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Abstract
The present study reports the results of investigation on the role of metakaolin in the formation of ettringite in a model

relevant to Portland cement. The model consists of ternary system (Trio) metakaolin–lime–gypsum. Five samples of defined

ternary system were cured at different temperatures 20, 30, 40, 50 and 60 �C. Conduction calorimeter TAM AIR was mainly

used to capture heat evolution at different temperatures. Thermoanalytical (simultaneous TGA/DSC) and X-ray diffraction

methods were used to identify different products after curing. It results that ettringite is the main hydration product

supplemented by calcium silicate and calcium aluminosilicate hydrates according to sample composition. The mechanism

and kinetics of hydration, as displayed by calorimetric curves, depend on composition of samples and curing temperatures.

Two main types of processes have been elucidated: reaction of aluminum ions with sulfate ones in the presence of calcium

ions in aqueous solution to form ettringite supplemented by pozzolanic activity leading to the formation of calcium silicate

and calcium aluminosilicate hydrates. Concomitant condensation of alumina and silica species and carbonation have

influenced the course of hydration. Activation energy Ea depends slightly on composition of ternary system.

Keywords Pozzonalic reactions � Ettringite formation � Kinetics and mechanism

Introduction

Metakaolin (Al2Si2O7–Al2O3�2SiO2 or AS2) is largely used

as supplementary cementitious materials to replace par-

tially Portland cement or to produce geopolymers [1–6]. It

is obtained by calcination of clay rich in kaolinite at tem-

perature between 500 and 800 �C [7, 8]. Keeping in mind

the chemical point of view, metakaolin is a pozzolanic

material which reacts with calcium hydroxide released

during hydration of Portland cement (PC) to form addi-

tional cementitious binders [4–8]. An additional or specific

hydration heat due to the exothermic effect of the poz-

zolanic reaction is generated. With the concept that meta-

kaolin is a thermally activated amorphous aluminosilicate

compounds, much of studies [1–6, 9, 10] have reported that

calcium silicate hydrate (CSH) and calcium aluminosilicate

hydrates (C2ASH8) are the main (sometimes the only)

products resulting from the alkali activation of pozzolanic

metakaolin. It was demonstrated that the use of MK can

perform durability and pore refinement of mortars or con-

cretes [3, 8–11], particularly during the early period of

curing. In this case, MK acts as both filler and reactive

micro-aggregate depending on calcining temperatures, clay

types and relative particle size. Hydration reactions of

cements containing MK are more complex chemical and

physical processes. The complexity of this processes resists

in the fact that firstly hydrolysis of calcium silicate and

calcium aluminate phases from Portland cement must take

place, generating calcium hydroxide (CH) to ensure alka-

line environment responsible for activation and pozzolanic

reaction of MK [1, 2, 5].

As MK is a source of both alumina and silica ions, the

formation of non-crystalline calcium silicate hydrate in
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solution can be evidenced by following pozzolanic reac-

tions (Eqs. 1–2):

xCa2þ þ 2 x� 1ð ÞOH� þ H2SiO2�
4

¼ CaOð Þx� SiO2ð Þ � H2Oð Þyor CxSHy

� � ð1Þ

where x is the ratio C/S or CaO/SiO2.

Likewise, the precipitation of calcium aluminosilicate

hydrates runs via the following equation

2Ca2þ þ H2SiO2�
4 þ 2Al OHð Þ�4 þ 3 H2O

¼ 2CaO�Al2O3�SiO2�8H2O or C2ASH8 ð2Þ

The formation of non-crystalline products depends mainly

on the AS2/CH ratio and reaction temperature [1, 2, 12].

With regard to Al OHð Þ�4 resulting from hydrolysis of

MK, ettringite formation (Eq. 3) is possible according to

the following reaction:

6Ca2þ þ 2Al OHð Þ�4 þ3SO2�
4 þ 4OH� þ 26H2O

¼ Ca6 Al OHð Þ6

� �
2

SO4ð Þ3�26 H2O or C6A�S3H32; ð3Þ

where �S = SO3, C = CaO, A = Al2O3, H = H2O.

MK is more soluble than C3A; rapid MK-ettringite is

formed rather than C3A-ettringite during the hydration of

PC. This reaction consumes gypsum together with calcium

hydroxide resulted from C3S or C2S hydrolysis.

