 days

     2 
days

     2 days      2 days

30MK1 30MK2

100

C
-A

-S
-H

C
-A

-S
-H

C
-A

-S
-H

C
-S

-H C
-S

-H

C
-S

-H

C
-A

-H

C
-A

-H

C
-A

-H

C
H

C
H

C
H

C
-A

-S
-H

C
-A

-S
-H

C
-A

-S
-H

C
-A

-H

C
-A

-H

C
-A

-H

200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600

(a) (b) (c)

Fig. 4 DTA curves for

hydrated pastes: a PC;

b 30MK1, and c 30MK2

Table 4 Percentages of mass loss determined by DTA/TG

Cement Age Mass loss/ %

Dehydration Dehydroxylation

C–S–H, C–A–H, C–A–S–H CH

110–440 8C 440–560 8C

PC 2 9.7 3.3

7 11.7 3.9

28 12.2 3.9

30MK1 2 7.8 2.1

7 10.9 2.0

28 10.1 0.7

30MK2 2 10.4 1.4

7 14.1 1.2

28 14.2 0.5
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(HC: C3A.CH0.5CC0,5.H12, MC: C3A.CC.H12, C4AH13=

C3A.CH.H12) lose approximately the same amount of

water during their decomposition and in the same tem-

perature range. [24].

For both blended cements, CH decreases (Table 4) from

2 to 28 days. For 30MK1, the amount of CH is lower than

the 70 % of CH in PC, evidencing a pozzolanic reaction as

reported previously [7], but the amount of cementing

compounds is lower than in PC (Table 5). This behavior is

more evident for 30MK2, which causes a great reduction

on CH-content and a large amount of hydrated phases

compared with PC. At 28 days, the amount of mass loss

corresponding to dehydration of C–S–H/C–A–H/C–A–S–H

phases decreases slightly for 30MK1 paste.

For pastes containing kaolinitic-calcined clays, the

C–S–H phase is a product from the calcium silicate

hydration of Portland cement and the pozzolanic reaction

between the metakaolinite and the CH released from sil-

icates’ reaction [6]. The stability of C–A–H phases (Ett,

C4AH13 and HC) formed at early ages during cement

hydration or pozzolanic reaction depends on the avail-

ability of other ions (CO3
2-, SO4

2-, etc.) and the amount of

CH in the system [6]. C4AH13 is the crystalline phase

(C–A–H) formed by metakaolinite reaction when the CH

is largely available [6]. When cement contains a small

proportion of limestone filler, C4AH13 is stabilized as HC

[25, 27]. For highly reactive kaolinitic-calcined clays, the

amount of CH decreases to a very low amount, and the

crystalline phase found is Str obtained from the substi-

tution of calcium by silicon at later age [6]. In Fig. 3b, c,

HC and Str were identified by XRD in 30MK1 and

30MK2 pastes at 28 days. The more stable C–A–S–H

phase is the C3AS3-xH2x, with x: 0 to 3 (hydrogarnet),

formed at very later ages or in paste hydrated at high

temperatures [27, 33, 34]. Then, this phase detected by

DTA is attributed to the thermal decomposition of the

AFt and AFm phases [35].

Then, the mass loss that occurs due to dehydration of

C–S–H/C–A–H/C–A–S–H phases is highly influenced by

the amount of chemical-combined water in the structure

and varies according to the aluminic phases present for

each paste and age. On the other hand, the mass loss due to

dehydroxylation of CH is directly proportional to the mass

of this phase in the paste.

Compressive strength

Table 5 shows the values of the compressive strength and the

pozzolanic activity index (SAI) at 2, 7, and 28 days for

mortars. In this table, the pozzolanic activity index deter-

mined from calorimetric (CAI) at 2 days is also reported. For

30MK1-blended cement, the compressive strength was

always lower than the one corresponding to PC, corrobo-

rating the slow pozzolanic reaction due to the high structural

order that causes a low specific surface area and low number

of access points. Complementarily, the coarser particle size

distribution obtained for this type of calcined clays could

contribute to the slow reaction. At 2 days, the SAI is lower

than 0.70 due to the dilution effect, as occurred for the

accumulative heat value determined by calorimetric test

(Table 5). Later, the SAI value increases, but it is lower than

1.0. For 30MK2, the SAI value is 0.85 at 2 days, and the

relative accumulated heat is high due to the high proportion

of aluminate phases formed, releasing a large heat of

hydration and the large specific surface area that promotes

this reaction (Table 3). Therefore, the compressive strength

of 30MK2 mortar exceeds the compressive strength of PC,

and the SAI is higher than 1. For cement paste, the

mechanical behavior is related to the increase of the com-

pounds that dehydrated in the first peak of curve, such as C–

S–H and C–A–H (HC, MC, Ett, and C4AH13 phases).