From the literature dealing with silicate chemistry

[13–15], ettringite is one of the main hydration products of

Portland formed at sooner period between C3A and gypsum

according to Eq. 4

C3A þ 3C�SH2 þ 26H ¼ C6A�S3H32 ð4Þ

It is also precipitated during the hydration of sulfoalu-

minate belite cement by reaction between Klein’s com-

pound and gypsum [15–19]

C4A3
�S þ 2C�SH2 þ 34H ¼ C6A�S3H32 þ 2AH3 ð5Þ

In alkaline environment, calcium hydroxide can also

participate in the formation of ettringite via Eq. 6

C4A3
�S þ 8C�SH2 þ 6CH þ 74H ¼ 3C6A�S3H32 ð6Þ

The possible formation of ettringite in a cement blend

containing MK can be resumed by following equation

using silicate symbols

AS2 þ 3C�SH2 þ 3CH þ 25H ¼ C6A�S3H32 þ 2CSH ð7Þ

while the first three reactions of ettringite formation

(Eqs. 4–6) were extensively investigated because of their

importance in PC and SAB hydration, the last one was

scarcely studied as a hypothetic reaction in blend cements

with aluminosilicate compounds. Our recent works [20–23]

and also other studies [24] on early hydration of ternary

PC–BFS–MK blends have determined the important role of

MK in the formation of rapid ettringite (due to the activity

of Al3?) when gypsum and calcium hydroxide are present.

When calcium hydroxide, gypsum and metakaolin are

abundant in aqueous solution, ettringite formation cannot

be neglected, as it affects the content of gypsum as set

regulator of Portland cement. For this purpose, Palou et al.

have proposed additional gypsum to the blend containing

MK in order to balance sulfate/aluminate ratio. The pri-

mordial role of ettringite formation during Portland cement

hydration is to hinder the fast reaction of C3A allowing

thus a relative enough time for mortar or concrete prepa-

ration and for the transport and deposit on working site.

The exothermic hydration of pure or blended cements

can be successfully studied by means of calorimeter that

provides useful information on the evolution of heat flow

and hydration heat, and the results can be exploited to

characterize the kinetics and mechanism of reaction. The

influences of factors such as temperature, admixtures,

fineness upon the hydration kinetics and mechanism were

successfully investigated by using calorimeter [25–30].

Therefore, a lot of types of commercial and laboratory-

developed calorimeters were used to record the tempera-

ture of hydration (adiabatic or semi-adiabatic calorimeter)

or heat flow (isothermal or conduction calorimeter)

[28, 31]. Then, heat evolution and total hydration heat are

obtained by integration of measured heat flow outputs.

Therefore, the use of calorimetry method plays an indis-

pensable role in cement hydration.

Temperature is one of the main factors that affects the

kinetics and mechanism of hydration; it determines the

types of hydrated products and the engineering properties

of concrete. Based on calorimetric measurements, the

temperature dependence of the hydration rate was expres-

sed using different mathematical methods (Jander’s equa-

tion, Ginstling and Brounstein’s equation, Johnson–Mehl–

Avrami’s equation, etc.) in order to elucidate the mecha-

nism that governs a given reaction, and it is globally found

that the temperature dependence can be described by an

Arrhenius equation [31–33]. For this reason, it is necessary

to undertake a systematic study to establish the effect of

temperature on the hydration of ternary model metakaolin–

gypsum–calcium hydroxide in order to elucidate the role of

MK in chemical process leading to the formation of

ettringite.

Generally, the rate constant of a hydration reaction is

described as function of the temperature and the compo-

sition of the sample and can be written as (Eq. 8):

k ¼ f1 Tð Þ f2 xð Þ ð8Þ

where T is temperature and x is the composition of binder

system

From the kinetic point of view, the trustworthy rela-

tionship between the rate of reaction and the composition

of the system in heterogeneous reactions such as cement

hydration is complicated to determine [33]. Therefore,
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‘‘apparent activation energy’’ can be considered by deter-

mining the rate of hydration as a function of temperature at

chosen composition [22], since the effect of temperature

will depend on particular composition. By definition,

‘‘apparent activation energy’’ (Ea) of cement is the mini-

mum amount of energy required for this material to

hydrate. Then, the ‘‘apparent activation energy’’ of differ-

ent samples with different composition can be expressed as

the dependence of time corresponding to the maximal

hydration peak on temperatures at which hydration occurs.

The peak of hydration heat denotes the maximal constant

rate (kmax) of conversion at given time.

The constant of maximal reaction rate dependence can

be expressed for a special case of isothermal processes

according to (Eq. 3):

Kmax ¼ Aexp � Ea

RTmax

� �
ð9Þ

where kmax is maximal constant rate, Tmax is the time

corresponding to the peak of hydration curves, A is the

constant of proportionality, R is the gas constant,

8.314 J mol-1 K-1; and Ea is the apparent activation

energy.

As calorimetric curve presents different peaks describ-

ing different phases of exothermic processes related to

chemical reactions, thereafter it may not be satisfactory to

consider single ‘‘apparent activation energy’’ characteriz-

ing the whole process, but the ‘‘partial apparent activation

energy’’ of individual reactions represented by different

peaks [22].

The present study was undertaken to characterize the

role of MK in ettringite formation and to explore the

influence of temperature on hydration of ternary system

metakaolin–gypsum–calcium hydroxide. Also the mecha-

nism and kinetics of reactions using data from calorimetric

measurement supplemented by phase analysis (XRD and

DTA–TG) are elucidated.

Experimental

Materials

MK Mefisto K05 was produced in České lupkové závody,

a.s., Nové Strašecı́. Highly amorphous MK contains little

amount of quartz, corundum and anatase. Ultrafine powder

MK has its median particle size around 5 lm. Calcium

hydroxide was provided by Calmit, a.s. Slovakia. Gypsum

(CaSO4�2H2O) was laboratory-synthesized using calcium

hydroxide and sulfuric acid in equivalent molar ratio. Then

precipitate was washed and dried at 50 �C during 24 h. The

purity of gypsum was controlled by RTG and DTA

methods. The TG curve depicted a mass loss corresponding

to water chemically bound is 20.96%. (In pure gypsum–

CaSO4�2H2O, the mass loss is 20.91%.)

The measurement was taken in closed crucible. The

peaks of thermal decomposition of the first and second

steps are displaced toward higher temperatures due to

humid atmosphere in closed crucible.

The chemical composition and sample composition are

reported in Tables 1 and 2.

The present composition resulted from optimized trial

mixture of metakaolin–lime–gypsum in which it was found

that samples with MK/CH = 1 and various amount of

gypsum have the highest mechanical properties [23]

(Fig. 1).

Methods

Heat evolution and the total heat evolved during the

hydration of ternary blend cements at different tempera-

tures were recorded using TAM AIR isothermal

calorimeter. The TAM AIR 8-Channel calorimeter consists

of an eight channel calorimeter block and data logging

system required for use with the TAM AIR thermostat. The

calorimeters are twin type (sample and reference) and

designed for use with 20-ml glass or plastic ampoules or

the 20-ml Admix ampoules. The sample is placed in an

ampoule that is in contact with a heat flow sensor that is

also in contact with a heat sink. The mixtures of blends

were placed in ampoules and lid. Quantity of water cor-

responding to water/solid ratio 0.5 was injected in the

ampoule using syringe. The samples were gently stirred

after adding of the water and placed in the calorimeter. The

measurement was taken few seconds after adding water.

Simultaneous thermogravimetric and differential ther-

mal analysis (TGA/DSC—1, STARe software 9.30, Met-

tler Toledo) was used. After the samples were

calorimetrically treated, hydration was stopped using ace-

tone to remove water physically bound followed by

application of ether in order to remove acetone. Though the

samples were carefully conserved in ampoules safe from

the air, carbonation has occurred during the period of

preparation (drying, grinding, storing and transferring).

Then, 50.00 (± 0.03) mg of powdered samples was heated

in the open platinum crucibles up to 1000 �C at the heating

rate of 10 �C min-1 in the atmosphere of synthetic air

(purity 5.0).

Powder samples prepared from hardened pastes after

stopping hydration were analyzed by X-ray diffractometer

Empyrean. X-ray diffraction analyzer is equipped with 2D

fast detector and Cu-anode (kKa1 = 0.15418 nm,

kKa2 = 0.15418 nm) and automatic motorized divergence

slits at convention Bragg–Brentano parafocussing H–H
reflection geometry, scan range 5–90 2H, scan step size
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0.0131303. Data were processed using High Score Plus

software.