Therefore, the amount of hydrated phases obtained as a result

of the pozzolanic reaction, measured as water loss between

110 and 440 8C, presents a good correlation with the SAI.

However, results have to be compared with caution since the

mass loss of C–A–H/C–A–S–H phase depends on the com-

bined water in the compounds. For example, in 30MK1, the

change of C–A–H/C–A–S–H phase from HC to strätlingite

causes a low mass loss at 28 days, while the SAI increases

between 7 and 28 days. For MK2, it does not occur so, due to

the different assemblages of hydrates.

Conclusions

On the basis of the thermal analysis, the following con-

clusions were drawn:

– The content and the structural order/disorder degree of

kaolinite in clays can be determined by DTA/TG

Table 5 Compressive strength, strength activity index (SAI) and

calorimetric activity index (CAI)

Cement Age/days Compressive strength/MPa SAI CAI

PC 2 25

7 30.6

28 38.4

30MK1 2 14.9 0.60 0.61

7 26.1 0.85

28 33.9 0.88

30MK2 2 21.2 0.85 0.90

7 34.9 1.14

28 48.8 1.27
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analysis determining the mass loss from 500 to 750 8C
and the slope ratio index of this peak.

– The DTA technique is suitable to select the calcination

temperature for complete dehydroxylation of kaolinite, and

the best temperature depends on the kaolinite structure.

– Calorimetric analysis of blended cements can clearly

differentiate the reactivities of the calcined clays with

high content of metakaolinite. More reactive calcined

clay (MK2) develops the second and third peaks, earlier

than those of PC with greater intensity and high

acceleration. This sample from kaolinite with high

structural disorder has a large specific surface area,

high grindability, and small mean particles size (d50)

for the same sieve-retained objective in the grinding.

– The calorimetric activity index (CAI) can be used to

calculate the early pozzolanic activity with results

similar to those obtained by the compressive strength

index (SAI).

– The DTA/TG analysis, complemented with XRD,

allows determining the type and the amount of hydrated

phases at different ages to evaluate the pozzolanic

reaction of calcined clay. Results show that the amount

of CH decreases, and the amounts of C–S–H/C–A–H

phases (measured as the mass loss between 110 and

440 8C) increase with the progress of pozzolanic

reaction. These values are correlated with the increase

of the pozzolanic activity index measured by the

compressive strength.
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13. Bich Ch, Ambroise J, Péra J. Influence of degree of dehydroxy-

lation on the pozzolanic activity of metakaolin. Appl Clay Sci.

2009;44:194–200.

14. Kingery WD, Bowen HK, Uhlmann DR. Introduction to ceram-

ics. 2nd ed. New York: Wiley; 1976.

15. Wilson MJ. A Handbook of determinative methods in clay

mineralogy. New York: Chapman and Hall Publications; 1987.

16. Aparicio P, Galan E. Mineralogical interference on kaolinite

crystallinity index measurements. Clays Clay Miner.

1999;47:12–27.

17. He H, Yuan P, Guo J, Zhu J, Hu C. The influence of random

defect density on the thermal stability of kaolinites. J Am Ceram

Soc. 2005;88:1017–9.

18. ASTM C204-11. Standard test methods for fineness of hydraulic

cement by air-permeability Apparatus.

19. Kogel JE, Trivedi NC, Barker JM, Stanley TK. Industrial min-

erals & rocks. 7TH ed. Englewood: Society for Mining, Metal-

lurgy, and Exploration; 2006.

20. Tironi A, Trezza MA, Irassar EF, Scian AN. Thermal treatment

of kaolin: effect on the pozzolanic activity. Proc Mater Sci.

2012;2012(1):343–50.

21. Tironi A, Trezza MA, Irassar EF, Scian AN. Tratamiento térmico
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