Results and discussion

Calorimetric curves of trial mixtures hydrated at different

temperatures (30, 40, 50 and 60 �C) are depicted in

Figs. 2–7. They present similar features of peaks and

periods with different intensity and duration. Three main

peaks can be distinguished. The first peak is a result of

different physical (wetting reaction, dissolution and

hydrolysis) and chemical process (ettringite formation)

[15–19]. The second one follows a shortened induction

period, after a ‘‘sluggish period’’ of steady reaction before a

short intensive peak. More surprisingly is the last phase of

hydration characterized by a jump peak before it declines

suddenly. At each curing temperature, composition is a key

factor that determines intensity of different peaks and

duration of reaction. This behavior is unobvious with

cement hydration even with MK. The intensity of these

peaks and their drop decreases with decreasing content of

CH/MK. It appears that at higher content of gypsum, the

last peaks decline slowly.

During the hydration of MK–CH–GYP mixture, several

physical and chemical processes can be considered. The

first one consists of pozzolanic reactions between calcium

hydroxide and metakaolin leading to the formation of CSH

and C2ASH8, as described by several authors and according

to Eqs. 4, 5 [1–6, 9–12]. The second process is a possible

chemical reaction resulting in the formation of ettringite

because of the presence of gypsum. In sum, the final

products could be CSH, C2ASH8 and C6A�S3H32 that

coexist thermodynamically. The composition of these

phases depends on the composition of initial mixture and

curing temperatures as demonstrated in Figs. 2–8.

If the first peak was attributed to hydrolysis and pre-

cipitation of primary products, the position of ‘‘jump peak’’

followed by rapid slope is function of gypsum content.

Indeed, the lack of gypsum shortens hydration process. It

can be assumed that the formation of ettringite is a con-

tinuous process linked to the presence of reactants. As long

as all reactants are present (mainly gypsum, as CH and MK

are enough), heat is evolved at constant rate. The last peak

demonstrates the ‘‘reveille’’ or ‘‘affinity’’ of reaction

toward depleting third compound in order to form the last

product (ettringite). It characterizes the end of ‘‘sluggish

period’’ duration of which depends on gypsum content.

This hypothesis will be demonstrated later based on result

of DTA/TG and XRD. Figure 2 depicting heat flow of

Table 1 Composition of

starting materials
Oxide composition/wt%

CaO SiO2 Al2O3 Fe2O3 MgO SO3 CO2 H2O

Lime 93 – – – 2.5 0.20 2.8

MK 0.24 49.70 42.36 0.79 0.22 0.08

Gypsum 32.50 – – – 42.42 – 20.96

Table 2 Composition of the ternary system MK–CH–GYP

Trio1 Trio2 Trio3 Trio4 Trio5

MK 45.84 41.66 37.5 33.35 29.16

CH 45.84 41.66 37.5 33.35 29.16

Gyp 8.32 16.68 25 33.30 41.68

Total 100 100 100 100 100
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different mixture demonstrates prolonged reaction, and the

position of the last important peak varies from 25 to 315 h.

At ambient temperature, the effect of pure calcium

hydroxide can different from that formed by hydrolysis of

C3S and C2S according to Eq. 1. To characterize the

kinetic behavior of the peaks appearing after ‘‘sluggish

period,’’ peak position and peak intensity were recorded.

Figure 3 depicts a similar picture as in Fig. 2 with dif-

ference in peak position and peak intensity. It is clear that

the ‘‘sluggish period’’ is shortened and intensities of third

peak increased. The slope of decreasing last peaks is more

spread over time with gypsum content while it is more

steep with increasing CH/AS2 ratio. The position of the last

varies from 15 to 115 h.

The influence of temperature is more emphasized at

40 �C of curing hydration. The temperature has activated

some exothermic reaction during the ‘‘sluggish period.’’

The ‘‘sluggish period’’ presents a curvature of course and is

activated. The chemical processes that could not occur at

lower temperatures are now activated. Indeed during this

phase, continuous formation of ettringite has been recorded

on the light of XRD and DTA/TG results. The position of

the last varies from 8 to 45 h.

In Fig. 5 a sharp ‘‘pseudo-peak’’ at hydration of Trio2–

Trio5 appears proving the effect of temperatures on some

undefined reactions. Calorimetric curves show the end of

reactions within 35 h. Exothermic reactions that were less

emphasized during ‘‘sluggish period’’ at low temperatures

are activated as presented by continuous growing heat flow

before the third peak. The ‘‘pseudo-peak’’ observed at

curves of Trio5, Trio4, Trio3 and Trio2 characterizes the

acceleration of exothermic reaction represented by

‘‘shoulder’’ before third peak at low temperatures.

Figure 6 depicts the influence of composition on the

hydration behavior at 60 �C. While in Trio1 and Trio2 one

can distinguish clearly the third peak, in the last three

samples it seems to be continuously integrated to the

course of hydration. Hydration is ended within 20 h for all

samples.

It is noticeable to remark that, regardless of temperature

and composition, all calorimetric curves present similar
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phases of hydration: first peak, short induction period,

‘‘pseudo-active sluggish period’’ with a peak-shoulder,

third peaks and decline phase of hydration. In order to

follow hydration reaction and hydration products, a specific

approach has been chosen considering different periods (5,

8, 13.5, 16 and 30 h) of calorimetric curves of sample Trio

3 cured at 50 �C. Hydration was stopped by above proce-

dure described in Experimental part. Then samples together

with reference one were analyzed by XRD and simulta-

neous DTA/TG.

The results of XRD (detecting only the crystalline

phases) show that ettringite formation is a continuous

process from the beginning to the end of reaction. In the

meantime, gypsum and calcium hydroxide are consumed

gradually. Before the main last peak (13.5 h), gypsum and

CH are still in mixture, but at 16 h CH is missing. Ettrin-

gite intensity remains the same after 16 h. DTA curve

brings supplementary results as it is useful to detect the

presence of amorphous phases. Figures present some

endothermic peaks charactering the presence of CSH at

100–120 �C, ettringite at 100–140 �C, gypsum at

130–160 �C, calcium hydroxide between 400 �C and

500 �C and calcium carbonate at 600–800 �C. A weak sign

of C2ASH8 can be observed at interval 160–200 �C. If the

temperature intervals are overlapped in some cases, nev-

ertheless, peaks are well distinguished. Peak position as

well as peak intensity is sifted to higher thermal decom-

position temperature demonstrating thus the dominant

phase of ettringite to the detriment of CSH. In the mean-

time, gypsum and CH decomposition peaks gradually come

to the end (Figs. 9–11).

XRD denotes the changes of the main initial phases

E-ettringite, CH-calcium hydroxide, CC-calcium carbon-

ate. Metakaolin is amorphous phase.

The sequences of hydration reactions and their mecha-

nism were never before elucidated, though products are

identified as CSH, C2ASH8 and ettringite. Three con-

comitant reactions are running around aluminum species.

While the first intensive peak confused with x-axis on

calorimetric curve characterizes the exothermic effect of

dissolution and hydrolysis, the ‘‘pseudo-dormant’’ active

periods at which it is clear that reaction occurred is a result

Fig. 7 Evolution of the main phases during hydration of Trio3 at 50 �C
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of different processes. This phenomenon can be explained

as like as with geopolymerization in highly alkaline envi-

ronment [36]. Metakaolin is used to prepare geopolymer

binders by action of NaOH (alkaline activation). The

principle of geopolymerization consists of dissolution of

aluminosilicate, hydrolysis of Al3?, Si4 ? and condensa-

tion of aluminate and silicate species. Weng et al. [37] have

reported the existence of [Al(OH)4]-, [SiO2(OH)2]2- and

[SiO(OH)3]- species in solution. In the present ternary

model, condensation (geopolymer), pozzolanic reaction

(alkaline activation) and ettringite formation occur con-

comitantly. Ettringite formation depends on the presence of

gypsum, while the aforementioned processes detest gyp-

sum presence. While calcium hydroxide will prefer

[SiO2(OH)2]2- and [SiO(OH)3]- for the formation of CSH

[1, 2] according to Eq. 1, gypsum will move toward

[Al(OH)4]- to form ettringite in the presence of CH. These

different reactions can explain the activation of ‘‘sluggish’’

with temperature.
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The influence of temperature upon hydration
of temperature on the formation of different
hydrated products

To illustrate the influence of temperature on the formation

of hydration products, samples cured at 20 and 60 �C were

considered (two extreme temperatures). The samples here

analyzed were those obtained after calorimetric measure-

ment. They are from different time of hydration, but each

was taken after the full decline of third peak at which one

can expect that hydration is come to an end. Apart quan-

titative evaluation, hydration products are similar depend-

ing on the composition of initial mixture. One can remark

the presence of CSH, ettringite and C2ASH8 with Trio1 and

Trio2 (at 100–120 �C, 120–130 �C and 160–200 �C,

respectively). Trio3 presents a particularity of one peak at

100–130 �C denoting the presence of ettringite as a major

phase as it was demonstrated by aforementioned results by

XRD measured at different periods of hydration. A negli-

gible peak of C2ASH8 can be observed. Trio4 and Trio5

have an excess of gypsum, and a part remains unreacted in

hydrated sample as demonstrated by peak located at

130–160 �C. With increasing content of gypsum and

decreasing CH/AS2 ratio, CSH and C2ASH8 decrease while

ettringite increases. Considering the intensity of peak

located at 100–130 �C denoting ettringite, one can state

that temperature supports ettringite formation. According

to the DTA/TG and XRD results, carbonation occurs

adding thus supplementary complication to hydration

reaction of ternary system. Previous work of Feldman [34]

and Bensted [35] has reported high affinity between cal-

cium aluminate and carbonate phases to form monocar-

bonate. Also, the possible substitution of calcium sulfate

with calcium carbonate in ettringite structure was consid-

ered and authors have found that calcium sulfate can be

replaced up to 25% by calcium carbonate without any

modification of the properties of the system [35].

Kinetics of hydration

In order to characterize the kinetics of process represented

by the last peak, time position and peak intensity were

recorded and are collected in Table 2. Both parameters are

influenced by temperature.

The activation energy Ea was obtained using the soft-

ware TAM Assistant, which is part of the isothermal

calorimeter TAM AIR [22]. The program is based on

principle that the relation between the maximum of heat

flow (maximal peak—HFmax) and activation energy Ea can

be expressed by the Arrhenius equation (Eq. 10):

Table 3 Variation of time as function of temperatures and value of apparent activation energy characterizing the last peak

Temp./�C s Peak characteristics

Trio1 Trio2 Trio3 Trio4 Trio5

20 Time position/h 34.60 80.34 148.80 256 300

30 Time position/h 14.038 35.97 65.02 88.57 106.50

40 Time position/h 6.80 16.50 28.30 38.78 43.18

50 Time position/h 3.96 8.93 14.42 18.60 20.53

60 Time position/h 2.60 5.28 8.30 10.10 11.38

Ea/kj mol-1 57.65 ± 5.20 61.74 ± 4.50 62.42 ± 4.82 61.93 ± 3.80 69.32 ± 3.20
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HFmax ¼ Aexp � Ea

RTmax

� �
ð10Þ

The value of heat flow at maximal peak intensity

(HFmax) of the calorimetric curves was considered and

plotted against 1/T. Applying the classical procedure to

calculate apparent activation energy for the nucleation and

crystallization, equation was linearized to obtain equation

(Eq. 11):

ln HFmax ¼ lnA� Ea

R
� 1

Tmax

� �
ð11Þ

The value of Ea differs insignificantly with slight

increase considering standard deviation with increasing

content of gypsum. The graphical extend of reaction, in

other words the duration of reaction, is function of tem-

perature and composition. If we consider that the third peak

results from ‘‘the affinity of system’’ to depleting reactants,

therefore gypsum governs this process in Trio1 and Trio2.

In Trio3, Trio4 and Trio5, this process is more depended on

CH/AS2 because gypsum is in excess in these two last

samples.

Conclusions

The role of MK in the formation of ettringite in blended

cement cannot be neglected. The work considered a model

of ternary system consisting of MK–CH–GYP in which

MK/CH ratio was kept equal to 1 with various addition of

gypsum. The reaction runs under non-equilibrium condi-

tions characterized by hydrolysis of Ca(OH)2, CaSO4-

2H2O and Al2Si2O7 by effect of alkaline liquid

environment. Condensation of silica species (likely in

geopolymerization), formation of calcium silicate hydrate

and calcium aluminate silicate hydrate (alkali activation),

and ettringite formation were identified as concomitant

processes with different affinity to form different hydrated

products according to the composition of ternary system.

The single activation energy characterizing the last third

peak was found negligibly depending on composition.
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